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We report the atomic-scale imaging with concurrent transport measurements of the breakdown of
individual multiwall carbon nanotubes inside a transmission electron microscope equipped with a
piezomanipulator. We found unexpectedly three distinct breakdown sequences: namely, from the outer-
most wall inward, from the innermost wall outward, and alternatively between the innermost and the
outmost walls. Remarkably, a significant amount of current drop was observed when an innermost wall is
broken, proving unambiguously that every wall is conducting. Moreover, the breakdown of each wall in
any sequence initiates in the middle of the nanotube, not at the contact, proving that the transport is not

ballistic.
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Carbon nanotubes are potentially the smallest building
blocks for future generation electronic devices [1,2].
Rational design of any device requires a fundamental
understanding of the electronic properties, of which
single-wall nanotubes (SWNTs) have been well under-
stood. Consequently, electronic devices such as field-effect
transistors [3,4], nanotube-nanotube junctions [5,6], and
integrated logic circuits based on SWNTs [7-9] have been
realized. In contrast, understanding transport properties of
multiwall nanotubes (MWNTs) has proceeded more
slowly because of their extremely complex structure. A
MWNT consists of many nested SWNTs in which each has
a different electronic structure. All the transport studies
carried out so far use a “‘side contact’ [10] in which nano-
tubes are spread on a prepatterned Au electrode, with only
the outmost wall contacted to the electrodes, and the inner
carbon walls being not in direct contact with the electrodes.
As such, parallel conduction paths along the inner walls are
limited in their contribution to the overall conductance
[11-13]. Indeed, experiments have shown that current
flows only in the outmost wall in side-contacted MWNTs
[11,14]. Collins et al. [15,16] attempted to characterize the
conductivity of side-contacted MWNTs by using an elec-
tric breakdown technique. Their results are promising but
are complicated by the tunneling barrier due to the side-
contact geometry. Here we report the realization of an end-
contact geometry [10], in which every wall of the MWNTSs
is contacted by the electrodes. This is a more generic
contact configuration for the study of transport in multi-
layer systems. Consequently, we were able to reveal the
transport properties of each wall within a MWNT.

Our experimental setup is shown in Figs. 1(a) and 1(b).
A MWNT is end contacted and free standing in high
vacuum (10~3 Torr), inside a high-resolution transmission
electron microscope (HRTEM) equipped with a scanning
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tunneling microscopy (STM) probe. In such an arrange-
ment, atomic-scale imaging and /-V measurements were
carried out concurrently for the first time. Figure 1(b)
shows a MWNT grown on a carbon fiber by chemical
vapor deposition. A contact was made on the left between
a STM probe (not shown) and the nanotube tip by the
deposition of amorphous carbon using electron beam ra-
diation. When applying a bias of about 2 V, the catalyst
particle on the nanotube tip is molten and moves rapidly
toward the STM probe. The encapsulated nanotube tip is
broken after the catalyst particle passes through, leaving
each wall being contacted by the amorphous carbon or the
STM probe. On the other end of the nanotube, each wall is
contacted to the carbon fiber because of the tip growth
mechanism [17].

The electronic properties of each wall are probed using
the electric breakdown method [15,16]. When passing a
current of 240 wA, breakdown occurs at the midpoint of
the nanotube, resulting in the formation of a clean six-wall
nanotube segment, which was eliminated wall-by-wall by
electric breakdown. The loss of one wall under a constant
bias of 3 V results in an instant current drop, as shown in
Fig. 1(c). The current drops are approximately 13, 17, 25,
and 31 pA for the 6th, 5th, 4th, and 3rd wall breakdown
(the innermost wall is labeled as the first wall), respec-
tively. The sequential wall-by-wall breakdown was re-
corded by HRTEM in our experiments. Figure 2 shows
clearly that one wall is removed after each current drop,
and each wall is removed sequentially from the outermost
wall (6th) to the innermost wall (2nd). HRTEM indicates
that the breakdown eventually results in the formation of
either a double-wall nanotube or a SWNT junction.
Remarkably, HRTEM detects that each breakdown is ini-
tiated in the middle of the nanotube, not at the contact
(Figs. 2-4, [18]).

© 2005 The American Physical Society
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FIG. 1 (color online). (a) and (b) show that a MWNT grown on
a carbon fiber was side contacted by a STM probe, which is
further attached to a piezomanipulator. The carbon fiber is glued
to a gold wire. The MWNT in (b) has a catalyst particle on the
tip. The frame in (b) indicates the location of the breakdown.
(¢) The current-time (/-t) curve of the breakdown of the MWNT
shown in panel (b) and Fig 2. The numbers below the plateau
indicate the total wall number. (d) I-V plots of the MWNT
shown in Fig. 2. 6 T, ..., 2 T denote the total number of walls
being 6, ..., 2, respectively.

Intuitively, the wall-by-wall breakdown may occur se-
quentially from the outer to innermost walls. Surprisingly,
our HRTEM reveals that this (Fig. 2) is only one of the
three possible burning patterns. The breakdown can pro-
ceed alternatively between the outer and the inner walls.
Figure 3 shows the breakdown of a five-wall nanotube.
Initially, a hole is formed on the surface of the outermost
wall [Fig. 3(a), [18] ]. After 5 min, the entire wall is broken
with the residue shown in Fig. 3(b). This triggers a current

drop of 8 wA [Fig. 3(e)]. Surprisingly, the next breakdown
occurs from the innermost wall [Fig. 3(c)]. Remarkably,
we found a large current drop of 24 © A once the inner wall
is broken, proving unambiguously that the inner wall is
carrying a significant amount of current. The third break-
down also occurs from the inside [Fig. 3(d)], causing
another 24 wA current drop. It should be noted that all

FIG. 2. Sequential HRTEM images showing that the six-wall
nanotube is removed wall-by-wall from the outermost wall (a) to
the innermost wall (e). The numbers indicate the total number of
walls. The arrows mark kinks. The arrowheads denote the
residue of the 4th and the 3rd walls after breakdown.
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the breakdowns are initiated in the middle of the clean
MWNT segment.

Figure 4 presents the third observed behavior in which
the breakdown takes place sequentially from the innermost
wall (1st) to the outermost wall (4th), completely reversing
the burning sequences observed in the nanotube shown in
Fig. 2, until a SWNT is formed. The current drops are 6, 12,
and 14 pA for the 1st, 2nd, and 3rd wall breakdown
[Fig. 4(f)], respectively. It is interesting to note the inter-
play between the wall-diameter dependence of the current
drop and the breakdown sequence. Figure 4 shows that the

100

5 4 3 2
80
60 8uA R I WA
~r
= 40
20 24 A
13 pA+
0 £
eo 200 800 1200 1600

t(S)

FIG. 3 (color online). A MWNT breaking in a sequence alter-
natively between the outermost wall and innermost wall. The
numbers mark the number of walls in the broken segments. The
arrowheads denote the breaking locations. The vertical arrows
in (e) mark the current drop when a wall is removed. The
outermost wall opens a hole (a) and breaks completely (b).
The innermost wall is broken (c), and the second innermost
wall is broken (d). (e) The I-f curve.

amount of current drop increases with increasing wall
diameter, consistent with the results of Bourlon et al.
[19], but opposite to what is shown in Fig. 2, where the
breakdown starts from the outmost wall.

We now turn to the transport properties for the MWNT
displayed in Fig. 2. The I-V curves [Fig. 1(d)] maintain
a similar profile following each breakdown: at low bias,
they are linear, suggesting that the transport and the con-
tacts are Ohmic. The resistances extracted from the linear
I-V curve vary from 21 kQ for 6 T to 108 k() for 2 T
at room temperature. The resistivities vary from 788 to
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FIG. 4 (color online). The four walls of the MWNT in (a) are
sequentially removed from the innermost to the outermost wall
[(b) to (d)]. (e) The residue of the four broken walls. (f) The I-¢
curve. The numbers mark the total number of walls in the broken
segments. The arrowheads denote the breaking locations. The
vertical arrows in (f) mark the current drop when one wall is
removed.
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1345 ©€Q) cm, which is comparable to that reported by Dai
et al. [20]. At higher bias, the I-V curves become non-
linear. However, up to the breakdown voltage of 3 V, we did
not observe apparent current saturation as reported by
others [15,16,19,21]. The current saturation has been at-
tributed to backscattering by optical phonons [21] and
interband Zener tunneling [19]. And it is pushed to higher
voltages in our large diameter MWNTs because of the
change in the phonon spectrum and the relatively short
tube length (about 200 nm).

We now turn our focus to the breakdown mechanism.
The observation (Figs. 2—4) that the breakdown is initiated
in the middle of the nanotube (not in the contacts) indicates
that it is caused by resistive heating. This is also supported
by the defect generation and migration along the nano-
tubes. Typical defects observed are kinks (Fig. 2), holes
[18], and sliding between different walls [18]. These are
apparently heat-stimulated imperfections. From the lattice
spacing of 4 A, we estimate that the temperature in the
middle of nanotube is between 2000 and 3000 °C at the
breakdown voltage of 3 V. From the Fourier law, the
middle section of the nanotube is the hottest spot; therefore
it is not difficult to understand that the breakdown occurs in
the middle of the nanotube, starting either from the outer-
most wall or from the innermost wall.

These observations naturally imply that the transport in
the MWNTs is not ballistic and that significant scattering
occurs as carriers traverse the length of the nanotubes. To
this end, an estimate of the carrier mean free path (Ayg) is
useful. From the Einstein relation, the conductance is given
by G = (mdm/L)e’Dv, where d is the averaged tube
diameter, m is the number of walls, L is the length of the
nanotube between the end contacts, D = VpAyg/2 is the
diffusion constant, and v = 2AE/m(hVy)? is the density of
states, where V. is the Fermi velocity and AE is the energy
measured from the Fermi level which we replace with the
thermal energy kzT at room temperature. The mean free
path is thus given by 1/Ayg = 7dmpGy(kgT/hVE), with
p = R/L the resistance per unit length and G, = 2¢%/h =
1/(13 kQ). Using the experimental values m = 6, R =
20 kQ, d = 12 nm, and the length of the nanotube L =
200 nm, we obtain an averaged Ay = 13 nm, which
agrees excellently with that reported by Javey et al. [22].
Since the averaged mean free path is much shorter than the
length of the nanotube, the transport is diffusive and elec-
tron heating is unavoidable at large bias and power input.
Although we observed defect generation and migration in
the nanotube walls under high bias conditions, and the
breakdown might be initiated from the defect site, the
defects were found to emerge and then disappear from
anywhere in the nanotube randomly; therefore, this cannot
account for our results that the breakdown always starts
from the middle of the nanotube. We conclude that the
middle part of the nanotube is the hottest spot, and the
transport in our nanotube is diffusive rather than ballistic.
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