2006/1160:59 A2 I TN 0 000 0 O

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

5l
(19) World Intellectual Property Organization /%
International Bureau '

(43) International Publication Date
2 November 2006 (02.11.2006)

(10) International Publication Number

WO 2006/116059 A2

(51) International Patent Classification:
HOIL 29/43 (2006.01)

(21) International Application Number:
PCT/US2006/015055

(22) International Filing Date: 21 April 2006 (21.04.2006)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

60/673,955 22 April 2005 (22.04.2005) US

(71) Applicant (for all designated States except US): THE
REGENTS OF THE UNIVERSITY OF CALIFORNIA
[US/US]; 1111 Franklin Street, 5th Floor, Oakland, CA

94607-5200 (US).

(72)
(75)

Inventors; and

Inventors/Applicants (for US only): BURKE, Peter, J.
[US/US]; 8 Handel Ct., Irvine, CA 92612 (US). YU, Zhen
[CN/US]; 1623 Verano Place, Irvine, CA 92612 (US).

(74) Agents: ORRICK HERRINGTON & SUTCLIFFE
LLP et al.; 4 Park Plaza, Suite 1600, Irvine, CA

92614-2558 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, 81, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: NANOTUBES AS MICROWAVE FREQUENCY INTERCONNECTS

dUdV (uS)

Vi V)

(57) Abstract: The present invention provides nanotube interconnects capable of carrying current at high frequencies for use as
high-speed interconnects in high frequency circuits. It is shown that the dynamical or AC conductance of single-walled nanotubes
equal their DC conductance up to at least 10 GHZ, demonstrating that the current carrying capacity of nanotube interconnects can be
extended into the high frequency (microwave) regime without degradation. Thus, nanotube interconnects can be used as high-speed
interconnects in high frequency circuits, e.g., RF and microwave circuits, and high frequency nano-scale circuits. In a preferred
embodiment, the nanotube interconnects comprise metallic single-walled nanotubes (SWNTSs), although other types of nanotubes
may also be used, e.g., multi-walled carbon nanotubes (MWNTSs), ropes of all metallic nanotubes, and ropes comprising mixtures
of semiconducting and metallic nanotubes. Applications for the nanotube interconnects include both digital and analog electronic

circuitry.



10

15

20

25

30

WO 2006/116059 PCT/US2006/015055
NANCTUBES AS'MICROWAVE FREQUENCY INTERCONNECTS

GOVERNMENT INFORMATION

This invention was made with Government support under Grant No. N66001-03-1-
8914, awarded by the Office of Naval Research. The Government has certain rights in this

invention.

FIELD 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.
BACKGROUND

Nanotubes are commonly made from carbon and comprise graphite sheets seamlessly
wrapped into cylinders. Nanotubes can be single-walled or multi-walled. Single-walled
nanotubes (SWNTSs) comprise single cylinders and represent nearly ideal one dimensional
electronic structures. Multi-walled nanotubes (MWNTs) comprise multiple cylinders arranged

concentrically. Typical dimensions are 1-3 nm for SWNTs and 20-100 nm for MWNTs.

Nanotubes can be either metallic or semiconducting depending on their structure.
Metallic nanotubes are non-gateable, meaning that their conductance does not change with
applied gate voltages, while semiconducting nanotubes are gateable. The electrically properties
of nanotubes make them promising candidates for the realization of nanoscale electronic

devices smaller than can be achieved with current lithographic techniques.

Nanotube transistors are predicted to be extremely fast, especially if the nanotubes can
be used as the interconnects themselves in future integrated nanosystems. The extremely high
mobilities found in semiconducting nanowires and nanotubes are important for 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.

Early 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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trafisthission lme can give Tisé to resonant frequencies in the microwave range (1-10 GHz) for

nanotube lengths between 10 and 100 mm. We also proposed an ad-hoc damping model,
relating the damping to the dc resistance per unit length. To date, there have been no

measurements of the microwave frequency conductance of a SWNT.
SUMMARY

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.

It is shown that the dynamical or AC conductance of single-walled nanotubes equal
their DC conductance up to at least 10 GHz, demonstrating that the current carrying capacity of
nanotube interconnects can be extended into the high frequency (microwave) regime without
degradation. Thus, nanotube interconnects can be used as high-speed interconnects in high
frequency circuits, e.g., RF and microwave circuits, and high frequency nanoscale circuits. Ina
preferred embodiment, the nanotube interconnects comprise metallic single-walled nanotubes
(SWNTs), although other types of nanotubes may also be used, e.g., multi-walled carbon
nanotubes (MWNTs), ropes of all metallic nanotubes, and ropes comprising mixtures of

semiconducting and metallic nanotubes.

The nanotube interconnects are advantageous over copper interconnects currently used
in integrated circuits. Nanotube interconnects have much higher conductivity than copper
interconnects, 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.

The above and other advantages of embodiments of this invention will be apparent from
the following more detailed description when taken in conjunction with the accompanying
drawings. It is intended that the above advantages can be achieved separately by different
aspects of the invention and that additional advantages of this invention will involve various
combinations of the above independent advantages such that synergistic benefits may be

obtained from combined techniques.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 is a graph showing current-voltage characteristics for a device A, a single-wall

nanotube (SWNT) with a 1 pm electrode spacing.

R
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Figure 2 18 a graph showitig the conductance versus source-drain voltage for device A at

frequencies of DC, 0.6 GHz, and 10 GHz.

Figure 3 is a graph showing current-voltage characteristics for a device B, a SWNT

with an a 25 pm electrode spacing.

Figure 4 is a graph showing the conductance 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
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
(SWNT) are presented. We find experimentally that the ac conductance is equal to the dc
conductance up to at least 10 GHz. This clearly demonstrates for the first time that the current
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
contradiction to theoretical predictions for ac conductance in 1d systems that neglect
scattering'®. In order to explain this discrepancy between theory (which neglects scattering) and
experiment (which includes realistic scattering), we present a phenomenological model for the
finite frequency conductance of a carbon nanotube which treats scattering as a distributed
resistance. This model explains why our results at ac frequencies do not display frequency
dependence. Simply put, resistive damping washes out the predicted frequency dependence.

415 on oxidized,

Individual SWNTs'® were synthesized via chemical vapor deposition
high-resistivity p-doped Si wafers (p > 10 kQ-cm) with a 400-500 nm SiO; layer. Metal
electrodes were formed on the SWNTs using electron-beam lithography and metal evaporation
of 20-nm Cr/100 nm 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 ~ MQ);
some nanotubes had resistances below 250 kQ. In this study we focus on metallic SWNTs

(defined by absence of a gate response) with resistance below 200 k. Measurements were

performed at room temperature in air.
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F1g. 1 shows the room temperature I-V characteristic of device A, a SWNT with a 1 pm
electrode spacing. Since this length is comparable to the mean-free-path for electrons, this
device is in the quasi-ballistic limit. The low-bias resistance of this device was 60 kQ2. This
resistance is most likely dominantly due to the contact; at low fields, once electrons are injected
transport is quasi-ballistic from source to drain. The device clearly shows saturation in the
current at around 20 pA. The inset shows that (over almost the entire range of applied voltage)
the absolute resistance (V/I) can be described by a simple function

V/I=Ry+|V|1y Equation (1)
where Ry and I, are constants, as was originally found and explained by Yao'®. From the slope
of the linear part of the R-V curve, we find Iy= 29 pA for this device, in good agreement with
Yao'S. There, it was shown that the saturation behavior is due to a modified mean-free-path for
electrons when the electric field is sufficient to accelerate electrons to a large enough energy to
emit an optical phonon. This effect was studied more quantitatively with similar conclusions in
17,18

In order to measure the dynamical impedance at microwave frequencies, a
commercially available microwave probe (suitable for calibration with a commercially
available open/short/load calibration standard) allowed for transition from coax to
lithographically fabricated on chip electrodes. The electrode geometry consisted of two small
contact p\ads, one 50x50 pm? and the other 200x200 pm? (for device A) or 50x200 pm? (for
device B). A microwave network analyzer is used to measure the calibrated (complex)
reflection coefficient S;1(0) =Viefiected/ Vincidents Where Vincigent 18 the amplitude of the incident
microwave signal on the coax, and similarly for Vegectea. This is related to the load impedance
Z(w) by the usual reflection formula: S;; = [Z(®)-50 Q]/[Z(0)+50 Q]. At the power levels used
(3 W), the results are independent of the power used.

The statistical error in the measurement of both the Re(S;;) and Im(S;;) due to random
noise in the network analyzer is less than 1 partin 10*. A systematic source of error in the
measurement due to contact-to-contact variation and non-idealities in the calibration standard
gives rise to an error of 2 parts in 10? in the measurement of Re(S11) and Im(S,;). 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 Sy; as a function of frequency and source-drain voltage for
both device A and B. While the absolute value of S;; is found to be 0 % 0.02 dB over the
frequency range studied (the systematic error due to contact-to-contact variation), small

changes in Sy; with the source-drain voltage are systematic, reproducible, and well-resolved
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withi the'$tatistical errdt 5F=°070005 dB. The change in S;; with source-drain voltage is not an
artifact, since control samples do not exhibit this effect. Our measurement clearly shows that
the value of Sy, and hence the nanotube dynamical impedance, depends on the dc source-drain
bias voltage, and that this dependence is independent of frequency over the range studied for
both devices.

For both device A and B, we find Im(S;;) = 0.000 £ 0.002, indicating that the nanotube
impedance itself is dominantly real. Our measurement system is not sensitive to imaginary
impedances much smaller than the real impedance, which is of order 100 kQ. For all
measurements presented here, Im(S;) does not change with Vs within the statistical
uncertainty of 1 part in 10*. On the other hand, Re(S11) changes reproducibly with Vs,
indicating that the real part of the nanotube dynamical impedance changes with Vs.

By linearizing the relationship between S; and the conductance G, it can be shown that
for small values of G (compared to 50 2), G(mS) =1.1 x S1;(dB). (We note that after
calibration, a control experiment with no nanotube gives 0 & 0.02 dB, where the uncertainty is
due to variations in the probe location on the contact pads from contact to contact.) Based on
this calculation, we conclude that the absolute value of the measured high frequency
conductance is found to be 0 with an error of & 22 uS, which is consistent with the dc
conductance.

In order to analyze the data more quantitatively, we concentrate on the change in Sy
with V4. The measurement error on the change in the ac conductance G with bias voltage
depends primarily on the statistical uncertainty in S;;, which in our experiments is 20 times
lower than the systematic error. (Since the contact probe remains fixed in place while changing
the gate voltage, we can reproducibly and reliable measure small changes in S;; with the
source-drain voltage.) Thus, although the absolute value of G can only be measured with an
uncertainty of 20 uS, a change in G can be measured with an uncertainty of 1 puS. 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 dc, 0.6 GHz,
and 10 GHz. We only know the change in G with Vs, so we add an offset to G, to equal Gy, at
Vas=0. We discuss this in more detail below, but at the moment it is clear that the G at ac
changes with Vy just as it does at dc. We now discuss the offset.

Based on the measured results we know the absolute value of G is between 0 and 22
pS; based on Fig. 2 we know that G changes by 10 puS when V4 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 G Vds=0)-Gac(Vas=4V)=10 uS

-5-
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(measured), and G,o(V4s=4V) > 0 (on physical grounds), therefore Gue(Vas=0V)>10 pS; our
measurements put this as a lower limit; the upper limit would be 20 pS. Therefore, our
measurements show for the first time that, within 50%, nanotubes can carry microwave
currents and voltages just as efficiently as dc currents and voltages.

Because device A is in the quasi-ballistic limit, but does not approach the theoretical
lower limit of 6 kQ for perfect contacts, the metal-nanotube contact resistance probably
dominates the total resistance for this sample. In order to focus more heavily on the nanotube
resistance itself, we turn now to device B. .

Fig. 3 plots the I-V curve of a longer SWNT (device B), with an electrode gap of 25
pm. (The original length of this nanotube was over 200 um.) This device is almost certainly
not in the ballistic limit, even for low-bias conduction, since the mean-free-path is of order 1
pm'>'71 and the SWNT length is 25 pm. The low-bias resistance of this device is 150 kQ.
Previous measurements in our lab'> on 4 mm long SWNTs gave a resistance per unit length of
6 kO/um, indicating that the SWNT bulk resistance is about 150 k< for device B, and that the
contact resistance is small compared to the intrinsic nanotube resistance. The absolute
resistance (V/I) and the source-drain I-V curve for this device is well-described by Equation
(1), as for device A. We find Ip= 34 pA for this device, in agreement with device A.

Fig. 4 plots the conductance G vs. the source-drain voltage for device B at dc, 0.3 GHz,
1 GHz, and 10 GHz. As for device A, we only know the change in G with Vg, so we add an
offset to Gy to equal Gy, at Vgs=0. It is clear from this graph that the nanotube dynamical
conductance changes with bias voltage just as the dc conductance does. Using similar
arguments as for device A, our measurements for device B show that the ac and dc conductance
are equal within 50% over the entire frequency range studied.

We now turn to a discussion of our results. At DC, the effects of scattering on
nanotubes have been well-studied'®'®. The dc resistance is given by"

_ Louse, Equation (2)
e 2
4e* |

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

For the simple case of an ohmically contacted nanotube of length L, we have predicted

the first resonance would occur at a frequency given by vg/(4Lg), where v is the Fermi

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

-6-
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strength or the electron-electron mteraction. Typically, g ~ 0.3. For L =25 pm, the first
resonance in the frequency dependent impedance would occur at 24 GHz, beyond the range of
frequencies studied here. However, our nanotube for device B was originally over 200 um
long. After deposition of electrodes, the nanotube extended under the two electrodes for a
distance of at least 150 pm on one side, and 50 pm on the other. If these segments of the
nanotube were intact, it would correspond to plasmon resonances at frequencies of 4 and 8
GHz. We clearly do not observe any strong resonant behavior at these or any other frequencies.
We believe this must be due to the damping of these plasmons, as we discuss below.

While this is not justified rigorously, we assume that Equation (2) describes a
distributed resistance of the nanotube that is independent of frequency, equal to the measured
de resistance per unit length of 6 kQ/um of similar long nanotubes grown in our lab'®. In our
previous modeling work'!, we found that (under such heavy damping conditions) the nanotube
dynamical impedance is predicted to be equal to its dc resistance for frequencies less than
1/(27R 4cCrotar), Where Coray is the total capacitance of the nanotube (quantum and electrostatic).
Although our measurements presented here are on top of a poorly conducting ground plane
(high resistivity Si), and the previous modeling work was for a highly conducting substrate, we
can use the modeling as a qualitative guide. For device B, we estimate Cw= 1 fF, so that the
ac impedance would be predicted to be equal to the dc resistance for frequencies below about ~
1 GHz. This is qualitatively consistent with what we observe experimentally.

At high bias voltages, the electrons have enough energy to emit optical phonons,
dramatically reducing the mean-free-path and modifying Equation (2) to the more general
Equation (1). Our measurements clearly show that Equation (1) is still valid up to 10 GHz. A
theoretical explanation for this is lacking at this time, although it is intuitively to be expected
for the following reason: the electron-phonon scattering frequency in the high-bias region is
approximately 1 THz'®. Therefore, on the time-scale of the electric field period, the scattering
frequency is instantaneous. Further theoretical work is needed to clarify this point.

Measurements up to higher frequencies of order the electron-phonon scattering rate (~
50 GHz at low electric ﬁeldsw) should allow 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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mgh-$peed applications. Iii thi¢ pretérred embodiment, the nanotube interconnects comprise
metallic SWNTs, although other types of nanotubes may also be used, e.g., MWNTs, ropes of
all metallic nanotubes, and ropes comprising mixtures of semiconducting and metallic
nanotubes. Metallic SWNTs can have a very high current density (of order 10° Alem?). A
metallic SWNT of order 1-3 nm in diameter can carry currents and voltages of up to 25 pA or
higher.

Therefore, nanotube interconnects can be used as high-speed interconnects in a variety
of high frequency applications. For example, nanotube interconnects can be used to provide
high-speed interconnects in computer processors operating at high clock frequencies of 1 GHz
or higher. Nanotubes interconnects can also be used to provide high-speed interconnects in
radio frequency (RF) and microwave circuits operating at frequencies up to 10 GHz or higher
such as in cellular phones and wireless network systems. The nanotube interconnects can be
used to interconnect active devices (e.g., transistors), passive devices, or a combination of
active and passive devices in circuits operating at high frequencies in the GHz range. The
nanotube interconnects can also be used to interconnect nanoscale devices to realize high
frequency all nanotube circuits. For example, the nanotube interconnects can be used to
interconnect nanotube field effect transistors (FETSs), in which semiconducting nanotubes are
used for the channels of the nanotube FETs. The nanotube interconnects can also be used to
interconnect lager-scale devices, e.g., conventional transistors, for high-speed applications or to
interconnect a combination of nanoscale and larger-scale devices in a circuit. A nanotube
interconnect can comprise a single nanotube or comprise more than one nanotube arranged in
parallel in an N-array, where N is the number of nanotubes.

The invention also provides a useful method for modeling nanotube intercormects in
circuit simulation programs used for designing high frequency circuits. In an embodiment, a
circuit simulation program models the dynamical impedance of nanotube interconnects in hi gh
frequency circuits as being equal to their dc resistance. In other words, the circuit simulation
program assumes that the dc 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
a nanotube we measure gives a resistivity conductivity of 1 uQ-cm, which is lower than that of
bulk copper. In addition, copper interconnects 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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-retlizbd af'thit Ingth seiler It agartion, the current density of carbon nanotubes exceeds that

of copper. Thus, per unit width, carbon nanotubes are superior materials to copper as
interconnects in integrated circuits.

Our equivalent circuit description shows that the nanotube forms a quantum
transmission line, with distributed kinetic inductance and both quantum and geometric
capacitance. The kinetic inductance for an individual nanotube is about 4 nH/pm. Numerically
this gives rise to an inductive impedance of imL, where L is the inductance. However, the
resistance per unit length is about 6 kO/pum. This means that the resistive impedance will
dominate the inductive impedance at frequencies below about 200 GHz for a single walled
nanotube. Therefore, when considering the applications of nanotubes as interconnects at
microwave frequencies, the resistance should be the dominant consideration.

However, the conductivity of nanotubes is larger than copper. Arraying nanotubes
allows for wiring with less resistance per unit length than copper of the same total cross
sectional area. In addition, the kinetic inductance of an N-array of nanotubes is N times lower
than the kinetic inductance of an individual nanotube.

In sum, for nanotubes resistance is the dominate circuit component (as opposed to
inductance), and this resistance is smaller than copper wires of the same dimensions. Therefore
kinetic inductance is not a major “show-stopper” for the use of nanotubes as interconnects. In
addition, there is no cross-talk between nanotubes due to kinetic inductance. This is in contrast
to magnetic inductance in copper, which induces cross-talk. Therefore, considering all these
factors, carbon nanotubes is superior to copper in all aspects of circuit performance.

While the invention is susceptible to various modifications, and alternative forms,
specific examples thereof have been shown in the drawings and are herein described in detail.
It should be understood, however, that the invention is not to be limited to the particular forms
or methods disclosed, but to the contrary, the invention is to cover all modifications,

equivalents and alternatives falling within the spirit and scope of the appended claims.
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What is claimed is:
1. A high frequency circuit comprising:

first and second electronic devices; and

a nanotube interconnect connecting the first and second devices, wherein the nanotube
interconnect is capable of carrying current at high frequencies.
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.
3. The high frequency circuit of claim 2, wherein the first device is configured to send
electrical signals via the nanotube interconnect at frequencies of at least 0.8 GHz.
4, The high frequency circuit of claim 2, wherein the first device is configured to send
electrical signals via the nanotube interconnect at frequencies of at least 2 GHz.
5. The high frequency circuit of claim 1, wherein the first and second devices each
comprise a nanotube transistor.
6. The high frequency circuit of claim 1, wherein the nanotube interconnect comprises a
metallic single-walled carbon nanotube (SWNT).
7. The high frequency circuit of claim 6, wherein the nanotube interconnect comprises
more than one SWNT arranged in a parallel array.
8. The high frequency circuit of claim 6, wherein the nanotube interconnect does not
comprise semiconducting nanotubes.
9. The high frequency circuit of claim 1, wherein the current is 25 pA or higher.
10.  The high frequency circuit of claim 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 capable 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 least | GHz and the nanotube interconnect is capable of

carrying current at frequencies of at least 1 GHz.
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15.  Theligh frequency circutt of claim 1, wherein the circuit is a computer processor
operating at a clock frequency of at least 2 GHz and the nanotube interconnect is capable of
carrying current at frequencies of at least 2 GHz.

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 frequency circuit having nanotube interconnects, and
carrying current over the nanotube interconnects at high frequencies.
18. The method of claim 17, wherein the nantube interconnects interconnect nanotube
transistors.
19.  The method of claim 17, wherein the nanotube interconnects comprise metallic single-
walled carbon nanotubes (SWNTSs).
20.  The method of claim 17, wherein the nanotube interconnects do not comprise
semiconducting nanotubes.
21.  The method of claim 17, wherein the current is 25 pA or higher.
22. The method of claim 17, wherein the current is at a frequency of at least 1 MHz to 0.8
GHz.
23. The method of claim 17, wherein the current is at a frequency of at least 2 GHz.
24, The method of claim 17, wherein the current is at a 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 medium for simulating a high frequency circuit
having nanotube interconnects comprising:
an instruction for simulating dynamical impedances of the nanotube interconnects by
setting the dynamical impedance of each nanotube interconnect substantially equal to a dc
resistance of the respective nanotube interconnect; and
an instruction for simulating current through the nanotube interconnects at high
frequencies based on the simulated dynamical impedances of the nanotube interconnects.
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, wherein the current is simulated at a frequency of at

least 10 GHz.
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