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Abstract: The single-walled carbon nanotube (SWCNT) is a promising nanostructure in the design of future highfrequency system-on-chip, especially in network-on-chip, where the quality of communication between intellectual
property (IP) modules is a major concern. Shrinking dimensions of circuits and systems have restricted the use of
high-frequency signal characteristics for frequencies up to 1000 GHz. Four key electrical parameters, impedance,
propagation constant, current density, and signal delay time, which are crucial in the design of a high-quality
interconnect, are derived for diﬀerent structural conﬁgurations of SWCNT. Each of these parameters exhibits
strong dependence on the frequency range over which the interconnect is designed to operate, as well as on the
conﬁguration of SWCNT. The novelty of the proposed model for solving next-generation high-speed integrated
circuit (IC) interconnect challenges is illustrated, compared with existing theoretical and experimental results in the
literature.
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1 Introduction
System-on-chip (SoC) and embedded computers
are in extensive use all over the world today. Many
of the necessary subsystems are available now for
integration into a single chip to construct an SoC.
These systems require less space and power, and can
operate at very high frequencies. The astonishing
development in semiconductor fabrication technologies in recent years has made it possible for more
intellectual properties (IPs) and logic circuits being incorporated into a single chip. However, this
development has led to a lot of engineering problems. With more logic circuits placed in a single
‡
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chip, the performance requirements are facing steep
challenges, most of which are architectural in nature. In specialized SoC architectures, where the
communication between diﬀerent IPs poses a great
contribution towards the overall performance, such
as network-on-chip (NoC), the challenge is to design the interconnects that meet the system requirements in terms of electrical performance. While the
shrinking dimensions of modern integrated circuits
and systems have reached the regime of nanometers,
an inherent drawback is imposed on the appropriate
interconnect material. This would cause negligible
decline in electrical performance, and meanwhile allow a higher scale of integration. As interconnects in
a chip are reducing in their dimensions, the problem
due to the characteristic behavior of the interconnect
material is contributing to design constraints. The
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quality of an interconnect is based on several factors,
including signal propagation delay, power consumption, and electrical behavior at lower dimensions. For
a high-frequency SoC, it is desirable that the interconnect network is fast enough to maintain synchronized operations throughout the chip. As the most
widely used material presently, copper faces two fundamental and critical problems: its incapability of
providing high current density, and the augmented
electrical resistivity at reduced dimensions. In terms
of electrical resistivity, the enhancement is due to
surface scattering of electrons, and the problems due
to grain boundaries (Zhou et al., 2008). In the sub100-nm region, copper suﬀers from a considerable
wire delay. According to the International Technology Roadmap for Semiconductors (ITRS), the resistivity of copper will jump from 40.8 to 81.9 Ω·nm
for both dimensions of 45 and 14 nm, causing severe
degradation in the performance (Allan et al., 2002).
In low-power systems, this would cause more power
dissipation by the interconnect network itself. The
delay in a global interconnection network will cause
signals to take multiple clock cycles to cross the entire chip, thereby degrading the NoC performance.
The single-walled carbon nanotube (SWCNT) has
shown promise as a solution to these problems. First,
the resistance of the carbon nanotube is smaller than
that of copper wires for dimensions below 60 nm.
Second, CNT has a larger mean free path (∼1 μm) at
room temperature, as compared to copper (∼40 nm)
in bulk material (Zhou et al., 2008). If the mean free
path is greater than the length of the interconnect
link, electrons will exhibit a ballistic transport phenomenon while traversing the nanotube. Unlike copper, where electromigration plays a signiﬁcant role in
determining the performance of interconnects, CNT
would experience less of this phenomenon (Galand
et al., 2013). Furthermore, CNTs could be treated
to have fewer particles on their inner walls (Baughman et al., 2002; Yuzvinsky et al., 2006).
Electrical modeling of SWCNTs has been in the
minds of researchers for quite some time now. The
probability of using SWCNTs in nanometer verylarge-scale integration (VLSI) applications has been
evaluated in terms of the time delay and power consumed at 22 and 14 nm dimensions with the help
of capacitance modeling of an SWCNT bundle and
the associated inductive eﬀects (Srivastava et al.,
2009). Nieuwoudt and Massoud (2006) evaluated
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the SWCNT bundle using magnetic inductance modeling techniques (Nieuwoudt and Massoud, 2006).
Although much previous work has theorized, examined, and discussed the electrical parameters, such
as frequency-dependent impedance (Burke, 2002a),
delay time in CNT bundle interconnects (Srivastava
and Banarjee, 2005; Srivastava et al., 2009), and variations in AC and DC conductivities (Ounaies et al.,
2003), it has not evaluated the relevant electrical parameters, which are also vital in determining CNT’s
suitability in VLSI applications, such as the attenuation constant and the importance of impedance
matching between contact resistance and characteristic impedance of SWCNT. Furthermore, the mentioned parameters have not been evaluated in terms
of their dependence on the signal frequency or structural parameters. Since the electrical behavior depends on the nanotube diameter as well, a framework
is required to determine the best suited conﬁguration
for a particular application.
We evaluate the possibility of using isolated
SWCNT interconnects for high-frequency VLSI applications. The detailed derivations of necessary
SWCNT parameters, considering their frequencydependent characteristics and structural parameters,
are presented. The major electrical parameters of
interconnects, namely the impedance, propagation
constant, current density, and signal delay time, are
analyzed with emphasis on the frequency of the electrical signal. An isolated SWCNT is considered because of the reduced dimension and power requirements of interconnects, as well as the recent development in the growth of isolated SWCNTs with very
small dimensions (Liu and Cheng, 2013; Fagan et al.,
2015). Since the Fermi liquid model breaks down in
one dimension, the Lüttinger liquid theory is used
for the determination of gigahertz (GHz) electrical
properties of SWCNT, which assumes that CNT behaves as a 1D plasmon. A few optimization possibilities in interconnect systems are also discussed and
analyzed, considering the simulated behavior.

2 Carbon nanotube structure and theoretical models
A graphene sheet that is rolled up to form
a seamless tube-like structure eventually forms
SWCNT. The electrical properties of SWCNT have
a strong dependence on the chirality and the nan-
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otube diameter. The electrical behavior of SWCNT
can be easily altered by varying a pair of structural
indices (n, m), which denotes the number of unit vectors along two directions in the honeycomb crystal
lattice of graphene.
SWCNTs can be produced in a number of ways,
such as by laser vaporization of a graphite rod doped
with Co and Ni (Thess et al., 1996), and by arc
evaporation of a graphite rod doped with Y and Ni
(Journet et al., 1997). For the controlled growth
of SWCNT, the dependence of electrical properties
on the indices (n, m) can be used by varying the
Co:Ni ratio in bimetallic Co−Ni−MCM 41 catalysts
(Cursaru et al., 2011).
Depending on the chirality and the indices
(n, m), CNTs are divided into three major groups:
armchair, zigzag, and spiral. The diameter d of
SWCNT also depends only on (n, m) (Anantram
and Léonard, 2006). In eﬀect the domain of electrical behavior of the tube, either semiconducting or
metallic, is chosen, and d can be expressed as
√
3a  2
n + nm + m2 ,
(1)
d=
2π
where a = 0.142 nm is the bond length between
carbon atoms. Depending on the range of values
m and n can take, SWCNTs are divided into three
categories: zigzag CNTs (m = 0), armchair CNTs
(n = m), and chiral CNTs (otherwise).
SWCNT shows length-dependent speciﬁc resistivity, while copper and tungsten show no such dependence. This dependence illustrates an exponential behavior with a negative slope, and tends to
reach a quasi-saturation level, as tube length increases up to 100 μm and beyond (Kreupl, 2008).
The very large mean free path of the charge carriers
in SWCNT contributes to this dependence. SWCNTs that exceed the limit of the mean free path have
a signiﬁcantly better resistance per unit length in
comparison to copper, approximated to ∼6 kΩ/μm.
Earlier models describing CNT behavior are indiﬀerent to the change in the frequency of the system.
SWCNTs are considered as 1D conductors, in which
strong coulomb interactions between electrons modify the properties away from conventional conductors
considered as Fermi liquids. Burke (2002a) modeled
the microwave properties of CNTs using the Lüttinger liquid theory. CNTs can be considered to act
like a Lüttinger liquid, where the electrons interact
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with each other, thereby causing diﬀerent electrical
parameters to develop. Zhao et al. (2001) suggested
that the electrical parameters of CNTs show a behavior that is very much dependent on the frequency.

3 Mathematical modeling
Depending on the spin-up or spin-down conditions, an isolated nanotube has four diﬀerent propagation channels owing to its band structure. Following Burke (2002a), the circuit diagram shown in
Fig. 1 can be considered as an eﬀective circuit model
for the charged mode transfer, where e is the Euler
number, LK is the kinetic inductance, CQ and CES
are the quantum and electrostatic capacitances, respectively.
Contact
resistance

LK/4

LK/4

Contact
resistance
hB/8e2

hB/8e2
4CQ

CES

Fig. 1 Equivalent circuit diagram of an single-walled
carbon nanotube with DC electrical contacts at both
ends

3.1 Nanotube impedance (ZNanotube )
Neglecting the damping mechanism caused by
the ground plane, the impedance of a nanotube can
be written as (Burke, 2002b)
ZNanotube =

hB RC
1 + Γ e−2γl
+Z
+
·
, (2)
c,eﬀective
8e2
2
1 − Γ e−2γl

where Zc,eﬀective is the characteristic impedance of
the nanotube, hB is Planck’s constant, Γ is the reﬂection coeﬃcient, l is the total length of the nanotube, RC is the resistance due to imperfect contact,
and γ is the propagation constant of a 1D plasmon.
γ, Γ , and Zc,eﬀective are expressed as (Burke, 2002a;
McEuen et al., 2002)

(3)
γ ≡ (R + iωLeﬀ ) iωCeﬀ ,
ZL − Zc,eﬀective
,
ZL + Zc,eﬀective

R + iωLeﬀ
Zc,eﬀective ≈
,
iωCeﬀ
Γ =

(4)
(5)
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where R is the distributed resistance, ω is the angular frequency, ZL is the contact resistance, and
Leﬀ and Ceﬀ are the eﬀective inductance and capacitance, respectively. RC has an additive eﬀect on the
load impedance in case of an imperfect contact. If Γ
becomes zero, Eq. (2) reduces to
ZNanotube =

hB
RC
+ Zc,eﬀective,
+
8e2
2

(6)

which approximates the tube impedance to be independent of the 1D plasmon propagation constant.
From the equivalent circuit of Fig. 1, it can be seen
that (Ismail et al., 2000; Burke, 2002b)
Leﬀ

Ceﬀ
f −0.87

LK −0.87 ∼ hB
∼
·f
=
= 2 · f −0.87
4
8e vF
≈ 4f −0.87 nH/μm,

−1

∼
=
= 4CQ −1 +CES −1

2Zc,eﬀective
.
R

(7)

⎤1

2
Zc,eﬀective
hB
+iω 2 · f −0.87 ⎥
⎢ 2 l
8e vF
⎥
⎢
m.f.p.
Zc,eﬀective = ⎢
⎥ ,
−1
⎦
⎣
2hB v F ln (h/d)
−0.87
iω
+
·
f
e2
2π
(8)
where ‘m.f.p’ denotes free path length. Eq. (8) is a
quadratic equation of the form
−1

2hB vF
ln (h/d)
+
· f −0.87
e2
2π
hB
− iω · 2 · f −0.87 = 0,
8e vF

ω
2π
= .
λ
vp

(12)

lim ZNanotube =

Γ →0

hB
8e2

1+

1
g

,

(13)

where g is the Lüttinger constant, which deﬁnes the
coulomb interaction among electrons, and vp is the
phase velosity. It is clear that ZNanotube becomes
independent of the total length, as the impedance of
the load approaches the value of the characteristic
impedance of the tube. Since the load reﬂects no
portion of the forward wave, ZNanotube will approach
its quantum limit for a deﬁnite value of g.
3.2 Attenuation and phase delay constant
Parameter γ is the amalgamation of the attenuation constant and phase constant of a signal. Attenuation constant α, which is the real part of complex
entity γ, deﬁnes the rate at which the ﬁelds of the
propagating wave are attenuated. Using Eq. (3) and
equating the real and imaginary parts yields
α2 − β 2 = −ω 2 Leﬀ Ceﬀ ,

(14)

2αβ = −ωRCeﬀ ,

(15)

where β is the phase delay constant. Solving β and
substituting it into Eq. (14) yields

Zc,eﬀective 2 · iω
2Zc,eﬀective
lm.f.p.

γ=k≡

In the extreme condition,

Substituting the value of R from the above expression into Eq. (5) yields

−

where the value of γ is considered using the highfrequency limit, expressed as
lim

2π
,
h
2hB vF
+
ln
e2
d

⎡

−1

· f −0.87 .
where χ = π 4hB vF π + ln (h/d) e2
From Eqs. (6) and (10), the impedance of the nanotube can be calculated by assuming a perfect contact
(RC = 0) and a perfectly matched load. Now, using
the high-frequency limit as stated in Eq. (2) (Burke,
2002a), and assuming a perfect contact, ZNanotube
can be expressed as
⎛
⎞
2π
hB ⎝
1 1 + Γ e−2 λ l ⎠
ZNanotube = 2 1 + ·
, (11)
2π
8e
g
1 − Γ e−2 λ l

ω→R/Leff

where vF = 8 × 105 /ms is the Fermi velocity, and 
is the permittivity. Since a 1D plasmon wave decays
along the length of the nanotube, the decay length
ldecay is approximated to be at least as long as the
mean free path of CNT (Burke, 2002a):
ldecay =
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A2 − 4ω 2 Leﬀ Ceﬀ A − ω 2 R2 Ceﬀ 2 = 0,

(16)

(9)
which has the following solutions:
1 
Zc,eﬀective =
2 × 106
2
4χe


± 4 × 1012 − χω 2 hB f −0.87 ,

(10)

where A = α2 . Eq. (16) is a quadratic equation and
has the following solutions:


α=

2ωCeﬀ −ωLeﬀ ±

4Leﬀ 2 − R2 .

(17)
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The solution with the negative sign gives a value of α
that is not real. Thus, the solution with the positive
sign is the only valid root. Similarly, the expression
for β is derived from Eqs. (15) and (17) as
⎡

⎤1
2

ωCeﬀ
⎦ .
β=R ⎣ 

8 −ωLeﬀ ± 4Leﬀ 2 − R2
2

(18)

3.3 Current density (JCNT ) and transient
response
Current density and power spectral density are
very important parameters for any interconnect.
Considering only a single section per unit length,
the equivalent circuit of an SWCNT is essentially an
RLC circuit (Fig. 2), from which the system equation can be written as
u(t) = RiT + Leﬀ

VC (t) = K1 exp(−s1 t) + K2 exp(−s2 t) + u(t) · f,
where

2
s = −RCeﬀ ± (RCeﬀ ) −4Leﬀ Ceﬀ

−1

(2Leﬀ Ceﬀ )

,

and K1 and K2 are the natural and forced response
constants, respectively, which have the following
forms:


K2 = f

VC (t)
VC (t)
=
,
ROC
RL

(22)

where ROC is the open circuit resistance, and RL is
the load resistance. Thus, the current density is
3a2 (n2

R
u(t)

iT π
.
+ nm + m2 )

Leff
Ceff

VC(t)

Fig. 2 Equivalent electrical circuit diagram of singlewalled carbon nanotube

3.4 Signal delay (SW )

which has the following solution:


du(t) 
s1 u(0) +
dt t=0

i0 (t) =

(19)

d2 VC
dVC
+ VC (t), (20)
+ RCeﬀ ·
2
dt
dt


du(t) 
K1 = −f −u(0) + s1 u(0)+
dt 

dVC
. Thus, we have
dt
 ⎞
⎛
du(t) 
s1 u(0) +
⎜
dt t=0 ⎟
⎟
iT = Ceﬀ f ⎜
−u(0)
+
⎠
⎝
s2 − s1

du(t) 
s1 u(0) +
dt t=0
·exp(−s1 t) · s1 − f ·
s2 − s1
du(t)
,
·exp(−s2 t) · s2 + f ·
dt
(21)
and the current through the output branch is
Now, iT = iL = iC = Ceﬀ ·

JCNT =

diT
+ VC (t),
·
dt

where VC (t) is the time-dependent voltage developed
across the capacitive elements, and iT is the total
current. VC (t) interprets the change in voltage along
the length of the nanotube. Using the equation of
the current through a capacitive element, Eq. (19)
takes the following diﬀerential form:
u(t) = Leﬀ Ceﬀ ·
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t=0

·

·

1
,
s2 − s1

1
.
s2 − s1

Signal delay is evaluated in terms of 50% delay and rise times of the signals through SWCNT.
To estimate the signal delay caused by a particular
SWCNT conﬁguration, the equivalent Elmore delay
approximation for RLC trees is used (Ismail et al.,
2000). Although the Elmore approximation considers only the eﬀect of resistance and the capacitance
of a section, the eﬀect of inductance is considered as
well. The single RLC section of a nanotube has a
transfer function

−1
g(s) = s2 Reﬀ Ceﬀ + sLeﬀ Ceﬀ + 1
,

(23)

where Reﬀ is the eﬀective resistance including contact resistance. Rearranging the above expression
yields
ωn 2
,
(24)
g(s) = 2
s + 2sωn ξ + ωn 2
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R C
√ eﬀ eﬀ is the damping factor of the
2 Leﬀ Ceﬀ
system, and ωn =(Leﬀ Ceﬀ )−1/2 . The system poles

are Pole1,2 = ωn −ξ ± ξ 2 − 1 . Depending on
the value of ξ, three scenarios are possible: underdamped (ξ < 1), overdamped (ξ > 1), and critically damped (ξ = 1) responses. It has already
been proven by Ismail et al. (2000) that kinetic inductance (LK ) dominates over magnetic inductance
(LM ). Thus, the response should be monotonic as
long as ξ stays less than unity. According to Ismail
et al. (2000), 50% delay (tpdi ) and the rise times (tri )
are derived as
where ξ =

+ 0.695Reﬀ Ceﬀ , (25)

1
ξi 1.35
ξi 1.25
6.017exp −
−5exp −
ωni
0.4
0.64
+2.195Reﬀ Ceﬀ .

Simulated
Iqbal et al. (2014)

6
Zc,effective (×1023 Ω)

5
4
3
2
1
0
100

101

102

f (GHz)

103

Fig. 3 Characteristic impedance versus the frequency
of operation
8
ZNanotube (×1023 Ω)

tpdi

1
ξi
=
1.047exp −
ωni
0.85
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6
4
2

tri =

(26)
For a square wave, the rise time, pulse width,
and fall time should be the same. Therefore, it is assumed that tri = tf = tf , where tf is the 50% fall time
and tf is the width of the pulse. Thus, the total time
period should be T = 3tri , and the maximum frequency component must be less than (3tri )−1 . However, as CNT possesses the exceptional property of
frequency-dependent impedance, this maximum frequency limit or bandwidth should depend on the
fundamental frequency as well.

4 Simulation results and analyses
The technology node information used in simulations is taken from Allan et al. (2002). The
equations derived from the mathematical model are
simulated at 18 nm node and analyzed. Fig. 3 illustrates the variation of characteristic impedance as
the frequency increases toward the terahertz (THz)
region. The characteristic impedance shows a rise in
magnitude as the frequency increases. The pattern
of rise should be quasi-linear in nature with a perfect impedance matching. The experimentally found
nanotube impedance conforms to this behavior up to
5 GHz (Iqbal et al., 2014).
From Fig. 4, it is evident that ZNanotube depends
only on g for all values of l when an impedancematching network is considered. The range of g
ensures the long-range columbic interactions among

0
0

0.2

0.4

g

0.6

0.8

1.0

Fig. 4 Projected ZNanotube as Lüttinger constant g
varies

electrons in SWCNT (Kane et al., 1997). The fact
that g actually determines the degree of interaction
between electrons propagating through the nanotube
suggests that if a perfect impedance-matching network is used at both ends, the tube impedance would
be constant for a given length of the tube, while g remains constant. However, a matching network which
could provide a perfect matching of impedance is
unlikely to be achieved. Thus, assuming an imperfect contact and a matching network would yield the
trend of ZNanotube, which is dependent on the length
of tube in a nearly exponential manner. Note that an
imperfect contact could lead to a nonzero Γ , which is
actually responsible for the variations in ZNanotube at
diﬀerent lengths. There is currently no experimental result illustrating the dependence of ZNanotube on
the varying degrees of g.
The amount of power to be transmitted over a
tube length before detection of the signal is directly
dependent on α. It can be seen from Fig. 5 that
α varies with the signal frequency in an incremental
manner. α changes quite abruptly and linearly toward higher values at lower frequencies, which lasts
up to 100 GHz, in accordance with the experimental
ﬁndings presented by Dragoman et al. (2006). However, as the frequency increases toward higher values,
α tends to get saturated, as shown by a decreasing
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103.8

α

3.5

β (×107)

8
Simulated
Dragoman et al. (2006)

10
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6
4

q=3
q=9
q=30

2
200

400

600
f (GHz)

800

0
0

1000

Fig. 5 Expected trend of the attenuation constant α
with frequency f up to 1 THz

slope. Beyond the THz (1 THz = 1000 GHz) regime,
α should attain a quasi-saturation state.
The pattern demonstrated by β is quite similar
to that expected in the case of α. The only difference is that the pattern is exponential in nature
with a declining slope as the frequency approaches
1 THz. As the frequency of operation extends into
THz region, β tends to settle to saturated or quasisaturated values. Fig. 6 illustrates the projected
value of β with an increasing frequency of operation.
The structural ratio q, which is the ratio of the height
of the nanotube from the ground plane (h) and diameter of the tube (d), is varied between 3 and 30.
It is predicted that as the frequency increases, the
value of β depends largely on how this ratio is set.
This is another distinction compared to α, as there
is no change in the pattern demonstrated by α with
varying values of q. Although Jespersen and Nygård
(2005) presented the phase shift in CNT with experimental validation, there are no scientiﬁc data on
the determination of the phase constant of a wave
traversing through an SWCNT.
Fig. 7 illustrates the simulated behavior of 50%
delay time for frequencies ranging up to 1 THz. The
behavior is expected to be semi-exponential in nature, with a drastic drop in the delay time within the
ﬁrst quarter of the 100 GHz region. This delay time
is also sensitive to q, as can be observed from the
ﬁgure. The delay time is expected to fall as q varies
from its initial value of 3 to 9 and 30. The frequencies above 300 GHz experience negligible delay in
decreasing order as they approach the THz region.
The length dependence of the 50% delay time has
been reported in the literature (Liang et al., 2011);
however, the frequency-dependent behavior of the
delay time has not been found.
The parameter tri is an indication of how well
a step signal can be conducted through a medium,

200

400

600
f (GHz)

800

1000

Fig. 6 Expected trend of the phase constant β with
frequency f up to 1 THz and q =3, 9, and 30
2
50% delay time (×10−5 ns)

0

q=3
q=9
q=30
1

0
0

200

400
600
f (GHz)

800

1000

Fig. 7 Expected trend of 50% delay time with frequency f up to 1 THz and q =3, 9, and 30

which is an attribute necessary for any interconnect
in digital and mixed signal VLSI systems. The less
the time it takes to rise to 50% of its ﬁnal value, the
better and faster the interconnect. Fig. 8 illustrates
the anticipated behavior of tri up to the THz region.
It can be observed that beyond 400 GHz, tri tends
to settle down to a very low value (very close to 0.1
in the linear scale). In the lower frequency region
(0–200 GHz), tri shows an exponential behavior with
a longer time to rise to 50% of the ﬁnal value. Fig. 8
also shows an interesting structural dependence of
tri on the ratio q. tri is inclined to have an oscillating characteristic in the 0–200 GHz region, with the
maximum values decreasing and increasing as q is
increased. Although experimental data on the variation in rise time with variation in the concentration
1.0

tri (×10−5 ns)

10

3.2

q=3
q=9
q=30
0.5

0
0

200

400

600
f (GHz)

800

1000

Fig. 8 Simulated behavior of 50% rise time tri with
frequency up to 1 THz and q =3, 9, and 30
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f=200 GHz
f=400 GHz
f=600 GHz
f=800 GHz
f=1000 GHz
Experimental

(a)
JCNT (×106)

8
6
4
2
0
0

0.2

0.4
0.6
t (×10−5 s)

0.8

1.0

0.8

1.0

0.8

1.0

10
f=200 GHz
f=400 GHz
f=600 GHz
f=800 GHz
f=1000 GHz
Experimental

(b)
JCNT (×106)

8
6
4
2
0
0

0.2

0.4
0.6
t (×10−5 s)

3

(c)
JCNT (×106)

According to the model developed, JCNT in
SWNCT depends on two parameters, q and d.
Figs. 9a–9e show that JCNT (A/cm2 ) highly depends on the structural parameters of CNT (n, m).
Figs. 9a–9c show that JCNT varies over a signiﬁcant
extent while n and m are varied to produce zigzag,
armchair, and chiral nanotubes. JCNT is maximum in the armchair structure, while chiral structure tends to have the lowest JCNT . In comparison to
the experimental ﬁndings in the literature, which reports a current density of 2×106 A/cm2 through vertical MWCNT vias (Nihei et al., 2004), the current
density in diﬀerent conﬁgurations of SWCNT shows
a promise to attain a close level of current density
with a 1 THz signal. JCNT also demonstrates a substantial dependence on q. This trend is illustrated in
Figs. 9d and 9e for a nanotube having an armchair
conﬁguration. When q is increased, the trend seems
to attain a parabolic behavior. The expected value
of JCNT in such conﬁgurations can equal the experimental ﬁndings available in the literature with 1 THz
signals (McEuen et al., 2002). The illustrated experimental current densities are constant since only the
maximum current densities are reported. The simulated SWCNT interconnect parameters are listed in
Table 1 with the respective dependence and limitations. This table can be used as a design framework
for SWCNT interconnects for speciﬁc applications or
systems.
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of CNT were provided by Huang et al. (2005), there
has been no signiﬁcant research on the determination
of the frequency dependence of the signal rise time.
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An isolated SWCNT is modeled and simulated
with diﬀerent structural conﬁgurations in terms of
four key electrical parameters, namely nanotube
impedance, attenuation and phase delay constants,
current density, and signal delays, which are critically important for designing high-performance VLSI
interconnects. The simulation outcomes are compared with available research ﬁndings. It is shown
that while SWCNT holds promise and opportunities for the design of future nano-interconnect networks, it needs careful evaluation before being implemented in a particular design process. For instance,
to neglect the eﬀect of the propagation constant on
nanotube impedance, the characteristic impedance of

0.2
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t (×10−5 s)

0.8

1.0

Fig. 9 Current density in diﬀerent types of singlewalled carbon nanotube: (a) a zigzag SWCNT (m =0,
n =1, q =3); (b) an armchair SWCNT (m =1, n =1,
q =3); (c) a chiral SWCNT (m =3, n =2, q =3); (d) an
armchair SWCNT (m =1, n =1, q =9); (e) an armchair
SWCNT (m =1, n =1, q =30)
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Table 1 Summary of simulated system parameters
Electrical
parameter
Zc,Nanotube
ZNanotube
α
β
50% delay
tri
JCNT

Nature of variation

Dependence

Dependence on
parameter

Limiting value

Quasi-linear
Exponential
Linear initially, then tending to saturate
Exponential
Exponential
Exponential
Increased slope with
increasing frequency

No
Yes
Yes
Yes
Yes
Yes
Yes

–
g
–
f, t
q, f
q, f
n, m, d, q

8 × 1023 Ω
Very close to zero
Quasi-saturated value
–
Very close to zero
Very close to zero
–

the nanotube and the terminal resistance should be
closely matched for reduced reﬂection, thereby enabling eﬃcient transfer of energy throughout the
nanotube, which is essential for designing a lowpower interconnect. From the detailed mathematical
model and analysis of the anticipated behavior of the
concerned signal and structural parameters, it was
shown that there is a direct correlation between the
nanotube structural conﬁguration and other electrical and signal properties. This work provides insight
into these issues while presenting a rough approximation to a framework, which is necessary for the design
of high-frequency VLSI interconnect networks.
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