HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 122106(2005

Electronic mean free path in as-produced and purified
single-wall carbon nanotubes
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The effect of purification on room temperature electronic transport properties of single-wall
nanotubesSWNT) was studied by submerging the nanotubes into liquid mercury. The conductance
plots of purified SWNTs showed plateaus, indicating weak dependence of the electrical resistance
on the length of the tube connecting the electrodes, providing evidence of quasiballistic conduction
in SWNTs. The electronic mean free path of the purified SWNTs reached a few microns, which is
longer than that of the as-produced SWNTs, and which is consistent with the calculation based on
the scattering by acoustic phonons.2805 American Institute of Physics

[DOI: 10.1063/1.1885189

Measurements of electronic transport in single-wall car-A piezopositioner allowed gentle and reproducible contact
bon nanotube§SWNT) (Refs. 1 and 2have shown a poten- between the nanotubes and the Hg counter electfodibe
tial for various applications, e.g., nanosized electronicsoot sample was attached to a metallic mobile electrode
devices®™ To obtain optimal performance, it is desirable to (probe using silver paste. The probe was then attached to the
use SWNTs with as a low level of disorder as possible. Apiezopositioner with a displacement range of 2
common method of SWNT production is laser ablafidyt  (17PAZ005, MELLES GRIOT. To make electrical contact
as-produced nanotubes are covered with impurities such d®tween the sample and Hg, the probe was driven cyclically
amorphous carbon, which act as scattering centers in elecp and down with a peak-to-peak amplitude of 2@
tronic transport. We found that a purification proc,l&*.eads and a frequency of 0.1-1 Hz. A potential of 180 mV was
to an improvement of SWNTSs' transport properties. In thisapplied between the probe and Hg electrodes. The current
study, we report how this process affects transport propertiesyas measured as a function of piezopositioner displacement
especially the electronic mean free pad#MFP), of SWNTs.  with a typical sampling rate of 1000 points/s using an
To determine the EMFP of individual nanotubes, we sub-analog-to-digital converteN16120, National Instrumenks
merged samples into liquid mercufllg) and measured the Figure 3a) shows a conductance pl@(x) of the puri-
variation in conductancE. We find that the EMFP is much fied SWNT sample, normalized by the conductance quantum
larger in the purified samples than in as-produced ones. Thenit, Go=2e?/h=(12.9 k2)™%, where e is the elementary
purified samples show quasiballistic electronic transport withcharge anch is Planck’s constant. Hene represents the pi-
the EMFP reaching a few microns, which is consistent with
the calculation based on the scattering by acoustic phohons.

The SWNT soot was synthesized using a Ni/Co catalyst
by laser ablation at 1200 °&° Transmission electron mi-
croscopy(TEM, HF2000, Hitachi showed that SWNTs in
the as-produced soot were covered with impurities, e.g.,
amorphous carbofFig. 1(a)]. The as-produced soot was pu-
rified using HO,, HCI, and NaOH solutions and heated at
650 °C at a pressure of 1DPa for 1 h The purified soot
consisted of clean-surface SWNTs with a diameter of 1.4 nm
[Fig. 1(b)]. Scanning electron microscop$EM, S4700, Hi- ()
tachi) revealed SWNT-ropes protruding from the s@Big. '
1(c)]. Lovall et al. reported that a single nanotube protrudes '
from the tip of a SWNT—ropé?

Our measurements, which provide the transport proper-§
ties of a single SWNT, were made using a piezodriven nan-:
opositioning system at room temperature in[&ig. 2a@)].* :
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FIG. 2. Schematic diagrams ¢d) experimental setup ant) tube-Hg con-
tact. Herex is the nanotube segment submerged into Hg.

10
ezopositioner extension, with=0 corresponding to the point Electronic mean free path (um)
at which the tube-Hg contact is _made' Thumea_'sures the FIG. 4. Histogram of electronic mean free path far purified SWNTs,(b)
extent the nanotube segment is submerged into[Fg.  as-produced SWNTs, ané) commercially available purified SWNTs
2(b)].8 In most of the measurements, we observe a sequencgBiPco-SWNT) supplied by Carbon Nanotechnologies, Inc.
of clear steps and plateaus on 1Bé&) plots. We interrupted
each step on th&(x) as a new nanotube made contact with _. . .

11 .. __size of the first conductance step and causes the step size to
Hg.”™ The appearance of a plateau after each step indicat€s

. . . ary from sample to sample.
that the conductance is essentially independent of the Iengt\ﬁ If the tube-Hg contact resistanc®.ug significantly

of the SWNT segment connecting the _electrodes, |mply|nq: ntributes to the total resistance, the conductance plot will
that the SWNTs behave as quasiballistic conductors even gt " " 0 4 shape closexts0.® For the as-produced

foom temperature. SWNTSs, no rounded shape was observed, while the purified

If a diffusivemetallic wire is connected to two bulk elec- 6 L
trodes, the resistance of the system is proportional to itsSWNTS showed a rounded sh - 3(@)]. This difference

: e ) S might be due to the difference in surface condition: the pu-
iqel?grt?ﬁrr?(}vitrge otner hand, with ;ggﬁg&igﬂ“ﬁg’ rified SWNTSs were chemically modified during purification.
pendent of the length. Hene is the number of conduction The estimate®r.y,q for the purified SWNTS is-10 Q um,

. . o which is less than one-tenth of that of multiwall carbon
channelgn=2 for metallic carbon nanotubedVith baI.I|st|c anotubed’ This low Ry, implies that the contribution of
transport, conductancg does not de.pend on the wire lengt T-Hg tO the total resistagce is negligible. We thus assume
and thus our observation of essentially flat plateaus on thf‘hétgtheR is independent ok in both the as-produced
G(x) plot provides evidence for quasiballistic transport in | puriﬁgggsamples
purified SWNTS at room temperature. Alt'hough Goron- . Using the first plateau in th&(x), we estimated the
ductance is expected for an ideal metallic nhanotube hav'ngesistance per unit lengttp) of the SWNTS. For this, the
perfect contact with electrodééwe did not observe the@, G(x) was converted into the resistanBeéx)=1/G(x) [F,ig.
conductance step. The step size 6 1Ref. 1) was also not 3(b)]. The resistance can be approximate )=R.- px
observed. In our experiment, the first step was at mo€{.6 C . ) : C.I m. . !
This deviation from theory can be explained using contacg}vrr;?/rigz Scf%nltag rgzgta_ngéfkr;()a /“nriar'lflrfgnRgchaTJ% %)t))
effects. In our setup, the nanotube that touches Hg may ndt. B p=e. T ) .
directly contact the mobile probe. Instead, it is connected t(ﬁa'nted frorr|1 Zi t"rac_estk:neasuredzgn I&grk_lo_lgferentf 'tar']“'r'f'ed
other tubes in the soot, so the contact resistanc%;a between t@%?bosr?rsn%?ut?e S}slnrela?e(rja?ge;he EMF"?. as € P (r?/ 4 eZ‘;
probe and the measured tube is high and randaxe be- 7. ) ) P
lieve that this contact resistance is responsible for the smalf(1/D)." This equation establishes that the EMFP of the pu-

rified SWNTs falls in the range 0.4—94m. Figure 4a)
shows a histogram of the obtained EMFP, in which the dis-
@ tribution peak is found at-1.5 wm, which is consistent with
r—-‘ the reported value measured using an atomic force micro-
scope(1.6 um).® The as-produced SWNTE5 traces out of
L . - | five different soot sampledad a higheR, (150—1000 K))
0.0 05 1.0 and a shorter EMFF0.01-2.2um) compared to those of the
purified SWNTs. In the EMFP histogram of the as-produced
samples [Fig. 4(b)], the distribution peak is found at
~0.3 um. Thus the strong enhancement of the electronic
Lo mean free path in purified tubes is confirmed.
35 55 5 55 The differences in conduction properties between the as-
Piezo-positioner disp'lgcemem'(pm) produced and the purified samples can be explained in terms
of impurity effects. In the as-produced samples, electrons
FIG. 3. Data obtained from the purified sampi®. Conductance plo6G(x) have to pass through an impurity layer at the tube-to-tube
normalized byG,= 2€°/h and(b) the resistance pld®(x) of the first plateau  junctions, which raises the contact resistance between the
as a function of piezopositioner displaceméxit, measured as the tube is probe and the measured nanotube. The scattering caused by
pushed into Hg. The straight line {b) is the fit given byR(x) =C-px. Here - s L e
C is one fitting paramete(C~R,) and p is the other fitting parameter the impurities shortens the E_MFP' This fIndIng IS fu_rther con_—
representing the resistance per unit length of the tube. In this example firmed by measurements using commercially available puri-

=51 kQ andp=2.4 KO/ um. fied SWNTs sampléHiPco-SWNT, Carbon Nanotechnolo-
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gies, Inc),*® which have a clean-surface like our purified few microns at room temperature. The obtained EMFP is
samples. The HiPco-SWNT sampl€b traces out of three consistent with the results of the calculation based on scat-
different soot samplgshad anR. (50-150 K)) and an tering by acoustic phonons.

EMFP(0.2-13um), and the EMFP histogram had a peak at

~1.5 um [Fig. 4(c)]. These results are consistent with those ,S- liima and T. Ichihashi, Naturdondon 363 603 (1993.
of our purified SWNT samples D. S. Bethnue, C. H. Kiang, M. S. de Vries, G. Gorman, R. Savoy, J.

. . Vazquez, and R. Beyers, Natufleondon 363 605(1993.
To determine whether the experimental results are cons, Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. Xu, Y. H. Lee.

sistent with the theoretical mean free path, we calculated thes, . kim, A. G. Rinzler, D. T. Colbert, G. E. Scuseria, D. Tomanek, J. E.
electron acoustic-phonon scattering fateder the assump-  Fischer, and R. E. Smalley, Scien@¥3 483 (1996.

tion that the tube has a metallic armchair structure with a*J. W. G. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C.
(10,10 chiral index, corresponding to a diameter of 1.37 nm. ;2€kker, NaturglLondon 391 59 (1998

. . T. W. Odom, J. L. Huang, P. Kim, and C. M. Lieber, Natutesondon
The electron—acoustic phonon scattering rate,l¢an be 391, 62 (1998.

expressed as ®A. Bezryadin, A. R. M. Verschueren, S. J. Tans, and C. Dekker, Phys. Rev.
Lett. 80, 4036(1998.
i — BLZEZ kB_T i - UF ’A. Bachtold, M. S. Fuhrer, S. Plyasunov, M. Forero, E. H. Anderson, A.
e D 2002 ) hog g Zettl, and P. L. McEuen, Phys. Rev. LeB4, 6082(2000.

8N. R. Wilson, D. H. Cobden, and J. V. Macpherson, J. Phys. ChedD®
where= =5 eV is the deformation potenti@iRef. 9 and Eq. 13102(2002.
(5) in Ref. 17, kg is Boltzmann’s constant, is the tempera- gi- 1 FarkaWRgsenblatt, Y.dYgiSC, ;A/ Zazontl)\lva, HL Unstggsl(,zi.o graig, T.
— 15 H H . Arnas, D. . brouwer, an . L. Miceuen, Nano Le#, .
ture, 0=3.2x10""kg/m 1S the nanotybe mass per lfmlt %M. Shiraishi, T. Takenobu, A. Yamada, M. Ata, and H. Kataura, Chem.
length, vs=1.5X 10° m/s is the acoustic phonon velocity, Phys. Lett. 358 213 (2002.
vp=8X10° m/s is the Fermi velocity, anl. is the electron s Frank, P. Poncharal, Z. L. Wang, and W. A. de Heer, Sci@@® 1744
acoustic-phonon scattering mean free patfsing this for- 12(19987. _
mula, we ObtaiﬂaC%Z um, which is in good agreement with gh LovFe;II, thIiugz,sgl)E(.zgégugnard, R. P. Andres, and R. Reifenberger,
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HiPco-SWNT samplegFig. 4). Thus we conclude that in (004
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