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ABSTRACT

We present for the first time an in-depth study of the RF response of a single-walled carbon nanotube (SWCNT) rope. Our novel electrode
design, based on a tapered coplanar approach, allows for single tube measurements well into the GHz regime, minimizing substrate-related
parasitics. From the analysis of the S-parameters, the ac transport mechanism in the range 30 kHz to 6 GHz is established. This work is an
essential prerequisite for the fabrication of high-speed devices based on bundles of nanowires or low-dimensional structures.

Semiconducting single-walled carbon nanotubes (SWCNTSs) regime, crucial for potential applications of CNTs in today’s
have shown huge potential for integrated circuits on a scalecommercial systenfshas yet to be reported. In the GHz
smaller than that achieved by silicérf. However, in order regime, even though there have been some theoretical
to fully exploit the advantages of SWCNTSs, a thorough study predictions of the features related to the response of
of their dynamic properties, beyond the sub-GHz rahige,  conduction electrons, 1-D plasmon, and Luttinger liquid
needed. Theoretical work has postulated high-frequencybehavior in SWCNTs, the experimental verification has
properties of nanotubes, which in turn has created a pushproven to be difficult516

for an intensive study into the GHz reginie? On the basis In this Letter, we present the full RF characterization (30
of the high-speed switching properties of nanotubes, a routekHz to 6 GHz) of a single SWCNT rope by means of a novel
to a new class of integrated circuits has been made possiblegpproach based on a tapered coplanar topology. The method
with interconnects, memory, nanoelectromechanical, andajlows for high-frequency measurements well into the GHz
other large-area applications all now within the scope of this regime, minimizing the effects of parasitic capacitance due
systemt.”” As a first step, we have recently demonstrated to the proximity between electrodes, capacitive loses due to
fast switching (GHz range) in two-dimensional and filamen- coupling through the dioxide layer to the substratnd

tary structures of amorphous carbdrHowever, for nano-  ajlowing for single nanotube characterization due to the shape
tube-based systems, high-frequency performance is yet topf the electrodes. We investigate the carrier transport
be fundamentally understodd.o this end, several attempts  mechanism and the dielectric relaxation in this CNT rope
for investigating transmission performance of CNTs at GHz and determine the crucial parameters for understanding the
frequencies have been proposeti? Some of the major high-frequency response in this system.

problems in characterizing nanotubes in the GHz regime are 1 | ivimize substrate-related parasitics present in Si
the very small signal levels and the presence of paraSitiCSsubstrates, 1 mm thick pure quartz was chosen for the

!nheren_t to all nanosys_terﬁéAII these m_ethods, although experiment. For the coplanar electrode design and simulation,
innovative, have not delivered the unambiguous measurement, 4. - o4 Design System (ADS) software was used, taking
of a single ngno(;cub?h charlact_ens%tl::hs n thel GHZ reg|me; into consideration the substrate’s intrinsic properties and the
n}oreo_vez, anin ept_” an:ta ysis c; d e/_\ft?]mp (;xtrl]mpe hancethin double-layered metal deposited in the substrate required
E a singie rope 'st‘ s It IIm rfepor ed. cli/lujig de$H aV€ for the nanotube’s positioning on the electrodes. A through
een slame repo|r§ a fOW relque_nmesd( z}n th (ZSH transmission line configuration and one with a small gap in
regime,” an analysis ol compiex impedance in the Z the center conductor were designed and simulated. The
* Corresponding author. E-mail: s.silva@surrey.ac.uk. Telepheizgt- fi‘]bnca.tlon w3as Cal‘]rle”d Ou(tilt? tWZOStagleS: a tfhm I:jayer of
(0) 1483 689825. chromium 63 nm), followed by a 40 nm layer of gold, was

T Permanent address: School of Physics, University of the Witwatersrand, deposited onto the wafer by dc sputtering and the electrodes
P/Bag 3, Wits 2050, Johannesburg, South Africa. . . . .
*Permanent address: Universidade de Baulo, FFCLRP-DQ, Rib€ia patterned by standard photolithography. Taking into consid-
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Figure 1. Measured S-parameters S21 for the electrode layout
designed for CNT characterization.

-10
through transmission line was fabricated and measured. The
structure was then placed under a focused ion beam (FIB)
and trimmed to form the electrode, creating a gap down to
a resolution better than 100 nm and a separation of
approximate 1um, and then the structure was measured
again. Low loss better than 0.5 dB was obtained for the
through line, while an isolation of better than 50 dB was
obtained for the electrodes with the gap, which resulted in a
negligible parasitic coupling contribution in our intended
measured signal. Figure 1 shows the transmission charac-
teristics for the electrodes designed and fabricated for this -30 -10 10 30
experiment. Input power (dBm)

The preparation of the CNT was made by ac dielectro-
phoresis, which involves the deposition of CNTs from
solution by applying an alternating electric field between the 2a) of the tested CNTs revealed the bundle to consist of only
electrodes. The frequency chosen was 10 MHz, which hasa three-SWCNT rope sitting across the electrodes, as
been proven to attract predominantly metallic SWCNTs. illustrated in Figure 2b.

A 0.5 uL drop of ultrapure 1,2-dichloroethane solution of Because of the physical dimensions of the nanotubes and
SWCNT was placed between the electrodes, while an acthe high contact resistance usually associated with nanotube
voltage of 10 Vp-p at 10 MHz was applied, attracting the connections (few ®s), the level of the signal into the input
SWCNTSs in the solution toward the electrodes. The SWCNTs of standard high-frequency measurement equipment tends
used in this study were grown by the arc discharge methodto be very small, making it difficult to separate out the signal
using iron, nickel, and cobalt powders100 mesh, 99.99%  from noise! In our measurements, special care was taken to
Alfa Products) in a 1:1:1 molar proportion using a high- maximize the signal-to-noise ratio. To characterize the
purity graphite rod (SGL Carbon Group) to initiate the arc. measurement system fully, we evaluated the dynamic range
The SWCNTs were subject to purification before the and the power handling capabilities in RF, using an HP-
dispersion in 1,2-dichloroethane. Analyses of SWCNTs under 83623B signal generator, a portable probe station with 100-
HRTEM (JEOL JEM 3010 at 300 kV) show open-ended pitch coplanar probes, and an HP-8563B spectrum analyzer.
SWCNTSs with diameters in the range of 1-:3B41 nm, as Results showed a linear behavior over 20 dB at different
shown in Figure 2a. frequencies (Figure 3) and a dynamic range of better than

Figure 2a shows that the samples studied are free of40 dB for a O dBm input signal, which demonstrates that
amorphous carbon and defects on the walls, impurities which the current carrying capacity/capability of carbon nanotubes
can change the electronic properties of the sample anddoes not degrade with frequency well into the GHz regime
influence the environment such as interactions with oxygen. and in agreement with that reported by Yu etlso, the
The sample was then diluted in a 1,2-dichloroethane solutionrelative rate Pi,/Poy) does not change at different frequen-
and sonicated for 30 min before being deposited onto the cies, which is indicative of negligible parasitic coupling due
subtrate using dielectrophoresis, resulting in a single ropeto the tailored electrode configuration.
being attached between the electrodes, as verified by electron The sample was then characterized using a Vector network
microscopy. An AFM analysis (shown on the inset of Figure analyzer HP 4753EA 0 dBm RF signal and an intermediate

Output power (dBm)

Figure 3. RF output power vs input power for nanotube bundle.
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Figure 4. Measured S-parameter of SWCNT; plot in dB of
transmitted power vs frequency. Figure 5. Impedance vs frequency of single-walled CNT bundle.

fLeque_ncyﬂ(IF) bfa?‘dv\”dth of 300 Hz yve[je usgd :)0 lensuhre of the nanotube. Considering an average distance equal to
the noise floor of the instrument remained 40 dB below the the bundle diameter, a contact capacitance of several

measured signal to achieve less than 0.1 dB magnitude error icofarads is more than an order of magnitude larger than

and less than 0.6 dB phase error as recommeqded by e at measured for our nanotube’s sample. We do not see any
manufa_cturer. The system was accurately calibrated to strong evidence for negative quantum capacitance or kinetic
50€. F_|gu_re 4 shows the S_-parameters S21 for the Sampleinductance (characterized by the presence of a positive value
shown in Figure 2 as a function of frequency from®GHz. of the imaginary part of the equivalent impedamén the

From the data, a relatively high transmission loss betweenf : : :
. equency range, unlike that proposed in previous regdfts.
—28 and—24 dB along the whole spectrum is apparent. In requency .g Hni . proposed in previous repofts
Extrapolating the resistance of 2.%2kwas done by

the lower part of the spectrum, this reflects an equivalentf lowing the th h vsis by Burke et’ahlthoudh
parallel quantum resistance 62.25 K2, which translates ollowing the thoroug analysis by burke et’ahlthough,
ballistic has not been claimed in this article, we have seen

into an equivalent 6.75 ® (considering three tubes in listi } X .
parallel) close to the quantum limit reported in the literature, ballistic conductance at h|ghelr frequencies not presented_ in
the present work. Burke explained the HF response by using

suggesting that the tubes are working in the quasiballistic ) o ; _ o
state even at room temperature at high frequencies. However,the Luttinger liquid model, including plasmon oscillation and

the response also shows a gentle positive slope along thefoherence length. What was sought in the article was
whole measured spectrum. As explained below, this is mainly experimental verification of those theoretically predicted
caused by the influence of the nanotube’s inherent capaci-Values:
tance with frequency, as estimated using the model proposed T0 understand and design devices for useful circuits, a
by Zhang et al? and verified by simulation (not shown here). technique needed to be developed to measure the frequency
From the reflected power (S11), using the standard relation response in the 1-D plasmon velocity by exiting the 1-D
Z = (50 — S11)/(50 + S11), the equivalent system’s plasmon using a microwave signal and establishing the
impedance can be directly calculated as shown in Figure 5validity of a Luttinger liquid model for SWCNTS.A
and the system’s equivalent electrical components thatdamping mechanism of 1-D plasmon waves along the length
describe its behavior in high-frequency extracted. of the tube was thought to describe the resistance of the
A combined analysis of the data in Figures 4 and 5 can System, which ultimately would give a value for the
then be utilized to derive the capacitance and resistance ofrelaxation time (in ps). The length associated with this decay
the tube(s) examined. A value of 15 fF for the capacitance (lseca) compared well to the length of the SWCNT and plays
and a value of 2.7 ® for the resistance is thus obtained a significant role in the frequency response. Although we
from the complex impedance of the nanotube bundle. have not found a strong resonant peak, which would occur
Parasitic capacitance due to electrode topology (fringe only if lgecay> Lswent the roll off of Reg) with frequency
capacitance between electrode tips) was also calculated fromhas been recorded as predicted in the previous report and
our measurements. A value for the parasitics is found to be attributed to the overdamping of 1-D plasmons in SWCNTs
an order of magnitude less-(.5 fF) than that calculated (see Figure 5).Following ref 7, we derive the values for
for the nanotube bundle. Hence, because our sample consistthe effective CR time constant at 100 MHz and iR time
of three nanotubes in the rope measured, the equivalentconstant at 2 GHz. The value fhkcayis estimated to be of
capacitance per tube is estimated at 5 fF. The value is mainlythe order of 10 nm (assuming the resistance per unit length
dominated by the contact capacitance, which can be estimateds about 10 K2/um), which is much less than the length of
as an electrostatic capacitance between a wire and a groundhe tubel (~800 nm). Becauskecay < Lswent, NO resonant
plane as reported by Burkeiven by G = 2me/In(h/d), behavior was observed in our measurement, establishing
whereh is the distance to the ground plane atttie diameter ~ plasmons over damping.
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The characteristic lengthi) and time ¢) of a SWCNT

of relevant parameters for the application of nanotubes into

has been determined from the dc resistance measured at loviuture nanoelectronic or nanoelectromechanic systems. By

frequency and using the relationstfa. = (W/4€?)(L/Imfp),
where the value ofyg of 1.1 um is suitable to support a

employing this experimental technique, we can gain an
understanding of the carrier transport mechanism of a single

ballistic-type conductance process in the present system.SWCNT bundle. No evidence for Luttinger liquid behavior

Assuming the Fermi velocity as10Pm/s, an estimated value
of the relaxation time of several ps will allow for the cutoff
frequency of the SWCNTSs to go beyond a limit of 100 GHz.

The overall trend of S21 (magnitude and phase) has
similarities to that reported by Zhang et #lgonfirming the

or other quantum effects are found, which is consistent with
previous experimental reports.
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this system is substantially different from what was previ-
ously thought? They*> measured the current transport
mechanism in this frequency range. Figure 5 shows the
calculated system’s impedance Reand Img). From the
plot, it is clear that Re&f) decays smoothly with frequency.
On the other hand, the 1] shows a distinct minimum at
about 0.5 GHz. This trend clearly shows a deviation from
an ideal metallic tube. In our system, SWCNTs are mostly
metallic, and electronelectron collision should be the
dominant transport mechanism with a relaxation time of a
few picosecond&®

From this high electronic relaxation time, we can show
the high-frequency application of the SWCNTs. However,
for a bundle of SWCNTs due to its poor interconnectivity

(and also empty air space), the frequency dependence would

deviate from the ideal Drude’s model for met#isThis is
confirmed by a distinct minimum at about 0.5 GHz, which
is consistent with Wu et &P Several references show
dielectric properties of CNTs from spectroscopic analysis,
including HF, where effective medium theory can still be
useful for a rope of CNTs without the presence of a
composité’! In this bundle of SWCNT, interconnections of

tubes and effects of disorder (defects) can be summed up

and the data treated as an effective medium. Therefore, in
addition to the transport of conduction electrons through the
single tube (relaxation time-fs), we can see dielectric
relaxation effects (relaxation timeps). Also, the effective
permittivity of these samples show a resonance peak at
1.5 GHz, which signifies the Lorentzian oscillator term and
a contribution from phonon of the systéfHence, we

establish a very fast response system even though disorder
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