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The fabrication and characterization of reliable electrical contacts to multi-walled
carbon nanotubes is described. Using these contacts, electrical currents as high
as a few mA can be passed through some multi-walled nanotubes without ad-
verse consequences. This fabrication method results in low-resistance contacts to
multi-walled carbon nanotubes and allows the acquisition of reproducible I(V) data
between 300 K and 4.2 K.

1 Introduction

There is continuing interest in the electronic properties of carbon nanotubes.!
From a scientific standpoint, carbon nanotubes represent a physical realiza-
tion of a model one-dimensional (1D) electronic system. This has lead to
many predictions for single wall nanotubes (SWNTsf-34,5.6:7,8,9,10,11,12,13,14,15
and multi-wall nanotubes (MWNTSs).” A test of these theories often requires a
measurement of the transport properties of a nanotube. A major problem in
performing such experiments is the reliable attachment of current and voltage
leads to nanotubes. Since the size mis-match between the nanotube diameter
and contacting electrodes is considerable, a variety of innovative techniques
have been proposed. As a result, transport data on SWNTg'6:17:18,19,20,21,22
and MWNTg1,23,24,25,26,27,28,29,30 have been reported. Much of this prior work
relies on a serendipitous deposition of nanotubes across contacts, the exposure
of a nanotube to high energy electron or ion beams, and/or coating the nan-
otube with lithographic chemicals. All of these factors conspire to either limit
the yield of useful samples or cause unwanted structural damage or modifica-
tion to the nanotube under study. What is needed is a simple approach that
does not suffer from these limitations.

To address this important issue, we have recently developed a technique
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to make reliable electrical contacts to carbon nanotubes?® The technique is
relatively simple and does not require sophisticated equipment to implement.
In what follows, we report further studies designed to better characterize both
the MWNTs and the electrical contacts to them.

2 Sample Preparation

An individual MWNT or a rope of a few MWNTs is selected from a nanotube
boule using a darkfield microscope3! This selection is facilitated by contacting
a MWNT in the boule with an etched Pt field emission tip. The end of the
MWNT sticking out from the boule is opened by touching it with a Pt tip held
at 15V with respect to the boule. After reducing the potential on the tip to
0V, a length of the protruding tube is brought into contact with the tip. After
contact, a bias of about 5V is applied and, as the Pt tip is withdrawn from the
MWNT boule, we find that a 5-10 pgm long rope of MWNT's becomes attached
to the tip and eventually breaks free from the boule. TEM studies show that
both ends of the MWNT rope are opened during this procedure (see Fig. 1).
The end of the MWNT that first makes contact with the Pt tip is opened by
the initial touch of the biased Pt tip. The second end of the MWNT is opened
when the selected tube (or rope) is separated from the MWNT boule. In both
cases a visible emission of light is often observed during this selection and
separation procedure, implying the presence of a localized, intense electrical
arc.

Using micro-positioners, the MWNT attached to the Pt tip can be precisely
transferred to a smooth glass substrate. A suitable shadow mask is then aligned
perpendicular to the axis of the MWNT to shield the middle section of the
nanotube during subsequent thin film evaporation. This procedure allows the
ends of the MWNT to be covered with metal contact pads evaporated from
metals of choice. An inexpensive shadow mask suitable for this purpose is
made from commercially available 4.3 pm diam. tungsten wire.

The entire sample (MWNT, shadow mask and glass substrate) is then
inserted into a multi-source e-beam evaporator. We typically evaporate a
~10 nm thick Ti adhesion layer followed by ~150 nm of Au. Following evap-
oration, a reliable electrical contact results beneath the ends of the MWNT
which are now buried under a layer of metal. An advantage of this shadow-
mask technique is that no chemical processing of the nanotube is required.
Once the contact pads have been deposited, the sample can be inserted into
an air scanning force microscope (SFM) and imaged using a variety of non-
contact techniques. From the resulting images, it is usually clear which samples
have survived the handling while transferring the samples into and out of the
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igure T images of the end-forms of t pical Ts used in this stud . In (a) the
outer diameter of the T rope is 0 nm. The inset is an enlarged view of the end of
the rope, showing the presence of three Ts. In (b), another T rope having an
outer diameter near 40 nm is shown. lose e amination of this image shows - Ts,
each with a diameter of nm.

evaporation chamber.

During the past year, about 0 samples were prepared following this pro-
cedure. Of these 0 samples, roughly 20 were deemed unacceptable after being
fitted with a shadow mask and inspected in the dark field microscope. The 0
samples that passed this initial inspection were inserted into the evaporator
and processed to produce contact pads. Of these 0, about 20 were found to
be electrically continuous, thus allowing the acquisition of electronic transport
data.

SFM images of two samples are illustrated in Fig. 2 (a) and (b). In
Fig. 2 (a), we show a SFM image of an electrically continuous sample with
two evaporated Ti/Au contact pads covering the ends of a MWNT. A common
failure mode for the nanotubes appears to be an electrostatic discharge which
evidently causes a high current to pass through the nanotube. An example of
this failure mode is illustrated in Fig. 2 (b) which shows a nanotube that has
been completely destroyed. Evidence for a local melting of the Ti/Au contacts
is clear. Since bulk Au melts near ~ 1000 , the local melting of the Au
contact pad provides evidence of a high temperature rise in the vicinity of the
MWNT /contact junction just prior to the destruction of the MWNT.

TEM studies (see Fig. 1) suggests that a typical MWNT sample is com-
prised of a few individual MWNTs. Further evidence supporting this view is
given in Fig. 3 (a) and (b) which illustrates how individual MWNTSs inter-
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igure 2 In (a), a non-contact image of a t pical T sample, o. 40. The image
shows a T crossing a 4.3 m wide trench. The two evaporated Ti Au contact pads
lie on top of the ends of the nanotube. In (b), a non-contact image of T sample

o. that has been blown apart, presumabl b an electrostatic discharge. emnants of
the T are found scattered throughout the image. In addition, what appears to be a
local melting of the Ti Au contact pads is evident.

a) \\\

250 nm

igure 3 In (a), a phase contrast image of sample o. 2 showing multiple nanotubes in
a T rope. This image was ta en near the middle of the T sample and reveals the
ends of several Ts (see arrows), suggesting that onl a few Ts remain electricall
continuous across the entire 4.3 m distance between the two contact pads. In (b), a
image of sample 0. 4 showing the individual Ts unraveling at the end of the rope.
The diameters of the individual Ts in both images are distorted (enlarged) due to tip
dilation e ects.



igure 4 Using a two-wire shadow-mas technique, it is possible to de ne a third electrode
in close pro imit to the two contact pads. In (a), the third electrode ma es electrical contact
to the middle of T sample o. . In (b), the third electrode acts as a nearb gate.
The T (sample o. ) shown in (b) failed to ma e an electrical connection to the left
contact pad.

twine in our samples. Fig. 3 (a) is a phase contrast SFM image taken near
the center of a mounted MWNT. The phase imaging mode is used to enhance
contrast 323334 This image provides clear evidence that broken MWNTs exist
along the length of the rope. Fig. 3 (b) shows individual MWNTSs that have
unraveled at the end of a MWNT rope. ased on these studies, it is likely
that a few, perhaps only one, of the individual MWNTs in a rope remains
continuous across the entire 4.3 pym length between the contact pads. Thus
experimental transport measurements in our samples may be dominated by
the electronic properties of only one MWNT. This view is consistent with our
electrical transport data presented below.
One advantage of our procedure for making contacts to nanotubes is its
exibility. This is demonstrated in Fig. 4 which illustrates how a third elec-
trode can be added about midway between the two contact pads. This was
accomplished by carefully positioning two W wires so that they crossed above
(and near the center of) the MWNT. In Fig. 4 (a), the third electrode makes
electrical contact with the MWNT. Fig. 4 (b) illustrates how the third elec-
trode can be used as a nearby electrostatic gate.

Conductance a a unction o temperature

After preparing MWNT samples as described above, I(V) data were obtained
using a quasi 4-terminal technique, where two wires are attached to each of
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igure  The conductance (V,T) plotted in units of the quantum of conductance,
2 , as a function of applied bias voltage V for sample o. . The data are plotted
at 2 di erent temperatures, with the temperature label ad acent to each data set. The
conductance at room temperature is 2.0

the two nanotube contact pads. Our data suggest that the resistance between
the contact pad and the nanotube is typically less than 10k

onductance data as a function of temperature were obtained by placing
a MWNT sample on a brass mounting plate, attached to the end of a thin-
walled stainless-steel tube. A silicon diode was thermally-anchored to the
brass plate to measure temperature. Four electrical leads (two for current, two
to measure voltage) were attached to the Ti/Au contact pads with a small
amount of silver paint. The brass plate was inserted into a stainless-steel can
and the entire assembly was evacuated to forepump pressures (5 Torr) before
inserting into a liquid helium storage dewar. arefully positioning the stainless-
steel can with respect to the liquid e level within the dewar controlled the
temperature of the mounting plate and allowed conductance measurements
between room temperature and 4.2 . The samples prepared using the above
procedure withstood repeated thermal cycling and yielded conductance values
which were reproducible.

y measuring I(V) at different temperatures, it was possible to calculate
the conductance of the MWNT sample ( (V,T) dI/dV) as a function of
both applied voltage and temperature. esulting data are plotted in Fig.
5 and illustrate several important features. At room temperature the mean



conductance is nearly independent of applied bias voltage indicating ohmic
behavior. Also evident in the conductance data near room temperature is a
voltage and temperature dependent noise. At temperatures below ~20 , a
downward bow develops in  (V,T) and signals the gradual appearance of a
non-linearity in I(V). Thisdipin (V,T) evolves into a conductance gap which
is clearly developed at temperatures near 4 . Another interesting feature is
the saturation of the conductance at higher bias for temperatures below ~20
These data are typical for all the samples we have studied to date. A complete
theory of electronic conduction in carbon nanotubes must successfully address
each of these features.
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