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ABSTRACT

Electron scattering rates in metallic single-walled carbon nanotubes are studied using an atomic force microscope as an electrical probe.
From the scaling of the resistance of the same nanotube with length in the low- and high-bias regimes, the mean-free paths for both regimes
are inferred. The observed scattering rates are consistent with calculations for acoustic-phonon scattering at low biases and zone boundary/
optical phonon scattering at high biases.

Phonons in carbon nanotubes (NTs) has been an active arewiith increasing bias. From measurements at different lengths,
of research in recent yearsThe effects of phonons have we infer that the high-bias mean-free pétl, ~ 10 nm is
been measured in thermal transpoftRaman scattering, more than 100 times shorter thiyy. We present calculations
and electrical transpott.” Electron-phonon coupling in NTs  of the electror-phonon scattering rate due to acoustic
is predicted to lead to a Peierls instab#lit}* and supercon-  phonons, relevant for low biases, and optic and zone-
ductivity*>13 and contributes to the thermopowfeand the boundary phonon emission, relevant at high biases. We
resistivity>> 17 of NTs. At room temperature, the main origin  obtain good agreement with our experimental results in both
of the resistivity at low bias in high-quality metallic single- cases.

walled nanotubes (SWNTs) is believed to be scattering by  The SWNTs used in this study were grown by chemical
acoustic phononsThe scattering is weak, resulting in long  vapor deposition at lithographically defined catalyst sites on
mean-free paths at room temperature. Both measurementy degenerately doped Si substrate with a 200-nm-thick
and calculations put the mean-free path in the range of agxide202! Metal electrodes were formed on the NT by
few hundred nanometers to several micrometét81719 At evaporating 50-nm Au with a 5-nm Cr adhesion |ayer or
high biases, electrons gain enough energy to emit optical or30-nm Au without an adhesion layer, followed by liftoff.
zone-boundary phonons. Yao et al. showed that this scat-pevices with direct Au contacts show better contact resis-
tering is very effective, leading to a saturation of the current tances after initial fabrication. Devices with Cr/Au contacts
at ~20 A’ at high biases. This work indicated that the \yere annealed at600 °C after the fabrication to enhance
fundamental high-energy phonon scattering rate was rapidthe NT—metal contact. All of the measurements reported here
but did not determine its value. were performed on metallic SWNTSs, as determined by the
In this letter, we study electrerphonon scattering in  gate-voltage dependence of the conductance and a saturation

metallic SWNTSs in both the low- and high-bias regimes. We cyrrent of 19-25 uA at high biases and long channel
investigate the scaling of the resistance in a single NT for jengths?2

lengths ranging from 50 nm to 1@m by using the tip of an
atomic force microscope (AFM) as a movable electrode. For
low biases, we find a length-independent resistancé fer
200 nm, indicating ballistic transport in the NT. At longer
lengths, the scaling of the resistance with length is used to

mi[(ra]r a low-bias mean—freetpath dhlfw Ik llfﬂ m, gonﬁl_str:a? by making physical and electrical contact with the RF®
WIth previous measurements and caiculations. ~or g bIaseSy voltageVygis applied to the source electrode (the left
and long channel lengths, the current saturates as in the

. tudv H for short ch | lenaths< 500 electrode in Figure 1), and the resulting current is measured
previous study.However, for short channel lengths< . by a current amplifier attached to the AFM tip, which serves
nm, the current does not saturate but rather grows linearly

as the drain electrode. This yieltdss a function oWsq. We
* Corresponding author. E-mail: mceuen@ccmr.cornell.edu. also use the second lithographic contact (right electrode in

For this study, an AFM operating at ambient conditions
with the capability of simultaneous transport measurements
was used? Figure 1 shows a schematic of the three-probe
measurement geomet#yIn addition to the two lithographic
electrodes, an Au-coated AFM tip serves as a third electrode

10.1021/nl035258¢ CCC: $27.50  © 2004 American Chemical Society
Published on Web 02/18/2004



Sio,

separationd.. We first concentrate on the low-bias region
where thd —V characteristic is linear. In Figure 3a, the low-
bias resistanc®,, = dV/dl is plotted for each length. For
L between 50 and 200 nnReyw is almost constant, but it
increases linearly with. for longer lengths. The slope of
this line is the 1D resistivitypo = dRew/dL ~ 4 kQ/um.
Similar resistivity is found for several other metallic SWNTSs.
The resistivity of a 1D channel with four subbands in the

Figure 1. Schematic of the three-probe measurement setup. Theincoherent limit is given b3
two electrodes and the Au-coated AFM tip serve as a voltage source

(left electrode), voltage probe (right electrode), and current probe

(AFM tip), respectively. The active lengthof the SWNT device
can be changed by moving the AFM tip.
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Figure 2. Currentl versus voltageV at different lengths for an
SWNT device of overall length 10m and tube diameter 1.8 nm.
The measured length of the tube is indicated next to each curve.

Figure 1) as a voltage probe to measure the voltage dsop
at the tip—tube drain junction. From this, we can deduce
the voltageV = Vsq — Vi and hence thé—V curve that

h\[1
& (4e2)(|) @
wherel is the electron mean-free path for backscattering.
From the measured slope, we infer that ~ 1.6 um. For
measurements with. < oy, the transport is essentially
ballistic. The measured resistance is just the contact resistance
associated with the source contact and is constant.

Now we consider the high-bias regime. The slope of the
|—V curve decreases with increasiig For long channel
lengths, the current saturates to an approximately constant
value of~20uA as reported previouslyFor shorter lengths
L < 500 nm, however, different behavior is observed. The
current again increases linearly withat high bias but with
a slope much lower than at low bias.

The inverse slopes di—V curves at high biasRnigh =
dv/dl, from four devices with diameters in the range of
1.8 < d/nm < 2.5 are shown in Figure 3Bigh scales linearly
with L, with a slope of &.g/dL = 800 kQ/um. This high-
bias resistivity is 200 times larger than at low bias. If we
use eq 1 to infer a mean-free path, then we oblgin ~

corresponds to just the left contact and the SWNT segment10 nm.

between this contact and the tip. By moving the tip to

different locations along the tubk;V measurements of the
same SWNT for different channel lengthsare obtained’

We now compare these results to expectations for eleetron
phonon scattering in NTs. The electrophonon coupling
is described by the Hamiltonian

Because the left contact is always the same and the voltage

drop associated with the right AFM contact is subtracted,
measurements at different channel lengths can be directly
compared. The shortest channel length that we can measure

in this way depends on the stability of the AFM and the
size of the tip, but it is typicallj ~ 50 nm.

Figure 2 is the result of measurementd @krsusV on a
10-.um-long metallic SWNT at six different tip-contact
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Figure 3. (a) Low-bias resistancR,, = dV/dl near zero bias as a function bffor the SWNT in Figure 2. (b) High-bias resistance
Riigh = dV/dI versusL from four different SWNTs. The diameters of the SWNTs are 1.8 @mffom the device in Figure 2), 2 nm

(m, O), and 2.5 nm 4). The line is a linear fit to the data.
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(a) (b) (c) Figure 5. Schematic showing the two relevant length scales for
high-bias electronphonon scattering. The total scattering length

Figure 4. Diagrams showing electrerphonon scattering in a IS the sum ofy, the distance electron must accelerate in the electric
metallic SWNT by phonons with enerdiQ that satisfies energy ~ field € to reach a threshold enerdi2, andln, the high-energy
and momentum conservation. (a) Emission and absorption of anphonon scattering mean-free path.
acoustic phonon with low energy and small momentum. (b)
Emission of an optical phonon (high energy and small momentum)
and (c) a zone-boundary phonon (high energy and large momen-
tum).

We now turn to the case of optical and zone-boundary
phonons, where the scattering length has not been determined
previously. Because no such phonons are present at room
temperature {Q > kgT), scattering from optical or zone-

b) are electron (phonon) creation and annihilation operators, oundary phonons will involve emission only if we assume
respectively L is the length of an NT, ang is the mass that any emitted phonons relax instantaneously. These

density. For application to electron transport, the electron Processes are shown in Figure 4b and c. According to Fermi's
wavevectorsk andk + q are taken in the vicinity of the golden rule, the scattering rate from spontaneous phonon

respectivelyu is the phonon displacementf, andc (b' and

Fermi points of the NT. The electrerphonon scattering of ~ €Mission is
electrons from an initial state with wavevectoand energy
Ex to a final state with wavevectde + q and energyExq 1_ 2_7t|DaF E A \1 )
must conserve energy, i h ki 20Q¢ |Nve
Eiirq = B T hQ 3 Using a tight-binding modéP we calculated the relevant

matrix elementDy, in the electror-phonon Hamiltonian
where the plus sign refers to the absorption of a phonon with by considering the creation of a band gap in NT with respect
wavevectoig and the minus sign refers to the emission of a to the atomic displacements corresponding to the phonon
phonon with momentum-g. Examples of scattering pro- mode. For optical phonongj (= 0), we found that only
cesses that meet these criteria in NT are shown schematicallydisplacements compatible with the longitudinal mode lead

in Figure 4. to a band gap! From this model, we obtai® ~ 12.8 eV/
For acoustic phonons, one hagF = =%, whereZ% is A, corresponding to the scattering timg ~ 2.3 x 10713s
d
the deformation potential. Using Fermi’s golden rule along and the mean-free pat~ 180 nm. For the zone-boundary
with a thermal occupation of phonon staté€f < KT for phonon ¢ = —2k¢), we found that only one optical mode

acoustic phonons) and combining contributions from the gives a significant band gap and the contributions of other
emission and absorption of acoustic phonons, one arrives a@ptical and acoustic modes are small. For this mode, we

the electror-acoustic-phonon scattering rate found D ~ 25.6 eV/A, yieldingr,, ~ 4.6 x 107 s and
l.o~ 37 nm. Unlike the acoustic scattering mean-free path,

which depends on the type of hanotube, the mean-free paths
1 27T\ 1
== 2?; ( Z)h_ (4) lop a_ndlZO do_ not depend on the type of NT as long as the
Tac 2pvg|""VF NT is metallic.

In principle, to calculate the effect of high-energy scat-
where vs = Q¢/q is the acoustic-phonon velocity. The tering processes on the-V characteristics, the Boltzmann
maximum deformation potential for an acoustic phonon from equation must be solved self-consistently to determine the
a band gap change in metallic SWNTs with uniaxial or occupancies of the initial and final states. In the limiting case
torsional strain i€ ~ 5 eV2° Then from eq 4, we compute  of high bias, however, simple arguments can be given that
the scattering timeg,c ~ 3.0 x 10722 s for an SWNT with are sufficient for an interpretation of the data.

a diameter of 1.8 nm and the corresponding mean-free path, Following ref 5, an electron must first accelerate a length
lac = veTac & 2.4 um. This calculated acoustic-phonon It in the electric fielde to attain sufficient excess energy to
scattering rate is comparable to previous calculattdfs. emit an optical phononAQ ~ 0.2 eV) or zone-boundary
Because there are two possible origins of electron scat-phonon £Q ~ 0.16 eV). This length is given by =
tering at low bias-disorder and acoustic phononthe hQlec = (hQ/eV)-L. Once it attains this energy, it will scatter
experimentally measured vallig, is a lower limit for the on a length scale of the high-energy phonon scattering mean-
acoustic-phonon scattering mean-free pdthy < la. The free path lpp). The total length that the electron traverses
data are therefore consistent with the theory. These measurebefore scattering is, therefore, on the ordedoft- Iy, as
ments confirm the weak electreacoustic-phonon scattering illustrated in Figure 5.
and long mean-free path values previously reported in For large enough (It > Iy, the scattering length will
SWNTs26:18.19 be determined byr. The high-bias resistance is théh=
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(W4e))(L/It) + Row = V/lo + Row, Which implies a current (3) Kim, P.; Shi, L.; Majumdar, A.; McEuen, P. Bhys. Re. Lett.2001,

: L 7 Thic i : 87, 215502.

saturation withl, = (4e/h)A€." This is valid for the longer (4) small, J. P.; Shi, L.; Kim, PSolid State Commur2003 127, 181.
channel lengths in Figure 2. However,lifis sufficiently (5) Kane, C. L.; Mele, E. J.; Lee, R. S.; Fischer, J. E.; Petit, P.; Dai, H.;
small (1 < Ing), then the scattering length will be determined Thess, A; Smalley, R. E.; Verschueren, A. R. M,; Tans, S. J,;
by ln,- Then, the high-bias resistanceRigg, = (h/4€?)(L/lnp) Dekker: C.Europhys. Lett1998 41, 683.

. (6) Appenzeller, J.; Martel, R.; Avouris, P.; Stahl, H.; LengelerABpl.
+ Row. In short channels, then, the measured scattering length Phys. Lett2001, 78, 3313.

should bely,®? Because both optical and zone-boundary  (7) Yao, Z.; Kane, C. L.; Dekker, (Phys. Re. Lett. 2000 84, 2941.

phonons contribute, we can deduce the scattering length from ) 2D;5b§gé O.; Kresse, G.; Kuzmany, Hhys. Re. Lett. 2002 88,

our calculations byny™ = lop™ + 1267 Inp & 30 nm. (9) Figge, M. T.; Mostovoy, M.; Knoester, Phys. Re. B 2002 65,
This theoretical value is in reasonable agreement with the 125416.

experimental finding:lngn ~ 10 nm. The difference could (19 é\’gnég‘ilre' J. W.; Dunlap, B. I.; White, C. hys. Re. Lett. 1992

arise from uncertainties in the parameters of the theory or (11) saito, R Fuijita, M.; Dresselhaus, G.; Dresselhaus, Mh§s. Re.
from additional scattering mechanisms not considered here. B 1992 46, 1804.

; ; ; ; (12) Benedict, L. X.; Crespi, V. H.; Louie, S. G.; Cohen, M. Rhys.
These include multiple phonon scattering or stimulated Rev. B 1095 55 14935,

phonon emission from high-energy phonons created by other (13) pe Mmartino, A.: Egger, RPhys. Re. B 2003 67, 235418.
scattering events. The latter process will be important if the (14) Scarola, V. W.; Mahan, G. Rhys. Re. B 2002 66, 205405.
phonons cannot rapidly escape the NT into the substrate. (15) Jishi, R. A.; Dresselhaus, M. S.; Dresselhaus?i®/s. Re. B 1993

h . 48, 11385.
Measurements at high bias on suspended® \greould shed (16) Woods, L. M.; Mahan, G. DPhys. Re. B 200Q 61, 10651.

light on this issue. (17) Suzuura, H.; Ando, TPhys. Re. B 2002 65, 235412.
i i i ; ; (18) Hertel, T.; Fasel, R.; Moos, G\ppl. Phys. A2002 75, 449.
In conclusion, we have Investl.gated the S.C(a“ng with (19) Bachtold, A.; Fuhrer, M. S.; Plyasunov, S.; Forero, M.; Anderson,
channel length of the—V characteristics of metallic SWNTSs. E. H.; Zettl, A.; McEuen, P. LPhys. Re. Lett. 2000 84, 6082.

The mean-free paths for electroacoustic-phonon scattering ~ (20) Kong, J.; Soh, H. T.; Cassell, A. M.; Quate, C. F.; Dai, H\dture

i i ~ 1998 395 878.
> - ~
(lac > 1.6 um) and high-energy phonon scatteringgf (21) Rosenblatt, S.; Yaish, Y.; Park, J.; Gore, J.; Sazonova, V.; McEuen,

10 nm) at room temperature were measured and compared” " p | Nano Lett.2002 2, 869.
to theory. In addition to their fundamental interest, these (22) See ref 7. Current saturation values significantly aboveR%ire

results are important for uses of SWNTSs in high-current seen for devices with more than one NT, multiwalled NTs, or a
bundle of SWNTSs.

applications such as interconnects or transistors operating (23) park, J.-Y.: Yaish, Y.; Brink, M.: Rosenblatt, S.; McEuen, PAppl.
in the saturation region. Our results show that the scattering Phys. Lett2002 80, 4446.

; ing i ; (24) Yaish, Y.; Park, J.-Y.; Rosenblatt, S.; Sazonova, V.; Brink, M.;
length at high bias is more than 100 times shorter than at McEuen, P. LPhys. Re. Lett. 2004 92 046401,

low bias. Nevertheless, in short devices, the current carried (25) de Pablo, P. J.; Gomez-Navarro, C.; Colchero, J.; Serena, P. A.;
by an SWNT can significantly exceed the previously reported Gomez-Herrero, J.; Baro, A. MPhys. Re. Lett. 2002, 88, 036804.
limit of 25 yA.7 (26) de Pablo, P. J.; Gomez-Navarro, C.; Martinez, M. T.; Benito, A. M.;
Maser, W. K.; Colchero, J.; Gomez-Herrero, J.; Baro, A.Appl.
. Phys. Lett2002 80, 1462.
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