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Phase breaking in three-terminal contacted single-walled carbon nanotube bundles
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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 LandauettiRar 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 estimatest30®@m at room temperature.

The potential application of carbon nanotuf€NT’s) as  cal stability of the SWCNT’s. The difference in work func-
molecular wires in submicron devices has initiated a varietytions of the SWCNT and the AuPd may shift locally the
of conductance experiments. Phenomena like Coulomermi energy of the SWCNT, but energy gaps in the local
blockadé? and signatures of Luttinger liquidisn single-  density of states due to tube bendfhghich would disturb
walled carbon nanotubéSWCNT’s), as well as Aharanov— the charge carrier transport, are unlikely in our configuration.
Bohm oscillationg, quantized conductance and quasiballistic ~ The current-voltage characteristics of the SWCNT bundle
transport at room temperatuf®T) in multiwalled carbon are presented in Fig. 2. The measured resistances obey the
nanotubesMWCNT's) were reported.Except for the obser- following relations: R =R;;, {R;,R;;}<R;; and R +R;,
vations of Coulomb blockade, a low contact resistance be=>R;;; . Between two neighboring electrodes, the two-
tween leads and the CNT is required in such experiments. terminal resistanceR;=10.5 K2=0.1 K (i=1,Il) at RT

In the present study, electron-beam lithograpiBBL) are slightly larger than the values reported by other groups
was used to contact SWCNT’s with electrodes on top, simi{around 8.6 K,*° which was identified as (1/8fe?]. To
lar to Ref. 3. Electrode arrays consisting of three equidistan@ccount for the lead geometry and to further analyze the data
stripes were prepared from AuRd0 wt %/60 wt %. The  applying an appropriate model, we determined the resistance
electrical transport investigations at room temperature preR, of the two-terminal electrode 2 t8, =4.1 k2+0.1 K.
sented here focus on samples with SWCNT bundles, which
are connected by three low-Ohmic contacts, in contrast to
recent measurements with only two contads.

For sample preparaticharc-discharge SWCNT raw ma-
terial was dispersed by ultrasonic treatment in aqueous sur
factant solution, and purified by centrifugation. As substrate,
an As doped Si wafer with a thermally grown Silayer was
used. Before adsorption of the SWCNT's, the substrate was
treated with a 0.1 wt% aqueous solution of
3-(aminopropyltriethoxysilane 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 udetfter EBL,
AuPd (thickness~17 nm) or Au (thickness~24 nm was
thermally evaporated on the substrate at a base pressure |
p~10 " mbar using a rate of 1 A/s.

Figure 1 shows a scanning force microsc¢pEM) image
(Tapping Mode, Digital Instruments, Nanoscope )it a
typical sample we have investigated. A thin SWCNT bundle
is connected to three AuPd electrodes. The electrode stripe
are separated by 100 nm, and are approximately 100 nm ir
width. The electrical transport measurements were per-q 1.00 2.00

. 3 ‘ :
formed in vacuum <10 ° mbap at RT.

In the upper inset of Fig. 1, the SFM height profile across
electrode stripe 2 is shown. The contour of the bundle can be FiG. 1. SFM image of three AuPd electrode lines contacting a
clearly detected in the profile, revealing a height that cointhin SWCNT bundle(height ~3 nm). Upper right inset: cross-
cides with the height of the uncovered parts of the bundleectional analysis along electrode stripe 2. The profile of the bundle
(=3 nm). This result indicates that its structural integrity is clearly presses through the electrodes, revealing a height of about 3
preserved during metal evaporation due to the high mechaniym (see triangles
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é ol FIG. 3. Schematic illustration of the action of electrode 3 at
' floating potential. The black lines within the SWCNgray) repre-
sent the two conducting channels. The scattering process is indi-
1.0k cated as a triangle. Coherently passing charge carriers are denoted

1 : L : ! . I . ! ; by the continuous and scattered ones by the broken gray arzqws.
) ) (j=1,2,3) are the electrochemical potentials of the electrodes and

Voltage (mV) the voltage applied isu,—eu,.

FIG. 2. Current-voltage characteristics at room temperature. The

resistance®; (j=1,I1,111) are assigned to the respective electrode€lectrode 1 and eleczt(r)ode 2 consists of a phase-coherent and
pairs. Bottom right: schematic drawing of the electrode array. ~ @n incoherent part:*® The situation is schematically de-
picted in Fig. 3.

This value should be subtracted from the total measured re- Charge carriers flowing directly from electrode 1 to elec-
sistance. Since the electrode structure is symmetric, ttu)a megﬁgr%ez ézir)rrigfsenz:réhEhca:?szerrzgtdg?r:itéevéh(j;%? st::]zittreermglrilrl::g
. o c
S:uFrﬁS :resszstlzgieflz (kIQ_ ;’r:(ljg(lc)):alri éh;)s;)h 2nk%e dwtﬁ'ch elegtrode 3, and _then are emitted bacll< in th_e SWCNT._ In
n_ - - il o ’ addition, the carriers are not necessarily emitted back into
we attribute .to the two-'Ferm|.naI (rc()asst(ac)nce of t(rg)e S\(AC/)CNTthe same conduction channel from which they originated. In
bundle. In view of the identiyR™ =Ry’ and Ri™+Rj, effect, electrode 3 impedes the propagation of charge

>R({) we assume that charge transport occurs through aarrierZ° along the SWCNT. The current through such a
single SWCNT in the bundl®.For comparison, the two- system can be expressed‘as

terminal resistanc®,., 0f a metallic SWCNT at RT can be
described by the Landauer-Bikker formalism in general )
ado-13 2e Oj- 04 2e
=1 2 Tot (11— p2)=——Ter(V1= Vo),
« oito, h
2e toh_ 2
Rineo= (V1= V2)) 3 Z Ti(pm1—p2) EETeﬁ,

whereX T, is the sum over all transmission probabilities
(1) (a are the coherent channglthrough the scatterer. The

) o quantity oy (o,) sums over all transmission probabilities
assuming charge transport to be quasiballistic, phasgom electrode 3 into the SWCNT itagainst the overall

coherent,*** and neglecting the thermal broadening duegirection of the current flow. From the measured current at
to the gquasi-one-dimensional density of states ofy,—v,|=10mV, one findsT ey~ 1.2, which is significantly
CNT's. ™7V is the potential and;=eV; (j=1,2) IS smaller than in the two-terminal case. The difference in the
the electrochemical potential of electrofleX; is the sum \york function of the metal and the SWCNT is unlikely to
over all conducting channelsandT; its transmission prob-  form a reflective potential barrier for the conducting chan-
ability, respectively>*® In the case of metallic SWCNT'S qois. Otherwise higher values than 62+0.2 k0 for R©

and strong electronic coupling to the termin&lsne has two and R|(|C) should be observed for a metallic SWCNT. On that

spin-polarized conducting channels contributing to the con;__ _. : : )
ductance of the system wiff, = 1 for i — 1,245 Therefore, basis,|, can be estimated from the distance between elec

T equals 2 and thuBy.,— (1/4)h/e2~6.5 K, which is in trode 1 and electrode 2 to be about 300 nm at RT, which is of

) ) © the same order as reported at low temperatures for
very good agreement with the values Rf® and R{® ob- MWCNT's (=3 K) and SWCNT ringg~6 K).2-22
served in our experiment. This agreement is a strong indica- gjmijar behavior has been observed for other samples,

tion of quasiballistic, phase-coherent transport at RT as ifycjyding SWCNT's connected to three Au electrodes. Inter-
was already proposed for SWCNT’s on the basis of ea”'eéstingly, the ratio®R, /R,,, (i=1,11) were of the same mag-
experiments.Hence, the phase coherence lenigths found nitude (~0.6) as in the case of AuPd electrodes.

to be at least 100 nm, which is the distance of two neighbor- |, conclusion, the SFM investigations demonstrate the

ing electrodes. _ . high mechanical stability of SWCNT's against metal evapo-
The relations{R{” ,R{?}<R{{), and in particularR®  ration on top. The observed electrical transport behavior pro-
+ R,(f)> R,(ﬁ) , reveal that the usual series resistor model doegides evidence that SWCNT's, similar to MWNT°an be-
not apply, for whichR{®+R{P<R{ would be expected. have as phase-coherent, quasiballistic conductors at RT for
Following the Landauer-Btiker formalism, electrode 3 rep- small applied voltages. An additional floating electrode with
resents a probe at the floating potential which acts as astrong electronic coupling acts as phase-randomizing, inelas-
inelastic scatter randomizing the momentum and phase of thic scatterer that impedes the phase-coherent transport, which
charge carrier$®>?° As a consequence, the current betweenis reflected in the lower effective transmission probability of
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about 1.2 compared to the value of 2 in the undisturbed caseices, the influence of all connected electrodes should be
A room-temperature phase-coherence length of about 30@ken into account. In addition, different electrode materials
nm can be estimated from those results. These findings dengeuld provide specific tuning possibilities, depending on the
onstrate that in the future development of CNT-based denature of their electronic coupling to the CNT’s.
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