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Carbon nanotubes are intrinsically high impedance objects. The high frequency �HF�
characterization of these nano-objects is crucial for applications such as interconnects in future
integrated circuits, but still represents a daunting challenge. This letter presents HF characterization
of an individual metallic single walled carbon nanotube up to 7 GHz. The equivalent circuit values
are directly extracted from these HF measurements without numerical procedure, thus proving that
the intrinsic transport parameters of a single carbon nanotube can be determined up to gigahertz
frequencies. © 2010 American Institute of Physics. �doi:10.1063/1.3284513�

Carbon nanotubes �CNTs� are attractive candidates for
high frequency �HF� electronics because of their unique elec-
trical properties.1,2 In particular, they could serve as both
efficient interconnects and small size field effect transistors.
Recently, CNT-based field effect transistor �CNTFET� with
intrinsic cutoff frequency as high as 80 GHz,3,4 where dem-
onstrated, bringing support to the theoretical predictions.5–8

CNT interconnects operating in the gigahertz �GHz� range
were also realized.9

Despite these encouraging results and the constant
progresses made toward a CNT technology,10 the issue of
measuring the GHz transport properties of a single, or a very
few, nano-object�s�, is still blocking the development of HF
circuits based on nano-objects.2 Indeed, CNTs have an intrin-
sic high impedance �HI�, well above the impedances �50 ��
at which conventional electronic and measurement systems
can be adapted at GHz frequencies. Due to the impedance
mismatch, the measurement accuracy is not sufficient to ex-
tract the intrinsic parameters of these nano-objects. Several
works were recently published on this subject.1,2,11–14

In this work, we have developed a HI integrated set-up
system15 to measure, in one-port, the HF properties of nan-
odevices. The nanodevice is integrated in a measurement
system illustrated in Fig. 1�a�, based on a Wheatstone bridge
structure. This structure acts as a directive coupler that sepa-
rates the incident and reflective waves. Moreover, the resis-
tances of the bridge �in the range of 700 � to 3.5 k�� con-
tribute to reduce the impedance mismatch between the
vectorial network analyzer �VNA� and the CNT,5 and thus
minimize the measurement error.

The Wheatstone bridge structure, shown in Fig. 1�a�, is
an integrated device, only few hundred micrometers in size.
The structure is fabricated on a high resistivity Si substrate
�resistivity�8000 � cm� covered with SiO2 film deposited
by low pressure chemical vapor deposition �LPCVD�. It is
composed of three identical resistances, and the nanodevice
under characterization �here single walled carbon nanotube
�SWNT�—1 �m length between contact pads� is inserted in

the fourth branch. To this end, fabrication techniques similar
to those of CNTFET are used �Fig. 1�b��. The complete de-
scription of device fabrication is made in Ref. 17.

Figure 1�a� shows also a synoptic of the measurement
set-up. The Wheatstone bridge is connected to the port 1 of
the VNA using ®Infinity GSG �Ground Signal Ground�
probes from Cascade Microtech. As shown in Fig. 1�a�, a
HI passive probe �Cascade Microtech® FPM x100,
5 k�–50 �� is connected to the port 2 of the VNA via a
broadband low noise amplifier �20 dB gain�. This amplifier
compensates the signal attenuation across HI probe. The ex-
perimental Wheatstone technique is based on a differential
measurement to determine the reflection coefficient of the
device under test �DDUT�—here SWNT-using the following
relation: DDUT=Sp1_DUT−Sp2_DUT. The HI probe contacts
successively the pads p1 and p2, which are specified in Fig.
1�a�. The VNA is noncalibrated. The calibration is realized

a�Author to whom correspondence should be addressed. Electronic mail:
henri.happy@iemn.univ-lille1.fr.

FIG. 1. �Color online� Measurement structure: �a� top view of Wheatstone
bridge and synoptic of the measurement set-up; �b� Cross section of the
SWNT structure under test; �c� SEM picture of one SWNT onto APTS zone
and connected by Pd/Au at its extremities.
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with short �CC�, open �CO�, and equilibrated bridge �Zc�
integrated on the same wafer as the DUT ones. Calibration
procedure and validation is described in Ref. 17.

Let us now show the interest of this system in the con-
crete case of individual metallic SWNT measurements. To
increase measurement bandwidth, the Wheatstone bridge re-
sistance of 1 k� is used. As a first step, the dc value of a
SWNT resistance is measured using the Wheatstone bridge
as an Ohm-meter. I�V� measurements are shown in Fig. 2
after removing the influence of the bridge’s resistances. The
measured dc resistance of this SWNT is close to 22 k�. By
applying dc voltage on the gate ��2 V�, we noticed no sig-

nificant variation of the current and deduced that this indi-
vidual SWNT is metallic.

The frequency response up to 7 GHz, obtained with this
individual metallic SWNT is presented in Figs. 3�a� and 3�d�.
Such frequency response corresponds approximately to one
of the equivalent circuits shown in inset of Fig. 4�a�. This
circuit is described by the following expression:

Zeq =
2

Yc
+ ZCNT, where ZCNT = RCNT + jLk�

and Yc =
1

Rc
+ jCel� ,

ZCNT is the SWNT impedance and Yc is the admittance of
one contact. We assume that this dipole is symmetrical.

The parameters of this equivalent circuit are directly de-
duced from measurements, with some hypothesis. Figure
4�a� represents the real part of the connected metallic SWNT
impedance, under 0 V gate bias conditions. We can observe
two frequency areas; up to 3 GHz, the impedance decreases
from 25 to 15 k� and remains almost constant for higher
frequencies. Then, in the higher frequency range, we extract
directly, from the real part of the measured impedance the
value of Rcnt between 11.5 and 13 k�. Figure 4�b� plots the
imaginary part of �Zmeas� /�. From this figure, it appears that
for frequency greater than 4.5 GHz, the curve is frequency
independent, that leads a value of an inductance Lk between
60 and 75 nH �Fig. 4�b��.

By removing this “RCNT Lk” series dipole from measure-
ments, we can extract in the lower frequency range the val-
ues of the “Rc Cel” parallel dipole named Ycmeas. Figures 5�a�
and 5�b� plot Rc and Cel extracted from measurement of
2 / �real�Ycmeas�� and 2.imag�Ycmeas� /�, respectively. The
equivalent contact resistance Rc extracted is between 4 and
6 k� while the equivalent contact capacitance Cel is be-
tween 10 and 25 fF. We note that the total resistance �RCNT

FIG. 3. �Color online� Impedance response of SWNT vs frequency in term
of magnitude �a� and phase �b�. Measured impedance �points� and calculated
impedance derivate from equivalent circuit �line�.

FIG. 4. �Color online� Extraction of small signal equivalent circuit of me-
tallic SWNT derived from measurement at high frequency: �a� Illustration of
equivalent circuit and extraction of resistance �Rcnt�, �b� extraction of induc-
tance: �Lk� is obtained at HF as illustrated in the inset.

FIG. 2. �Color online� Measurement of total dc resistance vs bias voltage, as
a function of gate voltage.
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+2Rc� is in quite good agreement with the resistance of the
contacted SWNT measured in dc characteristic �Fig. 2�.

We report in Figs. 3�a� and 3�b� the comparison of the
measured and calculated impedance �magnitude and phase�
of the contacted SWNT up to 7 GHz. The respective values
of equivalent circuit used �illustrated in Fig. 4�a� inset� are:
RCNT=12.25 k�, Lk=67 nH, Rc=5 k�, and Cel=17.5 fF.
These values are chosen as the mean values of extracted
parameters. The experimental results call for the following
comments.

The value of RCNT�12.5 k� deduced from this mea-
surement is in agreement with dc values obtained in previous
works.13,15 The inductance Lk�70 nH is comparable to
those obtained in Ref. 1, but is almost three to four times
higher than the theoretical value2,6 �16 nH /�m�.

The value of contact resistance corresponds to values
depicted in literature.1,2,6,16 In addition, the electrostatic ca-
pacitance; Cel ��17 fF� is two orders of magnitude higher
than theoretical value and one order of magnitude higher
than those obtained in Ref. 1. We assume the divergence with
the theoretical values can be associated to a diffusive behav-

ior. Theoretical model4 assumes ballistic transport. In addi-
tion, we think Cel value is screened by parasitic capacitances.
Indeed the measurement calibration plane is far from the
SWNT plane.

In this letter, a HI characterization that allows measure-
ment of the frequency response up to 7 GHz has been pre-
sented. Based on integrated HI Wheatstone structures, we
have accurately measured the reflection coefficient of an
individual CNT. From these measurements, an equivalent
circuit of a single metallic SWNT is directly deduced. The
values of the parameters of this equivalent circuit are com-
parable to other published results, and can still be improved
by reducing parasitics introduced by the reference plane of
calibration. Such new set-up can be extended to the charac-
terization of various nano-objects with HI.
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FIG. 5. �Color online� Extraction of small signal equivalent circuit of
SWNT contact parameters at low frequency: �a� Extraction of contact resis-
tance �Rc�, �b� extraction of capacitance �Cel�. The insets illustrated area of
extraction. Beyond the cut-off frequency, extractions are not significant.
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