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ABSTRACT

In this work, we report experimental data on the evolution of the resistance with applied voltage in nonsuspended single-walled carbon
nanotubes (SWNTSs) of lengths ranging from 100 nm up to 6  @m. At low bias, the differential resistance as a function of length is well
described by a linear fitting. At high biases, this magnitude first saturates and then decreases for nanotubes longer than 1 pm. We also
present Monte Carlo numerical simulations for the one-dimensional Boltzmann's equation, describing how the electrons propagate along the

tube and how they interact with acoustic and optical phonons. Our theoretical results show a remarkable agreement with the experimental
differential resistance, allowing us to give a detailed description of the electron distribution function and the chemical potential along the

nanotube. Finally, we present experimental results on the transition from Anderson localization at low bias to high diffusive regime at high

bias in defected SWNTSs. This result is combined with those of defect-free SWNTSs to present a general landscape of the electronic transport

in carbon nanotubes.

Carbon nanotubes are the cornerstone in molecular electroniength by using a conductance atomic force microscope
ics. Since their discovery in 1991they have been used as (AFM) from Nanotec Electronic& As the tip pushes the

a model system to study electronic transport at the nanotube, the optimum contact force is reachedd then
nanoscalé:’ At low bias, defect-free metallic single-walled anlV (see inset in Figure 1) is acquired for biase2.2 V.
carbon nanotubes (SWNTs) are quasiballistic conductors By calculating the derivative of th&/ curves, the differential
presenting a very weak interaction between electrons andresistanceR = dV/dl, is numerically obtained as a function
acoustic phonons. For high biases (above-0.3 V), strong of the voltage and the distance between both electrodes (i.e.,
scattering of electrons with optical phonons destroys their the length of the nanotubé&).For the present work, only
phase coherence, resulting in a highly diffusive electronic metallic SWNTs are considered.

transport characterized by a linear dependence of the Figure 1 shows the low voltage (approximately 0.1 V)
resistance versus lengtht! To investigate the evolution of  differential resistance as a function of the electrodes distance
the electronic transport with the length and bias for long (L) for two different types of SWNTs. The square dots
(L > 1 um) nonsuspended SWNTs have been prepared on acorrespond to an individual HipCo-type SWNT from Carbon
silicon substrate sample with an oxide layer of 500 nm. The Nanotechnologies Inc., prepared by suspending them in a
nanotubes are contacted to a gold electrode, and then aurfactant solution and treated with ultrasound to remove
current versus voltagel\() curve is acquired along their  bundles. These SWNTs were then adsorbed on a silicon
oxide substrate by drop-casting. The energy introduced by
* Corresponding author. E-mail: fj.garcia@uam.es. the ultrasound bath disperses the bundles but, in addition, it
T Departamento de'fica T€oica de la Materia Condensada, Universidad  creates structural defects along the SWNTSs. The rest of the
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Figure 1. Experimental dependence of the low voltage resistance vs length for CVD-grown SWNTSs (triangles and stars) and HipCo
SWNTSs (squares). The experimental set up is illustrated in the central inset of the figure. A metallic AFM tip is moved along the nanotube
probing its electrical conductance as a function of the-&ifectrode distance. The upper inset is an AFM image of a long nanotube partially
covered with gold. The nanotubes directly grown on surface present low disorder and hence the conductance is quasiballistic; the low
increment of the resistance with length is a consequence of the interaction with acoustic phonons and disorder. The HipCo SWNT presents
a high density of defects resulting in an electronic transport regime governed by the Anderson localization phenomenon.

is a fingerprint of the appearance of the Anderson localization 330 + 110 KC/nm at 2 V. Remarkably, thipngn is quite
phenomenoi® As the electrons travel along the nanotube, similar for both CVD-grown and HipCo-type nanotubiés.
they scatter elastically with the structural defects of the lattice This result indicates that, for short nanotubes and high biases,
but their phase is preserved. It has been shétfithat if inelastic scattering with optical phonons dominates over the
the localization lengthl,o, is smaller than the electron mean elastic scattering with lattice defects.

free path due to scattering with acoustic phonons, defects The previous discussion shows that our experimental data
dominate the low-bias transport in SWNTS, resulting on an o short nanotubes (shorter tharufin) closely reproduce
exponential increase of the resistance versus length. By fittingihe previously reported behavior for the electronic transport
R(L) U e, we estimate that, in our HipCo nanotube is  j; SWNTs910 However, when the distance between elec-
around 420 nm. On the other hand, for CVD-grown SWNTS, ¢ es is longer than this lengtR(L) first exhibits a kind of

the plots display a linear dependence RfversusL, as g4 ration followed by a clear drop when the length of the
elxpectedf fﬂr an ohmic conﬂucltlor. It is rgmquablcle thabt. the hanotube is further increased (see main panel of Figure 2).
SIOpes o t_e curves (., the linear resistivity at OWDIaS, \ne have obtained similar plots for the seven different
Prow) are quite similar for the seven nanotubes Ccms'derEd’metallic SWNTSs considered in Figure 1, finding that the
presenting an average valgg, = 10 & 2 kQ/um and a resistance saturation always takes place at SWNT lengths

e om0 about L, Thereore, e can salely conclde i i
ty PaMfphehavior is not a singularity of a given SWNT but the general

due to scattering with acoustic phonons, is given byp trend appearing for very long nanotubes

= (W4e?)(1/149). By fitting to the experimental datd,. in .
our CVD grown SWNTSs is 65@& 130 nm?® It has been suggestett that the electrornphonon dif-

Now we consider the high-bias regimé ¢ 0.3 V), when fergntial r_esistan_ce of nonsuspe_znded SWNTs can be de-
electrons can excite optical phonons. Panel (b) in Figure 2 S¢ribed using a simple semiempirical approach wheR¢hy
is a set of differential conductance curves measured at= (R/2)(1+ L/Zen), Zen being an effective mean free path
different distances along a/6n long nanotube (one of the ~ (MFP) due to optical and acoustic phonoks; is given by
seven CVD-grown SWNTs studied in Figure 1, triangle dots /et = 1/Aopt + 1/2ac Where the MFPs of these phonons
pointing up). The conductance curves have a maximum nearare introduced, andep = A9y + (wepl€V)-L, with A3,
0 V and then decay as the inverse of the length for short describing the optical MFP at zelg hvqy being a mean
distances. From this plot, we can extract the dependence ofoptical phonon energy, an¥ is the applied bias. The
R with L at different voltages between 0&2 V (see main rationale behind this equation is that, at short SWNT lengths,
panel in Figure 2). Interestingly, the slope of these curves the SWNT resistance is controlled by the number of optical
grows (and hence the resistivity) as the voltage is increased.phonons excited by one electron (that is assumed t\be

For example, the resistivity at 2 \bnign, is 320 K/um. If hvop), While at long lengths, electron scattering with acoustic
we repeat this analysis for the seven metallic nanotubesphonons controlfR. In panel c of Figure 2, we show the
grown by CVD we find an average resistivitnign[l= best fitting to our measured resistances using the above-
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Figure 2. (a) Experimental dependence of the differential resistardell d(in KQ) vs length at different voltages for a single« long
CVD—SWNT (pink triangles in Figure 1). Full lines show the results of our theoretical modeling based on a discretised version of Boltzmann
equations, usingep: as a fitting parameter for each voltage, exceptMer 0.1 V case (orange line) in which only scattering with acoustic
phonons is taken into account. The set of data has been extracted from the family of differential conductances as a function of the voltage

curves measured along the nanotube length panel (b). In panel (c), we render the results (full lines) of a fitting procedure based on a
semiempirical theoretical approach.

mentioned formula, witli,c = 650 nm and takin@,gpt as an forward (+) or backward {) to a final statg need to be
adjustable parameter. Although the calculated resistances ircorrected by the occupancy numbers at the final Igyel
this way show some of the trends found in our data, the nr’_(x), leading to the following equation:

fitting is rather poor, worsening at high voltages. Conse-

quently, we have tried a more fundamental theoretical

+_ O +
approach as explained in the following. This is a Monte Carlo Py = Ao [1 —n ()] dx (1)
solution of the one-dimensional Boltzmann’s equation as- o
sociated with the two conducting channels of the SWNT. In dp; = 1-a,1 [1 - ()] dx )
our semiclassical model, we consider that, for a given voltage Aopt A

(that must be smaller than 2 V, in order to avoid higher
electron bands contributing to transport), the energy window ith similar equations for electrons moving in the backward
Er1 — Erzis discretized intdN levels, as shown in the panel  girection ). The occupation numbersl;r(x) and n (),
b of Figure 3. Within our approach, electrons are injected 41e calculated self-consistently by using a Monte Carlo
into lead 1 and move along the tube at constant velocity g5h0ach whereby electrons are injected at each level and
toward lead 2. Electronphonon processes scatter the eir trajectories are obtained introducing the different
electrons to lower energies as depicted schematically alsoscattering processes defined by eg21In our Monte Carlo
in Figure 3b. Scattering with optical phono.n_s is charagterized simulation, m (of the order of thousands) electrons are
by a mean free pathioy, and a probabilityo. of being  jiacted at each level and contribute to the local densities,
scattered in the forward direction (the probability of back- n"(x) and n"(x), with 1/m. An important point should be
ward scattering is then (£ «)). In this way, forward and clommenteél on: the problem presents electionie sym-
backward optical phonon scattering rates are givea/yj: metry, with an electron at levgbf energyEr: — E behaving
ando(zlg a)/l"ptl’ respelz(ctivefly. In 0 L(er simL(leationls, Wle (;Jae . asa Flole at levek with energyEg, + E. This symmetry
= 0.25, a value taken from independent local densit . L . _ -
approximation (LDA) calculations repported in ref 20. Wey leads to a neu_trallty COTdItIOﬂ n whla’r]T(x) =l-nd(-

X) andn (x) = 1 — n (L — x), showing that the total

also incorporate into the theoretical modeling scattering of electron charge (sum of the forward and backward densities)

eIectrons with acoustic phonons. I.n this case, we only of these two states @ndj) is 2. Once the system is self-
consider backward scattering, the main source of the SWNT- .
consistently calculated and the local chargé&) = ;i

resistance for quasi-elastic scattering, with a rafg.14ac - . . i .
being the eIec(tqron mean free path %ue to scattering with [ni*(x) + N ()], is obtained, we define the locahemical
acoustic phonons. We assuimg= 650 nm, a value yielding potential as:
the best fitting to the particular sample considered. The final
probability rates per unit lengtR;""(x) for an electron at V() = Er + Ery n Eri— Ep [@ B 1] 3)
level i moving in the forward direction to be scattered 2 2 N
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Figure 3. (a) Differential resistanc® (in units of the quantum of resistance) vs length of the nanotu@e units of A,,) obtained with
our Monte Carlo theoretical approach for 4 different voltages: 0.4 V (red line), 0.7 V (green line), and 1.0 V (blue line), and 1.5 V (black

line). (b) Schematic diagram to illustrate our theoretical modeling:

the energy wikdpw Er; is discretised intdN-levels and electrons

suffer scattering with acoustic and optical phonons characterizég:lydAp, respectively. (c) Dependence &, vs the applied bias (in
V) as obtained from our calculations. Panels-{fdrender the dependence qT(x) (red lines) andy, (X) (blue lines) vsx (in units of the

length of the nanotube) fo¥ = 0.4 V (i ranging from 1 to 19). The curves corresponding toitdelevel are shifted by-1 with respect
to i-level curves for a better visualization. Three different lengths are analyized92 nm (c),L = 480 nm (d), and- = 6 um (e). Thick

black lines render the local chemical potenti(X)) for each of the three cases.

We assume that thishemicalpotential keeps the nanotube
locally neutral. In our calculations, we first obtain the current
for N levels and, in order to calculate the differential
conductancey (R = 1/0), we subtract the current foN(—

resistance behavior. As in the experimental data where the
slope ofR/L depends on the applied bias, we conclude that
Aopt IS @ function of voltage (as it is also the case in the
semiempirical approach). The main panel of Figure 2 (full

1) levels and then divide by the energy difference between jines) shows our fitting to the experimental data by taking
consecutive levels. We take this energy as 22.5 meV, closejn our simulations: op(0.4 V) = 55 nm, Aop(0.7 V) =

to ks T for room temperature; in this way, we try to simulate

the characteristic acoustic phonon energy involved in the

electron-phonon scattering. Regarding optical phonons, we
considerthvy, = 180 meV?! eight times the acoustic phonon
energy. In our numerical simulations, we analyze four
different voltages, 0.4, 0.7, 1.0, and 1.5 V, and the corre-
spondingN for these cases is then 19, 32, 45, and 64,
respectively.

In panel a of Figure 3, we rendeRIR, (Ry being the
inverse of the quantum of conductance) as a functior.of (
Aopy) for the four voltages studied. As clearly seen in this
figure, in all these biases and smal] 2R/Ry ~ L/Aqps,
showing that, in this limit, the optical phonons dominate the
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30 NM,Agp((1.0 V) = 20 nm, andlep(1.5 V) = 19 nm. These
values ofiqp: can be understood in terms of the hot phonons
created within the SWNT by the scattered electrons. Fol-
lowing the analysis described in ref 20, we can assume
Aopt = ADY(L + 2ng), where i), is the value without the
effect of the optical phonon occupation numhbay, In this
reference, a value of 88 nm fd p)t has been calculated. In
the limit of short SWNT lengthsng is expected to grow
with the applied bias (because most of the excited phonons
are optical). This suggests thaj: should decrease witt,
which is qualitatively what we obtain in our fitting (see
Figure 3c). For a more fundamental explanation of the
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Figure 4. This figure summarizes the different electron transport regimes for SWNTs with and without defects as a function of the bias
voltage and length. The thick lines apply to the low bias voltage. The thin lines apply for the high bias voltage. The blue curves are for
defect-free SWNTs (lower inset) and the red ones for defected SWNTs (upper left inset). The upper right inset shows exge(lilnental

at low and high bias voltages for a defected SWNT whose localization lendih=s95 nm.

dependence of,, with the applied bias, out-of-equilibrium  that around. = 6 um, scattering of electrons with acoustic
optical phonons should be also included self-consistently phonons mainly governs the resistance. This is confirmed
within the transport equations by means of another semiclas-by the experimental data, whekReis almost the same &t
sical Boltzmann’s equation for phondfgwork along this = 6 um for low voltage and fol = 0.4 V (see Figure 2a).
line is currently in progress in our lab). It is interesting to speculate about the expected behavior for
In Figure 3, panels d, e, and f show the occupancy higher biases. The previous discussion shows that the
numbers,n’(x) (red lines) andh (x) (blue lines), at each  resistance, for high biases ahd> 6 um, should decrease
level and forV = 0.4 V, evaluated at three different lengths, slowly until reaching the *acoustic branch”, rendered in
L = 92 nm, 460 nm, and @m, respectively. These values Figure 2 by an orange line.
correspond to three different electronic transport regimes. Finally, it is worth drawing a complete landscape of the
ForL = 92 nm, the transport is still within the quasiballistic electronic transport regimes in SWNTs by combining our
regime, with the chemical potential changing only slightly findings for defect-free SWNTs with results for defected
along the SWNT; notice that, in this case(X) is different SWNTs?!’ Figure 4 depicts a qualitative behavior of the
from zero only for levelsi(> 9) where the optical phonons SWNT-differential resistance as a function of its length for
fill the backward direction states. Far = 460 nm,n~(x) low (thick lines) and high (thin lines) voltages. As discussed
starts to be non-negligible even for< 9; this means that  above, for nondefected nanotubes (lower inset Figure 4 and
backward states are also filled in this case by acoustic phononblue curves), we can distinguish two regimes, depending on
scattering processes. Now the chemical potential changesV being larger or smaller thalwgy. For eV < hvgy, the
more quickly with a relatively small contact resistance. differential resistance shows a linear dependence (thick blue
Finally, for L = 6 um, the system has evolved in such a line) controlled by the scattering with acoustic phonons,
way that optical phonons play a minor role in the transport R = (Ry/2)(1 + L/Aa). For eV > hvyy, optical phonons
process: as shown in Figure 3f, most of the scattering eventsgovernsR(L) for short nanotubesR = (Ry/2)(1 + L/Aop),
are controlled by the acoustic phonons, the reason being thatywhile, at lengths about kim, the differential resistance
due to the small voltage gradient along the SWNT, the saturates and finally merges with the acoustic branch for very
acoustic phonons have the opportunity to be more operativelong nanotubes (thin blue line). Defected SWNTs (upper left
than the optical phonons. inset and red curves) present an additional scattering mech-
This discussion shows that the resistance of the nanotubeanism characterized by the localization lendth,which is
is controlled initially, for 0< L < 1 um, by the optical proportional to the average distance between defects, If
phonons; however, fdr > 1 um, the acoustic phonons start < L < L, (L, being the phase coherence length, determined
to play a more relevant role, being the predominant agent in by the electror-phonon mean free path, eith&g, or 1.9,
a very long nanotube. In particular, for= 0.4 V, we find the SWNT-differential-resistance presents, at room temper-
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