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(SWCNTs) with a bottom gate field-effect transistor (FET)
configuration have been investigated up to 10 GHz by
standard two-port S-parameter measurements under different gate bias voltages. A tapered coplanar waveguide
(CPW) transmission-line test fixture is designed to overcome the parasitic and mismatch issues. An open-through
de-embedding algorithm has been applied to extract the
intrinsic properties of SWCNTs. And an equivalent circuit
model has been proposed to fit the extracted measurement
data as a function of the bottom gate bias voltage, facilitating the applications of CNTs into high-frequency
nanocircuits. Moreover, the properties of our transistor
device are found to change after a period of time.
KEYWORDS
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Abstract
The microwave transmission properties of suspended,
quasi-metallic individual single-walled carbon nanotubes

CARBON nanotubes (CNTs) attracted people’s interests
since being discovered.1 Due to their unique electrical properties, they can be considered as potential candidates for
nanoscaled electronics. Some applications of CNTs have
been demonstrated such as a field-effect transistor (FET)
using aligned semiconducting CNT with a cutoff frequency
greater than 70 GHz,2 CNT antennas resonant in the terahertz (THz) regime,3,4 etc. Microwave properties of CNT
ensembles such as mats5,6 and bundles7 have been studied as
well. Microwave transmission properties of back gate CNT
buddle based FET have been characterized up to 12 GHz on
a heavily n1 doped silicon substrate in Ref. [8]. However,
potential problems of characterizing the intrinsic microwave
properties of individual CNTs still exist, including challenges
in high-frequency measurement such as mismatch between
high intrinsic CNT impedance (eg, 10 kX to MX) and typical microwave measurement systems (eg, 50 X), severe parasitic effects and fabrication difficulties. In addition, an
indispensable accurate model is needed to further investigate
the CNTs potential towards high-frequency applications.
To address these issues and obtain accurate microwave
properties of individual CNTs, a CNT-FET configuration
with a 2-mm wide bottom gate electrode has been developed,
incorporating a tapered coplanar waveguide (CPW)
transmission-line test fixture, to extract the intrinsic properties of individual single-walled CNTs (SWCNTs) by measuring the standard two-port S-parameters. The suspended
SWCNTs are grown in series across a center gap in the
CPW signal trace. The two ports of the tapered CPW test fixture (as shown in Figure 1) serve as the drain and source
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F I G U R E 1 (A) The schematic of the CNT-FET structure (top view, not in-scale) and (B) the corresponding equivalent circuit model of the intrinsic
SWCNT. [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 2 Measured S-parameters of the SWCNT-FET device under different gate bias voltages as well as those of the “open” standard. [Color figure can be viewed at wileyonlinelibrary.com]

electrodes of the FET. The ground plane of the CPW test fixture connecting to the electrode underneath the suspended
CNT serves as the bottom gate electrode of the FET. This
tapered test fixture not only improves the matching between
the CNT-FET and the measurement system, but also most
critically reduces the capacitive coupling between the drain
and source electrodes. The detailed device fabrication process is presented in Ref. [9]. Unlike the previously reported
CNT-FET structures where CNTs are gone through the
lithography process, the suspended samples not only avoid
defects induced by the lithography process but also eliminate
potential interactions between the nanotube and the substrate,
thus enabling characterization of intrinsic properties of pristine, defect-free CNT.

Ref. [9]. To obtain the microwave transmission properties of
the SWCNT devices, an Agilent E8361A vector network
analyzer (VNA) along with two 150-lm-pitch ground-signal-ground (GSG) probes (GGB Industries Inc.) are used to
implement the standard two-port S-parameter measurements

2 | MEASUREMENTS AND
PARAMETERS EXTRACTION
The schematic of the CNT-FET structure and the corresponding equivalent circuit model with the three FET electrodes labeled are shown in Figure 1. The detailed layout of
the tapered CPW test fixture and a scanning electron microscope (SEM) image of the fabricated device can be found in

F I G U R E 3 Comparison between the de-embedded measured and
the equivalent circuit model fitted S21 (A) magnitude and (B) phase, both
with and without kinetic inductance Lk. [Color figure can be viewed at
wileyonlinelibrary.com]
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Fitted Parameter Values in the Equivalent Circuit Under Different Gate Biases (1st Measurement)
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under zero drain-to-source bias condition. S-parameter measurements of the CNT-FET device up to 7.1 GHz under different gate bias voltages (called 1st measurement) as well as
the “open” standard (no nanotube across the center gap) and
the “through” standard (continuous signal trace without the
center gap) are implemented under the same calibration condition. The measured S-parameters magnitude and phase of
the CNT-FET under different gate bias voltages (from 23 to
13V with a step of 1V) as well as those of the “open” standard are shown in Figure 2. The measured S-parameters of the
“open” and “through” standards are used to de-embed the
parasitics of the electrodes allowing extraction of the intrinsic
property of the SWCNT under test. The detailed information
about the de-embedding algorithm can be found in Ref. [9].
Compared to the equivalent circuit model reported in
Ref. [10], an additional shunt capacitance Cp which is due to
the coupling between the suspended CNT and the bottom

gate electrode (not fully eliminated from the de-embedding
process) is introduced to obtain a good fit between the measured microwave response and the model. The parameters in
the equivalent circuit model of Figure 1b are fitted by using
the optimization tool in Advanced System Design (ADS)
software package. The optimization algorithm is “Gradient”
and the optimization goals are to minimize the S21 magnitude
and phase differences between the equivalent circuit model
and de-embedded test data for the whole frequency range.
In principle, the intrinsic resistance of CNT is given by
h=4e2  lcnt =lmfp where lcnt is the length of the CNT and lmfp
is the mean free path due to the scattering.11 When the gate
bias voltage is applied, lmfp becomes larger and comparable
to lcnt . Also, the Fermi-velocity of electrons in the SWCNT
increases when the gate bias voltage is applied, which should
induce a decrease of the kinetic inductance. The fitted values
of the different parameters in the equivalent circuit model in

F I G U R E 4 Measured (after about a year) S-parameters of the SWCNT-FET device under different gate bias voltages as well as those of the “open”
standard. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5

Comparison between the de-embedded measured and
the equivalent circuit model fitted S21 (A) magnitude and (B) phase for the
2nd measurement, both with and without kinetic inductance Lk. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 1 are listed in Table 1. The comparison of S21 magnitude and phase between the equivalent circuit model fitted
and the de-embedded measured data at Vg 5 0 V is shown in
Figure 3. Fitted curves without kinetic inductance Lk are
plotted in the figures as well. It is seen that with the kinetic
inductance, the equivalent circuit model fits quite well to the
de-embedded measured data for both S21 magnitude and
phase. Without the kinetic inductance, the fitted curves show
large discrepancy at higher frequencies (ie, greater than
3 GHz). This indicates that the kinetic inductance of the
SWCNT has been clearly measured in this work. The fitting
curves at all other gate bias voltages result in similar reasonable agreements (not shown).
After about a year, another on-wafer measurement of the
same device is done with the same setup but under an independent calibration and the frequency range is also extended
up to 10 GHz. It is found that the gate dependence of the
device becomes weaker which can be seen from the
S-parameter measurement results (called 2nd measurement)
T A BL E 2
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F I G U R E 6 DC conductance and RF conductance based on fitted
parameters versus gate bias voltage for two sets of measurement. [Color
figure can be viewed at wileyonlinelibrary.com]

plotted in Figure 4. To quantify this observation, the 1st
measurement has a maximum change of about 11.4 dB while
the 2nd measurement just has a maximum change of about
5 dB for S21 magnitude for the gate bias voltage range.
Since the measured microwave transmission response of
the SWCNT device changes as experimentally observed, the
fitted values of each parameter in the equivalent circuit
model are different from the 1st measurement as listed in
Table 2. It is observed that the resistances become smaller
which is consistent with the fact that the measured transmission level is increased. It is also noticed that the fitted kinetic
inductance Lk value becomes smaller and its variation for
different gate bias voltages becomes smaller compared with
the 1st measurement as well. This is consistent with the
much smaller differences in the measured S21 phase under
different gate bias voltages. This difference could be interpreted as the variation of the sample electronic transport
properties while exposing the sample in ambient air environment with oxygen absorption.12,13 The comparison of the S21
magnitude and phase between the equivalent circuit model
fitted and de-embedded measured data at Vg 5 0 V (both

Fitted Parameter Values in the Equivalent Circuit Under Different Gate Biases (2nd Measurement)
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with and without Lk) is shown in Figure 5. With this set of
measurement data, it is also observed that without Lk there
will be large discrepancy between the equivalent circuit
model fitted and the measured results, which further confirms that the kinetic inductance plays an important role in
the equivalent circuit model of the intrinsic SWCNT.
The RF conductance (calculated as the reciprocal of the
summation of Rcnt, Rc1, and Rc2) for both measurements as a
function of the gate bias voltage is plotted in Figure 6. Compared to the DC characterization of the device, it is seen that
the fitted RF conductance at zero gate bias from the 1st measurement roughly agrees with the DC conductance, which is
about 10 mS. As for the 2nd measurement, the RF conductance at zero gate bias is about 33 mS, which is higher than
the DC conductance measured earlier.

3 | CONCLUSION
In conclusion, tapered CPW transmission-line test fixture
with reduced parasitic effect and mismatch has been
designed to measure the intrinsic microwave properties of
suspended and pristine individual SWCNTs. Equivalent circuit model of SWCNT has been utilized to fit the deembedded measured data. Kinetic inductance of the intrinsic
SWCNT is successfully measured. Two sets of microwave
measurements performed between about a year interval are
compared. Different gate dependences are observed for these
two measurements and the difference is attributed to the fact
that the CNT-FET device’s exposure to oxygen. The equivalent circuit model of individual SWCNT will be useful for
future high-frequency nanocircuit applications.
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Abstract
In this work, we present a leaky wave antenna with an
enhanced angular scan rate (ASR) using high permittivity
materials. The proto-type leaky wave antenna consists of a

