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Abstract—High-current carrying capacity and superior ther-
mal conductivity have made multiwall carbon nanotubes
(MWCNTs) a material for next-generation interconnects. Its
distinct electrical and thermal properties result in various phys-
ical phenomenon, interaction among which give rise to unique
electro-thermal transport. The interaction aggravates in pres-
ence of high-electric fields, which generally occur under ESD
conditions. In this paper, we present detailed investigation of
electro-thermal transport through MWCNTs under ESD condi-
tions. The role of the substrate, MWCNT shells, and sub-bands
in ESD current conduction is highlighted, while considering
two device architectures—suspended and dielectric-supported
MWCNTs. The quantum electron–phonon transport under non-
equilibrium (ESD) conditions is explained using CNT band
structure and interplay between electrical and thermal trans-
port along the nanotube. The investigation highlights the role of
the dielectric substrate in mitigating the detrimental effects of
ESD stress. A strong dependence of failure current on metal-
MWCNT contact resistance is revealed. The overall breakdown
mechanism is found to follow Wunsch–Bell model, indicating a
direct scaling between the rate of oxidation of MWCNT shells
and injected power.

Index Terms—MWCNT, interconnects, ESD, reliability,
electro-thermal transport.

I. INTRODUCTION

EXTRAORDINARY high electrical mobility and thermal
conductivity of multiwall carbon nanotubes (MWCNTs)

have made them a possible replacements of future intercon-
nects [1], [2]. Their benefits include high current carrying
capacity, resistance to electro-migration, high thermal con-
ductivity and high strength due to strong sp2 bonds between
carbon atoms [3]. Conduction of current densities as high
as 109A across a cross-sectional area of 1 cm2 have been
reported [4], which is two orders of magnitude higher than
that of conventional metal interconnects. This emerging mate-
rial has attracted promising inputs and developments from
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almost all corners of the fraternity. Compact models [5], var-
ious reliability theories [6] and fabrication processes [7] are
already available. In spite of various lucrative features, the
potential reliability issues like ESD cannot be avoided. A typ-
ical ESD event causes co-existence of high current densities
and high electric fields at elevated temperatures, which can ini-
tiate catastrophic events like oxidation of carbon shells [8], [9]
or electro-migration [10] of metal contacts. These events arise
due to field-assisted increase in electron-lattice scattering and
consequent rise in phonon population. According to scatter-
ing model of electrons and phonons, the presence of high
electric fields under ESD conditions populate the MWCNT
channel with high-energy and slow decaying optical phonons.
The consequent rise in local population of out-of-equilibrium
phonons, leading to formation of hot-spot, equilibrate by emit-
ting acoustic phonons. The resultant rise in thermal energy
spreads in the entire system in a time duration decided by ther-
mal diffusion time of the MWCNT. For a typical micron long
MWCNT, this time duration corresponds to few tens of nano-
seconds [11]. Since a typical ESD event also lasts for a similar
duration, therefore thermal transport is expected to cause tran-
sient changes in conduction of ESD current, which can be
revealed by time-resolved investigations. Such investigations
are vital to the understanding of electro-thermal transport dur-
ing an ESD event. In this work, we report the ESD-induced
electro-thermal effects in MWCNT interconnects and their
dependence on various device parameters.

II. DEVICE FABRICATION AND MEASUREMENT SETUP

MWCNTs used in this work were grown by thermal CVD
of ferrocene and toluene at a temperature of 850oC [8].
Post growth tubes were deposited through the process of
dielectrophoresis, which involves use of AC signal to align
MWCNTs suspended in organic solvent, across metal elec-
trodes [7], [12]. An AC signal of 10 Vpp and 10 MHz
was applied across the pair of metal electrodes with various
channel lengths. Electrodes used here consists of a stack of
chrome-palladium on SiO2, pre-patterned using electron-beam
lithography. Post-dielectrophoresis, the devices were properly
cleaned with acetone/IPA, followed by dehydration bake at
250oC to remove any organic contamination. This deposi-
tion technique was selected as it results in side-contacted
tubes. Such a contact is best suited for investigating current
conduction mechanism through individual shells as only the
outermost shell is electrically and physically connected to the
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Fig. 1. (a) Experimental setup for emulating ESD stress through MWCNTs.
All cables and ports are 50 � matched, and the system operates at a band-
width of 4 GHz. (b) Analysis technique: low-bias (500 mV) DC current
is measured after each pulse, while the response towards pulse-voltage is
averaged in a window from 70% to 90% of the pulse width. (c) TLP charac-
teristic of an SMD resistor. The curve shows linear behavior in both sub-mA
and mA range. Schematic of suspended MWCNT (d) and dielectric-supported
MWCNT (e) used in this work.

metal contact, while the inner-shells participate in conduction
via inter-shell tunneling. Two different configurations of side-
contacted tubes were selected for TLP measurements (1) short
suspended tubes (2) long dielectric-supported tubes. The for-
mer configuration does not contact the substrate, while a major
fraction of the length of latter configuration rests on the dielec-
tric substrate. ESD investigations were performed using a
TLP setup with ultra-low current (∼50 μA) sensing capabil-
ity (figure 1). Low current was sensed by using - 1) inductive
current sensor with sensitivity of 5 mV/mA; 2) mixed-domain
oscilloscope with resolution of 1 mV/div. Before measure-
ments, the TLP system was well calibrated against a standard
SMD resistor and Zener diode. The current sensor shows
low-frequency roll-off for pulse-widths of more than 6.3 μs
(L/R time constant). Measurements reported in the work were
done for pulse-widths ≤ 1000 ns, therefore the low-frequency
effects (droop) are safely neglected.

Unless stated otherwise, pulse width of 100 ns and rise
time of 1 ns are used for all the measurements. To study fail-
ure, low-bias device resistance was closely monitored after
every ESD stress pulse (figure 1). Since the interconnects
based on MWCNTs are still in budding stage and need
more improvements at process and modeling fronts, therefore,
instead of reporting current per unit footprint, raw TLP current
is reported. Nevertheless, the TLP current can be converted to
current per unit footprint by using footprint area of L×d, where
L and d denotes length and diameter of the tube respectively.

III. CONDUCTION THROUGH SUSPENDED MWCNTS

Figure 2 shows TLP I-V characteristics of suspended
MWCNTs and highlights the following key features (1) rise in
TLP current shifts from linear to exponential after a particular

Fig. 2. (a) TLP I-V characteristics of suspended tubes (b) change in low-
bias leakage with TLP current (c) Transient waveforms at two different TLP
voltages marked in (a). Note that current remains relatively constant with
time at bias point marked A, while at point B, it increases linearly with time.
(d) SEM image of Device 1 and Device 2 after shell-by-shell failure. Both the
devices are suspended between metal electrodes. Note that the devices have
failed near contact, indicating ballistic transport through the tube.

threshold voltage, (2) current w.r.t. time remains unchanged
during the linear branch of the TLP current-voltage character-
istics, while it increases linearly with time for currents in the
exponential branch of the TLP current-voltage characteristics.
The transient increase in current indicates a role of time-
dependent phenomenon in the conduction of ESD current. In
order to investigate the transient behavior under ESD condi-
tions, Landauer’s formulation [13] for electrical conduction
through individual shells of MWCNT is referred.

I = 2e

h
TM(μ1 − μ2) (1)

where, (μ1 −μ2) = TLP voltage, T is the transmission coeffi-
cient through the nanotube and M is the number of conduction
channels, and h is the Planck’s constant. Unlike bulk materials,
the circumferential quantization in these materials results in a
series of sub-bands. The sum of these sub-bands, weighted
with Fermi-Dirac function, defines the number of conduction
channels available for conduction. Analytically, for a shell with
diameter D, the number of channels participating in conduction
at temperature T is given by [5]

M(D, T) = aT + b (2)

where, a and b are constants, whose values depend on thermal
energy of electrons and gap between sub-bands. Consequently,
number of conduction channels and hence electrical current
(eq. (1)) through the tube depends linearly on temperature and
hence, any transient change in temperature can result in tran-
sient change in current. Temperature rise due to increase in
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Fig. 3. Heat transport from hot contact (V+) to cold contact (GND). The
propagation starts at t = 0+ and continues till a state of thermal equilibrium is
reached. Hot and cold refers to energy of carriers at the respective electrodes.

Fig. 4. Occupancy of sub-bands at (a) t = 0+ and (b) t ≥ tequilibrium. Band
diagrams are shown for interface at the cold contact.

thermal energy in MWCNTs is mainly attributed to excita-
tion of optical phonons by energetic electrons. The generated
heat creates a region of thermal non-equilibrium, which in
turn equilibrate by diffusing heat to regions with low-energy
phonons, over a time duration decided by thermal diffusion
time of the device. Under high ESD stress conditions, the
hot-contact of suspended tube sustains heavy scattering of
energetic carriers with the lattice, due to which the contact
becomes a reservoir of out-of-equilibrium phonons. Since, rel-
atively less scattering happens at the cold electrode, therefore
it acts as a sink for phonons. The difference in phonon popu-
lation drives heat flux from hot to cold contact, along length
of the tube (figure 3). Note that in spite of metal electrode at
the hot-contact, which acts as an efficient heat sink, a frac-
tion of heat propagates from hot to cold contact. This flow of
heat or thermal energy happens because of the existence of
thermal interface resistance at MWCNT-metal interface [14]
and high thermal conductivity of MWCNTs. The consequent
heating-up of cold contact results in linear increase in number
of conduction channels and current, as predicted by equa-
tions (1) and (2). This process continues during the entire
state of thermal non-equilibrium. The other key feature of the
TLP I-V characteristics shown in figure 2 is the exponential
rise in current with voltage. Conduction through individual
shells of a CNT happens via band-to-band tunneling of elec-
trons from valence band to conduction band (figure 4). The
two requirements of tunneling are (1) band-bending enough
to cause sufficiently high probability of tunneling, (2) empty
states in conduction band and filled states in valence band.
The former condition requires a threshold voltage above which
current rises exponentially, while requirement of the latter

condition is fulfilled by thermal-assisted rise in number of con-
duction channels as explained earlier. The overall conduction
mechanism follows thermal assisted band-to-band tunneling, a
mechanism unique to multiwall carbon nanotubes (figure 4).
At time t = 0+, depending on temperature and diameter, S1
number of sub-bands participate in conduction. Conduction
at this instant happens primarily due to direct transmission
through crossing sub-bands and tunneling through nearest
available non-crossing sub-bands [15]. As explained earlier,
temperature of the cold contact keeps increasing due to flux of
heat from hot to cold contact. Increase in temperature smears-
up the Fermi-Dirac distribution of electrons, and increases
the number of sub-bands to S2 (> S1). Consequently, more
states become available for tunneling, which eventually results
in exponential rise in current. This process continues till
t = tequilibrium, at which the device attains thermal equilibrium
and stops any further increase in participation of sub-bands.

IV. CONDUCTION THROUGH DIELECTRIC-SUPPORTED

MWCNTS

The substrate plays a crucial role in deciding thermal and
electrical transport through MWCNTs. Underlying substrate
not only increases scattering, but also provides a medium for
heat dissipation from MWCNT to the substrate. Hence, it
is imperative to study the effect of substrate on conduction
of ESD current. Figure 5 shows TLP I-V characteristics of
dielectric-supported MWCNTs. Similar to suspended tubes,
the dielectric-supported tubes also show exponential depen-
dence with voltage and linear rise with time, but the effect is
much less pronounced and shows delayed onset. Suspended
tubes show increment in current around the TLP voltage of
4 V (figure 2), while current through the dielectric-supported
tubes increase around 10 V (figure 5). The reduction in effect
is attributed to underlying substrate, which plays a vital role
in cooling down the tube. Coupling between hot carriers in the
nanotube and polar SiO2 substrate takes away a major fraction
of heat to substrate [16]. Hot, energetic electrons in dielectric-
supported nanotube dissipate their energy directly to phonon
modes of the underlying polar substrate. Rate of transfer of
energy through this process is more than that of energy trans-
fer to optical phonons of the nanotube lattice, consequently
former process dominates over the latter and temperature of
the nanotube does not rises in spite of conducting large amount
of current through diffusive transport [17].

Since hot electrons get de-energize due to underlying polar
substrate, compared to suspended tube, the temperature of hot
contact in dielectric-supported tube shows relatively less incre-
ment and happens at higher TLP voltages. Consequently, the
dielectric-supported tube shows relatively less rise in current.
Moreover, since the cold contact does not heats-up signifi-
cantly, therefore, Fermi-Dirac distribution does not smears-in
higher sub-bands, which in-turn results in conduction through
lower sub-bands only. Figure 6 compares the TLP I-V char-
acteristics of suspended MWCNTs with dielectric-supported
MWCNTs and highlights the higher breakdown voltage, but
relatively less current in case of dielectric-supported CNTs.
The reason behind this observation is attributed to interaction
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Fig. 5. (a) TLP I-V characteristics of dielectric-supported tubes (b) change
in low-bias DC current w.r.t. TLP current (c) Transient waveforms at two
different TLP voltages marked in (a). Unlike suspended tubes, the transient
rise in collapsed tubes is relatively less pronounced and happens at much
higher voltage. (d) SEM image of Device 3 and Device 4. Both the devices
are resting on SiO2.

Fig. 6. Comparison of TLP I-V characteristics of suspended tubes (Device 1
and Device 2) with dielectric-supported tubes (Device 3 and Device 4).
Compared to suspended tubes, the dielectric-supported tubes show higher
breakdown voltage and carry relatively less amount of current.

of energetic electrons with substrate, which results in -
1) transfer of heat to the substrate and increase in the
breakdown voltage, as lattice heats-up at higher voltages
2) lower current compared to suspended tubes, because of
de-energization of electrons along the length of the tube
and conduction through lower-sub-bands only. Moreover, the
dielectric-supported tubes show a distinct saturation in cur-
rent in pre-breakdown region, while the suspended tubes does

not show any such saturation. The saturation in current is
attributed to scattering due to surface phonons, which is dom-
inant in dielectric-supported tubes but absent in suspended
tubes. Interestingly, the suspended tubes does not show satu-
ration due to optical phonons of the lattice of nanotube. Such
a suppression in saturation is attributed to increase in cur-
rent from inner-shells at higher electric-fields. Figure 6 also
reveals that current density through these tubes is of the order
of 10 MA/cm2 (average current = 1 mA, average diameter =
50 nm). Copper interconnects offer current density of the order
of 1 MA/cm2 under steady state [18] and 70 MA/cm2 [19]
during ESD stress. Present work reports similar ESD current
for MWCNT interconnects. This is because current through
MWCNTs depends on various process parameters (diameter,
number of shells, deposition technique, passivation, number of
tubes etc.). Since, CNTs are resilient towards electro-migration
and mean free path of scattering in CNTs is more than that in
copper, improvements in the process technology can result in
interconnects, which are expected to be better and robust than
their copper counterparts.

From the discussion presented so far, it is clear that the sur-
face phonon modes of the dielectric substrate plays a vital
role in relieving the ESD stress by transferring the excess
thermal energy from the MWCNT interconnect to the under-
lying dielectric substrate. However, the substrate lacks the
fast-moving acoustic phonon modes, due to which thermal
energy accumulates in the substrate. Therefore, for a reli-
able operation, MWCNT interconnects should be supported
or encapsulated by a thin dielectric substrate, which can offer
high thermal conductance to the heat flux from MWCNT to
the global heat sink. Moreover, the choice of dielectric is
also expected to affect the ESD behavior. Dielectric substrates
with lower energy of surface phonons are expected to cause
early saturation in current, while the substrates with relatively
higher energies of surface phonon modes are expected to cause
delayed saturation.

V. CONDUCTION THROUGH INNER SHELLS

Figure 7 shows ESD current conduction through inner shells
of a MWCNT. Inner shells were made accessible through
controlled shell-by-shell breakdown. This kind of ESD stress
initiated breakdown is unique to MWCNTs and is discussed
in detail in [8]. Conduction before first breakdown and second
breakdown shows linear rise in current with time, while the
conduction after third breakdown shows relatively less incre-
ment with time. High-bias conduction through a MWCNT
takes place via tunneling across non-crossing sub-bands. Band-
gap between these bands depends on diameter and is given
by [15]

�ENC = 2t0 sin
(π

N

)
(3)

where, t0 is the hopping parameter between nearest neigh-
bor carbon atoms and N decides the diameter of the tube.
Consequently, the band-gap increases with subsequent break-
downs. Although, heat propagates from hot to cold contact
for every shell, the number of conduction bands smeared by
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Fig. 7. (a) ESD current through inner shells; (b) fall in current through
nanotubes after a particular TLP current, indicates breakdown of few outer-
shells; (c) Change in ESD current with time. Note that current through outer-
shells (first and second breakdown) increases with time, while current through
inner shells (third breakdown) remains constant with time. Transient data is
shown for TLP voltage of 4 V.

Fig. 8. Sub-bands of (a) outer and (b) inner shells of a MWCNT. Note that
the number of sub-bands smeared by Fermi-Dirac distribution decreases with
decrease in diameter of the shell.

the Fermi distribution does not increase for thinner shells (fig-
ure 8). As a result, conduction of ESD current through thick
shells increases with time, but the conduction through thin
shells remains relatively constant with time.

VI. EFFECT OF LENGTH ON ESD CURRENT

Figure 9 shows the length dependence of thermal energy
assisted rise in ESD current through MWCNTs. In all the
cases, after a certain threshold voltage, the current increases
with time. The threshold voltage, in turn, increases with length,
while the rise in current decreases with length. Overall effect
is less pronounced for longer tubes. With increase in length,
electrical transport through MWCNT turns from ballistic to
diffusive. Less scattering in short ballistic tube paves the unim-
peded rise in current with time. As a result, the upper limit

Fig. 9. Change in transient increase in ESD current with pulse voltage and
length of the tube. I80−90ns and I20−30ns represents the averaging of transient
current from 80 ns to 90 ns and 20 ns to 30 ns respectively.

Fig. 10. Effect of length scaling on failure current and failure voltage
of dielectric-supported MWCNT interconnect. Failure current decreases with
length, while the failure voltage increases with the length of the interconnect.

of rise in current through such tubes is decided by the time
taken to achieve thermal equilibrium and the sub-bands avail-
able for conduction. In diffusive tubes, scattering along the
length impedes the flow of electrons and results in a reduction
in transient rise in current. Consequently, the transient increase
in current initially rises with voltage and then decreases after
showing a peak, at which rise in current due to thermal energy
gets nullified by reduction due to scattering.

Change in failure current and voltage with length of the
interconnect is shown in figure 10. The failure current shows
a clear reduction with increase in length of the interconnect.
However, the current saturates for longer channel lengths.
Failure voltage, on the other hand, increases with the length
of the interconnect. The observed behavior in current can
be explained by considering the rate of scattering and elec-
tric field in the MWCNT interconnect. The scattering centers
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Fig. 11. Dependence of ESD current with metal-MWCNT interface resis-
tance. The ESD current scales inversely with the contact resistance of
metal-MWCNT interface. Note that the low-bias resistance, extracted after
each TLP pulse, is approximated as contact resistance. This is because the
individual shells provide semi-metallic path to the ESD current and most of
the voltage drops across the interface.

in the MWCNT channel increases with the length, which in
turn causes reduction in the current. Moreover, the reduction
in electric-field increases the barrier length for Zener tun-
neling across non-crossing sub-bands, which also contributes
to reduction in current [20]. Increase in failure voltage with
length of the interconnect can be attributed to increase in
thermal conductance of MWCNT-substrate interface, which
increases the net heat flow to the substrate [21], which in turn
delays the oxidation and eventual breakdown of the shells.

VII. ESD CURRENT SCALING WITH

CONTACT RESISTANCE

The overall resistance of a MWCNT interconnect is com-
posed of resistance of the channel and the resistance of the
metal-MWCNT interface. The former contribution is due to
the semi-metallic shells, while the latter is decided by the
extent of interaction between pz orbital of the outermost shell
of MWCNT and the d orbital of metal [22]. Consequently,
the overall resistance is dominated by the contact resistance
of metal-MWCNT interface, and hence is expected to play a
major role in deciding the ESD behavior of the interconnect.
Figure 11 depicts the failure current as a function of tube resis-
tance for two different channel lengths. As evident from the
figure the failure current decreases with increase in contact
resistance of the MWCNT-metal interface. This dependence
can be explained by considering the change in conduction
through inner shells with contact resistance of MWCNT-
metal interface. With increase in the contact resistance, a
substantial fraction of voltage drops across the MWCNT-metal
interface and a relatively less voltage drops across the inner-
shells. Moreover, the individual shells in a side-contacted
MWCNT participate in conduction via inter-shell tunneling.
The magnitude of inter-shell tunneling decreases with increase
in inter-shell spacing [23], which in turn decreases with

diameter. Consequently, there exists a non-zero inter-shell
resistance [24], which increases with decrease in diameter. In
presence of high contact resistance, the voltage drop across
inner-shells get further suppressed due to the tunneling depen-
dent conduction mechanism. Consequently, the electric field
across outer-shells is more than the inner-shells, which in turn
results in conduction of more current through outer shells than
inner shells. Such a dependence on contact resistance sug-
gests that the high-bias conduction through MWCNT with
high contact resistance happen mostly through outer-shells,
with the reduction in current density with decrease in diam-
eter. A direct outcome of the contact resistance dependent
conduction mechanism is the reduction in ESD reliability of
MWCNT interconnects. Devices with high contact resistance
force the conduction of ESD current through outer-shells only,
which in turn causes increase in the population of optical
phonons across the outer-shells, followed by its oxidation and
early breakdown. Contrary to this, interconnects with lower
contact resistance enable conduction through both inner and
outer-shells, and hence relatively smaller population of optical
phonons across outer-shells, which in turn delays the oxidation
and breakdown of the tube. Hence, contact resistance plays a
vital role in deciding not only performance of the MWCNT
interconnect, but also its reliability under ESD conditions.

It is important to emphasize that fabrication of MWCNT
interconnects with low contact resistance require incorporation
of special contact engineering techniques in the process flow.
Few of such techniques include - 1) processing end-contacted
architectures [25], where the carbon atoms at the edge of
the tube contacts the metal electrode 2) creating controlled
defects at CNT-metal interface [22] 3) electron beam-induced
deposition of graphitic carbon at CNT-metal interface [26].
Such MWCNT interconnects with low contact resistance are
expected to sustain high ESD current, where the maximum
value of latter is decided by contact resistance. Note that the
minimum value of contact resistance of metal-CNT interface,
assuming maximum interaction between pz and d orbitals,
is decided by number of conduction modes (M) available
in the CNT shell contacting the reflection-less contacts [13].
Interestingly, Contact resistance of a single wall metallic CNT
has a minimum value of 6.5 k� [26], [27]. This limitation on
contact resistance is expected to put an upper limit on the
magnitude of current during ESD conditions.

VIII. WUNSCH-BELL MODEL OF FAILURE

Thermal diffusion time for a thick MWCNT is of the order
of few tens of nano seconds, which suggests that the device
should attain thermal equilibrium in few nano seconds. Hence
power-to-failure should not scale beyond the thermal diffusion
time. Contrary to this, as shown in Fig. 12, the power to failure
fits nicely to Wunsch-Bell model [28] even for the time dura-
tion much longer than thermal diffusion time. This indicates
the existence of local failure sites. The entire tube, except for
the local sites, could be in thermal equilibrium. The excessive
heating at the local sites can result in failure or permanent
damage of the tube. The carbon material fails via oxidation,
which in turn follows Arrhenius model [8], [29]. According
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Fig. 12. Scaling of power-to-fail with pulse width. The power-to-fail depends
strongly on pulse-width in thermal diffusion region, while it saturates for
longer pulse-widths.

to the model, the rate of oxidation scales exponentially with
temperature. Consequently, at higher local temperatures, which
could be due to higher local population of optical phonons,
the shells get oxidized at shorter pulse widths. Similarly, at
lower local temperatures, the shells undergo slower rate of
oxidation, resulting in breakdown due to longer pulses. Note
that local temperature gradients or hot spots require the pres-
ence of optical phonons, which in turn requires scattering
due to field induced hot carries. Consequently, as also shown
by Wunsch-Bell curve in Fig. 12, there exists a minimum
power-to-failure of MWCNTs.

IX. CONCLUSION

In summary, the coupled electro-thermal transport through
MWCNT interconnects under ESD conditions was investigated
by considering suspended and dielectric-supported MWCNT
interconnects. Through detailed TLP analysis, ESD current
through MWCNTs was traced down to sub-bands of individual
shells. It was revealed that thermal energy due to high ESD
stress spreads-out current to higher sub-bands and results in
an increase in the device current. In dielectric-supported tubes,
polar substrate takes away the thermal energy and results in
relatively less ESD current, which flows only through a few
lower energy sub-bands. The study shows that tubes encap-
sulated in thin polar materials like SiO2 are best suited for
ESD robust interconnects. The failure current was found to
scale inversely with metal-MWCNT contact resistance, while
the failure voltage was found to show a direct scaling with
contact resistance, indicating the vital role contacts play in
deciding the ESD reliability of MWCNTs.
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