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Abstract�This paper presents a comprehensive study of the ap-
plicability of single-walled carbon nanotubes (SWCNTs) as inter-
connects in nanoscale integrated circuits. A detailed analysis of
SWCNT interconnect resistance (considering its dependence on all
physical parameters, as well as factors affecting the contact resis-
tance), the �rst full 3-D capacitance simulations of SWCNT bundles
for realistic very large scale integration (VLSI) interconnect dimen-
sions, and a quantitative evaluation of the importance of inductive
effects in SWCNT interconnects are presented. The applicability
of carbon nanotube (CNT) based vias (vertical interconnects)�the
most realizable CNT interconnects in the current state of the art�
is addressed for the �rst time. It is shown that CNT interconnects
can provide 30%�40% improvement in the delay of millimeter-
long global interconnects. The applicability of CNT monolayers
as local interconnects is found to be much more limited than that
reported in the prior literature. Dense CNT bundle global intercon-
nects are shown to offer a 4× reduction in power dissipation while
achieving the same delay as optimally buffered Cu interconnects
at the 22 nm node. This power saving increases to 8× at the 14 nm
node. Furthermore, 3-D �nite-element electrothermal simulations
show that CNT bundles used as vias in between Cu metal layers
can provide large improvement in metal interconnect lifetime by
lowering the temperature of the hottest interconnects.

Index Terms�Carbon nanotube (CNT), performance, power,
reliability, thermal management, very large scale integration
(VLSI) interconnect .

I. INTRODUCTION

S INCE their accidental discovery in 1991 [1], carbon nan-
otubes (CNTs) have aroused a lot of interest as building

blocks for future integrated circuits (ICs) due to their outstand-
ing electrical properties [2], high thermal and mechanical stabil-
ity, high thermal conductivity, and large current-carrying capac-
ity [3]�[6]. Alongside research efforts into developing semicon-
ducting CNT-based transistors [7], metallic CNTs (mCNT) have
also been suggested as an interconnect material [8], [9]. Several
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Fig. 1. Maximum allowed rms current density (unipolar ac current stress)
for Cu local vias at different metal temperatures. The International Technology
Roadmap for Semiconductors (ITRS) provides Jmax values at 378 K (Tref ).
Jmax values at actual metal temperature (Tm ) are calculated for the same
electromigration lifetime as with ITRS current densities. Tm is obtained from
3-D electrothermal simulations using a commercial �nite-element solver Ansys.
The current stress for Ansys simulations are obtained using ITRS-speci�ed
Jmax values with different duty ratios (r) as shown.

groups have reported progress on the fabrication of CNT-based
interconnects [8], [10], [11], which can alleviate the signi�cant
performance and electromigration (EM) reliability concerns in
future generations of Cu interconnects [12], [13]. The widen-
ing gap between ITRS current-density requirements [14] and
the current-carrying capacity of Cu vias�primarily due to the
steep rise in parasitic resistance of aggressively scaled Cu inter-
connects [14]�[16] and rising on-chip metal temperatures�is
shown in Fig. 1, indicating the need for identifying alternate
interconnect materials for very large scale integration (VLSI).

In this paper, we present a comprehensive study of the applica-
bility of single-walled CNTs (SWCNTs) as VLSI interconnects.
The paper is organized as follows. Section II provides a brief
introduction to CNT interconnect technology. Section III starts
with a review of existing works analyzing the performance of
CNT interconnects and presents an equivalent circuit model,
based on the Luttinger liquid theory, to calculate the propaga-
tion delay of a CNT bundle interconnect. The properties of the
equivalent circuit model are discussed, highlighting all under-
lying assumptions. Salient features of Section III include the
impact of all physical parameters on CNT resistance, the �rst
3-D capacitance simulation results for CNT bundles of realis-
tic VLSI interconnect dimension, and a quantitative analysis of
the importance of inductance in calculating CNT interconnect
propagation delay.

Based on the equivalent circuit model, the performance of
CNT bundles is evaluated in Section IV, and the advantages

1536-125X/$25.00 ' 2009 IEEE

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 23, 2009 at 12:30 from IEEE Xplore.  Restrictions apply. 



SRIVASTAVA et al.: ON THE APPLICABILITY OF SINGLE-WALLED CARBON NANOTUBES AS VLSI INTERCONNECTS 543

Fig. 2. Structure of a single layer of graphite (graphene) (left), single-walled
carbon nanotube (SWCNT) as a rolled-up graphene sheet (middle) and a mul-
tiwalled nanotube with three concentric shells (right).

they can offer at different domains of on-chip interconnects are
shown. This performance analysis provides a clear insight into
the applicability of CNT interconnects in the form of dense or
sparse bundles as well as monolayers. Section IV also addresses
the impact of CNT bundle interconnects on global intercon-
nect power dissipation�a critical concern for future technol-
ogy generations and various interconnect-centric microarchi-
tectures. Noting recent progress in the fabrication of CNT vias,
Section V addresses the concept of hybrid CNT/Cu interconnects
[9]�employing CNT vias in tandem with Cu metal layers�
and its remarkable advantages from a reliability/thermal-
management perspective. This paper is unique in its key �ndings
with regard to interconnect power dissipation and thermal anal-
ysis of the back-end interconnect stack. Section VI concludes
with a summary of our �ndings and lays out the process tech-
nology requirements that must be met in order to make SWCNT
interconnects a reality.

II. CNT INTERCONNECTS

The basic structure of a CNT�as a rolled-up graphene sheet
to form a SWCNT, or several concentric tubes to form a mul-
tiwalled CNT (MWCNT)�is shown in Fig. 2. Changing the
direction of roll-up leads to different �chiralities,� which are
identi�ed by the chiral indexes (m, n) [17], [18] (when either
m or n is zero it is called zigzag chirality, m = n is called arm-
chair, while all other nanotubes are called chiral). SWCNTs
are metallic when the difference between the chiral indexes is
an integer multiple of 3 (m � n = 3i), and are semiconduct-
ing otherwise. Hence, armchair SWCNTs are always metallic.
Metallic CNTs have aroused a lot of interest as VLSI inter-
connects of the future [8]�[11], [19]�[22], because of their ex-
tremely desirable electrical and thermal properties. CNTs have
shown current-carrying capacity in excess of 1010 A/cm2 with-
out any signs of damage even at an elevated temperature of
250 �C [3], [23], thereby eliminating the EM reliability con-
cerns that plague nanoscale Cu interconnects.

Although the current-carrying capacity of an isolated CNT is
much greater than that of Cu, it has a high resistance (theoret-
ical minimum of 6.45 k� [24], [25]). In practice, the observed
resistance of an individual CNT can be much higher [25], [26],
due to the presence of imperfect metal�nanotube contacts. The
high resistance of an individual CNT necessitates the use of a
bundle (rope) of CNTs conducting current in parallel to form a
low-resistance interconnect [8], [10], [11].

The work by Kreupl and coworkers [8], [19] proposed a
method for growing MWCNT bundles by chemical vapor depo-

sition (CVD) from the bottom of vias and contact holes using
an iron-based catalyst. In an alternative bottom-up process [11],
MWCNTs are �rst grown (using HF-CVD) at prespeci�ed lo-
cations, then gap-�lled with oxide, and �nally planarized. The
high temperature (700 �C) during CNT growth [8] has been
lowered to 510 �C in [19], and more recently to a low of 365 �C
in [27]. Advances have also been reported on the reduction of
metal�nanotube bundle contact resistance [22], integration with
ultra-low K dielectrics [27], CNT through-silicon-vias [28], and
densi�cation techniques for SWCNT [29] and MWCNT [30]
bundles.

While MWCNT bundles are easier to fabricate, dense metal-
lic SWCNT bundles have greater advantages in terms of inter-
connect performance [31] and reliability [32]. SWCNT bundle
fabrication has been dif�cult due to the low fertility of catalyst
particles for SWCNT growth. It has recently been shown that
the fertility of the growth catalyst can be increased by addi-
tion of water [33] or oxygen [34]. Thus, homogeneous SWCNT
�lms have been developed by assembling SWCNTs into a dense
�carbon nanotube wafer,� enabling integration of nanodevice
systems by lithography [35]. Nevertheless, the fabrication of
on-chip SWCNT interconnects still poses several challenges
because of the need for low-thermal-budget dense metallic nan-
otube bundles.

III. MODELING AND ANALYSIS OF SWCNT INTERCONNECTS

As the interest in CNT-based interconnects gains momentum,
this paper addresses the need to identify the domains of on-chip
interconnections (local, intermediate, and global interconnects
and vias), where this technology has the potential to replace
Cu. It is shown that the requirements from SWCNT process
technology vary signi�cantly with the interconnect application
that is targeted. This paper analyzes the performance, power,
and reliability of SWCNT bundle interconnects in comparison
with Cu, taking into account their advantages as well as practical
limitations, and lays out the process requirements to make it a
viable interconnect technology.

A. Previous Work

The imminent thermal/reliability issues of Cu vias and con-
tacts and the advantages of CNT bundle vias have been reported
in [12].

The analysis in [36] considers a �at array of CNTs [Fig. 3(b)],
and reports that CNT interconnects have much larger delay than
Cu. A similar analysis in [37] arrives at the same conclusions.
However, the comments by Li et al. [38] show that the analysis
presented in [36] and [37] has several drawbacks. Many other
works in the published literature have shown that CNT-based
interconnects compare favorably with Cu. Their contributions
and limitations are discussed in the following paragraphs.

The superior performance of CNT bundle interconnects as
compared with Cu has been shown in [39] and [40]. However,
these works neglect practical limitations such as the low density
of metallic nanotubes and the presence of imperfect metal�
nanotube contacts. Moreover, it is assumed that CNT bundles
always have the same capacitance as Cu wires. The work in [41]
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Fig. 3. (a) Equivalent circuit model for an isolated SWCNT [51], for length less than the mean free path of electrons. (b) CNT arrays and (c) CNT bundles
increase the number of nanotubes to reduce effective resistance (nw and nh denote number of columns and rows in the bundle, respectively). (d) Dense triangular
packing of CNTs with minimum separation �min (Van der Waal�s gap) [54]. Varying density of metallic CNTs is modeled using x > xmin , where x is the
center-to-center distance between adjacent CNTs.

provides a more comprehensive analysis of the performance of
CNT interconnects taking into account these limitations, but
uses an empirical model to calculate the CNT bundle capaci-
tance. More realistic capacitance calculations have recently been
shown for a 10-nm-wide CNT bundle [42], [43]. However, the
effect of bundle geometry or aspect ratio for more realistic VLSI
interconnect dimensions is not known.

The resistance calculations in [43] and [44] assume that the
saturation current in a CNT is independent of its length. How-
ever, this assumption is not supported by measurements (see
Section III-B1a). This paper relies on published experimental
data to show that the low-voltage bias resistance is valid for most
CNT bundle interconnects. This, however, may not be valid for
CNT monolayer interconnects that have been proposed as ef�-
cient local interconnects up to 20 µm lengths [42], [43], [45].
The analysis in this paper shows that the high resistance of
SWCNT monolayers limits their applicability to the shortest lo-
cal interconnects, which are driven by minimum-sized drivers
(less than 1-µm-long interconnects at advanced technology
nodes). While the diameter dependence of SWCNT resistance
has been discussed in [46], this paper discusses the impact of
other important physical parameters such as temperature, con-
tact geometry, and properties of the contact metal.

The importance of considering inductance in CNT intercon-
nect delay calculation has been addressed qualitatively in [47]
and quantitatively in [43]. However, the impact of drivers that are
critical for such an evaluation has been neglected. We present a
realistic quantitative evaluation of the importance of inductance
in CNT interconnect delay computation, taking into account the
driver impedance, line impedance, and the characteristic wave
impedance. The mutual inductance between nanotubes of a bun-
dle has been considered in [48] by assuming each nanotube as
a solid metallic conductor. However, this model does not cor-
rectly capture the high-frequency current distribution inside a
CNT bundle [49]. In this paper, we neglect the mutual induc-
tance between nanotubes of a bundle. However, as discussed in
Section III-C, neglecting this mutual inductance will not have
an adverse impact on the results shown here.

While most prior works address only the performance of CNT
interconnects, the work in [50] highlights their advantages in
terms of reliability and back-end thermal management as well.

This paper provides a complete analysis of the applicability
of SWCNT bundles at different domains (local, intermediate,
and global) of VLSI interconnects. Some of the main contri-
butions in this paper are CNT interconnect resistance modeling
considering its dependence on all physical parameters, detailed
discussion of factors affecting contact resistance of SWCNT
interconnects, full 3-D capacitance simulation of CNT bundles
for realistic VLSI interconnect dimensions, a quantitative dis-
cussion of the importance of inductive effects, analysis of the
repeater power dissipation in buffered global interconnects, and
an evaluation of CNT vias, which are already being fabricated
by several research groups.

B. Equivalent Circuit Parameters for SWCNT
Bundle Interconnects

The equivalent circuit model parameters for an isolated
SWCNT of length smaller than the mean free path of elec-
trons [51] are shown schematically in Fig. 3(a). This model is
based on the Luttinger liquid theory [52], which describes inter-
acting electrons in a 1-D conductor (since the commonly used
Fermi liquid theory breaks down in 1-D systems [53]). Besides,
the well-known magnetic inductance and electrostatic capaci-
tance, the quantum resistance, quantum capacitance, and kinetic
inductance are important considerations for low-dimensional
systems such as CNTs.

As mentioned in Section II, the high resistance of an iso-
lated CNT necessitates the use of a bundle of CNTs [Fig. 3(c)]
to form a low-resistance interconnect. The minimum intertube
spacing observed in SWCNT bundles is 0.32 nm, characteris-
tic of Van der Waals intertube binding [54]. This close-packed
structure, shown schematically in Fig. 3(d), is the con�guration
considered in the analysis of CNT interconnects in this paper.
In practical reality, not all CNTs of such a bundle are metallic.
Moreover, other fabrication techniques do not yield such densely
packed CNT bundles. Sparsely populated bundles and the pres-
ence of nonmetallic CNTs (which do not contribute to current
conduction) are accounted for by taking a larger center-to-center
distance between adjacent mCNTs (x) : x > xmin [Fig. 3(d)].
The electrical properties and equivalent circuit parameters for
such a bundle need careful analysis in order to ascertain the
applicability of CNTs as VLSI interconnects of the future. This
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requires detailed modeling of the bundle resistance, capacitance,
and inductance while incorporating fundamental physics of low-
dimensional conductors. The models and their components are
explained in detail in the following subsections.

1) SWCNT Interconnect Resistance Modeling:
a) Resistance of an isolated CNT: From the Landauer ap-

proach, the conductance of an isolated CNT can be modeled
by G = 2(e2/h)MT [24], where e is electronic charge, h is
Planck�s constant, M is the number of allowed channels for
transport, and T is the transmission probability. The factor of
2 accounts for spin degeneracy (spin up and spin down). An
SWCNT has two conducting channels (M = 2). Hence, the
lowest possible resistance of an isolated SWCNT, assuming
perfect metal�CNT contacts (T = 1), is given by [24]

RQ =
h

4e2 = 6.45 k�. (1)

This is the fundamental quantum of resistance associated
with an SWCNT of length less than the mean free path of
electrons [55] (l < �CNT ), which is typically 1 µm [8], [56],
[57]. For such lengths, electron transport within the nanotube is
essentially ballistic and resistance is independent of length. RQ
for a CNT is equally divided between the two metal�nanotube
contacts (assuming identical contacts) on either side. However,
for lengths l > �CNT , scattering leads to an additional resistance
of (h/4e2)l/�CNT [58], which yields a distributed resistance per
unit length (also con�rmed by experimental observations [57],
[59])

RS (p.u.l.) =
h

4e2

�
1

�CNT

�
. (2)

i) Voltage bias dependence of SWCNT resistance: The re-
sistance of a nanotube is known to be a function of the voltage
bias across it. At high voltages, resistance increases due to en-
hanced phonon scattering of high-energy electrons [57]. The
inset in Fig. 4 shows the monotonic increase in CNT resistance
(RCNT ) as the voltage bias (Vbias) increases, following the re-
lation [60]

RCNT = Rlow-bias +
Vbias

I0
(3)

where Rlow-bias is the CNT resistance at low bias (around 0 V)
and I0 is the saturation current (current does not increase beyond
I0 even if Vbias is increased). For a 1-µm-long CNT, I0 is found
to be around 25 µA [57], [60]. This is also the theoretically
calculated value of I0 [60]. However, the data in [57], [61] show
that I0 varies with CNT length.

In interconnect applications, the bias dependence of RCNT
can lead to an (instantaneous) increase in resistance. In order
to quantify this effect, we �rst calculate VLimit10% �the largest
value of Vbias for which the increase in RCNT is less than 10%
of Rlow-bias�using

VLimit10% = I0(1.10Rlow-bias � Rlow-bias)

= 0.1I0Rlow-bias . (4)

Fig. 4. (Inset) Bias dependence of CNT resistance. At very small values of
Vbias , around 0 V, RCNT = Rlow -bias is nearly constant. For larger values
of Vbias , RCNT increases monotonically. (Main �gure) VLim it10% , calculated
using (4), is based on published experimental data for I0 and Rlow -bias from
multiple sources. Curve B [57] is for very-low-contact-resistance (<1 k�)
SWCNTs. For high-contact-resistance (� 15 k�) CNTs, VLim it is higher (curve
A). In curve B, pessimistic lower limit of I0 = 15 µA is used. I0 can be much
higher for short CNTs [57]. Hence this curve represents a lower bound on
VLim it10% .

Fig. 5. (a) Maximum instantaneous voltage drop Vbias (solid vertical lines
and square symbols) across a switching CNT bundle interconnect for different
lengths (l) and driver sizes (s), from SPICE simulation at 22 nm node (Vdd =
1V ). Numbers adjacent to squares are the number of metallic CNTs in the
bundle. Curves show VLim it for 10% (solid), 20% (dashed), and 30% (dotted)
increase in RCNT . Circles correspond to data points on Curve B in Fig. 4. Curves
are produced using linear extrapolation since data beyond few µm lengths are
not available. (b) Circuit schematic for SPICE simulation.

Based on published experimental data from various sources,
Fig. 4 plots the calculated values of VLimit10% . The use of ex-
perimental data allow us to account for the length dependence
of I0 . It can be observed that the value of VLimit10% increases as
CNT length increases. This is because longer CNTs have higher
Rlow-bias .

Fig. 5 compares the actual instantaneous voltage drop across
a CNT bundle interconnect, Vbias , to the limiting values of
voltage bias calculated for 10%�30% increase in CNT resis-
tance (VLimit10% �VLimit30% ). Vbias for CNT interconnects of
different lengths and driver sizes (for local, intermediate, and
global levels), with varying number of CNTs per bundle, are
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obtained from SPICE simulations for the con�gurations shown
in Fig. 5(b). VLimit10% �VLimit30% are obtained from (4), cor-
responding to the data for curve B in Fig. 4. As an example,
if Vbias lies in the shaded region above the curve VLimit30% ,
the instantaneous increase in its resistance will be greater
than 30%.

It is found that for very short interconnects (l = 300 nm,
driven by minimum-sized drivers), as few as 50 CNTs in a bun-
dle lead to a voltage drop less than VLimit10% . In other words,
these interconnects will have less than 10% instantaneous in-
crease in resistance. This is because most of the voltage drop
occurs across the large driver resistance. For longer intercon-
nects, with driver size �ve or ten times the minimum size, a
few 100 CNTs in a bundle are needed to ensure that the in-
stantaneous increase in resistance is less than 10%. For wide
global interconnects, which can easily accommodate several
thousands of CNTs, the worst-case effect of Vbias on resistance is
negligible.

Hence, for all practical purposes, the resistance of CNT bun-
dle interconnects is independent of voltage. However, this may
not be true for CNT monolayer interconnects [42], [43], [45],
which can accommodate fewer than 20 CNTs. It is important
to note that the voltage drop across an interconnect is tran-
sient, and the instantaneous increase in resistance discussed here
does not translate into a commensurate increase in interconnect
delay.

ii) Imperfect metal�nanotube contact resistance (RC ): The
observed dc resistance of a CNT (at low bias) is much higher
than the resistance RQ or RS shown in the previous sections,
due to the presence of imperfect metal�nanotube contacts. Ex-
perimental reports on the nature of contacts to CNTs have shown
varied results, with Schottky contacts reported for Ti [62] and
ohmic contacts reported for Au [63] and Pd [61], [64]. Experi-
mental evidence shows that the nature of contacts also depends
on nanotube diameter [65]. A rational function �t for the data
in [65], with nanotube diameter as a parameter, is shown in [46].
However, the metal�CNT contact properties depend on several
other physical parameters, such as contact geometry (planar
versus embedded contacts shown in Fig. 6), contact metal work
function, and temperature.

A theoretical analysis of contacts between metals and semi-
conducting nanotubes is presented in [66], showing the effect
of weak band realignment due to charge transfer at the contacts.
A transition in the nature of the contact from a Schottky barrier
to an ohmic contact is shown as the diameter increases. The di-
ameter at which this transition occurs, or the crossover diameter
(dS�O ), is given by [66] the following equation:

dS�O = d0

�

1 + �

�
kB T

�m � �CNT

�

= d0

�
1 +

�d
d0

�
(5)

where d0 is the crossover diameter if no charge transfer were
considered, kB is Boltzmann�s constant, T is temperature, and
�m � �CNT is the difference in work function between metal
contact and the CNT. � is a parameter that depends on the

Fig. 6. Increase in crossover diameter, �d, (expressed as a fraction of d0 ) at
which Schottky�ohmic transition occurs, as a function of the difference between
metal�CNT work functions (�m � �CNT ), for different contact geometries
and temperatures.

contact geometry (� � 14 for planar contacts, � � 2.5 for
embedded contacts [67]).

In order to provide good ohmic contacts to a wide range of
nanotube diameters, dS�O (and hence �d) must be small. Fig. 6
shows the effect of contact geometry, temperature, and metal
work functions on the ratio �d/d0 . Evidently, it is desirable to
have embedded contacts with a large difference in metal�CNT
work functions.

For small-diameter metallic SWCNTs, the metal�nanotube
chemical bonding signi�cantly perturbs the CNT due to high
curvature and chemical reactivity of these tubes, leading to a
large tunneling barrier at the contacts [66], which makes the
contact resistance of metallic SWCNTs also diameter depen-
dent. Both experimental [65] and theoretical [66] analyses have
shown that it is very dif�cult to obtain good ohmic contacts for
metallic SWCNTs with small diameter around 1 nm. Hence,
even though small contact resistances have been achieved in
some laboratory experiments [56], [68], it is important to con-
sider the possibility of large (imperfect) metal�nanotube contact
resistance in the practical application of CNT interconnects.

The contact resistance RC is divided equally between the two
contacts and is in series with the quantum resistance RQ . The
total resistance of an isolated SWCNT is given by the following:

RCNT =

�
RC + RQ, if l << �CNT

RC + RQ + lRS , if l > �CNT

�

. (6)

Evidently, the resistance associated with a single CNT is too
high for realizing an interconnection. Hence, it is necessary to
have a bundle of CNTs to lower the effective resistance.

b) Resistance of an SWCNT Bundle Interconnect: The ef-
fective resistance of a CNT-bundle with nCNT mCNTs is given
by

Rbundle =
RCNT

nCNT
. (7)

It is assumed here that the interaction between adjacent CNTs
of a bundle is weak. Experiments on CNT bundles have shown
a large temperature-independent coupling resistance (� several
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Fig. 7. Increase in SWCNT bundle resistance (as a% of resistance at 300
K) with temperature, calculated using actual measured rate of increase [72]
for SWCNT bundle with �40% metallic CNTs (main �gure) and theoretically
predicted rate of increase for densely packed metallic SWCNT bundle (inset).

M� [59] for defect-free nanotubes), characteristic of direct tun-
neling between the nanotubes. Hence, the CNTs of a bundle
are only weakly coupled and can be safely assumed to carry
currents independent of each other.

i) Temperature dependence of CNT bundle resistance: The
resistance of a 3-µm-long isolated metallic SWCNT has been
shown to increase superlinearly with temperature from about 50
to 290 K [69]. This nonlinearity has been attributed to optical
phonon absorption in a temperature-dependent model in [70]
with very large increase in resistance predicted for longer CNTs
in the range of 400 K (typical on-chip temperatures), although
this is not supported by data. On the other hand, measurements
on SWCNT bundles have consistently shown linear increase in
resistance with temperature [71], [72] for temperatures as high
as 580 K over a wide range of CNT bundle lengths.

The calculated rate of change of resistivity with tempera-
ture for a densely packed SWCNT bundle [72] is d�/dT =
0.005 µ�•cm/K, while experimental measurements have shown
d�/dT � 0.1 µ�•cm/K [72]. The discrepancy apparently arises
from the presence of semiconducting CNTs as well as from
inter-CNT interactions. Fig. 7 shows that, for these values of
d�/dT, SWCNT bundle resistance increases by about 10% from
room temperature to 400 K (Cu resistance increases by about
40% in the same temperature range).

ii) Diameter dependence of CNT bundle resistance: Semi-
conducting CNTs have a large chirality-induced primary
bandgap, which is inversely proportional to nanotube diame-
ter d, as well as a curvature-induced secondary bandgap, which
scales as 1/d2 [73]. Semimetallic nanotubes have a very small
curvature induced bandgap, which scales as 1/d2 . Armchair nan-
otubes (chiral indexes m = n), however, are truly metallic as
they have zero bandgap, independent of diameter [74].

The small diameter of SWCNTs, and the absence of a con-
trolling gate bias in interconnect applications, means that only
the metallic nanotubes in an SWCNT bundle interconnect con-
tribute to conduction. Hence, the variation in bandgap with nan-
otube diameter will not affect the performance of SWCNT bun-
dle interconnects.

The electron mean free path of a CNT, which has a large
impact on CNT resistance, increases linearly with nanotube

diameter [75]. In the scope of this study, we assume that
all single-walled nanotubes have 1 nm diameter and a mean
free path, �CNT = 1µm, the typical value reported in the
literature.

Fig. 8(a) shows that at the local level, for mCNT density
as low as 30%, CNT bundle resistance can be lower than that
of Cu interconnects when RC is low. With high RC , higher
mCNT densities are needed. Moreover, as long as the CNT bun-
dle resistance is less than that of Cu, the resistance can also be
considered independent of the bias voltage (falling outside the
shaded regions). With technology scaling, fewer nanotubes can
be accommodated in the smaller cross sections, thereby increas-
ing the bundle resistance, but the Cu interconnect resistance also
increases proportionately. Hence, the same trends in compari-
son with Cu are seen for 22 nm node and 14 nm node (inset).
However, as the shaded region of the plot expands at advanced
technology nodes, higher mCNT densities will be necessary as
technology scales in order to keep bundle resistance independent
of voltage bias conditions.

Fig. 8(b) shows that for densely packed bundles at the global
interconnect level, the bundle resistance is less than that of Cu
for a wide range of interconnect lengths, even for low mCNT
density (45%). RC as large as 10 k� does not have a large im-
pact on the overall bundle resistance, while the relative impact of
RC = 100 k� also becomes small for long interconnects. This
is because RC is independent of length whereas the scattering
resistance component (lRS ) increases linearly with length, as
shown in (6). The resistance of maximum width global inter-
connects (width � 1 µm) with dense CNT bundles stays in the
range of 40%�50% of Cu global interconnects and does not
change appreciably over length or with technology [Fig. 8(c)].
Even with imperfect metal�CNT contacts, CNT bundle resis-
tance �50% of Cu wire resistance is easily achieved for long,
wide global interconnects.

2) SWCNT Interconnect Capacitance Modeling: An exter-
nal voltage applied to a 1-D conductor affects its electrochemical
potential energy in two ways. The change in electrostatic po-
tential energy when a charge �Q is added to the conductor is
given by (�Q)2/(2CE ), where CE is its electrostatic capaci-
tance. Due to the low density of states at the Fermi energy level,
the charge �Q has to occupy available quantum energy states
above the Fermi energy level. The additional quantum energy
required to add charge �Q to these higher energy states can be
modeled as (�Q)2/(2CQ ), where CQ is its quantum capaci-
tance [17]. Hence, the net change in electrochemical potential
energy is given by �E = (�Q)2/(2CE ) + (�Q)2/(2CQ ), which
indicates that the effective capacitance of a 1-D conductor is
given by a series combination of CE and CQ [Fig. 9(a)].

The quantum capacitance depends on the density of states
at the Fermi energy level D(µ). For a 1-D conductor, D(µ) =
1/(�flhvF ), where only one spin direction for electrons has been
taken into account. Here, vF is the Fermi velocity (vF � 8 ×
105 m/s) and 2�flh = h, the Planck�s constant. Hence, CQ is
given by [17] and [51]:

CQ (p.u.l.) = e2D(µ) =
e2

�flhvF
=

2e2

hvF
. (8)
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