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Abstract. We investigated the application of one-dimensional fluid model in modeling of
electron transport in carbon nanotubes and equivalent circuits for interconnections and
compared the performances with the currently used copper interconnects in very-large-scale
integration (VLSI) circuits. In this model, electron transport in carbon nanotubes is regarded
as quasi one-dimensional fluid with strong electron-electron interaction. Verilog-AMS in
Cadence/Spectre was used in simulation studies. Carbon nanotubes of the types single-walled,
multiwalled and bundles were considered for ballistic transport region, local and global
interconnections. Study of the S-parameters showed higher transmission efficiency and lower
reflection losses. Theoretical modeling and computer-aided simulation studies through a
complementary CNT-FET inverter pair, interconnected through a wire, exhibited reduced
delays and power dissipations for carbon nanotube interconnects in comparison to copper
interconnects in 22 nm and lower technology nodes. The performance of CNT interconnects
was shown to be further improved with increase in number of metallic carbon nanotubes. Our
study suggests the replacement of copper interconnect with the multiwalled and bundles of
single-walled carbon nanotubes for the sub-nanometer CMOS technologies.

Keywords: carbon nanotubes (CNTs), interconnects, single-walled CNT bundle, multiwalled
CNT, interconnect modeling, Cu interconnects, CNT-FETs, integrated circuits.

1 INTRODUCTION

Nanometer CMOS technology especially in 22 nm and below is plagued due to performance
degradation of conventional Cu/low-k dielectric as an interconnect material for gigascale
integration. In one of the recent published research on interconnect technologies, Koo et al.
[1] have mentioned the effect of scaling on surface and grain boundary scattering and
electromigration in Cu interconnect [2] and in great detail degradation in its parameters such
as the latency and power dissipation. Thus the need for other materials possibly substituting
Cu/low-k dielectric interconnections has brought forward other novel interconnect
technologies for next generation VLSI interconnects. Optical interconnects have already been
suggested for on-chip integration [3-5] but still face serious integration problems. Among
newer and novel VLSI interconnection technologies, carbon nanotubes (CNTs) and graphene
nanoribbons (GNR) have emerged promising candidates for next generation VLSI
interconnects [6-12]. An excellent review of these technologies has been presented in one of
the recent publications of Li ef al. [13]. Though optical interconnect is still being investigated
due to its inherent advantages over the Cu interconnect, other new technologies such as the
capacitively driven low-swing interconnect (CDLSI) have been also evolved [1]. In search for
novel technologies, no such material has aroused so much interest other than carbon
nanomaterials since the discovery of carbon nanotube in 1991 by lijima [14].

The one-dimensional carbon nanotube has excellent electrical, mechanical and thermal
properties [15, 16] which has made the CNT one of the promising materials for applications
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in nanoelectronics [6,7,10,17] and micro/nano-systems [18]. In nanoelectronics, CNT-FET is
very promising in design of emerging logic devices for nano scale integration and there is a
noticeable amount of published and on going research on understanding current transport in
CNT-FETs and developing models for use in circuit simulators [19-28]. In micro/nano-
systems, both the CNT and CNT-FET are very promising as sensors for detecting chemicals,
gases at molecular levels [18, 29-33]. Carbon nanotube carries a current density of ~ 70"’
A/ecm® which is higher by a two to three orders of magnitude in Cu. Its mean free path is in
micrometer range compared to ~ 40 nm mean free path in Cu. The large mean fee path in
CNT allows a ballistic transport over a wider range of micrometers resulting in reduced
resistivity, and strong atomic bonds [34] provide tolerance to electromigration [1, 9]. Higher
thermal conductivity makes the CNT suitable for use in tall vias of 3D ICs [13, 35, 36].
Electrical performance of single and bundled carbon nanotubes have been studied in the work
of Plombon et al. [37], Yao et al. [38] and Nougaret et al. [39]. Recently Sarto and
Tamburrano [40] have presented analytical derivation of multiwalled carbon nanotubes from
the multiconductor transmission line model. Properties of carbon nanomaterials relevant to
VLSI interconnects which include single-walled carbon nanotube (SWCNT), multiwalled
carbon nanotube (MWCNT), GNR and comparison with the properties of Cu interconnect are
summarized in the work of Li ef al. [13]. GNR is a recent addition to the interconnect
technology since the discovery of 2D graphene in 2004 [41, 42] and the methods of
fabricating GNR are still being developed.

The present work focuses on the carbon nanotube and its electrical modeling as
interconnects in VLSI. Single-walled, multiwalled and bundle of CNTs as interconnects have
been considered. Basic CNT-FET circuits have been analyzed with three types of CNT
interconnections and simulated in Verilog-AMS. In Sec. 2, equivalent circuit models of CNT
interconnections have been discussed. In Sec. 3, performance of CNT interconnects have been
evaluated and compared with Cu interconnects. Section 4 presents conclusion.

2 CARBON NANOTUBE INTERCONNECT MODELING

Since the discovery of carbon nanotubes and its outstanding electrical, mechanical and
thermal properties this material has been sought after Cu as interconnects for VLSI [43, 44].
A good amount of research has been conducted in understanding and modeling of current
transport in SWCNT, SWCNT bundles and MWCNTSs [45-54]. Fetter [55, 56] and Maffucci
et al. [57] have investigated electron transport along the CNT and proposed a two-
dimensional fluid model. In these models [55-57], electron-electron correlation, which is
significant in CNTs [58-60], has not been considered. Burke [61, 62] regards that electrons
are strongly correlated when they transport along the CNT and have proposed a transmission
line model based on the Liittinger liquid theory [63], which describes interacting electrons (or
other fermions) in one-dimensional conductor.

In a recent work [64], we have made modification in two-dimensional fluid model to
include electron-electron repulsive interaction and built a semi-classical one-dimensional fluid
model. In this model, metallic single-walled carbon nanotube is considered and represented
by a transmission line model. The SWCNT is regarded as a graphene sheet rolled to form a
tube of infinitesimally thin layer. The conduction electrons are distributed on the lateral
surface of the SWCNT cylindrical shell. The electrons are embedded in a rigid uniform
positive charge background with a uniform surface carrier concentration. Besides its accuracy
compared with two-dimensional fluid model and Liittinger liquid theory, one-dimensional
fluid model is simple in mathematical modeling and easier to extend for electronic transport
modeling of multiwalled carbon nanotubes and single-walled carbon nanotube bundles as
interconnections. In the following sub-sections, we will describe theoretical modeling of
SWCNT, MWCNT and SWCNT bundles for interconnections.
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2.1 One dimensional fluid model

A SWCNT is an atom thick sheet of graphite (called graphene) rolled up into a seamless
cylinder with diameter of the order of a nanometer. This results in a nanostructure where the
length-to-diameter ratio exceeds /0,000. Since carbon nanotubes are constructed of hexagonal
networks, the carbon atoms contain sp’ hybridization. There are four valence electrons for
each carbon atom. The first three electrons belong to the o orbital and are at energies 2.5 eV
below the Fermi level; therefore, these electrons do not contribute to the conduction. The
fourth valence electron, however, is located in the 7 orbital, which is slightly below the Fermi
level; therefore, this electron is very likely to control conduction and transport properties. This
electron corresponds to the valence band of the energy band diagram. The anti-bonding 7
orbital is slightly above the Fermi level, which corresponds to the conduction band in an
energy band diagram. Depending upon the direction in which the graphene sheet is wrapped;
the CNT can be metallic or semiconducting.

If we regard the graphene sheet which is rolled to form a CNT is infinitesimally thin, then
the conduction electrons are distributed on the lateral surface of the CNT cylinder shell and
the electrons are embedded in a rigid uniform positive charge background with a uniform
surface number density. Thus, the motion of electrons is confined to the surface. Furthermore,
electrical charge neutrality requires that in equilibrium the conduction electron charge density
precisely cancels with that of the background positive ions. According to this analysis, fluid
model could be utilized to study the electron transport along the CNT. This model is shown in
Fig. 1. The cylinder shell radius is » and length is /. The cylinder axis is oriented along the z-
axis of the reference system. Two assumptions have been made to utilize this model. One is
the electrons can only move along the z-axis; other is that all other fluid variables, such as the
tangential component of the electric field to the lateral surface, s of the nanotube, are almost
uniform in the cross section plane of the CNT. These two assumptions are valid if both the
nanotube length and the smallest wavelength of the electromagnetic field are much greater
than the nanotube radius [65, 66].

Fig. 1. Geometry of a single-walled carbon nanotube (SWCNT).

If we neglect heat transfer and viscosity in the CNT, Euler’s equation with Lorentz Force
term [55-57] can be used to describe transport of electrons in a CNT as follows,

mN(%m.vjV:_vp_eNE_mNW, 0

where N(R,t) is the electron three-dimension carrier density, V' (R,¢) is the electron mean

velocity, R is the position vector, P is the pressure, m is the electron mass, e is the electronic
charge and E is electric field. The last term on the right hand side represents the effect of
scattering of electrons with the positive charge background and v is the electron relaxation
frequency.

It should be noted that Lorentz force term, which belongs to body force terms in fluid
dynamics, is a source momentum [67]. The external electric field provides both the potential
and kinetic energy to the fluid. As a result, one-dimensional fluid model can be expressed as
follows [64],
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where 7 is the electron density in this one-dimensional system, v, is the electron mean velocity
in z direction, p is the pressure in one-dimensional system. &, is electric field in z direction. In
one-dimensional fluid model, o is defined as [64],
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where &p is the part of the electrical field which provides potential energy to electrons in z-
direction. E is the total energy of electrons. £p and Ex are the potential and kinetic energies of
electrons, respectively.

The fluid model described by Eq. (2) assumes flow of one-dimensional electron fluid
under the low external electric fields, €&. Yao, et al. [38] and Park et al. [68] have studied
electronic transport in SWCNTSs using low and high resistance contacts under small and large
bias-voltages and attempted to explain the conductance behavior from electron-phonon
scattering. Yao ef al. [38] have also observed linear I-V characteristics from measurement on
samples using low resistance contacts with slight deviation near 5V from the linear behavior
in some samples. Since current VLSI circuits use low voltage nanometer CMOS technologies
where bias voltage is below /.5 V, deviation in I-V relationship of CNT interconnect toward
saturation at large bias-voltages should not be the cause of concern and so the applicability of
Eq. (2) for CNT interconnects using low resistance contacts.

The difference between our one-dimensional fluid model described in Eq. (2) with two-
dimensional fluid model [55-57] is the Lorentz force term. In a two-dimensional electron fluid
[55], total energy is equal to the kinetic energy. In a graphene sheet, the external electrical
field drifts electrons in z direction while electrons can also distribute in perpendicular (y)
direction to form a two-dimensional fluid. This means that the whole energy provided by the
external electrical field equals the two-dimensional electron fluid kinetic energy. However,
when the graphene sheet is rolled to form a carbon nanotube, which is a quasi one-
dimensional system, y direction shrinks into one point and the distributed electrons in y
direction in a two-dimensional system will be at the same point in one-dimensional system.
As a result, the potential energy due to repulsive force among the electrons will be significant.
The external electric field provides both the potential and kinetic energies to the one-
dimensional fluid.

2.2 SWCNT interconnect modeling

Equation (2) describes our one-dimensional fluid model which can be simplified in the
following form [64],
dv,  dPp

mn, —= = ————eny{(1- @)E, }— mnisgn()}w,, (4)
ot oz

where [/ is the length of CNT and sgn(l) is the sign function defined as follows:

o if i<l
~, since the mean free path, /,,;, of electrons in a CNT is in

WO s,

micron range, the last term in Eq. (4) approaches to zero if 1 </,,,.
There are two channels in a CNT and two different spin electrons in each channel. We can
consider that there are four electrons at the same point in one-dimensional CNT. We can then
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calculate the potential energy by moving these four electrons from oo to the same point of the
CNT within ~ / nm diameter. The potential energy can be defined as follows [69]:

E,= Z:(n—l)x

2
1 gy, (5)
2re, d

where d is the diameter of the CNT.
We assume that the velocity of these four electrons equals to the Fermi velocity. As a
result, the kinetic energy is given by,

E, =4X%mv§ ~7eV, (6)

where v = 3y)b/2h=8x10° m/s is the Fermi velocity. y, is the characteristic energy of the
graphene lattice and is equal to 2.7 eV and 7 is Planck constant. The inter-atomic distance, b
in a CNT is 0.742 nm [57]. Substituting Egs. (5) and (6) into Eq. (3), we obtain o = 0.7.

The equation relating current density, charge density and electric field can be described as
follows [64],

dj(z,1) it do(z,1) _ e’n,

Py (1+a)E.. (7)

0z m

Equation (7) is the current transport equation for a one-dimension electron fluid in a metallic
CNT. The third term on the left-hand side of Eq. (7) can be neglected since metallic CNT is a
good conductor.

We consider a metallic SWCNT above a perfect conducting plane and assume that the
propagating EM wave is in quasi-TEM mode. Following the analysis in the work of Maffucci
et al. [57], we obtain,

EZ:Ri+LK%+CLg—Z, (®)
0

where R =L, sgn(/)v is the resistance of CNT per unit length. L, = 7Zh/4eva is the
kinetic inductance per unit length and C 0= l/ L Kue2 is the quantum capacitance per unit

length. u, = v, / V1= , is the thermodynamic speed of sound of the electron fluid under

neutral environment.
The magnetic inductance and electrostatic capacitance per unit length of a perfect
conductor on a ground plane is given by [57, 70],

U afhY o (A
L, = cosh| 2|~ [ 1, 9
Mg O (rj 2 n(2rj ®

C. = 2ne _ 27E
£ cosh(h/r) In(h/r)’

(10)

where /4 is the distance of CNT to the ground plane and r is the radius of a SWCNT.
Equations (9) and (10) are accurate enough for #>4r. The magnetic inductance is ignorable
compared with kinetic inductance [64].
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2.3 MWCNT interconnection modeling

MWCNTs have diameters in a wide range of a few to hundreds of nanometers. It has been
shown that all shells of MWCNT can conduct if they are properly connected to contacts [71-
73] and the contact resistance could reach tens of ohms, a much lower value than that of
SWCNT. Naeemi et al. [52] have shown that MWCNTs can have conductivities several times
larger than that of Cu or SWCNT bundles for long length interconnects.

The number of shells in MWCNTSs varies. The spacing between shells in a MWCNT
corresponds to van der Waals distance between graphene layers in graphite, 6 = 0.34 nm [74].
The number of metallic shells in a MWCNT can be calculated as follows:

DI_DN
M_ﬂ{1+2—5}, (11)

where D; and Dy are the outermost and innermost shell diameters, respectively. The square
bracket term is a floor function and the factor f is the ratio of metallic shells to total shells in a
MWCNT. Statistically, one-third of the shells are going to be metallic and the rest
semiconductor for D;< 10 nm [74, 75]. For D;>10 nm, f increases due the interaction
between adjacent shells for the MWCNT [74].

In one-dimensional fluid model [64], we regard the graphene sheet which is rolled to form
a CNT is to be infinitesimally thin. The conduction electrons are then distributed over the
lateral surface of the CNT cylinder shell and electrons are embedded in a rigid uniform
positive charge background with a uniform surface number density. Thus, the motion of
electrons is confined to the surface. Furthermore, electrical charge neutrality requires that in
equilibrium the conduction electron charge density precisely cancels with that of the
background positive ions. Since the van der Waals force between the carbon atoms in
different shells in MWCNTs is negligible compared to valance band between the carbon
atoms in the same shell [76], the one-dimensional fluid model described by Eq. (2) can be
applied to each shell of the MWCNT with modification because the electron-electron
interaction in MWCNT is different from that in SWCNT, which means the parameter o needs
to be recalculated.

In addition, two assumptions are made: the electrons can only move along the z-axis; all
other fluid variables, such as the tangential component of the electric field to the nanotube
surface are almost uniform in the cross section plane of the shells in MWCNT. These two
assumptions are valid if both the nanotube length and the smallest wavelength of the
electromagnetic field are much greater than the nanotube radius [65, 66].

We assume that the velocity of these electrons equals the Fermi velocity. As a result, the
kinetic energy is given by,

E, :4M><%mv}2, ~TM eV . (12)

There are two channels in each shell of MWCNT and two different spin electrons in each
channel. So we consider that there are four electrons at the same point in each shell of
MWCNT. We can then calculate the potential energy by moving these 4M electrons from oo
to the same point of the MWCNT. We first consider moving every four electrons into one
shell of the MWCNT. The potential energy can be obtained as follows [64, 70]:

E,=Y 4(' 1) ¢ 1 gyt 3! 13
= 1— — | = —_,
g ,Z‘ Z; 27, d, 2me, S d, (13)

where dj is diameter of shell number ;.
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We then consider moving all shells from o to adjacent shells to construct a MWCNT. The
potential energy can be calculated using following equation:
2 M M 2 2 M 2 M
1 4 1 1 1 -1
[N VR L o TR W S S VLA S BV Y 0 )
j=2

2re, 5 d,; 2re, d; 2re,) md; 2me, o d,

The parameter a for the MWCNT can be calculated using Eq. (3). For example, if D;=10 nm,
Dy=1nm and =1 then a = 0.99.
Following the derivation in Ref. 64, we can obtain an equation for each shell in a
MWCNT,
E=Ri+LKﬁ+La—q, (15)
oo C 0 0z

where R=L, sgn(/)v is the resistance of each shell in a MWCNT per unit length.
L, = 717‘1/ 4e”v, is the kinetic inductance per unit length of each shell. C 0 = l/ Leu’ is

the quantum capacitance per unit length of each shell. u, =v, / V=, is the

thermodynamic speed of sound of the electron fluid under a neutral environment.

The magnetic inductance per unit length of each shell can also be calculated using Eq. (9).
In a SWCNT, magnetic inductance is neglected compared with kinetic inductance; therefore,
it can also be neglected in each shell of a MWCNT.

The outermost shell shields inner shells from the ground plane; therefore, the electrostatic
capacitance Cr does not exist in inner shells. However, there exists electrostatic capacitance,
Cs between the neighboring metallic shells and its value is given by [70, 77]:

27zE
Cs = 0 16
*“(p,/D,)’ (10)

where ¢ is the permittivity of vacuum, D; and D; are the diameters of the i" and j" metallic
shells, respectively and i <.

We assume that the outermost shell is metallic. In a recent work [77], we have derived an
equivalent circuit of a metallic MWCNT interconnect as shown in Fig. 2. It is simplified as
shown in Fig. 3 by considering that the RLC parts of all inner shells are identical. If we
assume that there are no variation in distributed parameters, R and Lg then R and Ly are same
for each shell. The potential across components of each shell in a MWCNT is equal. As a
result, a simplified equivalent circuit of a MWCNT interconnect can be derived as shown as
Fig. 4. Rc in Figs. 2-4 is the contact resistance and its ideal quantum value is 3.2 kQ per shell
[62].

innermost shell

.
. .

Fig. 2. Equivalent circuit of a metallic MWCNT interconnect.
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Re/(M-1) R/(M-1) Li/(M-1) Re/(M-1)

Fig. 3. Simplified equivalent circuit of a metallic MWCNT interconnect.

Re/M R/M Lg/M

J .

Fig. 4. Simple equivalent circuit model of a metallic MWCNT interconnect.

The values of Cg and Cy are on same order. Cy of all metallic shells is in parallel and then
serial with Cg. As a result, Cy can be neglected if M is large. Therefore, capacitance of
MWCNT interconnect is smaller than that of SWCNT. In addition, the resistance and
inductance of all metallic shells are parallel and M times smaller than that of SWCNT.

2.4 SWCNT bundle interconnection modeling

Carbon nanotubes can also be fabricated as a bundle which means CNTs in a bundle are
parallel to each other. The spacing between carbon nanotubes in the bundle is due to the van
der Waals forces between the atoms of adjacent nanotubes [78]. One of the most critical
challenges in realizing high-performance SWCNT-based interconnects is controlling the
proportion of metallic nanotubes in the bundle. Current SWCNT fabrication techniques
cannot effectively control the chirality of the nanotubes in the bundle [17, 79]. Therefore,
SWCNT bundles have metallic nanotubes that are randomly distributed within the bundle.
Avouris et al. [17] and Liebau et al. [79] have shown that metallic nanotubes are distributed
with a probability, f = 1/3 in a growth process. The proportion of metallic nanotubes can;
however be potentially increased using techniques introduced in Refs. 80 and 81.

Figure 5 shows the cross-section of a SWCNT bundle. In Fig. 5, d is the diameter of
SWCNT, 6 = 0.34 nm is the spacing between the SWCNT in the bundle and corresponds to
the van der Waals distance between graphene layers in graphite. d, = Jd+d is the distance
between adjacent SWCNT. Since van der Waals forces between carbon atoms in adjacent
SWCNTs are negligible compared to valance band between carbon atoms in the SWCNT
[76], influence of adjacent SWCNTSs on transport of electrons in SWCNT can be considered
to be very small. Therefore, the one-dimensional fluid model described by Eq. (2) can be
applied to the each SWCNT in the bundle with some modification. The electron-electron
interaction in SWCNT bundle is different from that in a SWCNT, the parameter a needs to be
recalculated to account for this effect.

Consider one of the SWCNTSs in the bundle, we assume that the electrons in this SWCNT
will only be affected by the electrons in the adjacent metallic SWCNTSs and semiconducting
SWCNTs have no effect on the conductance of the bundle. To calculate the potential energy,
we first consider the potential energy of each SWCNT and then consider moving SWCNT
adjacent to each other to construct a SWCNT bundle. Average potential energy of electrons in
a SWCNT bundle can then be described by the following equation:
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21 I16e 1
E,=6—=+) be” 1 (17)
2ne, d T 2me, d,

where [ is the average number of metallic SWCNTSs neighboring to a single SWCNT. As
shown in Fig. 5, e.g., the number of SWCNTSs neighboring to the corner SWCNT is 2, the
number of SWCNTs neighboring to the edge SWCNT is 4 and the number of SWCNTs

6NN, ~4N, 4N, ~2|, /2]

neighboring to the inside SWCNT is 6. Therefore, I =
NN, -2N, /2]

where square brackets is the floor function.

T XXX
09000 ©®
200000
9000 ©®
2900000
.00 0 @
[ Cy,

2 0000@®

h

TT777777 77777777 77777777

Fig. 5. Cross-section of a SWCNT bundle interconnect.
The kinetic energy of the electrons in a SWCNT is calculated as follows [64]:

E, :4X%mev§ ~7eV. (18)

Now the parameter a for SWCNT bundle can be calculated using Eq. (3). Total number of
metallic SWCNTs is N = S(N.N,-[N,/2]). Following the derivation in Ref. 64, we obtain an
equation for each single SWCNT in a bundle,

Jdi 1 d
E=Ri+L, —+—4, (19)
o C 0 0z
where R =L, sgn(/)v is the resistance per unit length of a SWCNT in a SWCNT bundle.
InEq. (19), L, = 717‘1/ 4e*y  is the kinetic inductance per unit length of a SWCNT in a

bundle and C 0= 1/ L Kue2 is the quantum capacitance per unit length of a SWCNT in a
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bundle. u, = v, / V1=« is the thermodynamic speed of sound of the electron fluid under a

neutral environment.

The magnetic inductance per unit length of each SWCNT can also be calculated using Eq.
(9). In a single SWCNT, magnetic inductance is neglected compared with the kinetic
inductance. It can also be neglected in each SWCNT of a bundle since magnetic inductance is
comparable to the kinetic conductance when the number of SWCNTs is above 4000 in a
bundle [48], while this number is only about 500 for the bundle with 22 nmx44 nm size. This
size of the bundle corresponds to interconnections in 22 nm technology.

The SWCNTs at the bottom level shield upper levels SWCNT from the ground plane.
Therefore, the electrostatic capacitance, Cr does not exist in the upper SWCNTs. However,
there exists electrostatic capacitance per unit length, C,, between the neighboring metallic
SWCNTs and its value can be calculated as follows [70],

(20)

Figure 6 shows the equivalent circuit of a SWCNT bundle interconnect [82] where N, is
the number of upper level SWCNTs and N, is the number of bottom level SWCNTs. For a
SWCNT bundle, we assume that all SWCNTSs in the bundle are identical and each SWCNT
has the same potential across it [83, 84]. The circuit can be further simplified as shown in Fig.
7. The capacitance, C;, has no effect on the circuit behavior and SN, xCy can be regarded as an
electrostatic capacitance between SWCNT bundle and the ground plan.

Rc R Lk Rc

BN, PN, BN, BN,

Co(BNb)
IT.: 1

l Ce(BNb) —v|'

Fig. 6. Equivalent circuit of a SWCNT bundle interconnect.

R¢/N  R/N  Lg/N
NXCQ I

Fig. 7. Simplified equivalent circuit of a SWCNT bundle interconnect.

The values of Cr and Cy are nearly the same in magnitude. Cy of all metallic SWCNTs
are in parallel and then is serial with Cg, as a result, Cyp can be neglected if N is large.
Therefore, capacitance of the SWCNT bundle interconnects is smaller than that of a SWCNT.
In addition, the resistance and inductance of all metallic SWCNTs are in parallel in the bundle
and N times smaller than that of a SWCNT.
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3 PERFORMANCE OF CARBON NANOTUBE INTERCONNECTS

In Sec. 2.3, we have extended one-dimensional fluid model for the modeling of MWCNT
interconnects. To validate the model of MWCNT interconnect, we have compared the
calculated resistance of MWCNT interconnect with the corresponding measured resistance
from the work of Nihei et al. [71] and Li et al. [72]. The results of the comparison of
calculated and measured resistances are summarized in Table 1.

Table 1: A comparison of calculated and measured resistances of MWCNT interconnects

MWCNT Physical Parameters | MWCNT Resistance (k€2)
References Length D, D, I mp
(um) | (nm) | (nm) | (um)
Nihei et al. [71] 2 10 3.88 <1 1.60 1.90
Lietal [72] 25 100 50 >25 0.035 0.042

Measured Our Model

CNT interconnects have great potential in extending the operation of circuits to higher
speeds and frequencies. For applications requiring high frequencies where newer interconnect
technologies and materials for interconnect are being explored, it is important to study two-
port scattering parameters. Slepyan ef al. [85] have conducted studies on scattering of
electromagnetic waves by a semi-infinite CNT in optical regime. In this work, we focus on
studying 2-port network scattering (S) parameters by CNT for interconnect applications on a
chip.

Figure 8 shows the schematic of a 2-port network used in study of S-parameters. In Fig. 8,
interconnect can be Cu or CNT and R is the terminal impedance. We have utilized the
process parameters from the 2016 node (22 nm technology), assumed a 22 nm diameter of
MWCNT of 22 nm width and 44 nm thickness of SWCNT bundle [86]. If we assume
diameter of the innermost shell in a MWCNT is to be / nm then there are nearly 30 shells in
22 nm MWCNT. If we assume diameter of a SWCNT in a bundle is to be / nm then there are
nearly 500 SWCNTs in 22 nm (width) x 44 nm (thickness) bundle following Fig. 5. The
resistivity and capacitance of Cu were taken from ITRS 2007 [86]. The inductance of Cu wire
can be modeled by the following equation [87],

Interconnect

Fig. 8. Schematic of a 2-port network of interconnects.

21

L:2><10‘4l(1n 2 W“),

+0.54+—
w+t 3/

where [, w and t are the length, width and thickness of the Cu wire in micrometers.
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In a recent work [64], we have used 2-port network analysis to compare S-parameters of
SWCNT and Cu interconnects in 22 nm technology [86] as shown in Figs. 9 and 10. In the
analysis of SWCNT interconnect, the terminal impedance is assumed to be equal to its contact
resistance; and in the analysis of Cu interconnect, the terminal impedance is assumed to be
equal to its distributed resistance. Figures 9 and 10 show S;; and S;; parameters for Cu and
SWCNT interconnects of 0./, 1, 10 and /00 pum lengths. Since Cu has higher resistance and
capacitance than that of SWCNT, single-walled CNT interconnect has larger 3dB bandwidth,
higher transmission efficiency and lower reflection losses.

ISz, (dB)

-100 -

— Cu

=== SWCNT

-120

-140 ! ' : :

0.01 0.1 1 10 10° 10° 10*
f(GHz)

Fig. 9. S;; (amplitude) versus frequency of different lengths SWCNT and Cu

interconnects.

SWCNT has very large contact resistance [57,61,62] when used as interconnects, which
limits its applications as interconnects for next generation integrated circuits. On the other
hand MWCNT and CNT bundle give low contact resistance when used as the circuit
interconnects [71-73, 88, 89]. Contact resistance in MWCNT and SWCNT bundle, however,
will depend on the number of shells or SWCNTSs being metallic. Close et al. [90-92] have
demonstrated experimentally that MWCNT can function as an interconnect wire on a chip and
successfully transmit GHz digital signals from one transistor to another. In Table 2, modeling
parameters of MWCNT are compared with the equivalent model parameters from the
quantum theory [52, 53]. The difference is about 20%. However, for large diameter, such as
100 nm diameter, the difference reaches to about 60%. According to quantum theory, the
number of channels increases significantly for large values of radius [84] and the
semiconducting shells start contributing significantly to the number of conducting channels
since their axial conductivity increases with increasing radius [52, 93]. Our semi-classical
one-dimensional fluid model assumes that the number of conducting channels in a single
metallic CNT shell is fixed, 2, and 0 for semiconducting shells. Therefore, the difference in
values of parameters between our model and quantum theory increases with the increase in
diameter of MWCNTs. On the other hand, the parameter « decreases with the increase in
diameter and quantum capacitance increases with the increase in diameter which is consistent
with the quantum theory [52, 53]. As a result, the difference in values of parameters
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calculated from our model and quantum theory is not very large for small diameter
MWCNTs. The electrostatic capacitance is dependent on the geometry of the structure, it is,
thus, considered same for one-dimensional fluid model and quantum model [53].

1S] (dB)

=100

Cu
SWCNT

0.01

10

10°

3

10 10

4

f(GHz)

Fig. 10. S;; (amplitude) versus frequency for different lengths SWCNT and Cu
interconnects.

Table 2: A comparison of MWCNT interconnect model parameters

MWCNT | Re | Re R R Lk Lk Co Coq
Diameter | (cal) | [S3] | (Cal) [53] (cal) [53] (cal) [53]
(nm) kQ | kQ | kQ/pum | kQ/um | nH/um | nH/um | aF/pm | aF/um
18 0.81 | 1.05 0.81 1.05 1.00 1.31 1280 1160
20 0.65 | 0.78 0.65 0.78 0.80 0.97 1600 1566
22 0.65 | 0.72 0.65 0.72 0.80 0.90 1600 1682
25 0.54 | 0.55 0.54 0.55 0.67 0.68 1920 2228
28 0.46 | 0.43 0.46 0.43 0.57 0.53 2240 2844
32 0.40 | 0.34 0.40 0.34 0.50 0.42 2560 3622
90 0.16 | 0.06 0.16 0.06 0.21 0.08 11080 | 19208
100 0.11 | 0.04 0.11 0.04 0.17 0.05 17680 | 29845

Figures 11 and 12 show S,; and S;; parameters and comparison with the corresponding S-
parameters for MWCNTs calculated using model parameters from the work of Li et al. [53].
The dimensions used in comparison correspond to /8, 22 and 32 nm diameters of the
outermost shells of MWCNTs which also correspond to nanometer CMOS technologies. The
length of MWCNTs used in calculations is /0 pm. Terminal impedance is set equal to contact
resistance and D;/Dy = 2 and f = 1/3. The parameters, S,; and S; in both models differs by
about 6% corresponding to /8 nm diameter and it is less than 6% for 22 and 32 nm diameters.
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The phase difference is negligible within the 3dB bandwidths. It can, thus, be stated that the
one-dimensional fluid model can be easily used in studying the performance of MWCNT
interconnects.

-10

-12

-14}

-16L

-18}

S| (dB)

Solid lines: Ref. [53]
Dotted lines: This work

0.01 0.1 1 10 100
Frequency (GHz)

(a)

.10}

Phase [S,,| (deg)
7

-25F  Solid lines: Ref. [53]
Dotted lines: This work

-30 '
0.01 0.1 1 10 100
Frequency (GHz)
(b)

Fig. 11. Comparison of S,; from our model and Li et al. model [53] for MWCNT
interconnects: (a) amplitude and (b) phase.
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Fig. 12. Comparison of S;; from our model and Li et al. model [53] for MWCNT
interconnects: (a) amplitude and (b) phase.

Figure 13 (a) and (b) show S;; and S;; parameters of MWCNT, SWCNT bundle and Cu
interconnects of lengths corresponding to ballistic transport (/ pm), local interconnection (/0
pm and /00 pm) and global interconnection (500 pm). For comparison, we choose f = 1/3
and 50 Q terminal impedance, which is a typical impedance for high frequency transmission
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lines. For the MWCNT and SWCNT bundle, the electrostatic capacitance depends upon the
geometry of the structure and is approximately equal to that of Cu interconnects [12, 53, 83].

0 . .
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(b)
Fig. 13. Calculated S-parameters of different interconnects: (a) S,; (amplitude) and
(b) Sy; (amplitude).

Figure 13 (a) shows the 3dB bandwidths for both the CNT and Cu interconnects. The

transmission efficiency of both the CNT and Cu interconnects decreases with increasing
lengths. However, Cu interconnect has a larger 3dB bandwidth in comparison with CNT
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interconnects. This is because Cu has smaller inductance compared with CNT interconnects.
It should also be noticed that the short length CNT interconnects still have over a /00 GHz
3dB bandwidth. Figure 13 (a) also shows large S,; for SWCNT bundle and MWCNT
interconnects than that of the Cu interconnect. This is because SWCNT bundle and MWCNT
have much smaller resistances. Furthermore SWCNT bundle has more connection channels
than MWCNT; it has larger 3dB bandwidth and S,; value, which means larger transmission
efficiency. In Fig. 13 (b) for S, parameters at frequencies less than /100 GHz, Cu interconnect
has the largest reflection losses while SWCNT bundle interconnect has the least reflection
losses. The results show that SWCNT bundle interconnect has better performance than the
MWCNT interconnect. This can be explained that the number of SWCNTSs in the bundle is
larger than that of shells in the MWCNT of the same size. It can be shown that for 22 nm
width of SWCNT bundle and MWCNT interconnects, calculated number of SWCNTs in a
bundle from N = S(NxNy-[Ny/2]) and the number of shells in a MWCNT from Eq. (11) are
approximately 500 and /0, respectively. It means that there are more conducting channels in
the bundle according to one-dimensional fluid model.

Recently, Srivastava et al. [28] have obtained an analytical solution for the current
transport in CNT-FETs for the analysis and design of CNT-FET based integrated circuits.
Based on their work, a dynamic model [94] for CNT-FETs is obtained and Verilog-AMS
language [95] is used to predict static and dynamic characteristics of CNT-FETs and
integrated circuits. Verilog-AMS requires less computational steps and easy to experiment
with the developing model equations. In this work, Verilog-AMS is used to describe CNT-
FET static and dynamic models and simulated CNT-FET circuits in Cadence/Spectre. Figure
14 shows the CNT-FET inverter pair at /V supply voltage. The interconnection can be Cu or
MWCNT or SWCNT bundle. The delay analysis includes the CNT-FET models developed by
Srivastava et al. [28] and dynamic models reported in Ref. 94.

VDD

Vout

Interconnects

VSS
Fig. 14. Inverter pair with interconnects.

Figure 15 shows transient response of a CNT-FET inverter interconnected with /0 pm
long MWCNT and SWCNT bundle interconnection wires. Figure 15 also shows a comparison
of transient response for an ideal interconnection (assuming direct connection) and Cu
interconnection wire. Input signal is a /00 MHz square pulse. The propagation delays of
MWCNT interconnects (f = / and f = 1/3) are close to ideal interconnect and are smaller
than SWCNT bundle and Cu interconnects. As mentioned earlier, the number of SWCNTSs in
the bundle is larger than the number of shells in the MWCNT. Therefore, the resistance is
smaller for the SWCNT bundle interconnect than that of the MWCNT. However, the
capacitance of the SWCNT bundle interconnect is much larger than that of MWCNT. As a
result, the propagation delay of MWCNT is smaller than that of the SWCNT bundle. The
propagation delays are smaller for f = / than for § = 1/3 for both MWCNT and SWCNT
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bundle interconnects. This can be explained by the fact that there are more interconnect
channels when f increases.

===+ Jdeal Interconnect
Cu

MWCNT p=1
==« MWCNT p=1/3
== Bundle p=1

===+ Bundle p=1/3

- e e e e

Output (V)
©
n

e T =T

0 2 4 6 8 10
Time (nm)

Fig. 15. Output waveforms of an inverter pair with /0 um length of different
interconnect wires.

One of the advantages of CNT interconnect is its large mean free path, which is on the
order of several microns as compared to ~ 40 nm for Cu at room temperature. It provides low
resistivity and possible ballistic transport in short-length interconnects [96]. In this work, we
have also simulated a CNT-FET inverter pair with / pm Cu, MWCNT and SWCNT bundle
interconnects using Cadence/Spectre. Local interconnects are often used for connecting
nearby gates or devices with lengths on the order of micrometers. Therefore, these have the
smallest cross section and largest resistance per unit length compared to global interconnects.
We have utilized the process parameters from the 2016 node for 22 nm technology [86]
assuming 22 nm diameter of a MWCNT, 22 nm width and 44 nm thickness of a SWCNT
bundle. Relatively global interconnects have larger cross section and smaller resistivity. The
lengths are on the order of hundred micrometers. We have utilized the process parameters
from the 2016 node of 22 nm technology [86] assuming 33 nm diameter of a MWCNT, 33 nm
width and 87 nm thickness of a SWCNT bundle. Simulations are performed for different
lengths of Cu, MWCNT and SWCNT bundle interconnects corresponding to ballistic
transport length (/ pm), local interconnects (/0 um, /00 um) to global interconnects (500
um). The results are shown in Fig. 16. Dependence of delay on interconnection length in Fig.
16 shows that the increase in delay for Cu interconnects is larger than that of MWCNT and
SWCNT bundle interconnects. The delays of MWCNT interconnects (f = / and f = 1/3) are
smaller than that of SWCNT bundle and Cu interconnects. The delays are smaller for f = 1
than for f = 1/3 for both MWCNT and SWCNT bundle interconnects and is due to more
interconnect channels with increase in £.

Power dissipation is another challenge to next generation interconnects. We have
simulated power dissipation for MWCNT and SWCNT bundle interconnects in 22 nm
technology node and compared with the Cu wire interconnects. Table 3 summarizes power
dissipation ratio of MWCNT and SWCNT bundle (f = //3 and f = I) to Cu interconnect.
CNT interconnects dissipates less power and especially for local interconnections. Maximum
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power dissipation in CNTs interconnections is no more than the 8% of the Cu

interconnections.
1000 .
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Fig. 16. Propagation delays of interconnects of different lengths for 22 nm
technology.

Table 3: Power dissipation ratio of MWCNT and SWCNT bundle to Cu interconnects

Normalized Power Dissipation (%)
Type of CNT Length (um)
1 10 100 500

MWCNT (p=1) 0.070 0.065 0.339 1.422
MWCNT (p=1/3) 0.359 0418 2.182 7.591
(SB‘Z SNT Bundle 0.011 0.015 0.079 0.137
SWCNT Bundle

(B=173) 0.036 0.047 0.256 0.688

Note: Normalization parameter is the length of Cu (1, /0, 100 and 500 pm). The technology
node is 22 nm.

4 CONCLUSION

In this paper, models for CNT interconnects, which include SWCNT, MWCNT and SWCNT
bundle are discussed based on one-dimensional fluid theory. The one-dimensional fluid model
can be applied to CNT interconnects using low resistance contacts in current low-voltage
nanometer CMOS technologies. The applicability of MWCNT and SWCNT bundle as
interconnect wires for next generation design of integrated circuits has been explored
theoretically and compared with Cu interconnects in 22 nm technology node. Results of the
one-dimensional fluid theory for SWCNT interconnect extended to MWCNT and SWCNT
bundle interconnects show that MWCNT and SWCNT bundle interconnects have better
performance than the Cu interconnects. MWCNT and SWCNT bundle interconnects exhibit
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higher transmission efficiency and lower reflection losses, smaller delays and less power
dissipations. This is mainly due to larger conductivity of MWCNT and SWCNT bundle,
proportional to the number of conducting shells (M) in MWCNT and conducting SWCNTs
(N), respectively. With no special separation techniques, the metallic nanotubes are
distributed with probability f = 1/3. While the proportion of metallic nanotubes can be
potentially increased using techniques introduced in Refs. 80 and 81, the delays in MWCNT
and SWCNT bundle interconnects can be further decreased with increase in f and
approaching to /. It is also noticed that with the increase in interconnection length, the delay
of Cu interconnect increases faster than that of MWCNT and SWCNT bundle interconnects.
For applications requiring small circuit delays MWCNT interconnects should be used due to
smaller capacitances. Applications requiring large transmission efficiency and low reflection
losses, CNT bundles should be used for interconnects since the numbers of conducting
channels per shell are more in SWCNTSs bundle than the number of conducting channels per
shell in MWCNT of the same size. These findings suggest that MWCNT and SWCNT bundle
can replace Cu as interconnection wires in next generation of VLSI integrated circuits.
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