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A simple, reliable technique for making electrical contact to multiwalled
carbon nanotubes
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A simple method of making reliable electrical contact to multiwalled carbon nanotubes is described.
With these contacts, current in the mA range can be routinely passed through individual multiwalled
nanotubes without adverse consequences, thus allowing their resistance to be measured using a
common multimeter. The contacts are robust enough to withstand temperature excursions between
room temperature and 77 K.I (V) data from different multiwalled nanotubes are presented and
analyzed. ©1999 American Institute of Physics.@S0003-6951~99!04102-9#
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The electronic properties of carbon nanotubes are
considerable interest and have received much attention
ing the past few years.1–7 A limitation inherent in many of
the previous studies is the requirement of a serendipit
deposition of carbon nanotubes across prefabricated e
trodes. It would be advantageous to develop simple te
niques in which a nanotube is first placed in a controlled w
on a substrate and then reliable electrical contacts are m
to the ends of the nanotube. In this way, elementary n
works might be constructed to further explore the possibi
of carbon-based electronics.8 In this letter, we describe a
simple and straightforward technique that allows fabricat
of reliable and robust electrical contacts to multiwalled na
tubes~MWNTs!.

MWNTs are known to have concentric carbon ‘‘shells
that traverse the length of the nanotube.9 The number of such
‘shells’ which remain intact along the length of the nanotu
along with the diameter of each ‘‘shell’’ determines the ele
tronic properties of a single MWNT. In this study, a bund
containing between one and a few MWNTs is transfer
with high lateral precision to a transparent substrate and
ends are then covered with a Ti/Au thin film evaporated
ing a wire shadow mask. We find the electrical contacts
the MWNT are robust and reliable. Using this procedure,
have a success rate of near 80%.

A schematic diagram of the steps in the procedure
given in Fig. 1. A typical high-resolution atomic force m
croscope~AFM! image of the resulting contact is given

a!Electronic mail: rr@physics.purdue.edu
3230003-6951/99/74(2)/323/3/$15.00
f
ur-

s
c-

h-
y
de
t-
y

n
-

,
-

d
e
-
o
e

is

Fig. 2. We find that electrical contacts made to MWNTs
this way withstand repetitive mounting and demounting to
variety of different sample probes. TheI (V) data ~two-
terminal! presented below are found to be very reproduci
once the glass substrate is mounted in the probe station.
probe-station contact and lead wire resistance is typic
found to be less than a few ohms.

A priori, a MWNT might be expected to exhibit two
different I (V) characteristics. First, if the MWNT is com
prised of concentric ‘‘shells’’ which are metallic, these she
will dominate current flow through the MWNT and a linea
I (V)characteristic is anticipated. Second, if the MWNT
dominated by semiconducting layers, then the resultingI (V)
might be expected to exhibit nonlinear behavior. If a MWN
has both semiconducting and metallic layers intact, the
may be possible for a diode-likeI (V) characteristic to result

Whether the conduction mechanism in any ‘‘shell’’ o
the MWNT is ballistic or not is also a question of conside
able importance. The presence of ballistic transport will
signaled by conductances given by

G5N3MG03T , ~1!

where N is the number of intact ‘‘shells’’ in the MWNT,
G052e2/h, M is the number of modes in each ‘‘shell’’ an
T is the transmission probability for an electron through t
tube. Because the MWNT is buried under a Ti/Au conta
pad, we assumeT is very nearly unity for our contacts. Th
number of modes in each ‘‘shell’’ is still not completel
settled. Theoretical considerations predictM52,10–12 while
recent experiments6 suggest a value ofM51.
© 1999 American Institute of Physics
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With a reliable method of making contact to nanotub
some of these simple expectations can be readily chec
Below, we present some results for two of the more intere
ing MWNT samples we have studied.

RepeatedI (V) data from a MWNT~sample No. 4! hav-
ing a minimum diameter~as determined from AFM scans! of
;40 nm were found to be highly linear with a resistance
478 V, showing only a fraction of a percent deviation fro
nonlinear behavior over the61.5 V range investigated. Cur
rents up to 3 mA have been passed through this tube with
destroying it or changing its resistance due to joule heat
This implies that this MWNT can pass a minimum curre
density of at least 2.431012 /m2 without adverse effects.13

Because the tube is released from a mat of MWN
adhering to the scanning electron microscope tape by e

FIG. 1. A schematic diagram of the procedure for making electrical con
to MWNTs. In ~a!, the selection and capture of a MWNT following th
procedure described in Ref. 14. Often, a visible emission of light is obse
during this break-off procedure, implying the presence of a localized,
tense electrical arc. The spark removal of the MWNT is expected to leav
least one if not both ends of the MWNT open. In~b!, a MWNT adhering to
the etched Pt tip, followed by~c!, the transfer of the MWNT to a glass slide
Surface forces between the MWNT and glass assist in this transfer. In~d!,
the placement of a 4.3mm diam tungsten wire~wire ‘‘1’’ !, roughly parallel
to the MWNT and displaced from it by a fraction of a millimeter. This wi
serves as a vertical riser to prevent contact between a second W wire~wire
‘‘2’’, diameter of 4.3 mm! and the MWNT. Wire ‘‘2’’ serves as a shadow
mask. The precise alignment of wire ‘‘2’’ is facilitated by first gluing a
mm diam solder ball to one end of the wire. The other end of the wire
attached to a micromanipulator. In~e!, the sample is covered by a thin
conducting film~100 nm Ti followed by 100 nm Au!. The final structure
after removal of the tungsten wires is shown in~f!. After electrical contact is
made to contact padsA andB, a robust sample results with both ends of t
MWNT buried under the Ti/Au film. Steps~a!–~d! are facilitated by viewing
with a Nikon Epiphot 200 dark-field microscope equipped with a 503/0.55
objective having an overall dark-field magnification of 7503.
,
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trical discharge@see Fig. 1~a!#,14 it is likely that at least one
if not both ends of the tube are open. The initial resistance
this MWNT ~478 V! is considerably smaller than the es
mated resistance of;3 kV expected for classical~diffuse!
conduction through a high-quality carbon fiber (r.1
31026 Vm)15 of the same dimension. Assuming the initi
resistance of 478V is determined byN ‘‘shells’’ conducting
in parallel and, assumingN must be an integer, leads to
value ofN527 and requiresM51 in Eq. ~1!.

The resistance of this tube~sample No. 4! has been mea
sured many times. We find the resistance has chan
abruptly several times, each time changing resistance
DR.21 V. These data are plotted in Fig. 3.

This result can be compared to changes in resista
expected for a ballistic quantum wire that initially conduc
throughN ‘‘shells,’’ but then changes to conduction throug
N21‘‘shells:’’

DR5
12.9kV

M @N~N21!#
. ~2!

The apparent quantized changes of resistance can be u
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FIG. 2. A 1.5mm31.5 mm AFM image of a MWNT~sample No. 4! buried
under a Ti/Au contact pad. The image shows the substrate comprised
glass cover slide, one of the two Ti/Au contact pads, a section of the MW
buried under the Ti/Au film, and a section of the bare MWNT whi
emerges from under the Ti/Au contact pad.

FIG. 3. A plot of resistance vs time~after the initial measurement of resis
tance! for a highly linear MWNT~sample 4!. The tube resistance is found t
abruptly change with time. The horizontal dotted lines represent quant
resistance values ofM /Go , with M524, 25, 26, and 27. The diameter o
this tube as determined from AFM studies is;40 nm. The length of this
tube between the contact pads is;4 mm.
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stood ifN.25 in Eq.~2!, implying that;25 ‘‘shells’’ carry
current. Assuming an interplanar separation of 0.3 nm
tween the walls in each ‘‘shell,’’ we estimate that at mo
;65 ‘‘shells’’ comprise this particular tube. Again, to avo
values ofN that are 1/2 integers,M must be set to equal 1. I
follows that contact pads prepared in the way described
capable of making good electrical contact to (2661) of the
possible;65 ‘‘shells’’ in a single MWNT.

The fact that the resistance of the nanotube takes
values that are close to multiples of the fundamental qu
tum of resistance~12.9 kV! leads us to believe that transpo
might be ballistic as conjectured in some rece
experiments.6 Several theoretical works have recently pr
dicted a suppression of backscattering in meta
nanotubes,16,17 so it seems plausible for transport to be b
listic over several microns in length. Also, we believe th
since the MWNT is buried under a Ti/Au contact pad, w
can indeed make good contact at both ends@i.e., T.1 in Eq.
~1!#, at least to a few shells.

On some nanotubes we measure very low values of
rent ~nA as opposed to mA!. However, the stability and re
peatability of our measurements suggest that this can no
attributed to bad contacts. Instead, we believe it is relate
internal breaks in the nanotube or perhaps, because we
not making contact to the same shell at either end, the
rent is required to transmit from one shell to another with
the tube. This would explain the 106 reduction in current
since the intralayer resistivity of graphite is known to
;106 times larger than the in-plane resistivity.

The I (V) characteristics for these low current nanotub
look very diode-like~see Fig. 4! and can be fit quite well by
a standard diode equation. Previous theoretical works h
suggested the possibility of diodelike behavior at junctio

FIG. 4. I (V) data from a MWNT~sample 3! showing diode-like conduc-
tion. The minimum diameter of this tube as determined from AFM studie
;130 nm. The length of this tube between the contact pads is;4 mm. The
forward bias can be fit to a standard diode equationI 5I oeef/kTeeV/hkT. A
plot of (kT/e) ln(uIu) vs V is also provided and yields an ideality factorh
.5.6.
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between metallic and semiconducting nanotubes,18 but it is
not yet clear whether our observation is related to this effe

In summary, we have developed a simple method
attaching robust, metallic contact pads to both ends of
individual MWNT. While only a few of the samples studie
have been described here, we find that MWNTs prepare
this way routinely withstand currents up to a few mA.I (V)
data at room temperature indicate a rich behavior which
be qualitatively understood by considering the electro
properties of individual ‘‘shells’’ within the MWNT. We
have also conducted preliminary experiments and have
tablished that MWNT samples prepared in this way c
withstand cooling to temperatures of 77 K.

An advantage of the technique is its simplicity, there
opening up the investigation of the electronic properties
individual MWNTs to individuals not currently possessin
high-resolution lithographic capabilities. Although we a
currently fabricating very rudimentary structures, it is easy
envision the construction of more complicated prototypes
ing elaborations of the simple technique described above

The authors would like to thank D. B. Janes, T. Lee, a
T. Toepker for helpful discussions during the course of t
work. The authors also thank Professor R. Smalley for p
viding the MWNTs.
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