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Phase breaking in three-terminal contacted single-walled carbon nanotube bundles

V. Krstić,* S. Roth, and M. Burghard
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70659 Stuttgart, Germany

~Received 10 August 2000!

The three-terminal electrical transport through single-walled carbon nanotube bundles with low resistive
metal contacts is investigated at room temperature. After correcting for the lead resistance, two-probe resis-
tances close to the value expected for a metallic single-walled carbon nanotube are found. Analysis of the
experimental data in the frame of the Landauer-Bu¨ttiker formalism reveals the phase- and momentum-
randomizing effect of the third electrode, which is at floating potential, on the quasiballistic transport. Within
this model, the phase-coherence length of the charge carriers is estimated to be'300 nm at room temperature.
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The potential application of carbon nanotubes~CNT’s! as
molecular wires in submicron devices has initiated a vari
of conductance experiments. Phenomena like Coulo
blockade1,2 and signatures of Luttinger liquids3 in single-
walled carbon nanotubes~SWCNT’s!, as well as Aharanov–
Bohm oscillations,4 quantized conductance and quasiballis
transport at room temperature~RT! in multiwalled carbon
nanotubes~MWCNT’s! were reported.5 Except for the obser-
vations of Coulomb blockade, a low contact resistance
tween leads and the CNT is required in such experimen

In the present study, electron-beam lithography~EBL!
was used to contact SWCNT’s with electrodes on top, si
lar to Ref. 3. Electrode arrays consisting of three equidis
stripes were prepared from AuPd~40 wt %/60 wt %!. The
electrical transport investigations at room temperature p
sented here focus on samples with SWCNT bundles, wh
are connected by three low-Ohmic contacts, in contras
recent measurements with only two contacts.3,6

For sample preparation,7 arc-discharge SWCNT raw ma
terial was dispersed by ultrasonic treatment in aqueous
factant solution, and purified by centrifugation. As substra
an As doped Si wafer with a thermally grown SiO2 layer was
used. Before adsorption of the SWCNT’s, the substrate
treated with a 0.1 wt % aqueous solution
3-~aminopropyl!triethoxysilane for 2 min. In order to per
form EBL ~EBL 100 system, LEICA! on top of the
SWCNT’s, a two-layer resist system was used.2 After EBL,
AuPd ~thickness'17 nm! or Au ~thickness'24 nm! was
thermally evaporated on the substrate at a base pressu
p'1027 mbar using a rate of 1 Å/s.

Figure 1 shows a scanning force microscope~SFM! image
~Tapping Mode, Digital Instruments, Nanoscope IIIa! of a
typical sample we have investigated. A thin SWCNT bun
is connected to three AuPd electrodes. The electrode str
are separated by 100 nm, and are approximately 100 nm
width. The electrical transport measurements were p
formed in vacuum (p<1023 mbar! at RT.

In the upper inset of Fig. 1, the SFM height profile acro
electrode stripe 2 is shown. The contour of the bundle can
clearly detected in the profile, revealing a height that co
cides with the height of the uncovered parts of the bun
~'3 nm!. This result indicates that its structural integrity
preserved during metal evaporation due to the high mech
PRB 620163-1829/2000/62~24!/16353~3!/$15.00
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cal stability of the SWCNT’s. The difference in work func
tions of the SWCNT and the AuPd may shift locally th
Fermi energy of the SWCNT, but energy gaps in the lo
density of states due to tube bending,8 which would disturb
the charge carrier transport, are unlikely in our configurati

The current-voltage characteristics of the SWCNT bun
are presented in Fig. 2. The measured resistances obe
following relations: RI5RII , $RI ,RII %,RIII and RI1RII
.RIII . Between two neighboring electrodes, the tw
terminal resistancesRi510.5 kV60.1 kV ( i 5I ,II ) at RT
are slightly larger than the values reported by other gro
@around 8.6 kV,3,6 which was identified as (1/3)h/e2]. To
account for the lead geometry and to further analyze the d
applying an appropriate model, we determined the resista
RL of the two-terminal electrode 2 toRL54.1 kV60.1 kV.

FIG. 1. SFM image of three AuPd electrode lines contactin
thin SWCNT bundle~height '3 nm!. Upper right inset: cross-
sectional analysis along electrode stripe 2. The profile of the bun
clearly presses through the electrodes, revealing a height of abo
nm ~see triangles!.
R16 353 ©2000 The American Physical Society
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This value should be subtracted from the total measured
sistance. Since the electrode structure is symmetric, the m
sured resistancesRi ( i 5I ,II ,III ) are thus changed toRI

(c)

5RII
(c)56.4 kV60.2 kV andRIII

(c)511.6 kV60.3 kV, which
we attribute to the two-terminal resistance of the SWC
bundle. In view of the identityRI

(c)5RII
(c) and RI

(c)1RII
(c)

.RIII
(c) we assume that charge transport occurs throug

single SWCNT in the bundle.9 For comparison, the two
terminal resistanceRtheo of a metallic SWCNT at RT can be
described by the Landauer-Bu¨ttiker formalism in general
as10–13

Rtheo5~V12V2!H 2e

h (
i

Ti~m12m2!J 21

[
h

2e2
Teff

21,

~1!

assuming charge transport to be quasiballistic, ph
coherent,14,15 and neglecting the thermal broadening d
to the quasi-one-dimensional density of states
CNT’s.12,13,16,17Vj is the potential andm j5eVj ( j 51,2) is
the electrochemical potential of electrodej, ( i is the sum
over all conducting channelsi andTi its transmission prob-
ability, respectively.12,13 In the case of metallic SWCNT’s
and strong electronic coupling to the terminals,18 one has two
spin-polarized conducting channels contributing to the c
ductance of the system withTi51 for i 51,2.14,15Therefore,
Teff equals 2 and thusRtheo5(1/4)h/e2'6.5 kV, which is in
very good agreement with the values ofRI

(c) and RII
(c) ob-

served in our experiment. This agreement is a strong ind
tion of quasiballistic, phase-coherent transport at RT a
was already proposed for SWCNT’s on the basis of ear
experiments.9 Hence, the phase coherence lengthl w is found
to be at least 100 nm, which is the distance of two neighb
ing electrodes.

The relations$RI
(c) ,RII

(c)%,RIII
(c) , and in particularRI

(c)

1RII
(c).RIII

(c) , reveal that the usual series resistor model d
not apply, for whichRI

(c)1RII
(c)<RIII

(c) would be expected
Following the Landauer-Bu¨ttiker formalism, electrode 3 rep
resents a probe at the floating potential which acts as
inelastic scatter randomizing the momentum and phase o
charge carriers.19,20 As a consequence, the current betwe

FIG. 2. Current-voltage characteristics at room temperature.
resistancesRj ( j 5I ,II ,III ) are assigned to the respective electro
pairs. Bottom right: schematic drawing of the electrode array.
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electrode 1 and electrode 2 consists of a phase-coheren
an incoherent part.12,20 The situation is schematically de
picted in Fig. 3.

Charge carriers flowing directly from electrode 1 to ele
trode 2 represent the coherent part, whereas the remai
charge carriers are phase randomized upon scattering
electrode 3, and then are emitted back in the SWCNT.
addition, the carriers are not necessarily emitted back
the same conduction channel from which they originated
effect, electrode 3 impedes the propagation of cha
carriers20 along the SWCNT. The current through such
system can be expressed as20

I 5
2e

h H (
a

Ta1
s i•sa

s i1sa
J ~m12m2![

2e2

h
Teff~V12V2!,

~2!

where(aTa is the sum over all transmission probabilitiesTa
~a are the coherent channels! through the scatterer. Th
quantity s i (sa) sums over all transmission probabilitie
from electrode 3 into the SWCNT in~against! the overall
direction of the current flow. From the measured curren
uV12V2u510 mV, one findsTeff'1.2, which is significantly
smaller than in the two-terminal case. The difference in
work function of the metal and the SWCNT is unlikely t
form a reflective potential barrier for the conducting cha
nels. Otherwise higher values than 6.4 kV60.2 kV for RI

(c)

andRII
(c) should be observed for a metallic SWCNT. On th

basis,l w can be estimated from the distance between e
trode 1 and electrode 2 to be about 300 nm at RT, which i
the same order as reported at low temperatures
MWCNT’s ~'3 K! and SWCNT rings~'6 K!.21,22

Similar behavior has been observed for other samp
including SWCNT’s connected to three Au electrodes. Int
estingly, the ratiosRi /RIII ( i 5I ,II ) were of the same mag
nitude ~'0.6! as in the case of AuPd electrodes.

In conclusion, the SFM investigations demonstrate
high mechanical stability of SWCNT’s against metal evap
ration on top. The observed electrical transport behavior p
vides evidence that SWCNT’s, similar to MWNT’s,5 can be-
have as phase-coherent, quasiballistic conductors at RT
small applied voltages. An additional floating electrode w
strong electronic coupling acts as phase-randomizing, ine
tic scatterer that impedes the phase-coherent transport, w
is reflected in the lower effective transmission probability

e

FIG. 3. Schematic illustration of the action of electrode 3
floating potential. The black lines within the SWCNT~gray! repre-
sent the two conducting channels. The scattering process is
cated as a triangle. Coherently passing charge carriers are de
by the continuous and scattered ones by the broken gray arrowm j

( j 51,2,3) are the electrochemical potentials of the electrodes
the voltage applied isem12em2 .
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about 1.2 compared to the value of 2 in the undisturbed c
A room-temperature phase-coherence length of about
nm can be estimated from those results. These findings d
onstrate that in the future development of CNT-based

*Corresponding author. Email address: krstic@klizix.m
stuttgart.mpg.de
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