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Abstract:
frequency system-on-chip, especially in network-on-chip, where the quality of communication between intellectual

The single-walled carbon nanotube (SWCNT) is a promising nanostructure in the design of future high-

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 chip, the performance requirements are facing steep
challenges, most of which are architectural in na-

System-on-chip (SoC) and embedded computers In specialized SoC architectures, where the

are in extensive use all over the world today. Many

ture.
: communication between different IPs poses a great
of the necessary subsystems are available now for .t ribution towards the overall performance, such
as network-on-chip (NoC), the challenge is to de-

sign the interconnects that meet the system require-

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 technolo-
gies in recent years has made it possible for more
intellectual properties (IPs) and logic circuits be-
ing incorporated into a single chip. However, this
development has led to a lot of engineering prob-

lems. With more logic circuits placed in a single
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ments 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 al-
low 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 consump-
tion, and electrical behavior at lower dimensions. For
a high-frequency SoC, it is desirable that the inter-
connect network is fast enough to maintain synchro-
nized operations throughout the chip. As the most
widely used material presently, copper faces two fun-
damental 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 sub-
100-nm region, copper suffers from a considerable
wire delay. According to the International Technol-
ogy Roadmap for Semiconductors (ITRS), the resis-
tivity of copper will jump from 40.8 to 81.9 Q-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 en-
tire 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 pum) 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 phe-
nomenon while traversing the nanotube. Unlike cop-
per, 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 (Baugh-
man 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 very-
large-scale integration (VLSI) applications has been
evaluated in terms of the time delay and power con-
sumed 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

the SWCNT bundle using magnetic inductance mod-
eling techniques (Nieuwoudt and Massoud, 2006).
Although much previous work has theorized, exam-
ined, 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 vari-
ations in AC and DC conductivities (Ounaies et al.,
2003), it has not evaluated the relevant electrical pa-
rameters, which are also vital in determining CNT’s
suitability in VLSI applications, such as the atten-
uation constant and the importance of impedance
matching between contact resistance and character-
istic impedance of SWCNT. Furthermore, the men-
tioned parameters have not been evaluated in terms
of their dependence on the signal frequency or struc-
tural parameters. Since the electrical behavior de-
pends 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 ap-
plications. The detailed derivations of necessary
SWCNT parameters, considering their frequency-
dependent 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 elec-
trical signal. An isolated SWCNT is considered be-
cause of the reduced dimension and power require-
ments of interconnects, as well as the recent devel-
opment 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 Liittinger liquid theory is used
for the determination of gigahertz (GHz) electrical
properties of SWCNT, which assumes that CNT be-
haves as a 1D plasmon. A few optimization possibil-
ities in interconnect systems are also discussed and
analyzed, considering the simulated behavior.

2 Carbon nanotube structure and the-
oretical 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-



264 Chowdhury et al. / Front Inform Technol Electron Eng 2017 18(2):262-271

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 vec-
tors 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 electri-
cal behavior of the tube, either semiconducting or
metallic, is chosen, and d can be expressed as

dzﬁvn?—i—nm—i—m?, (1)
27
where ¢ = 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 resis-
tivity, while copper and tungsten show no such de-
pendence. This dependence illustrates an exponen-
tial behavior with a negative slope, and tends to
reach a quasi-saturation level, as tube length in-
creases up to 100 pm and beyond (Kreupl, 2008).
The very large mean free path of the charge carriers
in SWCNT contributes to this dependence. SWC-
NTs that exceed the limit of the mean free path have
a significantly better resistance per unit length in
comparison to copper, approximated to ~6 k/pm.

Earlier models describing CN'T behavior are in-
different to the change in the frequency of the system.
SWCNTs are considered as 1D conductors, in which
strong coulomb interactions between electrons mod-
ify the properties away from conventional conductors
considered as Fermi liquids. Burke (2002a) modeled
the microwave properties of CNTs using the Liit-
tinger liquid theory. CNTs can be considered to act
like a Liittinger liquid, where the electrons interact

with each other, thereby causing different electrical
parameters to develop. Zhao et al. (2001) suggested
that the electrical parameters of CNTs show a behav-
ior that is very much dependent on the frequency.

3 Mathematical modeling

Depending on the spin-up or spin-down condi-
tions, an isolated nanotube has four different prop-
agation channels owing to its band structure. Fol-
lowing 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, Lx is the kinetic inductance, Cq and Cgg
are the quantum and electrostatic capacitances, re-
spectively.

Contact Contact

Li/4 L4 resistance

resistance
C )_/\ ANA--C Y XY Y L__ /Y Y Y\ l\/\/\,:l_
he/8e® i J; he/8e"——

T 1
_________ T ___T__

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)

14 e 271
1—Te 20

hg Rc
+—+ Zc,cffcctivc .

ZNanotubc Y
8e2 2

where Z; cffective 18 the characteristic impedance of
the nanotube, hg is Planck’s constant, I is the re-
flection coefficient, [ is the total length of the nano-
tube, R is the resistance due to imperfect contact,
and ~y is the propagation constant of a 1D plasmon.
v, I', and Z effective are expressed as (Burke, 2002a;
McEuen et al., 2002)

v = \/(R + iwLeg) iwCog, (3)

_ ZL - Zc,cffcctivc (4)
ZL + Zc,effective7

R+ iwLeg
Zc effective ~ A~ 5
effect V it (5)
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where R is the distributed resistance, w is the an-
gular frequency, Zi, is the contact resistance, and
Leg and Cog are the effective inductance and capac-
itance, respectively. Rc has an additive effect on the
load impedance in case of an imperfect contact. If I"
becomes zero, Eq. (2) reduces to

hg | Rc

+ —+ Zc,effectivm (6)

ZNanotube = 8? D)

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

L h
Leg = ZK f0-87 o B . 087

4 T 8e2up
~4f7987 nH/um,

Ccff
f—0.87

27e

- QthF h’
e? 1 d

= (4CQ71+CE571)_1

where vp = 8 x 10°/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):

2Zc effective
ldecay — % (7)

Substituting the value of R from the above ex-
pression into Eq. (5) yields

Zc,effective . hB

2 . £—0.87
7 i - lm.f.p_ +1w8€2’UF
c,effective — 1 )
2h In(h/d
w( B2UF+ n(h/ )) . f0.87
e 2me

(8)
where ‘m.f.p’ denotes free path length. Eq. (8) is a
quadratic equation of the form

2h In (h/d)\ "
Zc,effective2 : iw( B;)F + D( / )> . f—0.87
e 27e

_ 2Zc,cffcctivc . B f—0,87 -0
8e2up ’

lm.f.p. a
9)

which has the following solutions:

Zc,cffcctivc =

1
—— [2x10°

4xe? [2> (10)
+1/4 x 102 — xw2hp f 087 |

where x = e (4hgvpme + In (h/d) 62)71 - fO8T
From Egs. (6) and (10), the impedance of the nano-
tube 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

h | 14 re 25
e
ZNanotube = B2 o ] ) (11)
8e 9 1 _pe2%t

where the value of 7 is considered using the high-
frequency limit, expressed as

2w

li =k= —=—. 12
w—?}l%I}’chff " )\ Up ( )
In the extreme condition,
hp 1
li Z anotube — 5 5 1 ) 1
Flino Nanotub 8€2< +g) (13)

where g is the Liittinger constant, which defines the
coulomb interaction among electrons, and vy 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 ~ is the amalgamation of the attenu-
ation constant and phase constant of a signal. Atten-
uation constant o, which is the real part of complex
entity 7, defines the rate at which the fields of the
propagating wave are attenuated. Using Eq. (3) and

equating the real and imaginary parts yields
a? — 62 = _w2LCHOCH7 (14>
20 = —wRCeg, (15)

where 3 is the phase delay constant. Solving S and
substituting it into Eq. (14) yields
A% — 40 LogCop A — w?R%*Cog® = 0, (16)

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

a= \/QMCCﬁ- (-mcff +\/4Lg” — R2>. (17)
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The solution with the negative sign gives a value of
that is not real. Thus, the solution with the positive
sign is the only valid root. Similarly, the expression
for B is derived from Eqs. (15) and (17) as

wCeff

f=F %ﬂ@&i4@#—m>

(18)

3.3 Current density (JonT) 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 equa-
tion can be written as

di

U@:RW+%w—%+%@,

q (19)

where V(1) is the time-dependent voltage developed
across the capacitive elements, and i1 is the total
current. Vi (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:

dQVc ch
t) = LegCof - —=— + RCor - —— + Vo (1), (2
u( ) g Cotr 12 + RCeog a + C( ) ( 0)

which has the following solution:
Ve (t) = Kyexp(—sit) + Koexp(—sat) + u(t) - f,

where

s= (-Rceff + \/(Rceff)2 — 4Leﬂ‘Ceff) (2Leffceff)_l,

and K7 and K5 are the natural and forced response
constants, respectively, which have the following
forms:

dV
Now, i =i, = ic = Ceg - d—tc Thus, we have
du(t
s1u(0) + d(t )
iT = Ccfff —’U,(O) —+ po— t=0
du(t
s1u(0) + dSﬁ )
-exp(—sit) - s1— f- — =0
du(t
-exp(—sat) - s + f - d(t ),
(21)

and the current through the output branch is

_Ve@®) _ Ve(®)
~ Roc  Ru’ (22)

io(t)

where Roc is the open circuit resistance, and Ry, is
the load resistance. Thus, the current density is

iT7T

JonT =

3a2 (n? 4+ nm +m?)’

Fig. 2 Equivalent electrical circuit diagram of single-
walled carbon nanotube

3.4 Signal delay (Sw)

Signal delay is evaluated in terms of 50% de-
lay 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 consid-
ers 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

9(s) = (*ResrCutt + sLeiCo +1) ", (23)

where Reg is the effective resistance including con-
tact resistance. Rearranging the above expression
yields

w2

52 4 2swn€ + wy?’

g(s) = (24)



Chowdhury et al. / Front Inform Technol Electron Eng

Rcffccff
2V Lo Ceft
system, and w;, = (LegCosr) . The system poles
are Pole; s = wy, (—f + /62 — 1). Depending on
the value of £, three scenarios are possible: under-
damped (§ < 1), overdamped (§ > 1), and crit-
ically damped (§ = 1) responses. It has already
been proven by Ismail et al. (2000) that kinetic in-

where £ = is the damping factor of the

—1/2

ductance (Lk) dominates over magnetic inductance
(Ln). Thus, the response should be monotonic as
long as & stays less than unity. According to Ismail
et al. (2000), 50% delay (tpai) and the rise times ()
are derived as

&i
0.85

1
tpdi = 1.047€Xp <—
w

ni

1 £;1:% g1
o (6.017exp (— 04 —5exp | — 0.6

+2.195Reg Cet -

) +0.695ReirCegr, (25)

by =

(26)
For a square wave, the rise time, pulse width,
and fall time should be the same. Therefore, it is as-
sumed that t,; = t; = t¢, where ¢ is the 50% fall time
and t¢ is the width of the pulse. Thus, the total time
period should be T" = 3t;;, and the maximum fre-
quency component must be less than (3t,;) ™. How-
ever, as CNT possesses the exceptional property of
frequency-dependent impedance, this maximum fre-
quency limit or bandwidth should depend on the
fundamental frequency as well.

4 Simulation results and analyses

The technology node information used in sim-
ulations is taken from Allan et al. (2002). The
equations derived from the mathematical model are
simulated at 18 nm node and analyzed. Fig. 3 illus-
trates 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 per-
fect impedance matching. The experimentally found
nanotube impedance conforms to this behavior up to
5 GHz (Igbal et al., 2014).

From Fig. 4, it is evident that Znanotube depends
only on g for all values of [ when an impedance-
matching network is considered. The range of g
ensures the long-range columbic interactions among
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Fig. 3 Characteristic impedance versus the frequency
of operation
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Fig. 4 Projected Znanotube as Liittinger 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 net-
work is used at both ends, the tube impedance would
be constant for a given length of the tube, while g re-
mains constant. However, a matching network which
could provide a perfect matching of impedance is
unlikely to be achieved. Thus, assuming an imper-
fect 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 I, which is
actually responsible for the variations in Zxanotube at
different lengths. There is currently no experimen-
tal 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 a. It can be seen from Fig. 5 that
« varies with the signal frequency in an incremental
manner. « changes quite abruptly and linearly to-
ward higher values at lower frequencies, which lasts
up to 100 GHz, in accordance with the experimental
findings presented by Dragoman et al. (2006). How-
ever, as the frequency increases toward higher values,
« tends to get saturated, as shown by a decreasing
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103.8
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Fig. 5 Expected trend of the attenuation constant o
with frequency f up to 1 THz

slope. Beyond the THz (1 THz = 1000 GHz) regime,
« should attain a quasi-saturation state.

The pattern demonstrated by ( is quite similar
to that expected in the case of a. The only dif-
ference 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, § tends to settle to saturated or quasi-
saturated values. Fig. 6 illustrates the projected
value of § with an increasing frequency of operation.
The structural ratio g, which is the ratio of the height
of the nanotube from the ground plane (h) and di-
ameter of the tube (d), is varied between 3 and 30.
It is predicted that as the frequency increases, the
value of 8 depends largely on how this ratio is set.
This is another distinction compared to «, as there
is no change in the pattern demonstrated by a with
varying values of ¢. Although Jespersen and Nygard
(2005) presented the phase shift in CNT with ex-
perimental 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 na-
ture, with a drastic drop in the delay time within the
first quarter of the 100 GHz region. This delay time
is also sensitive to ¢, as can be observed from the
figure. The delay time is expected to fall as ¢ varies
from its initial value of 3 to 9 and 30. The frequen-
cies 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 t,; is an indication of how well
a step signal can be conducted through a medium,

—————
BF e RERRRE
[ &
[/ E
'g BE/ ‘.,—I—-'—I————l——.—‘-."_._—.——._—.—_:-_'i
X L7 " 1
X 4 3
ST s ]
o —=—q=9 ]
[ —s—q=30
0-| M BRI BRI BT R
0 200 400 600 800 1000
f(GHz)

Fig. 6 Expected trend of the phase constant 3 with
frequency f up to 1 THz and ¢=3, 9, and 30

2

—_
T T T T

50% delay time (x107° ns)

(=]
T T T

[

400 600 800 1000
f(GHz)

0 200

Fig. 7 Expected trend of 50% delay time with fre-
quency f up to 1 THz and ¢=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 t,; up to the THz region.
It can be observed that beyond 400 GHz, t,; 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), t,; 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
t;; on the ratio ¢. t,; is inclined to have an oscillat-
ing characteristic in the 0-200 GHz region, with the
maximum values decreasing and increasing as ¢ is
increased. Although experimental data on the vari-
ation in rise time with variation in the concentration

1.0———

t; (x10™ns)
o
(4,

N . .
0 200 400 600 800 1000
f(GHz)

Fig. 8 Simulated behavior of 50% rise time t,; with
frequency up to 1 THz and ¢=3, 9, and 30
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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.

According to the model developed, Jent in
SWNCT depends on two parameters, ¢ and d.
Figs. 9a-9e show that Joxt (A/cm?) highly de-
pends on the structural parameters of CNT (n, m).
Figs. 9a—9c show that JonT varies over a significant
extent while n and m are varied to produce zigzag,
armchair, and chiral nanotubes. JonT iS maxi-
mum in the armchair structure, while chiral struc-
ture tends to have the lowest JonT. In comparison to
the experimental findings in the literature, which re-
ports a current density of 2 x 105 A /cm? through ver-
tical 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. JonT also demonstrates a sub-
stantial dependence on g. This trend is illustrated in
Figs. 9d and 9e for a nanotube having an armchair
configuration. When ¢ is increased, the trend seems
to attain a parabolic behavior. The expected value
of JonT in such configurations can equal the experi-
mental findings available in the literature with 1 THz
signals (McEuen et al., 2002). The illustrated exper-
imental current densities are constant since only the
maximum current densities are reported. The simu-
lated SWCNT interconnect parameters are listed in
Table 1 with the respective dependence and limita-
tions. This table can be used as a design framework
for SWCNT interconnects for specific applications or
systems.

5 Conclusions

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 criti-
cally important for designing high-performance VLSI
interconnects. The simulation outcomes are com-
pared with available research findings. It is shown
that while SWCNT holds promise and opportuni-
ties for the design of future nano-interconnect net-
works, it needs careful evaluation before being imple-
mented in a particular design process. For instance,
to neglect the effect of the propagation constant on
nanotube impedance, the characteristic impedance of
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Fig. 9 Current density in different types of single-
walled carbon nanotube: (a) a zigzag SWCNT (m=0,
n=1, ¢=3); (b) an armchair SWCNT (m=1, n=1,
g=3); (c) a chiral SWCNT (m=3, n=2, ¢=3); (d) an
armchair SWCNT (m=1, n =1, ¢=9); (e) an armchair
SWCNT (m=1, n=1, ¢g=30)
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Table 1 Summary of simulated system parameters

Blectrical Nature of variation Dependence Dependence on Limiting value

parameter parameter

Zc Nanotube Quasi-linear No - 8 x 1023 Q

ZNanotube Exponential Yes g Very close to zero
a Linear initially, then tending to saturate Yes - Quasi-saturated value
B Exponential Yes fit -

50% delay Exponential Yes q, f Very close to zero
tri Exponential Yes q, f Very close to zero

JoNT Increased slope with Yes n, m, d, q -

increasing frequency

the nanotube and the terminal resistance should be
closely matched for reduced reflection, thereby en-
abling efficient transfer of energy throughout the
nanotube, which is essential for designing a low-
power 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 electri-
cal and signal properties. This work provides insight
into these issues while presenting a rough approxima-
tion to a framework, which is necessary for the design
of high-frequency VLSI interconnect networks.
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