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We describe a dielectric resonator-based measurement method for determining the electrical conductivity of carbon nanotubes
at microwave to millimeter frequencies. This measurement method is not limited by the metal conductor contact resistances or
impedance mismatch commonly encountered in the measurement of single nanotubes. The measurement of carbon nanotubes

yielded conductivities of approximately 0.08 x 107 S/m.
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1. INTRODUCTION

The objective of this study is to develop an accurate method
to measure the electrical conductivity of carbon nanotubes
in the gigahertz frequency range that minimizes the effects
of contact resistance and impedance mismatch. The applica-
tion of the high-frequency technique we develop in this pa-
per is new and does not require connections across metallic
transmission-line conductors. It therefore bypasses a num-
ber of calibration issues that are encountered by the use of
other methods.

The dielectric resonator method for loss determination
has been used extensively for measurements of the surface re-
sistance of superconducting thin films and for the measure-
ment of metal resistivity [1-3]. The measurement method
uses the TEg;; mode of a sapphire dielectric resonator, as di-
agramed in Figure 1 and the resonating fixture as shown in
Figure 2. This method is similar to that used by Courtney for
measurements of the permittivity of rod specimens; however
in this research, the permittivity is determined by measure-
ment, and the conductor losses of the nanotubes are treated
as unknown [4].

In applications where nanotubes or nanowires could be
used in electrical devices, the operational frequencies would
be in the microwave through millimeter bands. Therefore,
the measurement of the electrical properties of nanotubes is

important. The theoretical model of the electrical conductiv-
ity of nanotubes is usually based on the work of Littinger
[5]. Over the years, the conductivity of carbon nanotubes
has been studied both experimentally and theoretically by a
number of different methods [6]. Some researchers have at-
tempted to measure carbon nanotubes individually by weld-
ing the nanotubes across microconductors that have been de-
posited onto transmission lines. Circuit models are then used
to estimate the electrical conductivity [5, 7]. The main prob-
lem with these approaches is that there is a large impedance
mismatch between the nanotube and the transmission line as
well as an unknown contact resistance at the position of the
weld. The method developed in this paper is not limited by
these measurement artifacts. Our method yields a conductiv-
ity that is averaged over many nanotubes.

In our method, carbon nanotubes were deposited as a
coating on the end-faces of the sapphire rods, and then, the
resonators were fitted into a parallel-plate resonator system
that allows a measurement of the quality factor (Q). Changes
in the Q of the coated resonators over those of the bare res-
onators allow for the calculation of the surface resistance and
electrical conductivity of bulk nanotube layers [1, 2].

The single-wall carbon nanotube (SWNT) samples for
the present work were obtained from Southwest NanoTech-
nologies produced by the proprietary CoMoCAT process
(S-P95-Dry). The manufacturer indicates that the material
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FIGURE 1: A parallel-plate and resonator with a layer of carbon nan-
otubes deposited on both ends.

content should consist of no more than 5% nonnanotube
materials. The resonator coating was formed from the bulk
SWNTs dispersed in chloroform, sonicated for 10 minutes
and applied with an airbrush at 6.9kPa [8]. The propor-
tion of carbon nanotubes to chloroform, by mass, was ap-
proximately 1 : 100. Resonant Raman Spectroscopy (RRS)
of a representative sample of the SWNT coating was per-
formed in the backscattering configuration using 7 mW of
an argon ion laser providing 488 nm (2.54eV) excitation.
A 55mm telephoto lens was employed to both focus the
beam to approximately 0.25mm? area and to collect the
Raman scattered light. The scattered light was analyzed
with a 0.27 m grating spectrometer equipped with a liquid-
nitrogen-cooled, charge-coupled detector and a holographic
notch filter. From this we obtained a measure of purity as
quantified by the ratio of intensities of “D” and “G” bands,
where D/G = 0.0342.

In our procedure, the permittivity of the rod is calculated
from the resonant frequency and used to calculate the con-
ductivity of the coated ends of the resonator. Either one or
both of the ends can be coated with the unknown nanotube
material. Our approach assumes that the researcher has a
sufficient amount of carbon nanotubes to coat the upper or
lower surfaces of a resonator, or both, to a thickness of a few
electrical skin depths. This thickness is sufficient to ensure
that very little field penetrates to the silver end plates. When
both faces of the sapphire cylinder are terminated with con-
ducting end plates, the surface resistance and electrical con-
ductivity can be calculated from measurements of the shift
in Q relative to those of the uncoated resonator [1, 2]. The
method is robust since specimens can be measured at vari-
ous frequencies, from microwave to millimeter frequencies,
by use of different size sapphire resonators. Another advan-
tage of this method over other transmission-line methods is
that fixture-metal losses are minimized.

In Section 2, we overview the theoretical model for con-
ductivity determination. In Section 3, we introduce the mea-
surement procedure; and in Section 4, we present measure-
ment results.

2. SURFACE RESISTIVITY MODEL

This section is a short overview of the model we used to
deconvolve the conductivity from measurements of the Q

FIGURE 2: A parallel-plate resonator measurement fixture.

and resonant frequency. The calculation of the conductivity
is based on an electromagnetic field model that uses the Q
and resonant frequency f, of the unloaded and loaded di-
electric resonator to obtain an effective conductivity. A tran-
scendental equation for the resonant frequencies is obtained
by matching the tangential components of the electric and
magnetic fields across the resonator-nanotube interfaces [2]:

Ji (v1a) Ko (v2a) . Ki(va)o(v1a)

=0, (1)
v1a Y0

where a denotes the radius of the sapphire rod, v, =
Vk*€rs — (n/L)?, and v, = /(n/L)? — k?, L is the height of
the sapphire rod, k = w/c = w./€po, € is the permittivity
of the resonator, and J, K denote Bessel and modified Bessel
functions, respectively. The roots of (1) determine the per-
mittivity of the rod given the measured resonant frequencies
fr. The measured Q is decomposed into contributions from
the nanotubes Q, and the losses in the dielectric Qg:
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The surface resistance can then be calculated by use of 1/Q, =
1/Q — 1/Q4 with (3) and (4) from
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Once we have obtained R;, using the knowledge that the ma-
terial is nonmagnetic, we can calculate the conductivity from

mfr
o= {é“‘). (6)
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FIGURE 3: A dielectric resonator with carbon nanotubes deposited
on the end surfaces.

The skin depth §; is the distance traveled by the fields be-
fore they are damped to 1/e of their initial value. Estimation
of the skin depth is important in order to predict how thick
the carbon nanotube layers need to be in order to minimize
field penetration. The skin depth is given by

[ 1
85 = 7Tfr,u00" (7)

3. MEASUREMENTS

In order to investigate the frequency dependence of the con-
ductivity, we used two cylindrical single-crystal sapphire res-
onators machined to have dimensional aspect ratios yielding
optimal field structures at 5 and 10 GHz.

We deposited a layer of carbon nanotubes, approximately
30 to 60 um thick on both of the ends of the sapphire res-
onators, as shown in Figure 3. The sapphire resonator was
placed between two silver end plates in the fixture shown in
Figure 2. The coupling loops excited a TE(;; resonant mode.
We measured the Q and resonant frequency of the TEq;
mode with a network analyzer for both the coated and un-
coated resonators. The losses in the carbon nanotubes pro-
duces a decrease in the Q factor. We used the Q and f; to
calculate the surface resistance from (5) and thereby the ef-
fective conductivity of the carbon nanotubes from (6).

The permittivity of the sapphire resonators were €, =
9.458 and tand = 1 x 107°. One resonator operated at
4.98 GHz and had a diameter of 23.178 mm and a height of
15.452 mm. The other resonator operated at 9.95 GHz and
had a diameter of 11.589 mm and a height of 7.726 mm. Mil-
limeter frequency measurements require smaller resonators.
In order for the measurements to be consistent with the
model, the layer of carbon nanotubes must be a few skin
depths in thickness. Using the measured thickness of 30 ym,
we estimate the skin depth from our measured conductivity
to be less than 10 ym. Therefore, this thickness is adequate
for the fields to decay before it reaches the cavity end walls.
For comparison purposes, the skin depth of fields incident

TaBLE 1: The measured effective conductivity and associated uncer-
tainties for two sets of depositions of carbon nanotubes.

Configuration fée;lllzl)e ney (C:S(;Ef)uCtiVity Uncertainty
Resonator 1 9.958 1.8 x10° U=2x10°
Resonator 2 4.988 1.8 x10° U=2x10°
Resonator 1 9.958 0.8 x10° U=1x10°
Resonator 2 4.988 0.4 x10° U=1x10°

on our silver-plated fixture is approximately 0.64 ym. The re-
sults of the measured conductivity are displayed in Table 1.

The standard uncertainty is defined as u(x;), where x; are
the independent sources of uncertainty. Uncertainties that
can be calculated by statistical means are called Type A. The
uncertainties for the resonator were developed by a statistical
approach. The combined RSS standard uncertainty is calcu-
lated as

= |3 (u<x,«>§fi)2. (®)

i

In this paper, the measurand is ¢ and we included the in-
dependent uncertainties due to the sapphire resonator di-
mensions, film thickness, Q determination, and resonant fre-
quency. The uncertainties of the Q and thickness of the mate-
rial dominated. The expanded uncertainty is U(0) = ku.(0),
where k is the coverage factor. We have used k = 2. We
noted a relatively large systematic uncertainty between dif-
ferent coatings of carbon nanotubes. The origins of this sys-
tematic uncertainty is probably due to the deposition process
and possibly variations in nanotubes.

4. CONCLUSIONS

The resonator method described in this paper bypasses some
of the difficulties encountered in single-strand methods. Our
results yield conductivities that are slightly greater than that
reported by other authors. For example, Ma 0.05 x 107 S/m
reported [9]. We believe this is due in part to variations be-
tween nanotubes and the fact that our measurements are
minimally influenced by metal losses. We have observed
some variations of conductivity from different carbon nan-
otube batches probably due to variations in the carbon nan-
otubes, or deposition process and thickness uncertainties. In
transmission lines at micro wave frequencies, losses due to
metal influences can be appreciable. The resonator method
has a very low uncertainty if the thickness of the coating
is known accurately and if the coating is thick enough for
the fields to decay before the copper cavity endplates. Most
of the contributions to the uncertainties in Table 1 are due
to these factors. Some limitations and restrictions of our
method include the amount of nanotube material required,
variations in the thickness of the carbon-nanotube layer; and
the method yields an ensemble-averaged conductivity. This
method should work equally well for any type of nanowire.
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