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High-field electrical transport and breakdown in bundles of single-wall carbon nanotubes

M. Radosavljevic´, J. Lefebvre, and A. T. Johnson
Department of Physics and Astronomy and Laboratory for Research on the Structure of Matter, University of Pennsylvania, Phila

Pennsylvania 19104
~Received 16 July 2001; published 4 December 2001!

We investigate high-field transport in bundles of single-wall carbon nanotubes~SWNTs! with multiple
contacts. The bundles carry currents in excess of 250mA ~a current density of 109 A/cm2) before saturation
and electrical breakdown, indicating that conduction is predominantly by nanotubes on the surface of the
bundle which are directly contacted by electrodes. Using a four-probe configuration, we measure the contact
resistance and show that it is nearly constant as the bias voltage varies. This strongly supports the notion that
electron-phonon scattering, and not a contact effect, causes current saturation at high-field. Electrical break-
down proceeds by sequential destruction of individual metallic nanotubes on the bundle surface, with steplike
current drops of about 12mA. At very high bias, the current-carrying capacity of the bundle increases due to
field-enhanced coupling between nanotubes in the bundle.
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Single-wall carbon nanotubes~SWNTs! are a leading can
didate for molecular electronic circuit elements.1 Individual
semiconducting SWNTs act as field-effect transistors2 and
diode-like rectifiers,3 while metallic SWNTs behave a
single-electron transistors.4 Recent studies of metallic
SWNTs in the high-field regime report a current saturat
with maximum current density exceeding 109 A/cm2.5 Such
high current carrying capacity is similar to that seen in m
tiwall carbon nanotubes6,7 ~MWNTs! and as much as a thou
sand times greater than in noble metals. Thus, meta
SWNTs and MWNTs are promising nanometer-scale circ
interconnects.

Here we present results on high-field transport in bund
of SWNTs with a focus on the mechanism of current satu
tion and field-induced electrical breakdown. A multipro
geometry was used to directly measure the contact resist
and show that electron-phonon scattering is the domin
mechanism leading to current saturation,5 not a contact effect
as others have suggested. Bundles of SWNTs do not fai
electromigration8 which limits the current-carrying capacit
of conventional wires. Instead, the breakdown occurs by
dividual, sharp current drops of about 12mA, which we
identify with the destruction of individual current-carryin
nanotubes. Such a ‘‘current staircase’’ was observed in m
tiwall carbon nanotubes and is attributed to the destructio
individual shells.7 At low field, we find that the coupling
between nanotubes in the bundle is weak, and the curre
carried predominantly by nanotubes on the surface of
bundle which are in direct contact with the electrodes.9,10 At
high bias just before complete breakdown, we observe
additional current increase which is caused by the coup
to the nanotubes in the interior of the bundle.

Devices are produced by depositing ethanol dispersio
laser-ablation grown SWNT material11 onto a SiO2 substrate.
Bundles of uniform size are located and contacted by f
electrodes using standard nanofabrication techniques.12 The
large 2mm wide outer electrodes~source and drain! are
3 –5 mm apart and cover a significant length of the bun
including both ends. Although this design was intended
facilitate current flow in the bulk of the sample, we find th
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the current is confined to the nanotubes which are in dir
contact with source and drain electrodes.10 The voltage
probes are 300 nm wide and within 500 nm of the ou
electrodes, insuring that the measurements are represen
of the whole sample. The bundles exhibit a wide variety
low-field10 behavior in part due to the fact that each bund
contains nanotubes with randomly distributed chiralities.13,14

To study high-field behavior and breakdown, we focus
‘‘metallic’’ bundles that show weak response to electrosta
gating at room temperature and whose low bias resista
decreases linearly with decreasing temperature.10 The contact
resistance to these devices is below 3 kV at low-field, so
50%–70% of the applied voltage drops along the bund
The experiments are performed by applying a voltage (VA)
between the source and the drain while measuring the cur
~I! passing through the sample and the voltage drop (VM)
between the two middle electrodes@inset to Fig. 1~a!#.

Figure 1~a! is the two-probe current-applied voltageI
2VA) characteristic obtained at ambient conditions of
22 nm tall SWNT bundle with a 2.6mm separation between
the middle electrode pair.15 A current of 180mA is measured
at the largest applied bias of 2.25 V. The differential cond
tance (dI/dV) is approximately constant for applied bias
up to 0.5 V, at which point it begins to decrease slowly. T
shape of theI 2VA above 0.5 V suggests an onset of curre
saturation at high bias. Figure 1~b! displays the simulta-
neously acquired~four probe! current-measured voltage (I
2VM) characteristic. Here, the conductance begins to
crease at a much lower voltage of 0.15 V, and the curr
seems to saturate at a much lower value than in Fig. 1~a!.
Although the low-field resistance decreases linearly with
creasing temperature,10 the behavior at large bias is un
changed as these devices are cooled to 4 K.

In order to determine the origin of current saturation, w
plot the current-contact voltage (I 2VC) characteristic in Fig.
2. VC is defined as the total voltage drop across the cont
between the bundle and the two outmost electrodes. We
the contact voltage using the following formula:

VC5VA2aVM , ~1!
©2001 The American Physical Society07-1
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wherea>1 accounts for the voltage drop along the porti
of the bundle that lies outside the voltage probes. Assum
that the voltage drops uniformly along the bundle in t
high-field regime,16 thena is determined by the contact ge
ometry. A reasonable value ofa51.5 is used to plot Fig. 2
The I 2VC curve is almost perfectly linear, indicating th
the contact resistance (VC/I ) is constant over the whole bia
range studied. Additionally, the linearity of theI 2VC is not
sensitive to different values chosen for the parametera.
Therefore, we conclude that the current saturation obse
in Fig. 1 is intrinsic to the bundle and not caused by t
nonlinear behavior of the contacts.

Theoretical investigations of high-field behavior in nan

FIG. 1. High-field behavior of a 22 nm tall SWNT bundle me
sured in a four-probe configuration.~a! Two-probe I 2VA . Inset:
AFM image of SWNT bundle contacted by four electrodes a
schematic of the measurement. The white bar in the AFM imag
2 mm. ~b! Simultaneously acquired four-probeI 2VM measured us-
ing the middle electrode pair (2.6mm separation!. Inset:VM /I vs
VM . The linear region is a signature of current saturation by opt
phonon emission. A fit to Eq.~2! yields a saturation current o
250 mA.

FIG. 2. Inferred current-voltage characteristic of the source
drain contacts.VC is computed using Eq.~1!. The I 2VC is linear,
verifying that the high-field current saturation is not caused by
contacts, but instead an effect intrinsic to the SWNT bundle, m
likely excitation of high energy optical phonons.
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tubes focus on two intrinsic effects: electron scattering
optical phonon emission5 and transport through higher, non
crossing nanotube subbands.17 Our measurements deviat
from linear response at energies that are much lower than
typical first subband separation of 2 eV. We, therefore, dir
our attention to the impact of electron backscattering due
emission of optical phonons with energy\V;160 meV,
appropriate for a stretch of the carbon-carbon bond. T
model developed by Kane5 considers a steady state situatio
where the right-moving electrons have a Fermi energy\V
higher than the left-movers. Right-moving electrons are
celerated by the electric field in the nanotube and are su
quently backscattered into the left-moving branch with t
excess energy released as an optical phonon. Using a L
auer type argument and Boltzmann transport theory, K
predicts a precise form for theI 2V characteristics:

R[V/I 5R01V/I 0 . ~2!

The low-field elastic ~defect! scattering within the
nanotube is described by the constantR0, while I 0
5(4e2/h)(\V/e) is the saturation current. The theoretic
prediction I 0525 mA per nanotube is consistent with th
experiment.5

Using Eq. ~2!, we obtainI 0;250 mA from I 2VM data
@Fig. 1~b!#, indicating that the current is carried by 10 meta
lic nanotubes18 while the total number of tubes in the bund
~from its diameter of 22 nm! is a few hundred. Therefore
current is limited to nanotubes on the bundle surface that
in direct contact with source and drain.9,10

To come to these conclusions, one must accurately in
I 0 from the data. Most critically, the value ofV used in Eq.
~2! is the voltage dropalong the bundle, without a contribu
tion from the contact. For this reason, the fit to thefour-
probe I2VM is used to obtain saturation current,not the fit to
the two-probeI 2VA . We expect theoretically, and in fac
find experimentally, that if the two-probeI 2VM data is used,
the excess voltage at the contacts leads to an incorrectly l
value for I 0.19 As we discuss below, electrical breakdow
occurs at current levels smaller than our inferred satura
current, so we do not observe the saturation current dire
However, our measurements of the saturation current fr
the I 2VM before and following a breakdown event~see Fig.
4! is consistent with an ideal saturation current of 25mA per
tube.

Figure 3 shows a bundleI 2VA during electrical break-
down event. As the voltage is increased, an irreversible c
rent drop is observed atVA;1.3 V. The current drop of
12 mA occurs on a time scale faster than the data acquisi
rate ~40 ms per point!. Subsequent bias sweeps show d
creased current carrying capacity indicating permanent d
age to the SWNT bundle. A similar current staircase due
successive shell destruction has been recently observe
multiwall carbon nanotubes.7

In order to elucidate the cause of the electrical bre
down, the inset to Fig. 3 compares four-probeI 2VM before
and after the current drop~labeled 1 and 2, respectively!. At
high field, the saturation currents@determined using Eq.~2!#
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are 250mA before breakdown and 223mA after. We inter-
pret the step as the destruction of precisely one meta
nanotube on the surface of the bundle, and the 27mA de-
crease in the current is in good agreement with the theo
cal prediction of 25mA. The difference between the curre
carrying capacity of an individual SWNT (25mA) and the
observed current drop (12mA) is likely because the active
SWNTs in the bundle carry different currents. Only a SWN
in saturation suffers breakdown, and a fraction of its curr
is then redistributed among the other SWNTs.

Figure 4 displays fourI 2VM characteristics separated b
three breakdown events. The current reductions assoc
with each breakdown are 25mA, 12 mA, and 36mA, re-
spectively. Complete breakdown occurred after the fourtI
2VM . The breakdown always happens after the onse
current saturation, consistent with the idea that the electr
breakdown and current saturation are due to the same d
pative process. Interestingly, theI 2VM curves are not
smooth, but contain abrupt slope changes. The most pro
nent kink occurs near 3.75 V in curve 3, where the curr
appears to saturate near 200mA only to abruptly increase
and saturate again at 250mA at higher voltage. This increas
in current-carrying capacity indicates that the number of c
ducting channels within the bundle has increased. We bel
that these additional channels are metallic SWNTs in
core of the bundle, which are not directly contacted
source and drain electrodes. Our observation confirms th
high-field, many nanotubes carry current in a SWNT bund
while at low-field the current is localized on just a fe
nanotubes.9,10 This difference may well reflect the energ
dependence of intertube coupling, which has been con
ered theoretically only in the low energy limit.14 However,
we expect that at high bias, intertube coupling is enhan

FIG. 3. Observation of electrical breakdown in SWNT bundl
The two probeI 2VA shows a sudden irreversible drop in curre
of approximately 12mA. Inset: four-probe data before and aft
electrical breakdown, labeled 1 and 2, respectively. Fits to Eq.~2!
yield saturation currents of 250mA before breakdown, and 223mA
after. The 27mA decrease in current carrying capacity indicat
that the current drop is due to destruction of an individual meta
SWNT.
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due to the relaxation of momentum conservation amo
nanotubes and an increase in electron-electron scatterin

After complete breakdown, no current passes between
middle electrode pair for biases up to 5 V. In contrast, tw
probe I 2V characteristics of bundle segments outside
middle electrodes are unchanged, indicating that the dam
is confined to the central region of the sample. In additi
AFM images ~not shown! of failed SWNT bundles revea
large quantities of lost carbon between the middle electr
pair. The remaining bundle is severely thinned between
electrodes, consistent with breakdown due to self-heat
Estimating the SWNT thermal conductivity in SWN
bundles as 250 W/m-K20 and the observed power thresho
(350–1000mW), we compute a bundle temperature
600– 800 °C, comparable to the temperature needed for t
mal oxidation of SWNTs. Initial measurements of the loc
temperature distribution along a nanotube21 confirm that the
temperature is elevated by 100–200 K at moderate app
biases.

In summary, we have measured the high-field conduct
limits of SWNT bundles. A multiprobe geometry was used
measure the contact resistance directly and show that cu
saturation is due to an intrinsic effect that is likely optic
phonon emission. The high-field breakdown of SWN
bundles occurs by the destruction of individual, curre
carrying nanotubes. At the highest biases, an observed
rent increase suggests conduction through metallic SW
within the core of the bundle.

We thank C. Kane for helpful discussions, and M. Freit
and P. Collins for sharing experimental results prior to pu
lication. SWNT material was provided by the Smalley gro
~Rice University!. Financial support for this work came from
NSF grants DMR98-02560 and DMR00-79909. J.L. reco
nizes the support of Fonds FCAR~Québec!.
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FIG. 4. I 2VM curves measured following successive brea
down events~curves are numbered in order taken!. Complete break-
down occurs after the fourth sweep.I 2VM curves in breakdown
sequence contain abrupt slope changes. Such kinks result i
increased saturation current suggestive of additional conduc
channels, most likely nanotubes within the core of the bundle.
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