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We have measured the local current density on individual single-wall carbon nanotubes~SWNTs!
with the conducting tip of an atomic force microscope; the SWNTs make up a nanometer-scale
electronic circuit on an insulating substrate. Scanning tunneling spectroscopy measurements at
certain positions on a SWNT bundle show that both metallic and semiconducting nanotubes can
coexist in a bundle. The approach applied in this experiment appears as a powerful technique for the
investigation of the spatial variation of current density and electronic states of nanometer-scale
electronic devices. ©2002 American Institute of Physics.@DOI: 10.1063/1.1461901#

Since the discovery of carbon nanotubes~NTs!,1 they
have attracted great attention as a potential electronic mate-
rial because of the one-dimensional tubular network structure
on a nanometer scale.2,3 Actually, the findings of many prop-
erties of NTs, such as single electron transport,4,5 spin
transport,6 rectification,7,8 switching function,9 and tunable
electronic structure by magnetic fields,10,11have opened up a
route towards the nanometer-scale electronic devices. Mea-
surement techniques with nanometer resolution have also
been developed under the progress of nanotechnology.12–16

However, research in evaluating the nanometer-scale func-
tions, namely, spatial variations of current density and elec-
tronic states on a nanometer scale are yet to be explored
although they are important for the basic studies of nano-
science, and for designing and developing of nano-order de-
vices. In this letter, we report investigations of structure, lo-
cal electronic transport, and local electronic structure of
single-wall carbon nanotube~SWNT! bundles which form a
nanometer-scale electronic circuit on an insulating substrate
determined by means of an atomic-force-microscopy~AFM!/
scanning-tunneling-spectroscopy~STS! dual-probe method
~DPM!.

The soot containing SWNTs was prepared by laser abla-

tion of a carbon rod containing Ni–Co catalyst. The obtained
soot was purified by oxidation in a H2O2 solution for 2 h.17

The diameter of the SWNTs was determined to be about 1.4
nm by the Raman frequency of a breathing mode. Circuits
consisting of the SWNT bundles and tungsten~W! electrodes
on an insulating substrate were prepared by the electron
lithography.10,11The principle of the AFM/STS-DPM is illus-
trated in Fig. 1 where a metal-coated conducting AFM tip
monitors the tunneling current from electrically connected
nanometer-sized circuits while a bias voltageVB is applied
during a conventional AFM measurement. In this method,
we can simultaneously measure the topographic AFM image
and the local current density@topographic current image
~TCI!# of the circuit. The main advantages of this method are
~i! adaptability of the insulating substrate,~ii ! nanometer-
scale resolution in the measurement of local transport prop-
erties, and~iii ! emancipation from the influence of electronic
states of the substrate on that of sample. From these points, it
is clear that the technique is very effective for evaluating
electronic circuits on an insulating substrate. Neither the
AFM nor the scanning tunneling microscopy~STM! can per-
form individually.
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A high-resolution topographic AFM image of a SWNT
bundle~sample No. 1! is shown in Fig. 2~a! and a simulta-
neously measured TCI is shown in Fig. 2~b!. From the AFM
image, a single bundle is observed but not the components,
for instance individual SWNTs cannot be identified. On the
other hand, from the TCI with aVB of 0.6 V, the current
paths with a width less than 2 nm are clearly observed in a
bundle and can be attributed to the current flowing on the
individual SWNTs. This difference can be clearly seen by
comparing cross sections in both the AFM image and the
TCI as shown in Fig. 2~c!.

At both positions A and B in Fig. 2~b!, the current actu-
ally flows on SWNTs under aVB of 0.6 V. However, it is
clear that the electronic structures at positions A and B are
different by comparing the data from the tunneling spectros-
copy as shown in Fig. 3. First, the zero bias tunneling con-
ductance (dI/dVB VB50) data are different: at position B
dI/dVB VB50 shows a finite value and much larger than that
of position A which is almost zero. This result suggests that
the SWNTs at positions A and B are semiconducting and
metallic, respectively. In addition, the van Hove singularity
~VHS! characteristics support this conclusion: the spectra at
positions A and B show relatively large peaks corresponding
to the VHS of semiconducting and metallic NTs,12,13 respec-
tively. Each spectrum contains peaks due to another kind of
SWNT. This is because of the observed tunnel current com-
ing from the circuit containing many SWNTs in a bundle.
Therefore, it is expected that the spectra are influenced
mainly by the electronic structure of the SWNT at the mea-
sured position, and also by the various electronic structures
of the SWNTs in the current path. In any case, we can con-
clude from this result that the metallic and semiconducting
NTs coexist in sample No. 1.

Figures 4~a!–4~d! show TCIs for a SWNT bundle
~sample No. 2! with variousVB . The clear spatial variation
in TCIs as observed in sample No. 1 cannot be detected in
this sample, showing only one kind of electronic structure
may exist in a SWNT bundle. Current flowing on a SWNT
bundle can be observed and it increases with increasingVB .
However, the value of the current at the SWNT bundle in
TCIs is not proportional toVB , but increases suddenly be-
tween 0.3 and 0.4 V ofVB . The current–voltage curve
shown in Fig. 4~e! makes it clear that the intensity of TCI is
due to the local electronic structure of a SWNT bundle. This
result is quite natural but very important. Because, we can

FIG. 2. ~a! Topographic AFM image and~b! topographic current image with
a VB of 0.6 V of sample No. 1,~c! cross sections along lines in images~a!
and ~b!.

FIG. 3. Tunneling conductancedI/dVB spectra at positionsA andB in Fig.
2~b!. Big and small arrows show the van Hove singularity corresponding to
the metallic and the semiconducting SWNTs, respectively.

FIG. 4. Topographic current images of sample No. 2 withVB5(a) 0.2,~b!
0.3, ~c! 0.4, and~d! 0.5 V, ~e! current–voltage curve.
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expect that the TCIs are very sensitive to the local electronic
structure and that the changes in TCI will appear where the
electronic structure changes in a circuit.

Electronic properties of intramolecular junctions of the
NTs, such as transmission/reflection ratio and rectification
were investigated theoretically.18 On the other hand, although
very recently the molecular structure and its electronic struc-
ture around the intramolecular junctions~IMJ! are measured
by STM,19,20 the spatial variation of current density has not
yet been clarified. From the results of this work, TCI, which
is influenced mostly by the electronic structure at the tip
position and additionally by that of the current path, can
provide information about local transport properties and lo-
cal electronic structure in electronic circuits having
nanometer-scale resolution. Therefore, we believe that this
method is very effective for the investigation of functions of
the IMJ, etc.

In conclusion, with a conducting tip of an AFM, we have
investigated the structural property, local electronic structure,
and local electronic transport properties of the SWNT
bundles that form a nanometer-scale electronic circuit on an
insulating substrate. We have observed the local current
flowing on the individual SWNTs in a bundle, and is found
that metallic and semiconducting SWNTs can coexist in a
bundle. Our results show that this approach will be a power-
ful technique for the evaluation of electronic devices in
nanometer-scale circuits, and will contribute to the develop-
ment of nanotechnology.
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