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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(V) data from different multiwalled nanotubes are presented and
analyzed. ©1999 American Institute of PhysidsS0003-695(99)04102-9

The electronic properties of carbon nanotubes are oFig. 2. We find that electrical contacts made to MWNTSs in
considerable interest and have received much attention duthis way withstand repetitive mounting and demounting to a
ing the past few years.’ A limitation inherent in many of variety of different sample probes. THéV) data (two-
the previous studies is the requirement of a serendipitoutermina) presented below are found to be very reproducible
deposition of carbon nanotubes across prefabricated ele@nce the glass substrate is mounted in the probe station. The
trodes. It would be advantageous to develop simple techProbe-station contact and lead wire resistance is typically
niques in which a nanotube is first placed in a controlled wayfound to be less than a few ohms.
on a substrate and then reliable electrical contacts are made A Priori, a MWNT might be expected to exhibit two
to the ends of the nanotube. In this way, elementary netdifferent I(V) characteristics. First, if the MWNT is com-
works might be constructed to further explore the possibilityPrised of concentric “shells” which are metallic, these shells
of carbon-based electronifsin this letter, we describe a Will dominate current flow through the MWNT and a linear

simple and straightforward technique that allows fabricatiorl (V) characteristic is anticipated. Second, if the MWNT is
of reliable and robust electrical contacts to multiwalled nano_dqmlnated by semlcondu_ct!ng Iayers, then thg resultivg
tubes(MWNTS). might be expected to exhibit nonlinear behavior. If a MWNT

MWNTSs are known to have concentric carbon “shells” has both semiconducting and metallic layers intact, then it

that traverse the length of the nanotdtEhe number of such may be possible for a diode-liK€V) characteristic to result.

) L 2 Whether the conduction mechanism in any “shell” of
shells’ which remain intact along the length of the nanotube . o . . .

) . ”, N ) the MWNT is ballistic or not is also a question of consider-
along with the diameter of each “shell” determines the elec

. . . _ “able importance. The presence of ballistic transport will be
tronic properties of a single MWNT. In this study, a bundle signaled by conductances given by

containing between one and a few MWNTSs is transferred
with high lateral precision toa t.ranqurer?t substrate and the G=NXMGXT, 1)
ends are then covered with a Ti/Au thin film evaporated us-

ing a wire shadow mask. We find the electrical contacts toWhereN is the number of intact “shells” in the MWNT,

the MWNT are robust and reliable. Using this procedure, we~ _ , _» : : “ "
have a success rate of near 80% e'G(.)—Ze /h, M is the number _qf modes in each “shell” and
A sch i di £ th ' in th q _T is the transmission probability for an electron through the

, s¢ gmatlc lagram o the steps n t € Procedure 1§,5e. Because the MWNT is buried under a Ti/Au contact

given in Fig. 1. A typical high-resolution atomic force mi- -4 '\ve assume is very nearly unity for our contacts. The

croscope(AFM) image of the resulting contact is given in ., “bar of modes in each “shell” is still not completely

settled. Theoretical considerations preditt 2,112 while

dElectronic mail: rr@physics.purdue.edu recent experimentssuggest a value dfl=1.
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under a Ti/Au contact pad. The image shows the substrate comprised of a
\ glass cover slide, one of the two Ti/Au contact pads, a section of the MWNT
) buried under the Ti/Au film, and a section of the bare MWNT which
emerges from under the Ti/Au contact pad.
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trical dischargdsee Fig. 18)],* it is likely that at least one

if not both ends of the tube are open. The initial resistance of
this MWNT (478 Q) is considerably smaller than the esti-
mated resistance of3 k() expected for classicdliffuse)
conduction through a high-quality carbon fibep={1

X 10~8 om)*® of the same dimension. Assuming the initial
resistance of 478) is determined by “shells” conducting

in parallel and, assuminy must be an integer, leads to a
FIG. 1. A schematic diagram of the procedure for making electrical contact,alue of N=27 and requiredl =1 in Eq. (1
to MWNTSs. In (a), the selection and capture of a MWNT following the Th . fqh' | ISI( ).h b
procedure described in Ref. 14. Often, a visible emission of light is observed € resstqnce of this tL_Jlieamp e 0 #has been mea-
during this break-off procedure, implying the presence of a localized, in-Sured many times. We find the resistance has changed
Itense elec;rical lzglrcr.]Th?jspaflrl:]removal of the IE/Ib\)NNT is expe(&tﬁd to leave agbruptly several times, each time changing resistance by
east one if not both ends of the MWNT open.(b), a MWNT adhering to —_ : ;
the etched Pt tip, followed bfc), the transfer of the MWNT to a glass slide. AR 2_1 Q2. These data are plotted in Fig. 3. . .
Surface forces between the MWNT and glass assist in this transféd),In This result can b_e compared _to chan_g_e_s In resistance
the placement of a 4.am diam tungsten wiréwire “1" ), roughly parallel ~ expected for a ballistic quantum wire that initially conducts

to the MWNT and displaced from it by a fraction of a millimeter. This wire throughN “shells,” but then changes to conduction through

_
&

serves as a vertical riser to prevent contact between a second Wwiriee N—1"“shells:”

“2", diameter of 4.3 um) and the MWNT. Wire “2"” serves as a shadow :

mask. The precise alignment of wire “2” is facilitated by first gluing a 5 12.9kQ

mm diam solder ball to one end of the wire. The other end of the wire is AR= . (2)
attached to a micromanipulator. (), the sample is covered by a thin, MIN(N—-1)]

conducting film(100 nm Ti followed by 100 nm Au The final structure . .
after removal of the tungsten wires is showr{(fin After electrical contact is The apparent quant'zed changes of resistance can be under-

made to contact pads andB, a robust sample results with both ends of the
MWNT buried under the Ti/Au film. Step&)—(d) are facilitated by viewing

with a Nikon Epiphot 200 dark-field microscope equipped with X AD55 560 ' ' '
objective having an overall dark-field magnification of %50 ~ 540l M=24 |
g T o

With a reliable method of making contact to nanotubes, g 520 S S 25

some of these simple expectations can be readily checked. :

Below, we present some results for two of the more interest- o S00(e..® %

ing MWNT samples we have studied. % 4806 27 ]
Repeated (V) data from a MWNT(sample No. #hav- -

ing a minimum diametefas determined from AFM scansf & 460}

~40 nm were found to be highly linear with a resistance of 440 . . '

478 (), showing only a fraction of a percent deviation from
nonlinear behavior over the 1.5 V range investigated. Cur-
rents up to 3 mA have been passed through this tube without
destroying it or changing its resistance due to joule heatingriG. 3. A plot of resistance vs tim@fter the initial measurement of resis-
This implies that this MWNT can pass a minimum currenttance for a highly linear MWNT(sample 4. The tube resistance is found to

; 2 2 g abruptly change with time. The horizontal dotted lines represent quantized
denSIty of at least 2,410"2 /m” without adverse effects. resistance values df1/G,, with M =24, 25, 26, and 27. The diameter of

Because the tUbe_ is released fr_om a mat of |\/l\NNTS'(his tube as determined from AFM studies~gl0 nm. The length of this
adhering to the scanning electron microscope tape by ele@ibe between the contact pads-~ig um.
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o3l ' ' ' between metallic and semiconducting nanotuBemyt it is
1 80 not yet clear whether our observation is related to this effect.
-0.4F Jeo - In summary, we have developed a simple method for
g o5l < attaching robust, metallic contact pads to both ends of an
= . -l 40 g individual MWNT. While only a few of the samples studied
ia 06 150 E have been described here, we find that MWNTSs prepared in
T .09t . © this way routinely withstand currents up to a few mAv)
osl 1° data at room temperature indicate a rich behavior which can
) ; s : 20 be qualitatively understood by considering the electronic

properties of individual “shells” within the MWNT. We
have also conducted preliminary experiments and have es-
FIG. 4. 1(V) data from a MWNT(sample 3 showing diode-like conduc- ta_b“Shed that_MWNT samples prepared in this way can
tion. The minimum diameter of this tube as determined from AFM studies iswithstand cooling to temperatures of 77 K.

Voltage (V)

~130 nm. The length of this tube between the contact pzeklffli%/m‘;TThe An advamage of the technique is its simplicity, thereby
i I i i & eVin . . . . A .
forward bias can be fit to a standard diode equatien ™ """ . A ghaning up the investigation of the electronic properties of
plot of (kT/€) In(|I]) vs V is also provided and yields an ideality factgr N T .
~56. individual MWNTSs to individuals not currently possessing

high-resolution lithographic capabilities. Although we are
. . . . . . currently fabricating very rudimentary structures, it is easy to
stood ifN=25 in Eq.(2), implying that~25 “shells” carry  epyision the construction of more complicated prototypes us-

current. Assuming an interplanar separation of 0.3 nm bepg elaborations of the simple technique described above.
tween the walls in each “shell,” we estimate that at most,

~65 “shells” comprise this particular tube. Again, to avoid The authors would like to thank D. B. Janes, T. Lee, and
values ofN that are 1/2 integer$ must be set to equal 1. It T. Toepker for helpful discussions during the course of this
follows that contact pads prepared in the way described areork. The authors also thank Professor R. Smalley for pro-
capable of making good electrical contact to £26) of the  viding the MWNTSs.
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