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Abstract—Multiwall carbon nanotube (MWCNT)-based
interconnects have been shown to outperform conventional
metal interconnects. For reliable operation of such interconnects,
it is imperative to evaluate their reliability at possible fatal
events. Here, we report the ESD reliability of MWCNT-based
interconnects. High failure current of ~10 mA and unique
failure behavior involving discrete and gradual breakdown
of individual shells is reported. It was found that MWCNT
interconnects change resistance in steps of fundamental quantum
resistance (h/2e2) after individual shell burning. The role of
individual shells, diameter, and resistance of the tube in deciding
the ESD behavior is investigated, while monitoring the response
on a shell-by-shell basis. Contrary to widespread notion of
immunity of MWCNT interconnects to electromigration, the
ESD-induced melting of contacts is also observed.

Index Terms—MWCNT, interconnects, ESD, reliability.

I. INTRODUCTION

GGRESSIVE  downscaling  of  transistors  and

interconnects coupled with increase in power con-
sumption has lead to the occurrence of extremely high power
densities and formation of hot-spots across the semiconductor
integrated circuit. The consequent high temperatures generally
result in catastrophic failure of interconnects [1]. Such failure
issues are addressed by reducing the performance of the
integrated circuit [2]. In such a scenario, the interconnects
are set to play a vital role in deciding performance and
reliability trade-off. In conventional metal interconnects,
barrier layer effect, grain boundary scattering and surface
scattering increases with down-scaling [3], which in turn
reduces their current carrying capacity. Moreover increase
in power density makes them prone to catastrophic events
like electro-migration [4], [5]. Hence there is a need to

Manuscript received May 17, 2017; revised August 16, 2017; accepted
September 21, 2017. Date of publication September 26, 2017; date of
current version December 7, 2017. This work was supported by the
Department of Science and Technology, Government of India under Project
SB/S3/EECE/063/2014. (Corresponding author: Abhishek Mishra.)

A. Mishra is with the Department of Electronic Systems Engineering, Indian
Institute of Science, Bengaluru 560012, India, and also with the Center for
Nanoscience and Engineering, Indian Institute of Science, Bengaluru 560012,
India (e-mail: mishra@iisc.ac.in).

H. Gossner is with Intel Deutschland GmbH, 85579 Neubiberg, Germany.

M. Shrivastava is with the Department of Electronic Systems
Engineering, Indian Institute of Science, Bengaluru 560012, India (e-mail:
mayank @iisc.ac.in).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TDMR.2017.2756924

replace conventional metal interconnects with relatively
more robust material. In this regard, multiwall carbon
nanotubes have emerged as a promising material for future
interconnects [6]-[8].

The unique band-structure of MWCNTs offer very high
current carrying capacities [9], while its sp? hybridized car-
bon lattice provides extremely high mechanical strength and
high thermal conductivity [10]. These properties together
enable high current conduction through MWCNTSs, while
making them relatively more resilient to high-field and tem-
perature induced breakdown like electro-migration. Various
matured synthesis and process technologies exist for fabricat-
ing MWCNTs based interconnects. Few prominent methods
include CVD based growth of MWCNT vias [11], low-
pressure chemical vapor deposition (LPCVD) based aligned
growth on quartz substrate [12], deterministic placement
through dielectrophoresis [13], [14], deposition of long hori-
zontal CNT bundles [15]. Device and circuit models have also
been discussed and reported in the past [16], [17]. Moreover,
physics of carrier transport under low and high electric fields,
quantum conductance, and thermal failure in CNTs have
been extensively studied for quasi-static operation [18], [19].
However, MWCNTs have still not been challenged in terms
of their reliability. In order to guarantee reliable operation of
MWCNTs based interconnects, it is imperative to investigate
and improve their operational reliability. The long-term reli-
ability of MWCNTSs has been investigated in the past, with
current densities of 10°A/cm? reportedly recorded for dura-
tion of two weeks at the temperature of 250°C [20]. Note
that the current density in the unit of Ampere per unit cross-
sectional area includes the contribution of both inner and outer
shells. Unfortunately, comprehensive investigations on short
term reliability, especially under ESD conditions, is still not
available, except for few pioneering works [21]-[24]. ESD
investigations of MWCNT interconnects is vital to overall
design targets, as they are set while considering the limitations
of the semiconductor devices [25]. Interconnects are expected
to give robust performance while carrying vital signals and
power across the integrated circuit. In this contribution, we
present a comprehensive investigation on ESD reliability of
MWCNT interconnects, while considering two different device
architectures - 1) suspended single MWCNT and 2) bundle
of dielectric-supported MWCNTs. Since the performance of
a MWCNT interconnect depends largely on diameter, for the
overall understanding of the ESD behavior, it is instructive
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Fig. 1. Concentric cylindrical structure of multiple SWCNTSs, which forms

MWCNT. The inter-shell spacing is around 3.4 A, which in turn increases
with decrease in diameter of the shell [29].

to investigate MWCNTs of different diameters. Interestingly,
different kinds of interconnects require different architectures
of MWCNTs. For example, individual MWCNTSs can act as
on-chip interconnects, while the same tubes in bundled archi-
tecture can deliver huge power by acting as through-silicon
via. Rest of the paper is arranged as follows - Section II
gives a brief overview of MWCNTs, Section III describes the
experimental details, Section IV discusses breakdown char-
acteristics, Section V presents the analysis of ESD-induced
failure, Section VI discusses the possibilities of ESD-induced
current annealing of the interconnect, Section VII concludes
the overall work and findings.

II. CARBON NANOTUBES

MWCNTs are concentric shells (figure 1) of single layer
of sp2 hybridized carbon atoms [26]. The individual shells
can independently be metallic or semiconducting. The metal-
lic tubes have zero bandgap and offers very high mobility
due to linear dispersion relation. The bandgap of the semi-
conducting shells is given by 0.7/d eV, where d is diameter
of the shell in nanometers [27]. Due to this inverse depen-
dence on diameter, the semiconducting shells with diameter
more than 30 nm behave as semi-metals at room tempera-
ture. The optical phonon modes of the shells lie at relatively
higher energy of 160 meV [28], which allows large mean free
paths and unimpeded flow of carriers. The individual tubes
can be bundled together to achieve even higher current den-
sities. The individual shells of MWCNTs can independently
be chiral, armchair or zigzag. Each configuration results in
different electronic properties. The shells can be conceptu-
ally formed by wrapping of monolayer graphene. Figure 2
depicts wrapping of graphene monolayer to form CNTs. The
shaded regions (figure 2i and 2ii) show the wrapping plane
and portion of graphene monolayer which forms the tube.
CNTs electrical properties depend on the chiral vector Cp,
where: Cy = nay + may = (n, m), (n, m are positive integers
and 0 < m < n); diameter (d) of the tube, which is derived
from the chiral vector |Cy| : d = /Ch x Cp/m and angle
¢ (cos¢p = Cj x ai/|Cpllar]), which is the angle between
chiral vector and lattice vector aj. Zigzag tubes have ¢ = 30°
(figure 2i) and armchair tubes have ¢ = 0° (figure 2ii),
whereas chiral tubes have 0 < ¢ < 30°. A CNT is metallic if
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Fig. 2. Wrapping of graphene monolayer to form an (i) armchair SWCNT and
(ii) zigzag SWCNT. Nanotubes in armchair configuration are metallic, while
in zigzag configuration the tube can be either metallic or semiconducting.

(n m) is an integer multiple of 3 or 0, otherwise it is semicon-
ducting [27]. Typically SWCNTs diameter ranges from 0.5 nm
to 5 nm. MWCNTs can have diameter up to 100 nm. The min-
imum spacing between individual SWCNTs in a MWCNT
is 3.4 A. Typically MWCNT have 2/3" metallic SWCNTs
and 1/3" semiconducting SWCNTs. Therefore, in general,
MWCNTs are metallic in nature. Another interesting property
of CNTs is related to its band structure. CNTs have multiple
sub-bands at higher energies (number of sub-bands increases
with CNTs diameter [30]). Moreover, CNTs have symmetric
band structure, especially at low energies, i.e., high electron-
hole symmetry at low energies. Figure 3a and 3b depict the
band bending in metallic and semiconducting CNTs respec-
tively. Both figure 3a and 3b show the high energy sub-bands
and electron-hole symmetry. Figure 3a shows zero bandgap,
whereas figure 3b shows a finite bandgap (Eg). In this work
MWCNTs are used for ESD exploration.

III. DEVICE UNDER TEST AND MEASUREMENT SETUP

MWCNTs for ESD investigations were grown by thermal
chemical vapour deposition (CVD) of a mixture of ferrocene
and toluene at a temperature of 850 °C. For fabricating devices
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Fig. 3. Band bending in metallic (a) and semiconducting CNTs (b) depicting
high energy sub-bands, electron-hole symmetry and respective bandgap, which
in turn decreases with increase in diameter.
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with suspended MWCNTs, the grown tubes were detached
from the substrate and then dispersed individually on top of
250 nm thick Cr/Au contact pads. Cr/Au contact pads were
deposited and patterned over a Si/SiO; substrate (thermally
grown SiO» over a Si substrate). Spacing between individual
metal pads was 2 um (figure 4). Such a deposition technique
ensured that only the outermost shell (henceforth, referred as
the 1% shell and its breakdown as 1% breakdown) contacts the
metal pads, and hence paved the way to look into the effect
of ESD stress on individual shells. Devices with bundle of
MWCNTs were fabricated by dielectrophoresis of MWCNT
suspension across the pair of pre-patterned electrodes [13].
ESD behavior was investigated through a TLP setup shown
in figure 4. It is also important to mention that this work
targets fundamental behavior of MWCNTSs under ESD con-
ditions, therefore TLP pulses with different pulse widths were
used for investigations, rather than emulating ESD stress using
models like HBM, CDM etc. It is too early to study, for exam-
ple, HBM behavior of a single MWCNT. This approach also
gives physical insights into the transport behavior of CNTs
under ESD conditions, which gives a vital piece of informa-
tion, as the MWCNTs attain thermal equilibrium in few tens
of nano-seconds.

IV. TLP I-V CHARACTERISTICS

Figure 5 shows TLP I-V characteristics of 6 different
MWCNT samples stressed using 100 ns, 5 ns and 10 ns
TLP pulses, respectively. After each stress/TLP pulse, tubes
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Fig. 4. (a) A 4-probe, transmission line pulsing setup, with an inductive

current-sensor (5 mV/mA) and a 4 GHz sampling oscilloscope (25 GS/sec)
(b) Measurement and extraction routine followed for emulation of ESD stress.
(c) SEM image of one of the pristine MWCNT suspended across metal
electrodes.
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Fig. 5. (a)b,c) TLP I-V characteristics of various metallic CNT samples

stressed under 100 ns, 5 ns and 10 ns TLP stress. (d,e,f) CNT tubes resistance
at low-bias, extracted after each stress pulse during TLP test, in the units of
fundamental quantum resistance Ry (= ﬁ).

resistance was extracted in the units of fundamental quantum

resistance (Ry),
Ro = " (L
0=\ 22

where / is Planck's constant and e is electron charge [31].
Figure 5 shows that CNTs under ESD test have pre-fail
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resistances in a range of 0.1Ry to 2Ry with a distinct TLP
I-V relationship at high currents. A clear metallic (linear I-V)
behavior can be seen from various TLP I-V plots at lower
voltages; however, MWCNT changes its behavior at high cur-
rents and fields. For example, device A under 100 ns TLP stress
shows a liner relation till the first fail, however, device B shows
an exponential relation after 4 V (see figure 5a). Exponential
I-V relation at higher voltages can be attributed to band-
to-band tunneling between non-crossing energy bands [32].
Interestingly, device A has a quantized (step like, in multiples
of Rp) increase in tubes resistance after each fail, however
device B shows a gradual increase in tubes resistance (see
figure 5d). Other clear difference can be observed in terms of
current handling capacity of device B. Despite of ~ 3 x smaller
diameter, device B can carry ~ 10x more current than device
A. A similar I-V behavior can be observed from other sam-
ples device C, device D (figure 5b) and device E, device F
(figure 5c) stressed under 5 ns and 10 ns TLP. Device D and
device C show initially a linear I-V relation, which changes
to exponential relationship at higher TLP voltages. Moreover,
both the samples (with tubes resistance > Rp) show a step
like drop in current and quantized increase in resistance after
each fail. Exponential I-V relation at higher bias can also be
attributed to filling of high energy states in these materials.
For clarity and statistical justification of arguments presented
above, few more samples (device G, device H and device I)
were stressed using TLP (pulse widths = 20 ns, 50 ns and
500 ns, respectively). Their respective TLP I-V behaviors are
depicted in figure 6, which adds to the explanations given
above. In general, all the samples under test conduct at all
TLP voltages, and undergo into the failure mode at higher
voltages. Unlike to metals in which ESD/TLP current drops
immediately after the (first) fail, MWCNTSs show a gradual or
step like drop in current [19], [33]. Moreover, after each failure
tubes resistance either changes gradually or in steps of funda-
mental quantum resistance (Ry = h/ 2¢2). This behavior can be
linked with the geometry or tubes arrangement in MWCNTSs
(discussed in the next section). A comparison of failure cur-
rent (It2, at first fail) of different samples (device D, device E
and device A) with comparable tubes resistances (~ Ry, at
low-bias) and stressed under different TLP pulse widths (5
ns, 10 ns and 100 ns respectively) show a power law like
relation (here Ir2 ~ 7", where n < 0.2), i.e., It2 falls with
increasing pulse width (3.4 mA, 2.3 mA and 1.1 mA respec-
tively). Similarly, tubes (device B and device I) with resistance
< Ro(~ 0.2R() show a power like behavior. Its worth high-
lighting that comparison of It2 must be done for tubes with
comparable resistance (extracted at low-bias). Unfortunately,
a comparison in terms of It2 per unit diameter is not possible
given that each tube may have different number of shells avail-
able for current conduction, which is attributed to immaturity
of the state-of-the-art CNT growth process available.

With the understanding of ESD behavior of suspended thick
MWCNTs (diameter > 30 nm), we investigate the ESD behav-
ior of dielectric-supported bundle of thin MWCNTs (diameter
< 10 nm) in figure 6(d). Such bundle of tubes emulates
the behavior of MWCNT based through-hole via [34]. The
device shows step-by-step breakdown in response to high
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Fig. 6. (a,b,c) TLP I-V characteristics of various metallic CNT samples

stressed under 20 ns, 50 ns and 500 ns TLP stress. (e,f,g) CNT tubes resistance
at low-bias, extracted after each stress pulse during TLP test, in the units of
fundamental quantum resistance. (d,h) Measured TLP I-V and low-bias DC
characteristics of bundle of thin dielectric-supported MWCNTSs. The device
shows linear TLP I-V characteristics. The gradual and discrete failure is also
clearly visible, where the low-bias resistance shows discrete increment situated
near hundreds of kilo-ohms.

voltage ESD pulse, which is similar to the devices discussed
previously. A distinct difference can be observed at high volt-
ages. The thicker tubes show quasi-exponential behavior at
high voltages, while the tubes with smaller diameter retains
their linear behavior at higher voltages. This also suggests
that as the outer-shells are sequentially broken by ESD pulses,
the TLP I-V behavior should gradually change from quasi-
exponential to linear due to reduction in number of sub-bands
with decrease in diameter [30], [32].

A comparison between tube’s resistance with Ry and
TLP I-V characteristics (figure 5 and 6) shows a correlation
between the resistance and nature of the TLP I-V character-
istics. Most of the tubes with resistance < R give rise to
an exponential increase in current at higher TLP voltages,
moreover, such tubes fail with a gradual drop in current.
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Fig. 7. A model depicting a possible way of coupling between metal pads and
CNT shells and explaining step change in resistance after each fail. (a) Figure
shows a possible way of CNT shell to contact coupling of a virgin device.
(b-c) Show how a quantized change in tubes resistance is possible after 1% and
(N-1)" fail. (A 3D illustration of shell burning is also given in figure 10b).

On the other hand, tubes with resistance > Ry mostly show
a linear I-V relation till the first failure (burning of outer
shell) and current drops in steps with the failure/burning of
each shell. Moreover, the linearity in TLP I-V characteristics
increases with decrease in diameter. This further suggests that
tube’s resistance increases with decrease in diameter. As dis-
cussed earlier, the quasi-exponential behavior arises because
of participation of more sub-bands and inter-shell tunneling
at higher voltages. Number of sub-bands in a shell increases
with diameter of the shell. Moreover, the inter-shell spacing
increases with reduction in diameter [29]. Due to decrease
in number of sub-bands and number of shells with diameter
and increase in inter-shell tunneling distance, the tubes with
smaller diameter show linear behavior at high ESD voltages,

Fig. 8. Post-failure SEM images of MWCNTs damaged after ESD stress.
Damage location (indicated by arrow) was often found to be at the center
along the length of the tube.

while the ESD behavior of thicker tubes shifts from linear to
quasi-exponential at higher TLP voltages.

Note that the failure behavior of MWCNT bundles is very
different from that of a single tube. Moreover, the failure
behaviour changes with variation in diameter of the tube.
This is contrary to what is generally observed in conven-
tional silicon devices or metals, where the linear scaling can
relate the physical quantities among up-scaled or down-scaled
devices. Although bundling of tubes and increasing the diame-
ter, increases their current carrying capabilities, a direct linear
extrapolation of the physical quantities and failure mecha-
nism cannot be derived because of the following constraints:
(i) number of CNTs in a bundle cannot be precisely con-
trolled with the existing deposition techniques, (ii) current
flowing through individual tubes is not the same and depends
on various factors like chirality, defect density, and contact
resistance, which cannot be directly controlled via the avail-
able set of experimental methods. (iii) electrical properties of
single nanotube are entirely different from that of the bun-
dle. For example, single MWCNT can behave as a ballistic
conductor; however the same when bundled behaves like a dif-
fusive conductor. (iv) Both inter-shell spacing and number of
sub-bands show strong dependence on diameter of shells/tube.

V. FAILURE ANALYSIS

In this section ESD failure behavior of CNT samples is dis-
cussed. However, before explaining failure behavior, we have
tried to develop a generalized model for the quantized change
in resistance after each fail (seen as a fall in I-V characteris-
tics). Figure 7a shows a possible way of contacting (coupling)
between CNT shells and metal pads. MWCNTSs have multiple
concentric shells (also depicted in figure 10b). The model
shows N groups of CNT shells, each group consists of one or
more CNT shells. Figure 7b and 7c show two extreme cases
after failure and respective effective tubes resistance, depict-
ing the quantized change in resistance. Its worth pointing that
increase of tubes resistance does not result from degrading
contacts. It is due to removal of single carbon layers, which
is a novel failure mechanism. This is proven by the location
of the final fail in the center of the CNT tube as shown in
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Fig. 9. Thinning of carbon nanotube close to the failure point validating loss
of carbon material under ESD stress. (a) SEM image of virgin device with
tubes diameter of 47.35 nm. (b) SEM image of damaged tube with reduced
diameter (28.32 nm) close to the failure point.

SEM images (figure 8). The SEM images in figure 8 fur-
ther shows: (i) damage location at the center position, which
can be attributed to thermal failure of diffusive CNTSs, and
(i1) no carbon left over at the failure site, i.e., carbon mate-
rials have no molten state. Failure at the center (i) can be
explained using diffusive carrier transport, in which carrier
travelling from one terminal to the other uniformly loses its
energy across the channel (here CNT). As the center of tube
will see highest thermal resistance, this region will gain the
maximum heat (location of hot spot) and therefore will burn
first. Later (ii) can be explained as loss of carbon due to oxi-
dation under extreme stress (thermal) conditions. This is also
evident from figure 9 and 10, both of which show thinning of
carbon nanotube close to the damage site.

The failure behavior of bundle of thin MWCNTs
is distinctively different from individual thick MWCNT.
Electromigration of contact metal is observed in devices with
bundle of thin MWCNTs (figure 11). Interestingly, ESD-
induced melting of metal can be noticed at both hot and cold
electrodes. This shows that under ESD conditions, MWCNTs,
due to high thermal conductivity, transfers a huge amount of
thermal energy to metal contacts. Melting of metal contacts is
not observed in case of thick tubes, even though they carry rel-
atively more ESD current. This can be attributed to reduction
in axial thermal conductivity, which decreases with increase
in diameter [35].

VI. ESD-INDUCED CURRENT ANNEALING

In this section we investigate the pre-breakdown behaviour
of MWCNTs under ESD conditions. Figure 12 shows the

100 nrr

Shell # 1
Shell # 3
Shell # N
cone®t f
Carbon loss due:
(b) to oxidation

Contact

Fig. 10. (a) A closer view of failure location in one of the MWCNT sample,
clearly depicting reduced tubes diameter and loss of carbon next to failure
point. (b) A pictorial representation of the same.

Fig. 11.  (a,b) Post-breakdown SEM images of bundle of thin MWCNTs.
Failure of individual tubes and melting of metal electrodes are clearly visible
near both hot and cold electrodes. Melting of the electrodes show transfer of
huge amount of thermal energy to contacts via MWCNT channels.

TLP IV characteristics and resistance of MWCNTSs, where
the latter shows permanent decrease in pre-breakdown region.
Such a decrease in resistance indicates ESD-induced annealing
of the MWCNT and can be explained by considering ESD-
assisted thermal transport through the MWCNT. Under ESD
conditions, a huge amount of thermal energy flows through
quasi-1D constricted channel of MWCNTSs, which can cause
oxidation of carbon material. Steady-state oxidation of car-
bon material happens at the temperature of around 700°C.
The Arrhenius relation predicts an exponential dependence of
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Fig. 12. (a,b) TLP I-V characteristics and corresponding change in device
resistance of dielectric-supported (a,b) and suspended (c,d) MWCNTs. The
suspended tubes show enhanced effect of annealing and relatively more
increase in current than the dielectric-supported tubes.

rate of oxidation of carbon on temperature [36], consequently
under ESD conditions, which involves application of high-
voltage nano-second time scale pulses, the carbon material can
sustain much higher temperatures, without showing any sig-
nificant breakdown or oxidation of outer-shells [21]. Although
existence of high local temperature for few nano-seconds can
cause negligible or slow rate of oxidation of MWCNTs, it can
result in appreciable desorption of adsorbents from the sur-
face of MWCNTs and metal- MWCNT interface. Moreover, it
can also result in diffusion of metal atoms into the MWCNT.
Desorption from channel results in reduction in scattering cen-
ters, while desorption from MWCNT-metal interface brings
reduction in distance along which carriers tunnel across the
interface, thereby increasing the interaction between p, orbital
of outer-shell of MWCNT and d orbital of metal. ESD current
in both the cases show substantial increase due to annealing of
channel and contacts respectively. Such a current annealing is
captured in figure 12, where the device resistance shows per-
manent decrease after sustaining high-bias TLP pulses. The
current annealing is expected to be more pronounced in sus-
pended semi-ballistic tubes than diffusive dielectric-supported
tubes, as the surface phonon modes of substrate in latter case
can remove heat from MWCNT. This is evident in figure 12,
where the suspended tubes show enhanced increment in
current than the dielectric-supported tubes. Similarly, the high-
bias short duration pulses are expected to cause current anneal-
ing before initiating oxidation of the tube, while relatively
low-bias long pulses are expected to initiate gradual oxidation
of shell without causing any current annealing of the tube.

VII. CONCLUSION

In summary, we have investigated the ESD failure behav-
ior of MWCNT interconnects, while considering two different
device architectures - suspended single MWCNTs and bun-
dle of dielectric-supported MWCNTs. The ESD behavior of
MWCNT interconnects was found to be different from metals,

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru

featuring step-by-step destruction of individual shells with
increasing pulse amplitude. Moreover, a quantized increase
in tube’s resistance in the units of //2e¢> was observed. The
quantized increase in tube’s resistance is used to model a pos-
sible scheme for CNT-to-metal contact. At high ESD current,
annealing and electromigration of contacts was observed in
many devices, which emphasizes the need for robust metal
contacts for reliable operation of MWCNT interconnects.

ACKNOWLEDGMENT

The authors acknowledge Prof. Srinivasan Raghavan
(CeNSE, IISc) for fruitful discussions.

REFERENCES

[1] K. Banerjee and A. Mehrotra, “Global (interconnect) warming,” I[EEE
Circuits Devices Mag., vol. 17, no. 5, pp. 16-32, Sep. 2001.

[2] M. Shafique, S. Garg, T. Mitra, S. Parameswaran, and J. Henkel,
“Dark silicon as a challenge for hardware/software co-design:
Invited special session paper,” in Proc. Int. Conf. Hardw./Softw.
Codesign  Syst. Synthesis, 2014, pp. 1-10. [Online]. Available:
http://doi.acm.org/10.1145/2656075.2661645

[3] S.Im, N. Srivastava, K. Banerjee, and K. E. Goodson, “Scaling analysis
of multilevel interconnect temperatures for high-performance ICs,” IEEE
Trans. Electron Devices, vol. 52, no. 12, pp. 2710-2719, Dec. 2005.

[4] C.-K. Hu, R. Rosenberg, H. S. Rathore, D. B. Nguyen, and B. Agarwala,
“Scaling effect on electromigration in on-chip Cu wiring,” in Proc.
IEEE Int. Interconnect Technol. Conf., San Francisco, CA, USA, 1999,
pp. 267-269.

[5] J. Lienig, “Interconnect and current density stress: An introduction
to electromigration-aware design,” in Proc. Int. Workshop Syst. Level
Interconnect Prediction, San Francisco, CA, USA, 2005, pp. 81-88.
[Online]. Available: http://doi.acm.org/10.1145/1053355.1053374

[6] G. FE. Close, S. Yasuda, B. Paul, S. Fujita, and H.-S. P. Wong,
“A 1 GHz integrated circuit with carbon nanotube interconnects and
silicon transistors,” Nano Lett., vol. 8, no. 2, pp. 706709, 2008,
doi: 10.1021/n10730965.

[71 H. Li, C. Xu, N. Srivastava, and K. Banerjee, “Carbon nanomateri-
als for next-generation interconnects and passives: Physics, status, and
prospects,” IEEE Trans. Electron Devices, vol. 56, no. 9, pp. 1799-1821,
Sep. 2009.

[8] N. Srivastava, H. Li, F. Kreupl, and K. Banerjee, “On the applicability
of single-walled carbon nanotubes as VLSI interconnects,” IEEE Trans.
Nanotechnol., vol. 8, no. 4, pp. 542-559, Jul. 2009.

[9] H. J. Li, W. G. Lu, J. J. Li, X. D. Bai, and C. Z. Gu,
“Multichannel ballistic transport in multiwall carbon nanotubes,” Phys.
Rev. Lett., vol. 95, Aug. 2005, Art. no. 086601. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevLett.95.086601

[10] A. A. Balandin, “Thermal properties of graphene and nanostructured
carbon materials,” Nat. Mater., vol. 10, no. 8, pp. 569-581, Jul. 2011,
doi: 10.1038/nmat3064.

[11] T. Wang et al., “Through-silicon vias filled with densified and transferred
carbon nanotube forests,” IEEE Electron Device Lett., vol. 33, no. 3,
pp. 420-422, Mar. 2012.

[12] N. Patil et al., “Wafer-scale growth and transfer of aligned single-
walled carbon nanotubes,” IEEE Trans. Nanotechnol., vol. 8, no. 4,
pp. 498-504, Jul. 20009.

[13] A. H. Monica, S. J. Papadakis, R. Osiander, and M. Paranjape, ‘“Wafer-
level assembly of carbon nanotube networks using dielectrophoresis,”
Nanotechnology, vol. 19, no. 8, 2008, Art. no. 085303. [Online].
Available: http://stacks.iop.org/0957-4484/19/i=8/a=085303

[14] G. F. Close and H.-S. P. Wong, “Fabrication and characterization of
carbon nanotube interconnects,” in Proc. IEEE Int. Electron Devices
Meeting, Washington, DC, USA, Dec. 2007, pp. 203-206.

[15] H. Li, W. Liu, A. M. Cassell, F. Kreupl, and K. Banerjee,
“Low-resistivity long-length horizontal carbon nanotube bundles for
interconnect applications—Part I: Process development,” IEEE Trans.
Electron Devices, vol. 60, no. 9, pp. 2862-2869, Sep. 2013.

[16] A. Nieuwoudt and Y. Massoud, “RC circuit model for multi-walled car-
bon nanotubes,” in Proc. 7th IEEE Conf. Nanotechnol., Hong Kong,
Aug. 2007, pp. 660-663.

. Downloaded on October 04,2022 at 05:24:35 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1021/nl0730965
http://dx.doi.org/10.1038/nmat3064

MISHRA et al.: ESD BEHAVIOR OF MWCNT INTERCONNECTS—PART I: OBSERVATIONS AND INSIGHTS

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

(28]

[29]

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on October 04,2022 at 05:24:35 UTC from IEEE Xplore. Restrictions apply.

H. Li, W.-Y. Yin, K. Banerjee, and J.-F. Mao, “Circuit modeling and
performance analysis of multi-walled carbon nanotube interconnects,”
IEEE Trans. Electron Devices, vol. 55, no. 6, pp. 1328-1337, Jun. 2008.
A. Urbina, I. Echeverria, A. Pérez-Garrido, A. Diaz-Sinchez, and
J. Abellan, “Quantum conductance steps in solutions of mul-
tiwalled carbon nanotubes,” Phys. Rev. Lett.,, vol. 90, no. 10,
Mar. 2003, Art. no. 106603. [Online]. Available: https://link.aps.org/doi/
10.1103/PhysRevLett.90.106603

P. G. Collins, M. Hersam, M. Arnold, R. Martel, and P. Avouris, “Current
saturation and electrical breakdown in multiwalled carbon nanotubes,”
Phys. Rev. Lett., vol. 86, no. 14, pp. 3128-3131, Apr. 2001. [Online].
Available: http://link.aps.org/doi/10.1103/PhysRevLett.86.3128

B. Q. Wei, R. Vajtai, and P. M. Ajayan, “Reliability and current car-
rying capacity of carbon nanotubes,” Appl. Phys. Lett., vol. 79, no. 8,
pp. 1172-1174, 2001, doi: 10.1063/1.1396632.

M. Shrivastava, N. Kulshrestha, and H. Gossner, “ESD investigations of
multiwalled carbon nanotubes,” IEEE Trans. Device Mater. Rel., vol. 14,
no. 1, pp. 555-563, Mar. 2014.

M. Shrivastava and H. Gossner, “ESD behavior of metallic carbon nan-
otubes,” in Proc. Elect. Overstress/Electrostat Discharge Symp., Tucson,
AZ, USA, Sep. 2014, pp. 1-6.

A. Mishra and M. Shrivastava, “New insights on the ESD behavior and
failure mechanism of multi wall CNTs,” in Proc. IEEE Int. Rel. Phys.
Symp., Pasadena, CA, USA, Apr. 2016, pp. EL-8-1-EL-8-5.

A. Mishra and M. Shrivastava, “Unique current conduction mecha-
nism through multi wall CNT interconnects under ESD conditions,”
in Proc. 38th Elect. Overstress/Electrostatic Discharge Symp., Garden
Grove, CA, USA, Sep. 2016, pp. 1-6.

T. Smedes and Y. Li, “ESD phenomena in interconnect structures,” in
Proc. Elect. Overstress/Electrostatic Discharge Symp., Las Vegas, NV,
USA, Sep. 2003, pp. 1-8.

S. Iijima, “Helical microtubules of graphitic carbon,” Nature, vol. 354,
no. 6348, pp. 56-58, Nov. 1991, doi: 10.1038/354056a0.

H. Wong and D. Akinwande, Carbon Nanotube and Graphene Device
Physics. Cambridge, U.K.: Cambridge Univ. Press, 2010.

J.-Y. Park et al., “Electron phonon scattering in metallic single-walled
carbon nanotubes,” Nano Lett., vol. 4, no. 3, pp. 517-520, 2004,
doi: 10.1021/n1035258c.

C.-H. Kiang, M. Endo, P. M. Ajayan, G. Dresselhaus, and
M. S. Dresselhaus, “Size effects in carbon nanotubes,” Phys. Rev.
Lett., vol. 81, pp. 1869-1872, Aug. 1998. [Online]. Available:
https://link.aps.org/ doi/10.1103/PhysRevLett.81.1869

[30]

[31]

[32]

[33]

[34]

[35]

[36]

607

A. Naeemi and J. D. Meindl, “Compact physical models for multiwall
carbon-nanotube interconnects,” IEEE Electron Device Lett., vol. 27,
no. 5, pp. 338-340, May 2006.

S. Datta, Electronic Transport in Mesoscopic Systems (Cambridge
Studies in Semiconductor Physics). Cambridge, U.K.: Cambridge Univ.
Press, 1997.

A. Svizhenko, M. P. Anantram, and T. R. Govindan, “Ballistic trans-
port and electrostatics in metallic carbon nanotubes,” IEEE Trans.
Nanotechnol., vol. 4, no. 5, pp. 557-562, Sep. 2005.

J. Y. Huang et al., “Atomic-scale imaging of wall-by-wall breakdown
and concurrent transport measurements in multiwall carbon nanotubes,”
Phys. Rev. Lett., vol. 94, no. 23, Jun. 2005, Art. no. 236802. [Online].
Available: http://link.aps.org/doi/10.1103/PhysRevLett.94.236802

K. Ghosh, C. C. Yap, B. K. Tay, and C. S. Tan, “Integration of CNT
in TSV (< 5um) for 3D IC application and its process challenges,”
in Proc. IEEE Int. 3D Syst. Integr. Conf., San Francisco, CA, USA,
Oct. 2013, pp. 1-4.

M. Fujii et al., “Measuring the thermal conductivity of a sin-
gle carbon nanotube,” Phys. Rev. Lett., vol. 95, Aug. 2005,
Art. no. 065502. [Online]. Available: https://link.aps.org/doi/10.1103/
PhysRevLett.95.065502

P. M. Ajayan et al., “Opening carbon nanotubes with oxygen and impli-
cations for filling,” Nature, vol. 362, no. 6420, pp. 522-525, Apr. 1993,
doi: 10.1038/362522a0.

Abhishek Mishra, photograph and biography not available at the time of
publication.

Harald Gossner, photograph and biography not available at the time of
publication.

Mayank Shrivastava, photograph and biography not available at the time of
publication.


http://dx.doi.org/10.1063/1.1396632
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1021/nl035258c
http://dx.doi.org/10.1038/362522a0


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


