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The study of the intrinsic transport properties of carbon nanotubes suffers from the difficulties in
fabricating noninvasive contacts. Here, we present a scheme for the investigation of transport
phenomena in metallic single-wall carbon nanotubes by means of a special four-terminal
measurement configuration. To suppress the impact of the contacts on the measured conductance in
a tube, we found a combination of top and bottom contacts to the rope of single-wall nanotubes to
be most appropriate. Our experimental findings demonstrate that a linear decrease of the sample
resistance can be observed under these circumstances without the common increase of resistance for
decreasing temperatures. @01 American Institute of Physic§DOI: 10.1063/1.1373413

The electrical properties of carbon nanotulfhd's), a  with decreasing temperature is observed. We attribute this to
class of macromolecules discovered almost a decadé agdhe fact that even in ropes of SWNTmost of the aforemen-
may play a central role in future nanoelectronics. Theirtioned measurements were done on ropes instead of SWNTs
unique structure makes them potentially useful as basic elenaking contact to the NTs can perturb the electmnhole
ments for generations of highly integrated circdité/hile  motion. From the results presented in this letter, we believe
the well known impact of the geometrical structure on chargehis to be the reason why Kaiser and co-worRevere able
transport in NTs is responsible for the wide variety of elec-to obtain good fits to resistance versus temperature plots
trical properties found so fdit is this structure, on the other R(T) in the low-temperature range with a formula taking
hand, which makes it very difficult to characterize th&in-  into account fluctuation-induced tunneling. However, we do
sic transport properties of NTs. The problem is to perform anot claim that the resistance increase for decreasing tempera-
noninvasive measurement which is essential to avoid effect&ire inall existing measurements is due to tunneling. In par-
associated with the contacts. ticular, we do not want to exclude Luttinger-liqu{dL ) be-

The impact of contacts on the NT properties are reportethavior as found by different authoke.g., Ref. % in two-
by several groups. As pointed out by Bezryadin andterminal measurement configurations as an explanation for
co-workers; the bending of a single-wall nanotub8WNT)  the increase oR(T) for decreasingT. But even in these
dispersed on metal electrodémttom contactscan result in  cases, the contacts play a central role in the measurement
the formation of barriers in the tube, which is ideal for the since LL behavior cannot be observed without the presence
investigation of coulomb blockade effects but undesired for @f barriers in the current paff. A precursor of what we
transport experiment. The same is true for most top contacigonsider the intrinsic properties of the NTs has been found
where the tube is placed on a flat substrate and the electrodgsy higher temperatures, where a linear increase(d) with
are attached to the top of the tube. For such a case, Bockrahcreasing temperature is observed, probably due to
and co-workersshowed that the leads divide the NTs into electron—phonon interaction in metallic N¥%.
segment$. Again, barriers are obviously created inside the Here, we propose a scheme to study the intrinsic electri-
NT. In addition, Bachtold and co-workérslearly demon-  ca properties of metallic single-wall carbon nanotubes down
strated the strong impact of electron irradiation on multiwalltg |owest temperatures. As will be described, a combination
nanotubes. This implies, that, for top contacts patterned by top and bottom contacts to a rope of SWNTs is ideally
electron-beam lithography, an influence on the electricakited for that purpose.
properties of the tube cannot be excluded. All these facts Tq perform electrical transport measurements, an indi-
support the aforementioned statement that a noninvasivgqyal rope of SWNTs is contacted as shown in Fig. 1.
measurement is difficult to perform. It is not the contact re-crgss-like patterns consisting of Ti/Au are defined on a
sistanceR¢ that causes the problems, but the resistance inSi/SiOZ substrate prior to the dispersion of the NT ropes.
side _the tube&g induced by n_1aking contacts. Thus, a four- afterwards, the scanning electron microscdS&M) is used
terminal measurement alone is not a solution to the problen, identify a rope of sufficient lengttaround 10xm) touch-

Electrical transport measurements presented sfar,  ing three metal crosses and a large metal @adFour addi-
Refs. 5 and 7—11have something in common independentjona| metal leads are then attached from the top to the rope
of whether a four- or a two-probe configuration is used. Beysing standard electron-beam lithography and lift-off tech-
low a critical temperaturébetween 30 and 300)Ka nega-  pigue. The cross-like structures which have been electrically
tive temperature coefficient, i.e., an increase of resistancgynnected in the same process step serve in the following as
bottom contacts. A schematic of the positions of the contacts
3Electronic mail: joerga@us.ibm.com relative to the rope is shown in the lower part of Fig. 1. The
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FIG. 1. Top: SEM image of the eight contacts attached to aufDrope —
(indicated by arrows The lower part shows the contact positions relative to l:f 1} .
the rope with four top contact8, 4, 5, and Y and four bottom contactd,
2,6, and 8
° contacts: 11-8/V 3-4
configuration allows one to study the impact of the different 05 , . . . )
contact types and—as will be shown—offers the possibility 0 50 100 150 200 250 300
to eliminate the contact effects. T [K]

Electrical transport measurements are performed in a

4 . . IG. 2. Four-terminal measurements on a rope of SWNTSs. In @sboth
He continuous flow cryostat between 2.5 and 300 K using %urves were taken with a set of either four mmpfour bottom contacts. The

Stand&r? lock-in tEChn_ique- S_ince the intertube coupling igharacteristic shows a monotonic decrease of resistance up to room tempera-
weak**°the current will flow in the lower part of the well-  ture (not shown. Measurementb) is performed with two top contacts as

ordered rope if the bottom current contacts are used, and i¥pltage probes3 and 4 and two bottom contactél and § serving as
the upper part of the rope if top contacts are used accord et source and drain.
ingly. The main idea is that the top contacts only disturb the
transport in NTs in the upper part of the rope while thek() in Fig. 2b) measured over the entire temperature range
bottom contacts only have an impact on the tubes in théor a voltage probe separation of 110.2) um. On the other
bottom part of the rop& Therefore, contributions to the hand, in Fig. 2a), we observe resistances approximately 100
resistance from the voltage probes are avoided since the cuimes larger although the voltage probe separation only dif-
rent is driven through the tubes close to the substrate usinfgrs by a factor of~2 and~4, respectively.
the bottom contacts while the voltage drop is measured with  Our interpretation of the results is that current transport
two top contacts that are weakly coupled to the current carfor the two cases in Fig.(8) is perturbed by both types of
rying NTs. voltage probes. It only makes a quantitative difference
To prove that this is the case and to show that a standangdhether top or bottom contacts are used. In Fi@),2the
four-terminal measurement does not strictly probe the intrinbarriers introduced by the top contacts are causing somewhat
sic electrical properties of the tube, we performed two typesnore backscattering than the bottom contacts. The resulting
of measurements. First, as usually done, we determined theverage barrier resistan&y at a few Kelvin is between 35
temperature dependent resistaf@’) using a set of four and 80 K) arguing that two barriers are present in each of the
top or four bottom contacts as plotted in Fig(a2 In the  two measurements. Because of these barriers in the current
other measurement configurations, we used two bottom corpaths, thentrinsic electrical properties of the NT cannot be
tacts(1 and § to drive the current through the sample while resolved. Another argument supporting our analysis is that
measuring the voltage drop across the rope with two adjacettihe data obtained for the standard measurement configuration
top contactg3 and 4 [Fig. 2(b)]. For simplicity, we assumed do not scale with the voltage probe separatign In par-
at this point that the whole curref600 pA) is carried by a ticular, the measurement for the lardey (bottom contagt
single tube in the rope. The difference between the two typeshows the smaller four-terminal resistance value which
of measurements—althougboth excluding contributions would imply a—very unlikely—pronounced difference of
from the contact resistanc&—is striking. While the stan- scattering inside different metallic tubes in a rope. On the
dard configuration results in an increaseR{fT) with de-  other hand, top contacts—although damaging the upper part
creasing T, very similar to the results commonly of the rope—do not alter the situation inside a NT in the
obtained®’ 't in Fig. 2(b) a clear linear decrease of resis- bottom part of the rope. Thus, the combination of top and
tance with decreasing temperature is visible. Even more imbottom contacts as shown in Fig(b2 makes it possible to

portant is the extremely small resistance value of around %tudy the intrinsic transport properties of metallic NTs.
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Before evaluating in detail the data from Figbh® the  responsible for an additional temperature independent resis-
first issue to discuss is the rather high noise level of approxitance contribution. Our data reveal an elastic mean free path
mately 15%. This noise results from the very small voltageof Lj,,}X N=10 um from extrapolatingR(T) to zero tem-
difference of only a few hundred nanovolts detected with theperature.
weakly coupled voltage probes. Nonetheless, the linear shape It is important to emphasize that our measurement is
in the measurement can easily be identified. only sensitive to those scattering mechanisms that alter the

To determine the relevant scattering length in the NTelectron momentum. This implies, that the electron—phonon
accurately from this slope and the absolute valudrr), scattering found described does not automatically imply a
we have to reconsider our previous assumption that only aimilar coherence length at room temperature. In particular,
single metallic NT carries the current in the rope. Indeed, itelectron—electron interaction without a change of electron
is in principle possible that more than one metallic tube isvelocity will not be detected.
involved in current transport from source to drain. This im- In conclusion, we have identified an approach to study
plies, thatR(T) as calculated in Fig.(®) may underestimate the intrinsic electronic properties of metallic single-wall car-
the true resistance depending on the numibénf metallic  bon NTs by means of a combination of top and bottom elec-
tubes involved. To estimate the upper limithdfwe argue as trodes attached to a rope of SWNTs. Our experiments clearly
follows. The rope consists of roughly 100 tubes, with ap-show that the same contacts in a different configuratioset
proximately 30 of them being metallic. Since current is in-of four top or four bottom contacjscannot be used for the
jected by two bottom contacts, simple geometrical considerstudy of scattering mechanisms in NTs down to the lowest
ations yield no more thaN=5 to 10 metallic tubes in direct temperatures. A consistent picture emerges if we assume that
contact with the current leads. barriers are introduced inside the rope by both types of con-

In addition, there is another potential source to explaintacts and a suitable measurement setup is necessary to ex-
why the NT resistance may be effectively higher than showrtlude their influence. Our electrical measurements show that
in Fig. 2(b). Let us consider the case of a metallic NT which a combination of electron—phonon and impurity scattering
is closer to the voltage probes relative to the main currenttominates the four-terminal resistance of NT ropes between
carrying tube. The voltage probes would measure the voltagg and 300 K.
drop across this tube. Because of the weak coupling to the
“main tube”—the one connected directly to the current
contacts—only part of the total current would flow through
this top tube. As a result, the detected voltage drop would be s jijima, Nature(London 354 56 (1991).
smaller than in the case of no tube—tube coupling. To esti-*C. Dekker, Phys. Todag2, 22 (1999.
mate the potential error made when plotting the resistance inM- S: Dresselhaus, G. Dresselhaus, and P. C. Ekldence of
Fig. 2(b) assuming a current of 500 pA, we measured the Eullerer|1hes and Carbon NanotubéAcademic, New Yo_rk, 1996 M S.

. : resselhaus, G. Dresselhaus, and P. Avouris, Springer S&abon
two-terminal resistance between contacts 3 and 4. At low NanotubesVol. 80 (Springer, Berlin, 2001
temperatures, the resistance including contact resistances afié. Bezryadin, A. R. M. Verschueren, S. J. Tans, and C. Dekker, Phys.
barir esistance, . as wellas he intinsi resistance add e LSS SO G
up to 60 K). This relatively small value implies an intrinsic  gaients, and L. McEuen, Natureondon 397, 598 (1999.
resistance of the metallic NT certainly no larger than £ k  $These measurements were performed on ropes of SWNTSs.
Using the variableN just introduced to account for the un- ’A. Bachtold, M. Henry, C. Terrier, C. Strunk, C. Sctemberger, J. P.
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ie;tgulr;ty in the true tube resistance, this means again ¢, Kaiser, G. Dsberg, and S. Roth. Phys. Rev.5d, 1418(1998.
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X 10P Q/Kxm) from the linear slope in Fig. (B). For 10C. L. Kane, E. J. Mele, R. S. Lee, J. E. Fischer, P. Petit, H. Dai, A. Thess,
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Lei—ppXN=11 um atT=250 K. Although electron—electron it is very possible that bottom contacts effect all tubes in the rope because
interaction, in principle, can result in a linear increase of of the deformation induced by the contact height. However, this does not
R(T) with temperature, as pointed out by Balents and alter our argumentation as long as top tubes are used as voltage probes.

. . . . . It is assumed that the current through the tube where the voltage drop is
20
Fisher,” it does not dominate transportin FIQbZ We con- measured is indeed temperature independent. This is justified since tun-

clude this from the fact that no charge gap is observed in our neling is the dominant coupling mechanism between NTs in a rope be-
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