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Abstract— Single-walled carbon nanotube (SWCNT) bundles
have the potential to provide an attractive solution for the resis-
tivity and electromigration problems faced by traditional copper
interconnect. In this paper, we evaluate the performance and re-
liability of nanotube bundles for future VLSI applications. We
develop a scalable equivalent circuit model that captures the sta-
tistical distribution of metallic nanotubes while accurately incor-
porating recent experimental and theoretical results on induc-
tance, contact resistance, and ohmic resistance. Leveraging the
circuit model, we examine the performance and reliability of nan-
otube bundles including inductive effects. The results indicate that
SWCNT interconnect bundles can provide significant improve-
ment in delay over copper interconnect depending on the bundle
geometry and process technology.

1. INTRODUCTION

The modeling, design, and implementation of on-chip in-
terconnect continues to be a fundamental roadblock to realiz-
ing high-performance integrated circuits. As process technol-
ogy scales and wire width decreases, traditional copper inter-
connect will suffer from increases in resistivity due to surface
roughness and grain boundary scattering [1]. This will lead
to both delay and electromigration problems [2]. Given the
long-term scaling problems associated with traditional copper
interconnect, radical alternatives are required. Single-walled
carbon nanotubes (SWCNT) have been proposed as a possible
replacement for copper interconnect due to their large conduc-
tivity and current carrying capabilities [3]. SWCNTs are rolled
graphitic sheets that can either be metallic or semiconducting
depending on their chirality [4]. Due to their covalently bonded
structure, SWCNTSs are extremely resistant to electromigration
and other sources of physical breakdown [5].

While SWCNTs have desirable material properties, individ-
ual nanotubes suffer from an intrinsic ballistic resistance of 6.5
kQ [6]. To alleviate the intrinsic resistance problem, bundles or
ropes of SWCNTs in parallel, depicted in Figure 1, have been
proposed and physically demonstrated as a possible intercon-
nect medium [3, 7]. In the absence of special separation tech-
niques [8], the metallic nanotubes are distributed with probabil-
ity P, = 1/3 since one-third of the possible SWCNT chirali-
ties are metallic [4]. Given the desirable material properties of
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Fig. 1. System of SWCNT bundles implementing a signal line and two
adjacent ground return paths, and the proposed RLC circuit model.

carbon nanotubes, the modeling and design of nanotube-based
interconnect solutions for future VLSI applications is a crucial
step toward the adoption of this promising technology.

In this paper, we provide a comprehensive analysis of the
performance and reliability of SWCNT bundles for both lo-
cal and global interconnect in future VLSI applications. We
develop a scalable equivalent circuit model that captures the
statistical distribution of metallic nanotubes while accurately
incorporating recent experimental and theoretical results on in-
ductance, contact resistance, and ohmic resistance [9—12]. We
also describe a method for determining the optimal nanotube
diameter for local interconnect applications. Leveraging the
circuit model, we examine SWCNT bundle performance and
reliability relative to copper technology including the impact
of inductive effects for various bundle geometries and process
parameters. The results indicate that SWCNT bundles can pro-
vide significant improvement in delay over copper interconnect
depending on bundle geometry, individual nanotube diameter,
and the statistical distribution of metallic nanotubes.

II. PREVIOUS NANOTUBE INTERCONNECT STUDIES

Several previous studies have investigated nanotube-based
interconnect. Burke introduced an RLC model for an indi-
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vidual SWCNT that models the nanotube as a 1-D quantum
wire with a quantum capacitance, kinetic inductance, and a per-
fect contact resistance between the nanotube and its metal con-
tacts [13]. Based on Burke’s model, Raychowdhury and Roy
developed a model for SWCNT bundles that included the ad-
ditional resistance due to acoustic and optical phonon scatter-
ing [14]. Also leveraging Burke’s model, Srivastava and Baner-
jee analyzed the impact of imperfect metal-nanotube contacts
and discussed the increase in resistance when only a portion
of the bundle’s nanotubes are metallic [15]. Finally, Naeemi
and Meindl proposed a mono-layer SWCNT structure for lo-
cal interconnect and demonstrated that the high bias resistance
due to optical phonon scattering will not have a large effect for
most predicted interconnect geometries [16—18].

While these initial studies provide a good starting point for
future research efforts, several important modeling considera-
tions and their implications still need to be addressed. Previ-
ous studies have either assumed that all nanotubes are metal-
lic [14, 16] or did not consider the performance and reliability
implications of the statistical distribution of the metallic nan-
otubes in the bundle [15]. Furthermore, the new theoretical
and experimental results presented in [9-12] demonstrate that
the diameter dependence of the ohmic and contact resistances
can have a drastic impact on performance, which has not been
previously considered when evaluating SWCNT bundles.

Given the performance implications of inductive effects [19],
accurately capturing the inductance of SWCNT bundle inter-
connect and its impact are crucial. For SWCNT inductance
modeling, which consists of both magnetic and kinetic induc-
tances, several previous studies did not model the magnetic in-
ductance since it is predicted to be significantly less than the
kinetic inductance for a single nanotube [14, 16]. However,
the magnetic inductance can exceed the theoretical kinetic in-
ductance in realistic interconnect geometries as we discuss in
Section III-C. Furthermore, the kinetic inductance reported in
experimental studies has been substantially lower than its the-
oretical value [20]. Other studies did not model the mutual
magnetic inductance between nanotubes [15], which can lead
to non-physical results [21]. Comprehensive inductance mod-
eling techniques are needed to provide a holistic evaluation of
SWCNT bundles for future VLSI applications.

III. CIRCUIT MODEL FOR SWCNT BUNDLES

To evaluate SWCNT bundles for future interconnect applica-
tions, we have created an accurate and scalable RLC equivalent
circuit model, which is displayed in Figure 1. Each SWCNT
has lumped resistances representing both the intrinsic ballistic
resistance (R;) and an additional contact resistance (R.) be-
tween the SWCNTSs and on-chip metal components. A dis-
tributed resistance (R,) captures the ohmic resistance of the
SWCNT. C. and C, represent the electrostatic capacitance to
ground and between SWCNTs, respectively. C, is the quan-
tum capacitance of the SWCNT. Ly;,, models the kinetic in-
ductance. L,, and M,, represent the partial self and mutual in-
ductances of coupled SWCNTSs. In the following sections, we
discuss the modeling of resistance (Section III-A), magnetic
inductance (Section III-B), kinetic inductance (Section III-C),
and capacitance (Section III-D) for SWCNT bundles.
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A. Resistance

To model the ohmic and contact resistances for SWCNT
bundle interconnect, we utilize the diameter-dependent model
that we developed in [10]. For nanotubes operating in the low
bias regime (V;, <~ 0.1V), the total resistance is

Rlow
Rlow =

R1+Rc Zf Zbg)\ap (1)
R, + R; + R, ’Lf Iy > )\ap )

where [, is the bundle length [6], and A, is the mean free path
of acoustic-phonon scattering. For high applied bias voltages,
the resistance is Rpign = Riow + Vb/I,, Where I, is saturation
current of an individual nanotube. A recent worst-case anal-
ysis suggests that the bias voltage does not greatly impact the
resistance unless the number of nanotubes in the bundle (n;) is
greater than 50 and [, < 10,4, [18].

The intrinsic resistance (R;) of a ballistic SWCNT is R; =
h/ 4e? ~ 6.5 k) [6]. Recent experimental and theoretical re-
sults have revealed that the contact resistance greatly increases
when the SWCNT diameter (d;) is less than 2 nm [10, 12].
We utilize the model in [10] to model the diameter depen-
dence of the increased lumped resistance due to imperfect
metal contacts. The ohmic resistance of an SWCNT is R, =
(h/4€?)(Iy/Aap) [6]. Recent experimental evidence and theo-
retical formulations have demonstrated that A, is proportional
to d; [10, 11]. The resistance of an individual SWCNT ver-
sus diameter is governed by R, = (halyT)/(4e*vrd;) where
vr is the Fermi velocity in graphene, T is the temperature in
Kelvin, and « is the scattering rate [11]. Based on experimen-
tal measurements for A,,, the diameter-dependent equivalent
ohmic resistivity of a SWCNT is

h

= 420\ d, 3)

Pt
where C), is the mean free path-to-nanotube diameter pro-
portionality constant defined in [10]. The resistance of the
SWCNT bundle, assuming no current redistribution due to
magnetic inductance, is defined by the parallel combination
of the individual SWCNT resistances, R, = R;/np, where
R; is the total resistance of an individual SWCNT. Note that
we neglect the resistive interaction between nanotubes since
the nanotube-nanotube coupling resistance has been physically
measured to be significantly larger than R; [22].

Neglecting the diameter-dependent nature of the ohmic and
contact resistances can produce errors as high as 120% and
85%, respectively [10]. To examine the impact of the SWCNT
bundle resistance for realistic interconnect geometries, we cal-
culated the total resistance of dense SWCNT bundles for vari-
ous [, and bundle width (wy) values when d; = 1.0 nm [10].
For long bundles with w;, = 22 nm, the SWCNT bundle resis-
tance is 82% less than it is in scaled copper interconnect. The
d; value greatly impacts the relative improvement over tradi-
tional copper interconnect. For example, dense bundles with
dy = 2.0 nm have only a 22% improvement in resistance.
SWCNT bundles are at a disadvantage for short [, and large
wy, values, when the contact resistance is significant [10].

For local interconnect, the {; value for which the resistance
of the SWCNT bundle equals that of copper interconnect for a
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Fig. 2. Geometry where the percentage improvement in SWCNT bundle
resistance over copper interconnect resistance is zero for various (a) /5 values
and (b) d; values.

given wy, can be calculated by equating the resistance of copper
and SWCNT bundle interconnect:

pouly  Betpily

Ry — Ry =0=
wyhy ng

0 “)

where R, is the resistance of a copper conductor with the
same dimensions as the bundle and p¢,, is the copper conduc-
tor’s width-dependent resistivity. Solving (4) for [, yields

Rcwbhb
= ——<c b
pPCuly — prwphy

Using (5), the minimum length for which SWCNT bundle in-
terconnect has an advantage over copper technology for a par-
ticular conductor geometry can be determined.

Figure 2a depicts the [; and w; values where the percentage
improvement in SWCNT bundle resistance over copper inter-
connect resistance is zero based on (5). As d; is decreased, the
impact of R, substantially increases. However, n; increases as
d; decreases, which leads to lower overall resistance. Due to
the interaction between these two conflicting trends, an opti-
mum d; value exists for a given w;. Figure 2b depicts the [,
and d; values where the percentage improvement in SWCNT
bundle resistance over copper interconnect resistance is zero
for various wy;, values. The optimal d; value for SWCNT bun-
dles with short [, values can be determined by minimizing (5)
with respect to d;, which is encapsulated in p;.

®)

B. Magnetic Inductance

SWCNTs have both magnetic and kinetic inductances that
can affect interconnect delay, noise, and power consump-
tion [13,21]. The total magnetic inductance (L,,q4) is depen-
dent on the entire current loop, which typically consists of a
signal line and its associated ground return paths as depicted in
Figure 1 [21]. Since the distribution of the current in the loop
may not be known a priori, the concept of partial inductance
is used to model the magnetic inductance. The partial self in-
ductance (L,,) of a single nanotube and the mutual inductance
(M,,,) between two parallel current carrying nanotubes are cal-
culated using the method described in [9]. To more efficiently

m
=]
3

Bundle Width for L =L, (nm)
m - Tk

0.1
Kinetic Inductance (nH/um)

Separation-to-Width Ratio 0.1~ 0.01

Fig. 3. Dense carbon nanotube bundle w,, values for which the theoretical
magnetic and kinetic inductances are equal.

model the magnetic inductance, we have developed the equiv-
alent conductivity model, which approximates the magnetic in-
ductance of the discrete SWCNTSs with one conductor that has
the same dimensions as the nanotube bundle [9].

The equivalent conductivity model achieved a maximum er-
ror of 6.49% with typical errors of 0.80% percent [9], which
is most likely within the manufacturing tolerances of future
fabrication technology. If only the self-inductance is consid-
ered [15], the magnetic inductance is significantly underes-
timated with typical errors of 94.3%. For sparsely packed
SWCNT bundles with P,, = 1/3, our simulation results
demonstrate that once wy, > 12d,, the 3-¢ variation in the mag-
netic inductance is less than 10%. The equivalent conductivity
model computes the magnetic inductance in constant time [9].
Therefore, the equivalent conductivity model provides a scal-
able magnetic inductance modeling solution.

C. Kinetic Inductance

In a metallic SWCNT, the kinetic inductance (L) is depen-
dent on the net sum of the kinetic energy of the left and right
moving electrons [13]. For individual SWCNTs, the theoret-
ical expression for kinetic inductance is L = h/(2e%vr) ~
16 nH/um [13]. For SWCNT bundles, the kinetic inductance
is Lyin = Ly /np. Conflicting experimental results have been
reported in the literature for the kinetic inductance of SWC-
NTs. In [23], kinetic inductance values of 0.1 - 4.2 nH/um
were reported, while in [20], no kinetic inductance was ob-
served for frequencies up to 10 GHz. Recent theoretical results
indicate that when the voltage drop across the SWCNT exceeds
160 mV and [, is significantly larger than A, Lj, will be lower
than its theoretical value [24]. Given the lack of consensus on
the value of Lj, we examine its worst-case impact on future
SWCNT bundle interconnect solutions in Section I'V-B.

Figure 3 displays the w; values for which the inductance
of a GSG interconnect configuration experiences equal contri-
butions from both magnetic and kinetic inductance. We as-
sume that w;, equals the height of the bundle (hy), d; = 1 nm,
lp, = 1 mm, and P,, = 1. Depending on the per unit length
value of the kinetic inductance and the spacing between the sig-
nal bundle and the ground return bundles, the magnetic induc-
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Fig. 4. Improvement in SWCNT bundle delay over copper interconnect delay
for local interconnect.

tance dominates in bundles with w;, values ranging from 4 nm
to 170 nm, which are within the range of typical width values
for both local and global interconnect predicted by [2]. There-
fore, the relative value of magnetic and kinetic inductance on
SWCNT bundles is highly dependent on the bundle geometry,
ny, and the value of per unit length kinetic inductance.

D. Capacitance

The capacitance of a nanotube bundle consists of both a
quantum capacitance (C,) and the electrical capacitance (C. +
C.). The quantum capacitance has a theoretical value of
e?/2hvp = 25 aF/um [13]. The electrical capacitance be-
tween adjacent nanotube bundles depends on the bundle geom-
etry and spacing between bundles (s;). We have developed a
model for determining C,. and C, for the geometry depicted
in Figure 1. As ny increases, the variation in capacitance val-
ues arising from the statistical distribution in nanotube loca-
tions will be reduced. To verify this assumption, we performed
Monte Carlo simulations for capacitance using the interconnect
analysis program FastCap [25] for different P, values and bun-
dle dimensions. We found that when the bundles were more
than fifteen nanotubes wide, the absolute variation in the ca-
pacitance value was less than 3% for P,,, = 0.3. This allows
us to model the capacitance of the bundles by assuming a fixed
placement of the nanotubes, which greatly reduces the compu-
tational resources required. We represent each bundle as a sin-
gle conductor with a width of w;, and with an equivalent height
of heq = hy(0.5 4+ 0.3P,,). The equivalent conductor’s capac-
itance is found using the analytical model in [26]. The values
of capacitance obtained using our model were compared to the
results from FastCap, and the error was less than 5%.

IV. PERFORMANCE AND RELIABILITY OF
SWCNT BUNDLE INTERCONNECT

In this section, we analyze the performance and reliability of
SWCNT bundles for VLSI applications using the model from
Section III. To determine the delay, current density, and in-
ductive effects arising from a particular bundle geometry, we
perform HSPICE simulations on the RLC model with driver
parameters and load device capacitances specified by [2].
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for global interconnect.

A. Local and Global Interconnect

For local interconnect, we simulated approximately 40,000
different configurations with varying d;, R, l;, and P, val-
ues. We use the process parameters from the 2015 node in [2].
We assume that the interconnect has a fanout of 5 gates when
calculating the load capacitance, P,, = 1/3, [, = 10 pum, and
f =10 GH z. The maximum current density for the simulated
cases is 3.5 pA per nanotube, which is significantly lower than
the typical I, value of 20um [6]. Therefore, the current density
in SWCNT bundles does not pose a significant performance or
reliability issue. In terms of delay, the SWCNT bundle per-
formance relative to copper interconnect primarily depends on
Rcnom, lp, and P,,. Figure 4 depicts the percentage improve-
ment in SWCNT bundle delay over standard copper wires for
local interconnect with d; = 1.5 nm and R.nom = 20 k.
For short interconnect length values, copper interconnect has
less delay than SWCNT bundle interconnect due to the large
contact resistance. However, the negative resistive impact of
the short SWCNT bundles is offset by the effective resistance
of the interconnect driver circuit. For longer interconnect, the
larger SWCNT ohmic resistance leads to an improvement in
delay, especially in bundles where P, is large.

For global interconnect, we simulated approximately 1,500
different interconnect configurations with varying d; and P,,
values. We use the global interconnect process parameters from
the 2015 node in [2]. We find that the current density per nan-
otube is similar to the values obtained for the local intercon-
nect cases. For global SWCNT bundle delay, Figure 5 displays
the percentage improvement over standard copper interconnect
when I, = 1 mm, R, = 20 k€, and f = 10 GH z. For small
d; values, the bundle has less delay than standard copper in-
terconnect for the full range of possible P, values (1/3 to 1).
However, for larger d; values, P,, will determine if SWCNT
bundles have less delay than copper interconnect.

B. Impact of Inductive Effects

Given the importance of inductive effects for global inter-
connect in standard copper technology for both performance
and reliability [19], we also investigate the impact of induc-
tance on SWCNT bundle interconnect. Inductive effects typ-
ically impact interconnect performance and reliability when
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Fig. 6. The impact of inductive effects: (a) improvement in SWCNT bundle delay over copper interconnect delay; (b) voltage overshoot for SWCNT bundles;
and (c) absolute difference in overshoot between SWCNT bundles and copper interconnect.

the inductive reactance (wlL) is significant compared to the
resistance (R) in the system’s total impedance (Z = R +
jwl) [19,27]. Figure 6a displays the percentage improve-
ment in SWCNT bundle delay over standard copper intercon-
nect versus wy, and the bundle separation-to-width ratio (sy, /wp)
when inductive effects are taken into account. We assume that
P, =1,d; =1nm,l, =1 mm,and f = 10 GHz. For
small wy, and s, values, the SWCNT bundle performance im-
provement closely matches the improvement in resistance since
R > wL. However, for larger w; values, which result in de-
creased resistance, or larger s, values, which result in increased
inductance, the improvement in delay decreases since the in-
ductance begins to dominate the overall resistance (R < wL).

Inductive effects can also cause voltage overshoot, which
can damage transistors and cause logic failures [19]. Figure 6b
displays the percentage voltage overshoot in SWCNT bundle
interconnect. Similar to the delay behavior, the overshoot de-
pends on the relative inductive contribution to the impedance.
Since the resistance of SWCNT bundles is typically lower
than that of standard copper interconnect, inductive effects im-
pact the performance and reliability of SWCNT bundles with
smaller dimensions than those of copper interconnect as de-
picted in Figure 6¢. Therefore, it is critical that certain steps be
taken in the design of SWCNT bundle interconnect systems to
reduce the impact of inductive effects [19].

Understanding the relative importance of magnetic and ki-
netic inductance for SWCNT bundles is vital for evaluating
nanotubes in VLSI interconnect applications. Figures 7a and
7b display the percentage difference in delay and voltage over-
shoot when modeling the total inductance and only the mag-
netic inductance. The addition of the worst-case theoretical
kinetic inductance (4 um/nH) increases the delay by a max-
imum of 6% and voltage overshoot by a maximum of 3%.
Therefore, the kinetic inductance will have a relatively small
impact on SWCNT bundle performance for the interconnect
geometries and process parameters predicted in [2]. The small
impact of kinetic inductance stems from the difference in the
behavior of wL /R between magnetic and kinetic inductance.
Since both the kinetic inductance and the resistance are in-
versely proportional to ny, wLgi, /R stays relatively constant
(= 0.034 for the simulated geometry) and is not impacted by
increases in s;, /wy, for a fixed wy,. In contrast, the reduced resis-
tance due to increasing w; and the increasing magnetic induc-
tance due to the larger current loops generated by increasing
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Percentage Difference in Overshoot

100 Separation- 100

Bundle Width (nm) 0 to-Width Bundle Width (nm) Segaration»
Ratio to-Width
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Fig. 7. The relative impact of magnetic and kinetic inductance: (a) percentage
difference in delay when modeling the total inductance and only the magnetic
inductance; and (b) percentage difference in voltage overshoot when
modeling the total inductance and only the magnetic inductance.

$p/wp make wWhlimag /R = 1 for many interconnect geometries.
Therefore, the magnetic inductance will have a significantly
larger impact on SWCNT bundle performance than kinetic in-
ductance in predicted SWCNT bundle geometries, even when
the worst-case theoretical value for Ly;,, is assumed.

C. Reliability of SWCNT Bundles

To determine the reliability impact of the statistical distri-
bution of metallic nanotubes in global SWCNT bundles, we
performed Monte Carlo simulations on 300 SWCNT bundle
geometries with 10 nm < wp, < 40 nm, 1 nm < dy < 2 nm,
and 1/3 < P,, < 1. We find that the delay can experience
3-sigma variations as high as 60%. Since the time required
to cross large portions of the chip is significantly larger than
the clock period, re-timing and buffer insertion cause the de-
lay of many global interconnect lines to be close to the critical
path delay. Figure 8 displays the probability of a timing vio-
lation on one SWCNT interconnect line for 1,000 total global
SWCNT bundle interconnect lines. To ensure reasonable re-
liability and yield, 20 - 40 percent additional delay tolerance
must be designed into systems when utilizing SWCNT bundles
for global interconnect in future process technologies. How-
ever, standard copper interconnect will also experience signifi-
cant variation in delay due to process variation [28]. Given the
fact that SWCNT nanotube interconnect can offer up to 70%
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performance improvement over standard copper interconnect,
SWCNT bundles offer a viable alternative to scaled copper in-
terconnect depending on the geometric and process parameters.

V. CONCLUSION

In this paper, we provide a comprehensive analysis of the
performance and reliability of SWCNT bundles in future VLSI
applications. We develop a scalable equivalent circuit model
that captures the statistical distribution of metallic nanotubes,
while incorporating recent experimental and theoretical results.
The results indicate that SWCNT interconnect bundles can pro-
vide significant improvement in delay over that in traditional
copper interconnect. Furthermore, we demonstrate that the
magnetic inductance will have a significantly larger impact on
SWCNT bundle performance than kinetic inductance for pre-
dicted SWCNT bundle geometries. While many manufacturing
and technological factors will ultimately contribute to the re-
alization SWCNT bundle interconnect, the results indicate that
SWCNTs have the properties to potentially be a viable replace-
ment for copper interconnect in many high performance VLSI
applications as process technology scales.
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