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Performing current versus voltage measurements of single-walled carbon
nanotubes using scanning force microscopy
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In this letter, a method is presented to perform current versus voltage measurements on carbon
nanotubes using the tip of a scanning force microscope as an electrode that can be positioned along
the molecule. This method allows current versus voltage measurements to be carried out at any spot
along a nanotube. By using this method, we present indications of ballistic transport in carbon
nanotubes, as well as effects in the electrical properties due to the mechanical deformation. This is
a general technique that can be applied to any conducting nanowir@002 American Institute of
Physics. [DOI: 10.1063/1.1453475

Over the past few years there has been increasing intedistribution of molecules. Some of them are partially covered
est for molecular wire$, and in particular for carbon with gold. A SFM is used in noncontact dynamic m&tle
nanotubeg.A carbon nanotube is a graphene layer rolled upusing a Nanotec Electnica systent® This mode is not re-
forming a tube of nanometer size. They were found to bejuired to image multiwalled carbon nanotuB@sjnce these
good electrical conductors with astonishing properties, showare more strongly anchored to the surface than SWNT.
ing ballistic conductancg,superconducting behavidrand ~ However, we have observed that SWNT can be displaced
Aharonov—Bohm effect.Carbon nanotubes have also beenwhen using a contact scanning mode. To perform electrical
used as field-emission emittérschemical detectors, Mmeasurements we use Olympus cantilevers with 80 kHz
nanotweezer$etc. In these experimerit¥ a single walled resonance frequency consecutively covered with titanium
carbon nanotubéSWNT) is placed between two fixed elec- and gold. By inspection, a SWNT is selected to perform the
trodes and the electrical current flowing through it was mea&Xperimentt’ (Fig. 1). The tip is then approached to a pre-
sured. In this way, current versus voltage-{/) curves can- viously chosgn spot on the se_Iected SWNT, maklng simulta-
not be carried out along the length of a carbon nanotubd!€0Us electrical and mechanical Co_nﬂzi’gl\t the maximum
Measuringl =V curves on several spots along the SWNT!P indentation a -V curve is acqwre_:a. In this way, the
would make it possible to check fundamental electrical prop!oading force applied to the contact is selected prior to the
erties of these nanowires, such as ballistic conduction, thBcduisition of thel -V data. Moreover, the details ¢tV
influence of mechanical defects on the transport properties giequisition can also be conveniently s_elected.
the quality of the metallic electrode—nanotube conthct. In order to assess whether the resistance and shape of the

In our setup we extend previous experiments, where the
conductivity of multiwalled carbon nanotubes is checked at a
fixed voltage by using a conductive scanning force micro-
scope(SFM) tip without carrying outl =V measurement¥.

In another work, a scanning tunneling microscopy tip slides
along a SWNT, while measurinig-V curves® but without
imaging the nanotube used in the experiment. With the
method presented in this letter, it is possible to acqui¥
curves along the nanotube and to image the corresponding
molecule.

Samples are prepared by adsorbing SWNT on,&i0 AT 7
substrates. After the molecules are deposited, gold is ther- e e B
mally evaporated on the sample using a masking technique. : o f@%

The final result is a sample with two gold electrodes sepa- ?ﬁf%”’?)'i“
rated by a gag~5 um) free of gold with a serendipitous
FIG. 1. Experimental setup. Schematic representation of the circuit used in

the experiments. The-V curves are taken by contacting a metal-covered
dElectronic mail: julio.gomez@uam.es tip and a SWNT partially covered with gold.
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FIG. 2. Linearl -V curves characteristics with 10 k() resistance on a 2.3
nm diameter tube depicted in the inset. The distance bete¥rcurves is
about 500 nm.

curve is affected by the tip—nanotube contact, one nanotube o (1)
is used as reference sample to verify that the tip is not modi- g
fied during the experiments. After every experiment we re-
turn to the reference nanotube to control that the sbalé
curve is obtained.

With this method the total resistance of a tube can be
separated in two contributions: the contact resistance
(gold electrode- SFM tip) and the intrinsic resistance from
the SWNT itself. In this way information regarding the trans-
port mechanism of the tub@allistic, diffusive, etc. can be
obtained. While a large number of tubes present a total re- 0 . L
sistance greater thar100 K), we found some nanotubes -1000  -500 0 500 1000
with lower resistance where ballistic transport is clearly Bias (mV)
present. For instance, we have measured curves at two ) ) ) )
diferent spots on the 2.3 nm diameter SWNT of the nset ir§5, %} ferinalen peformes durg a conect soerert i e
Fig. 2. This figure also shows the correspondirg/ curve  white dots show the previous SWNT shape. Note the gold electrode in the
from which a resistance of 10 k() is obtained. Moreover, upper right corner. The spots whereV curves have been acquired are
we can relate the measured resistance to a transmission prdfRi SRR T Ll L E e e ot the nanotube atter
ab'.“ty using the Landaugr formuml' = (h/4ez)(1_T_i)/TJ' ! D arepplotted in gray color. ThelzO symbols Iot?alize theV curves in the
which expresses the resistance per nano{&bé—,’ being the  places marked ir(@). In the inset(1) the resistance near 0 V along the
transmission coefficient for electrons along the length of thenanotube is shown, with the corresponding symbols. Finally, in the {Bset
nanotube. Using the data in Fig. 2 we find tﬁ'(}li: 0.91 for the differential conductance is depicted with the same prior color and sym-
one single nanotube afng= 0.78 assuming three conducting bol codes.

SWNTs forming a ropé? Taking the distance between both

spots into account, the coherence length is greater tham 5 can determine how the electrical characteristic of the nano-
in the first case and 1.am in the second case. Considering tube varies due to the deformation.

only one nanotube, the coherence length is three times In our experiment, thé—V curves change from linear
greater than the one reported by Bachtetdal % around zero biagdark lines in Fig. 80)] before the defor-

As an additional example of the method described herenation D to nonlineafgray lines in Fig. 8)] after the de-
we have measured the conductance of a SWNT that had beéormation D. In the inset2) of Fig. 3b) the differential
mechanically deformed in order to investigate the influenceconductance of all thé—V curves of Fig. 8b) taken after
of nanotube deformation on its electrical properties. As disimodification D decreases at low voltages. The essential char-
cussed above, contact experiments with the SFM tip mawcteristic of thel -V curves vary from saturated before de-
produce modifications of the SWNT shape. Figufe) 3s a  formation to nonsaturated after it. This suggests that the satu-
topographic image of a SWNT showing one of these modi+ation of | -V is not related to the contact resistak¢éut to
fications at the point marked D. While the differential resis-the intrinsic structure of the nanotube. In addition, in inset
tance before point D saturates at large bias voltages, aftéll) of Fig. 3(b) the behavior of the resistance around zero
point D it decreases with biaksee Figs. @) and 3b)]. bias is presented, showing a sudden increase of the resistance
Therefore, we conclude that by modifying the SWNT geom-precisely at the deformation point D.
etry, changes in the electrical transport properties of the Changes of the transport properties of the SWNT have
nanotubes can be induced. Again we extend a previous resuieen predicted in terms of changes in the carbon—carbon
where changes in resistance are induced by local deform&onds®® To produce these changes, mechanical stress has to
tions using a SFM tig3 Here we do not only carry out re- be applied within the atomic structure of the SWNT. The
sistance measurements, but complet® curves. Thus, we critical curvatureK; at which a SWNT buckles is given by
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