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ABSTRACT We report on a novel method for local control of shell engineering in mul-
tiwalled carbon nanotubes (MWNTs) using Joule-heating induced electric breakdown.
By modulating the heat dissipation along a nanotube, we can confine its thinning and
shell breakdown to occur within localized regions of peak temperatures, which are dis-
tributed over one-half of the NT length. The modulation is achieved by using suitably
designed nanomachined heat sinks with different degrees of thermal coupling at dif-
ferent parts of a current-carrying nanotube. The location of electric breakdown occurs
precisely at the regions of high temperatures predicted by the classical finite-element
model of Joule heating in the MWNT. The experiments herein provide new insight into
the electric breakdown mechanism and prove unambiguously that shell removal oc-
curs due to thermal stress, underpinning the diffusive nature of MWNTs. The method
demonstrated here has the potential to be a powerful tool in realizing MWNT bear-
ings with complex architectures for use in integrated nanoelectromechanical systems
(NEMS). In addition, the breakdown current and power in the nanotubes are signifi-
cantly higher than those observed in nanotubes without heat removal via additional
heat sinks. This indicates future avenues for enhancing the performance of MWNTs
in electrical interconnect and nanoelectronic applications.

PACS 73.63.Fg; 65.80.+n

1 Introduction

Current driven electric break-
down of individual carbon shells [1–7]
is a powerful method for modifying the
as-synthesized closed cap nested shell
structure of multiwalled carbon nano-
tubes (MWNTs). In this method, the
thermal stress caused by Joule heating
of current-carrying nanotubes is used to
initiate defects in the nanotube struc-
ture and vaporize individual shells with
an accompanied reduction in nanotube
conductance. The capability of engin-
eering nanotube geometry is expected to
find applications in the next-generation
of nanoelectromechanical systems. For
instance, nanotube linear and rotary
bearings [8–11] constructed by current

� Fax: +41-44-632-1078, E-mail: bnelson@ethz.ch

driven breakdown can be used to realize
nanoactuators [12–14], nanoswitches/
memories [15–17] and GHz oscilla-
tors [18–21]. In addition, permanent
modification of shell geometry has been
demonstrated as a suitable technique to
tailor electrical properties for nanoelec-
tronic applications [1].

Precise control over breakdown lo-
cation and NT shell architecture is an
important requirement for these ap-
plications. In previous reports, shell
structuring has been performed by con-
necting the nanotubes to metallic con-
tacts at their distal ends and driving
currents [1, 2, 4, 13, 15]. With the elec-
trical and phonon transport through
MWNTs being diffusive at length scales
on the order of a hundred nanometers,

Joule-heating induces peak tempera-
tures at nanotube mid-lengths and re-
sults in the loss of carbon atoms in the
outer shells of these regions between the
contacting electrodes. However, with
this simple two-electrode configuration,
the temperature distribution along the
nanotube will always result in shell
breakdown at nanotube mid-lengths.
Presently, we demonstrate a novel ap-
proach to precisely alter, control or
restrict the region over which shell
structuring occurs. This is achieved by
modifying the heat dissipation along the
length of a current-carrying nanotube
in order to controllably create localized
regions of high nanotube temperatures
within which shell removal occurs.

2 Results

In our electric breakdown ex-
periments, we employ MWNT nano-
structures where the nanotube is sand-
wiched between two layers of metal at
its distal ends. These metallic contacts at
the distal ends serve as the biasing elec-
trodes and by driving currents beyond
the shell breakdown threshold, we etch
the NT shells starting from the outer-
most and proceeding towards the inner
ones. Because shell removal is driven
by Joule-heating induced structural de-
fects such as kinks or holes [3] and cur-
rent transport through MWNTs at length
scales of the order of a hundred nanome-
ters is diffusive [3, 6], shell removal is
centered about the mid-point of the sus-
pended nanotubes. This is schematically
illustrated in Fig. 1a and an SEM image
of a shell structured nanotube is shown
in Fig. 1b. This shell structure is similar
to the thinning observed in previously
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FIGURE 1 Shell engineering results with a comparison between shell architectures arising from dif-
ferent nanostructure designs. (a) Schematic illustration of a MWNT without metallic heat sinks. (b)
SEM image of electric breakdown at NT mid-lengths in such nanostructures. (c) Illustration of a MWNT
nanostructure with two additional heat sinks and its electrode wiring scheme. (d–f) SEM images of
nanostructures, of the type shown in panel (c), after electric breakdown. It can be clearly seen that the
thinning is predominantly confined to one half of the NTs (on the side containing the single-layer heat
sink). The images are taken at a stage tilt of 40◦. Images in inset of panels (d) and (e) show the top-view
of the NTs. The inset in panel (f) shows the top-view of the heat sink region at a higher magnification
so that the changes in NT diameter can be clearly seen. (g–h) SEM images of a few more NTs showing
localized thinning. (i) Typical nanoelectrode array design

reported two-electrode current-driven
breakdown experiments.

We find that we can controllably al-
ter this mid-length electric breakdown
in MWNTs and restrict its occurrence
predominantly over one half of the NT

by introducing additional, spatially sep-
arated metallic layers in contact with the
current-carrying nanotube. Figure 1c il-
lustrates a nanotube in contact with two
additional metallic regions that are sit-
uated between the biasing electrodes.

The additional metallic regions are held
at a floating potential and serve as heat
sinks that remove the Joule heat gener-
ated in NTs. One of these heat sinks is
comprised of two layers of metal that
sandwich the nanotube and has a con-
tact area that is greater than at least
half of the nanotube’s surface area. The
other heat sink has only one layer of
metal underneath the NT and due to
the cylindrical NT surface, makes only
a line contact with the NT on top of
it. Since the thermal contact resistance
and removal of Joule heat generated in
the NTs through these metallic contacts
is dependant on the contact area, we
find that heat dissipation is higher at
the two-layer heat sink as compared to
the single-layer heat sink. This results
in a non-uniform temperature profile
along the NT length with higher tem-
peratures in the half of the NT that is
in contact with the single layer heat
sink. A direct consequence of such
a temperature distribution is that the
Joule heating induced electric break-
down occurs predominantly in this half
of the NT. SEM images of nanotubes
where such location-controlled thinning
occurs are shown in Fig. 1d–h. In these
images, substantial shell removal occurs
in the region spanning the red arrow-
heads. It can be seen that the region of
thinning is confined to only one half of
the nanotube that is in contact with the
single-layer heat sink. Further analysis
of the length of thinning and its causes
is provided in Sect. 3.3.

Another aspect of our method is its
suitability for batch fabrication. The
nanofabrication procedure employed to
realize the nanostructures starts with
the definition of lower electrodes and
heat sinks (15 nm Cr/45 nm Au) on top
of a silicon chip covered with an in-
sulating 500 nm oxide film. This layer
is defined using electron beam litho-
graphic patterning of a bi-layer resist
(of P(MAA)/PMMA), which is fol-
lowed by metal deposition and lift-off.
Next, MWNT arrays are assembled on
the nanoelectrodes using composite-
field dielectrophoresis [22, 23]. The top
metal layer is then defined using elec-
tron beam lithography. Finally, the shell
structuring of NTs is carried out using
the electric breakdown technique in air
and the results are investigated using
SEM imaging. An image of the nanos-
tructure array design in shown in Fig. 1i.
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3 Discussion

3.1 Thermal analysis

In this sub-section, we present
the results from finite-element simula-
tions of the temperature distribution cre-
ated in a current-carrying MWNT with
a nanostructure of this type shown in
Fig. 1c. This analysis focuses on the im-
pact of the metallic heat sink design on
heat removal from the nanotube and the
resulting temperature distribution along
its length.

Recent studies using electrostatic
microscopy [24] and scanning thermal
microscopy [25] revealed that MWNTs
arediffusiveheatconductors.Other stud-
ies showed the same classical nature by
utilizing the 3-omega method [26, 27].
These studies provide insight on meso-
scopic energy carrier transport in nano-
tubes, indicating that the classical ap-
proach is valid for obtaining the tem-
perature distribution of the MWNTs

FIGURE 2 Impact of heat removal via additional heat sinks on the temperature distribution along
a NT. (a) Contour plot of the steady state temperature distribution along the NT length computed using
a finite-element heat transfer model. (b) The NT temperature as function of length is plotted at different
time intervals after the application of the biasing current. It can be seen that the MWNT nanostructure
attains thermal equilibrium for an applied external bias after approximately 500 ps. The black lines are
shown to indicate the corresponding regions of the nanostructure in panel (a)

subjected to Joule heating. Therefore, in
this study we employed the classical fi-
nite element method using a commercial
software package (CFD-ACE) to find
the temperature distribution along a sin-
gle MWNT that has the same configura-
tion shown in Fig. 1c. For simplicity, the
MWNT is modeled to have a 20 nm wide
square cross-section without changing
the physics of the problem. The ther-
mal contact resistance between the NT
and lower metal electrode is assumed
to be 3 ×107 K/W, which is based on
experimental results reported in [28].
A fictitious layer 4 nm thick is inserted
at the contact, giving rise to a thermal
resistance load. The ratio of the con-
tact areas at the upper and lower layer
is set at 10π by assuming the top half
of the periphery of the NT is covered
by the upper metal layer and the lower
metal contact width is 1 nm (a line con-
tact). The steady-state temperature pro-
file and transient temperature evolution

are shown in Fig. 2a–b. Contrary to the
two electrode configuration (Fig. 1a),
the profile shows an asymmetrical char-
acteristic. This is due to an imbalance
in the contact thermal load. The high
temperature region in the central area co-
incideswith the thinnedpatternas shown
in Fig. 1e–f. The temperature difference
of about 200 K is large enough to induce
defect formations in a selective man-
ner at the critical (threshold) condition,
which is strong evidence of the diffusive
nature of MWNTs.

3.2 Equivalent electrical circuit
and Joule heat generation
analysis

In this section, we provide
a qualitative analysis of the equivalent
electrical circuit and Joule heat gener-
ation along the length of the MWNT
nanostructure (Fig. 1c) used in our ex-
periments. As a first step, we estimate
the electrical contact resistance at the
two biasing electrodes and the aver-
age resistivity of our MWNTs. This is
obtained by measuring the circuit re-
sistance across two arrays of MWNTs
with different lengths between biasing
electrodes in a two electrode configura-
tion (of the type shown in Fig. 1a). The
equivalent electrical circuit across a sin-
gle MWNT bridging two electrodes is
shown in Fig. 3a. In array 1, the length of
the MWNT between biasing electrodes
was 340 nm and the measured circuit
resistance, at 1.50 V, across 10 nano-
tubes in parallel was 1.22 kΩ (1.50 V/

1.23 mA). In array 2, the length of
the MWNT between biasing electrodes
was 240 nm and the measured electri-
cal circuit resistance across 11 nano-
tubes in parallel was 1.00 kΩ (1.50 V/

1.50 mA). The average resistance across
a single nanotube, which is computed as
the total array circuit resistance multi-
plied by the number of nanotubes in the
array, can be expressed using the equa-
tion

Rave = 2Rc,be + �l

A
, (1)

where Rc,be, �, l and A represent the
average contact resistance at the bi-
asing electrode, nanotube resistivity,
length, and cross-sectional area, re-
spectively. From the measured values
of Rave in arrays 1 and 2, we ob-
tain Rc,be(Rc,be = (Rave,2l1−Rave,1 l2)

2(l1−l2)
) to be
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FIGURE 3 Electrical circuit and Joule heat generation analysis. (a) Equivalent electrical circuit across
a NT suspended across two biasing electrodes. The nanostructure is shown on top while the correspond-
ing circuit is shown in the bottom of this panel. (b) Equivalent electrical circuit across a NT which is
connected to additional heat sinks separate from the biasing electrodes at its distal ends. In this image,
the volumetric Joule heat generation (as a function of the value in suspended NT segments, P0) is also
indicated with white arrows at different segments of the nanotube. (c–d) Equivalent electrical circuit at
the single and bi-layer heat sinks, respectively

4.1 kΩ. The nanotube cross-sectional
area A is computed as π(d2

0 − d2
i )/4

using outer and inner diameter values of
20 and 4 nm, respectively. The nanotube
resistivity � can be further obtained to
be 3.6 µΩ m. It is important to note that
our measurements of MWNT resistivity
lie within the range of values previously
reported in [29, 30].

The nanostructure used for location
controlled shell engineering consists of
seven resistances in series, as shown in
Fig. 3b, and the circuit resistance across
such a nanostructure is given by

Rcircuit = 2Rc,be + RNT,s1 + RNT,s2

+ RNT,s3 + Rhs1 + Rhs2 , (2)

where Rc,be represents the contact re-
sistance at the two biasing electrodes,
while RNT,s1,RNT,s2 and RNT,s3 represent
the intrinsic resistances of nanotube seg-
ments that are suspended in air (Fig. 3b).
Rhs1 and Rhs2 denote the effective re-
sistance offered by the single-layer and
bi-layer heat sink regions, respectively.
It is important to note that, with the
nanotube source material and biasing
electrode designs remaining the same,
the average contact resistance at bias-
ing electrodes and NT resistivity will be
the same for nanostructures of the type
shown in Fig. 3a and b.

Each of the metallic heat sink re-
gions is comprised of the NT in par-
allel with the gold pads, as shown in
Fig. 3c–d. From the resistivity value of

2.2 µΩ cm for gold, we compute the
gold pad resistances to be ∼ 8.5 mΩ and
17 mΩ at the single and bi-layer heat
sinks, respectively. Since this is several
orders of magnitude lower than the con-
tact resistances at heat sinks, it can be
neglected. The NT currents at the sin-
gle (INT,hs1) and bi-layer (INT,hs2) heat
sinks can then be expressed in terms of
the current in NT segments that are sus-
pended in air (I0) as

INT,hs1 = 2Rc,hs1

2Rc,hs1 + RNT,hs1
I0 (3)

INT,hs2 = 2Rc,hs2

2Rc,hs2 + RNT,hs2
I0 , (4)

where Rc,hs1 and Rc,hs2 denote the con-
tact resistances at the single and bi-
layer heat sinks respectively. RNT,hs1 and
RNT,hs2 represent the intrinsic NT resis-
tances in the single and bi-layer heat
sinks, respectively. Even though the bi-
layer heat sink has two layers of metal
sandwiching the NT, the length of NT-
metal contact at the bi-layer heat sink
is much smaller than that at the bi-
asing electrodes (NT overlap lengths
at the biasing electrodes is ∼ 0.5 to
2 µm, while it is only 135 nm at the
heat sinks). In addition, with only one
layer of metal underneath the NT, the
area of NT–metal contact in the single
layer heat sink is smaller than that in the
bi-layer heat sink. Since contact resis-
tance increases with decreasing contact

area [31], we can write

Rc,hs1 ≥ Rc,hs2 ≥ Rc,be = 4.1 kΩ . (5)

From (3–5) and by substituting the value
of RNT,hs2, which is computed using the
known values for NT resistivity and
length, we obtain

INT,hs1 ≥ INT,hs2 ≥ 0.84 I0 . (6)

It is important to note that the volumet-
ric power generation, which is defined
as the Joule heat generated per unit vol-
ume, is proportional to the square of the
current. Thus, from (6), we can compute
the volumetric power generation within
the NTs in the single layer (PNT,hs1) and
bi-layer heat sinks (PNT,hs2) as

PNT,hs1 ≥ PNT,hs2 ≥ 0.7 P0 . (7)

Equation (7) shows that the volumetric
Joule heat generation within the NT in
the single layer heat sink is more than
that generated within the NT in the bi-
layer heat sink. As a result, the half of
the NT that lies in the bi-layer heat sink
experiences less heat generation as com-
pared to the other half which lies in the
single layer heat sink. This non-uniform
power generation within the nanotube
is expected to further increase the tem-
perature difference between the single
and bi-layer segments beyond that com-
puted in Fig. 2a–b, where it was as-
sumed that the power density along the
nanotube remained constant. This Joule
heat distribution at different segments
of the nanotube is also highlighted in
Fig. 3b.

3.3 Electrical measurements

In this section, we present the
electric breakdown measurements for
engineering an array of 13 NTs with
heat sinks as illustrated in Fig. 1c. For
the shell structuring process, the pri-
mary objective is to remove at least
5 outer shells in each nanotube. This
has been shown to provide structures
suitable for operation as nanobearings
with low friction [13] and also results
in structures where the thinning is large
enough to be observed with SEM imag-
ing. We find that the threshold voltage
for removing these outer shells in each
NT of the array is spread over a range
(VTH, min to VTH, max), which we refer
to as the ‘array breakdown spectrum’.
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FIGURE 4 Electric breakdown meas-
urements (a) I–V plots during the suc-
cessive biasing cycles. The increasing
threshold voltages required as the etching
of shells progresses from the outermost
to inner ones can be seen here. (b) The
evolution of current I0 (defined as current
at Vmax for each cycle in panel (a)) with
successive biasing cycles can be seen in
this plot. The voltage values given in the
legend indicate the Vmax value for that
cycle

There are two reasons for this spread in
breakdown voltages: the threshold volt-
age for vaporizing shells within a single
nanotube increases from the outer to
inner shells [31], and also the voltage
for electric breakdown is likely to vary
slightly from one NT to the other in the
array due to possible variations in nano-
tube properties.

An important requirement for real-
izing partial thinning of NTs is to pre-
cisely determine this array breakdown
spectrum. This is because, if the ap-
plied bias is far higher than the break-
down range, it results in a catastrophic
breakdown of all NT shells in a sin-
gle step. In order to prevent this fail-
ure mode, our biasing approach involves
applying repeated voltage sweeps from
0 to Vmax, where the starting value for
Vmax is very low (typically, 1.5 V). We
refer to these individual sweeps from
0 to Vmax as a ‘biasing cycle’ or sim-
ply ‘cycle’. The shell removal in NTs
is monitored using the current I0, de-
fined as the current at Vmax, during suc-
cessive cycles. We increase the value of
Vmax by 10 mV during subsequent cy-
cles until the initiation of shell break-
down in the array. After the initiation
of shell breakdown in the NT array, in-
dicated by a reducing value of I0 be-
tween successive cycles, we keep the
value of Vmax constant during successive
cycles. After the removal of all shells
corresponding to Vmax, the value of I0 is
found to stabilize and we subsequently
increase the value of Vmax by 10 mV in
the next cycle in order to remove the
next set of inner shells with a higher
breakdown threshold. This process is re-
peated until the value of I0 in the last
cycle is approximately 70% of I0 be-
fore the initiation of breakdown in nano-
tubes. From more than 25 experiments
involving electric breakdown in single
NTs and NT arrays, we find that this is
an appropriate termination point which

results in the breakdown of at least five
outer shells.

For the array of the 13 NTs under
discussion, the breakdown spectrum
was found to occur over the 2.9 to 3.2 V
range and the shell engineering process
required 33 biasing cycles. The I–V
plots during these 33 cycles are shown
in Fig. 4a. Reducing currents with suc-
cessive cycles due to the vaporization of
NT shells can be discerned from these
plots. Another important attribute that
can be observed in these plots is that
the voltage required for removing the
inner shells is higher than that for the
outermost NT shells. The value of I0

(defined as current at Vmax), which is
used to monitor the breakdown process,
is shown as a function of the biasing
cycles in Fig. 4b. It can be seen that I0

decreases from 3.19 mA at the start of
shell breakdown (in cycle # 1 with Vmax

of 2.9 V) to 2.08 mA at the termination
of breakdown (in cycle # 33 with Vmax

of 3.2 V). We found that 11 of the 13
NTs in this array showed appreciable
thinning, which was confined predom-
inantly in the half-segment comprising
the single layer heat sink. The break-
down in the remaining two NTs could
not be discerned within the resolution
limits of SEM imaging.

The electric breakdown measure-
ments also provide important insights
into the impact of Joule heat removal
via metallic heat sinks on MWNT cur-
rent transport and electric breakdown

Array configuration Two biasing contacts, Two biasing contacts,
no heat sinks (Fig. 1a) two heat sinks (Fig. 1c)

No. of nanotubes (n) 10 13
Length of nanotubes (L) 340 nm 620 nm
Breakdown spectrum (VTH, min to VTH, max) 2.3 to 2.4 V 2.9 V to 3.2 V
Average breakdown current (ITH, ave = ITH/n) 192.8 µA (1.92 mA/10) 245 µA (3.19 mA/13)
Breakdown power (I2

TH, ave Rave) 150.7 µW 384.4 µW

TABLE 1 Comparison of current transport and electric breakdown between MWNT nanostructures
with and without heat removal via metallic heat sinks

properties. Table 1 provides a compar-
ison between two MWNT arrays. One
array consists of 10 NTs with a structure
similar to Fig. 1a where there are no heat
sinks along the NT length. The second
array involves 13 NTs with heat sinks
along their lengths as shown Fig. 1c. It is
important to note that this second array
is the same as the one previously dis-
cussed in Fig. 4a–b. As listed in Table 1,
the nanotubes in the array with heat
sinks are longer than those in the array
without heat sinks (620 nm vs. 340 nm).
In the absence of heat sinks, the nano-
tubes can be considered as cylindrical
elements with heat dissipation occur-
ring primarily via contacts at their ends.
In this case, the Joule heating tempera-
ture (T ) will be directly proportional
to both the power generated (P) and
the nanotube length (L). With the nano-
tube resistance and power being pro-
portional to its length, T will vary as
L2. Hence, for the same current lev-
els, Joule heating is expected to increase
with increasing nanotube lengths. Since
shell structuring is caused primarily by
Joule heating, both the threshold break-
down current and power are expected to
decrease with increasing lengths. This
argument is also supported by the previ-
ous modeling and experimental results
reported in [5, 32, 33].

However, we find that the average
shell breakdown current and power are
higher for the array with longer nano-
tubes as compared to those for the ar-
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FIGURE 5 Electric breakdown
measurements for a single NT device.
(a) I–V plots during the succes-
sive biasing cycles. (b) The evolution
of current I0 (defined as current at
−Vmax for each cycle in panel (a))
with successive biasing cycles can be
seen in this plot. The voltage values
given in the legend indicate the Vmax
value for that cycle

ray with shorter nanotubes. For the ar-
ray with 340 nm long NTs, the average
breakdown current and power were ob-
served to be 192 µA and 150 µW, re-
spectively. In the case of the second
array with 620 nm NTs, the average
breakdown current increases by 22% (to
245 µA), while the power capacity is
enhanced by 156% (to 384 µW). We be-
lieve that this improvement in MWNT
current transport and power capacities
is caused by the enhanced Joule heat re-
moval in nanostructures with additional
heat sinks. Thus, these results unam-
biguously prove that electric breakdown
in MWNTs is caused by thermal stresses
and can be pushed to a higher threshold
by effective removal of Joule heat gener-
ated in current carrying nanotubes. This
mechanism is expected to provide effi-
ciencies in the performance of MWNTs
for electrical interconnect and nanoelec-
tronics applications.

Finally, it is interesting to note the
length of the nanotube over which thin-
ning occurs in our nanostructures. In
most nanotubes, the outermost shells
are removed over a region that starts in
the segment between the two heat sinks
and terminates near the biasing elec-
trode that is close to the single layer
heat sink. This structure is schemati-
cally illustrated in Fig. 1c and can also
be seen in the SEM images of Fig. 1e.
However, in a few NTs, we find that,
though the thinning occurs predomin-
antly over the single-layer heat sink half
of the nanotube, the nanotube thinning
directly on top of the single layer heat
sink is lower than that in the regions
that are suspended in air (Fig. 1d). We
believe that this is caused by the in-
creased contact area between the NT
and the single-layer heat sink (due to
local deformation of the tube by van der
Waals forces), resulting in lower elec-
trical and thermal contact resistances.
This will result in lower Joule heat gen-

eration in the nanotube directly over the
single-layer heat sink and reduce tem-
peratures as well as shell removal as
compared to the segments suspended
in air.

4 Conclusion

We have presented a novel
approach for local control of electric
breakdown in MWNTs. Precise con-
trol over the shell removal location is
achieved by using suitably designed
metallic heat sinks with different de-
grees of coupling to the current car-
rying nanotube. This is an important
capability that will find applications
in nanotube shell engineering for use
as nanobearings in the next generation
of nanoelectromechanical systems. The
demonstration of this nanofabrication
technique with arrays of MWNTs and
its suitability for integration with con-
ventional silicon micro/nanomachining
processes further enhances the signifi-
cance of these results. Another attribute
of these structures is the significant
improvements in MWNT current and
power carrying capacity achieved by ef-
ficient Joule heat dissipation. These are
important metrics that are expected to
have an impact on the use of MWNTs
for electrical interconnect and nanoelec-
tronic applications.

ACKNOWLEDGEMENTS The au-
thors thank Dr. H. Sehr and the clean room staff
of the laboratory for micro and nanotechnology
at the Paul Scherrer Institute (PSI), Villigen,
Switzerland for providing oxidized silicon wafers
that were used as substrates in the experiments.

Appendix: Electric breakdown
measurements for a single device

In this section, we provide the electric
breakdown measurements for a single
MWNT nanostructure with heat sinks as

illustrated in Fig. 1c of the main text. In
this experiment, we sweep the voltage
from –Vmax to +Vmax in 10 mV incre-
ments and 100 µs time-steps in a ‘bias-
ing cycle’. For each cycle, I0 is defined
as the magnitude of current at –Vmax.
For each Vmax, the biasing cycle is re-
peated several times until there is no fur-
ther shell breakdown at that voltage. For
the nanotube in this experiment, shell
breakdown was initiated at 2.8 V and
we repeated the biasing cycles until the
value of I0 was approximately 70% of
I0 before the initiation of breakdown.
Assuming the biasing electrode contact
resistance to be the same as the average
value computed in Sect. 3.2 (which is
justified since the nanotube source ma-
terial and the biasing electrode designs
remain the same), the NT breakdown
power is computed to be 408.4 µW. The
I-V plots during the engineering of this
nanotube are shown in Fig. 5(a) and the
evolution of current I0 with the succes-
sive biasing cycles is shown in Fig. 5(b).
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