Chapter 2
Interconnect Modeling, CNT and GNR
Structures, Properties, and Characteristics

Abstract This chapter reviews the Cu-based on-chip interconnect modeling. The
unique atomic structure and properties of carbon nanotube (CNT) and graphene
nanoribbon (GNR) are discussed. The characteristics and semiconducting/metallic
properties of graphene-based on-chip interconnects are presented. Depending on the
physical configuration, equivalent electrical models of MWCNT and MLGNR
interconnect lines are also introduced. An extensive review on performance analysis
of on-chip interconnects is presented.

Keywords Electrical equivalent model - Equivalent single conductor (ESC) -
Liittinger liquid theory - Multiconductor transmission line (MTL) - Tight-binding
approximation

2.1 Interconnect Modeling Approaches

In the early days of VLSI design, the crosstalk-induced signal integrity effects were
negligible because of relatively low integration density and slow operating speed.
However, with the introduction of technology scaling of below 0.25 pm, there were
many significant changes in the structure and electrical characteristics [1, 2]. The
interconnect lines started to be a dominating factor for chip performance and
robustness. The line parasitic elements have a major impact on the electrical
behavior of the interconnect model. These models vary from simple to very com-
plex depending upon the effects that are being studied and the required accuracy.
There are three different types of approaches available in literature for modeling
Cu-based on-chip interconnects.

2.1.1 Lumped Model with CMOS Driver

This approach focuses on the CMOS gate modeling while the interconnect line is
approximately considered as a lumped circuit. Alpha-power law model [3] has been
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Fig. 2.1 A CMOS gate-driven RC load

widely used for representation of short-channel transistor that includes the velocity
saturation effects. Based on the alpha-power law model, delay formulas were
developed for CMOS gate-driven lumped capacitance modeled interconnect line
[4, 5]. Bisdounis et al. [6] extended the model to include the influences of
short-circuit current and gate-to-drain coupling capacitance. With the resistive
component of interconnect becoming comparable to the gate output impedance, the
line resistance R of interconnect line needs to be considered. Considering the line
resistance, the modeling of CMOS gate-driven resistor-capacitor (RC) line was
presented in [7-9]. The representation of CMOS gate-driven lumped RC load is
shown in Fig. 2.1. Alder and Friedman [10] derived the delay equations for repeater
insertion of a CMOS buffer design with RC interconnects. They developed a
closed-form expression for the timing analysis of CMOS gate-driven RC load. They
also derived an expression for the short-circuit power dissipation of the
driver-interconnect-load system. However, all these approaches [3—10], lumped the
total wire resistance of each segment into one single R and similarly combined the
global capacitance into a single capacitor C. This lumped RC model is inaccurate for
long interconnect wires, which are more adequately represented by a distributed RC
model. Moreover, due to high operating frequencies and wider interconnect
dimensions, interconnects exhibit inductance effects and should be included in the
delay and crosstalk noise models. Hence, the analytical models that considered only
RC were no longer accurate [3—10].

2.1.2 Distributed Model with Resistive Driver

In the distributed model with resistive driver, the driver-interconnect-load system is
analyzed by simplifying the CMOS gate driver as a resistive driver [11]. Using the
linear driver approximation, Elmore delay model was initially developed for RC
lines [12] and then extended to RLC lines [13, 14]. The distributed RLC line with
linear driver is shown in Fig. 2.2, where R; and C, represent driver resistance and
load capacitance, respectively; r, [ and ¢ represent per-unit-length line resistance,
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Fig. 2.2 A distributed RLC interconnect line driven by a resistive driver

inductance, and capacitance, respectively. Considering the nonlinearity of the dri-
ver, Bai et al. [15] improved the linear driver model by calculating the effective
resistance. Davis and Meindl proposed closed-form delay expressions for the
analysis of distributed RLC lines by considering the single transmission line effects
in [16] and a crosstalk noise model of coupled transmission lines in [17].

Based on even—odd mode technique, the crosstalk noise model was developed
by Agarwal et al. [18] for coupled-two lossless lines and then modified for low-loss
lines to analyze crosstalk-induced noise peak voltage. They investigated that at high
operating frequencies, inductive coupling effects are significant and should be
included for accurate crosstalk noise analysis. Using the coupled transmission line
theory, the authors developed a crosstalk noise model that is useful to guide
noise-aware physical design optimizations. A closed-form analytical transient
response model was derived for resistance/capacitance loads by solving semifinite
transmission line equations [19]. However, all these models [11-19] consider the
nonlinear CMOS driver as a linear driver that limits the accuracy of the models.

2.1.3 Distributed Model with CMOS Driver

The distributed model with CMOS driver approach co-simulates the nonlinear
CMOS gate and the distributed interconnect. The CMOS gate-driven distributed
RLC interconnect line is shown in Fig. 2.3. Based on the even—odd modes, Kaushik
et al. proposed a simple analytical model for functional crosstalk analysis in [20]
and dynamic crosstalk analysis in [21] of CMOS gate-driven two coupled
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Fig. 2.3 A CMOS gate-driven distributed RLC interconnect line
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interconnect lines. The model was developed based on the alpha-power law model
of MOS transistors and transmission line theory of interconnects. There the authors
have observed that the nonlinear effects of the CMOS inverter should be incor-
porated in a valid crosstalk noise modeling. Moreover, it was noticed that the use of
resistive driver model presented a pessimistic view on the performance analysis of
on-chip interconnects. However, these models [20, 21] were based on the even—odd
modes and hence limited to two coupled interconnect lines. Later on, Li et al. [22]
proposed an FDTD method for the transient analysis of CMOS gate-driven lossy
transmission lines including frequency-dependent losses and observed the effect of
functional crosstalk. However, the model ignored the finite drain conductance
parameter in the modeling of CMOS driver and hence not useful for nanoscaled
devices.

2.2 Carbon Nanotubes

Until mid-1980s, diamond and graphite were the only two known forms of carbon
allotropes. In 1985, Kroto et al. [23] were able to synthesize new allotrope of
carbon Cg. They used a high pulse of laser light to vaporize a sample of graphite.
The vaporized graphite was sent to a mass spectrometer with the help of helium gas.
The mass spectrometer detected the presence of Cgp, a molecule consisting of 60
carbon atoms. The Cg( had the shape of a soccer ball with 12 pentagon faces and 20
hexagonal faces. The easy synthesis of Cg( led the group to propose the existence of
another allotrope of carbon named as “buckyball” due to its soccer ball-shaped
structure. The shape of the new allotrope of carbon did not end at the soccer-shaped
structures and long cylindrical tube-like structures were also reported, which are
known as carbon nanotubes (CNTs).

CNTs have fascinated the research world due to their extraordinary physical,
electrical, and chemical properties. Many of the properties defy the conventional
trends and scientists are still discovering the unique properties and constantly
making efforts to understand and explain the phenomenon for such distinctive
behavior. One of the remarkable physical properties of CNT is its ability to scale
down its thickness to a single atomic layer. Another interesting physical property
observed in CNTs is when two slightly different-structured CNTs are joined
together; the resultant junction formed can be used as an electronic device. The
properties of the device formed are dependent on the type of CNTs used for their
formation.

2.2.1 Basic Structure of CNTs

A single-walled CNT can be assumed as a structure formed when a single graphene
sheet is rolled into a cylindrical shape (Fig. 2.4). Depending on the shape of the
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Fig. 2.4 Sketches of three different SWCNT structures: a armchair nanotube, b zigzag nanotube,
and c¢ chiral nanotube

circumference, CNTs can be classified as armchair (ac), zigzag (zz), or chiral CNTs
as shown in Fig. 2.4a—c, respectively [24]. The terms zigzag and armchair are
inspired from the pattern in which the carbon atoms are arranged at the edge of the
nanotube cross section. Graphene consists of sp>-hybridized atoms of carbon that
are arranged in a hexagonal pattern. The hexagonal carbon rings should join
coherently when placed in contact with adjacent carbon atoms. Accordingly, in an
SWCNT tube, all the carbon atoms (except at the edges) form hexagonal rings and
are therefore equally spaced from one another. Xu et al. [25] reported the fabri-
cation of vertically grown CNT bundles with an average diameter of 50 um and a
pitch of 110 pm.

In spite of the hexagonal aromatic rings, SWCNT is considered to be more
reactive than planar graphene. It is due to the fact that the hybridization in SWCNTSs
is not purely sp? and some degree of sp” hybridization is also present. It has been
observed that with the decrease in SWCNT diameter, the degree of sp°
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hybridization increases [26]. This phenomenon causes variable overlapping of
energy bands that results in SWCNTSs obtaining versatile and unique electrical
properties. It was studied that beyond the diameter of ~2.5 nm, the SWCNT tube
collapses into a two-layer ribbon [26]. Moreover, a CNT with smaller diameter
results in higher stress on the structure, although SWCNTs of ~0.4 nm diameter
have been produced [27]. It is therefore natural to consider that a diameter of 1 nm
is the most suitable value with regard to energy consideration of SWCNTs.
Encouragingly, there are no such restrictions on the length of the SWCNTSs. The
length is dependent on the processes and methods used for synthesis of the
SWCNTs. SWCNTSs of length ranging from micrometers to millimeters can be
commonly observed. Considering the diameter and length of an SWCNT, it is easy
to intuitively conclude that SWCNT structures have exceptionally high aspect
ratios.

A graphene sheet can be rolled in a number of different ways (see Fig. 2.4). The
mathematical expression that can be used to represent the various ways of rolling
graphene into the tubes is shown below [28]:

PX = Cj, = pb, + gb, (2.1)

where C), is chirality vector, p and g are integers. The unit vectors b, and b, are
defined as

b3 b W3 b
b177x+§y and bszxny (2.2)
here b = 2.46 A and cos ) = —2+4
where anda cosSs 2\/m

The vector PX is normal to the CNT tube axis and @ is chirality angle. The
diameter d of a nanotube is dependent on C}, by the following relation:

b 3(p2 2
g |Gl _bec/3(p* +¢* +pq) (23)

T 4

where 1.41 A(graphene) <bc_c<144 A(Cﬁo).

The C-C bond length in the hexagonal ring structure of SWCNT slightly
increases from the C—C bond length in graphene due to the curved structure of
SWCNT. The degree of curvature in an SWCNT cannot exceed the degree of
curvature in Cgy molecule, resulting in the upper limit of C—C bond length in
SWCNTs. Similarly, the degree of curvature in an SWCNT cannot be less than the
curvature in a flat graphene structure, resulting in lower limit of C—C bond length in
SWCNTs. Moreover, it can be observed that Cj, 6, and d can be expressed in terms
of p and ¢g. Since SWCNTs can be identified by Cj, 6, and d values, it is sufficient to
define SWCNTSs through p, g values by denoting them as (p, g). The p and g values
for a particular SWCNT can be easily obtained by counting the number of
hexagonal rings separating the margins of Cj, vector following b, first and then b,
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Fig. 2.5 Sketch representing the procedure to obtain a CNT, starting from a graphene sheet

[29]. Based on the (p, q) representation, zz SWCNTSs can be denoted as (p, 0) and
having 6 = 0°; ac SWCNTSs can be denoted as (p, p) and having 8 = 30°; chiral
SWCNTs can be denoted as (p, ¢) and having 0 < 6 < 30°.

From Fig. 2.5, it can be observed that having C,, direction perpendicular to any
carbon bond directions results in zz SWCNT (8 = 0°), while having C), direction
parallel to any carbon bond directions will result in ac SWCNT (8 = 30°). In chiral
SWCNTs, 0 < 6 < 30° due to hexagonal rings in graphene sheet.

An MWCNT is a bit more intricate in structure compared to an SWCNT. Unlike
a single graphene shell in an SWCNT, there are multiple graphene shells in an

&— Outermost CNT shell

Innermost CNT shell

\L ,F Contact
\ _7/_ ______ MWCNT /

Fig. 2.6 The structure of MWCNT placed between the two contacts
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MWCNT. The MWCNTs have two or more numbers of CNT shells that are
concentrically rolled up. The structure of MWCNT between the two contacts is
shown in Fig. 2.6, wherein the inset figure shows its cross-sectional view. The
intershells are separated by the van der Waals gap, J ~ 0.34 nm. The diameter of
outermost CNT shell can be varied from a few nanometers to several tens of
nanometers. The diameters of outermost and innermost shells are denoted by dy and
dy, respectively. The ratio of d,/dy, varies in different MWCNTs, the values between
0.3 and 0.8 have been observed in [30-32]. The density of 10%cm? has been
obtained in [30] with a dy/dy of 0.5. The current carrying capabilities of MWCNTSs
are similar to the SWCNT bundles, however, the MWCNTSs are easier to fabricate
[33]. Close et al. [34] reported the fabrication of MWCNTs with 80 shells based on
a versatile method that is ideally suited for fabricating MWCNT interconnects with
extensive electrical properties.

2.2.2 Semiconducting and Metallic CNTs

CNTs can act as semiconducting or metallic based on the pattern of CNT cir-
cumference. The armchair CNTs always act as metallic, whereas the zigzag CNTs
act as either metallic or semiconducting depending on the chiral indices. This
section presents the behavior of zz CNTs and their dual nature.

Since CNT is a rolled-up sheet of graphene, an appropriate boundary condition is
required to explore the band structure. If CNT can be considered as an infinitely long
cylinder, there are two wave vectors associated with it: (1) the wave vector parallel to
CNT axis, k|, that is continuous in nature due to the infinitely long length of CNTs
and (2) the perpendicular wave vector, k,, that is along the circumference of the
CNT. These two wave vectors must satisfy a periodic boundary condition [28]

k,.Cy, = ndk, = 2mm (2.4a)

where m is an integer. The quantized values of allowed k; for CNTs are obtained
from the boundary condition. The cross-sectional cutting of the energy dispersion
with the allowed k states results in the one-dimensional band structure of graphene
as shown in Fig. 2.7a. This is called zone folding scheme of obtaining the band
structure of CNTs. Each cross-sectional cutting gives rise to one-dimensional
subband. The spacing between allowed k, states and their angles with respect to the
surface Brillouin zone determine the one-dimensional band structures of CNTs. The
band structure near the Fermi level is determined by allowed & states that are close
to the K points. When the allowed k&, states pass directly through the K points as
shown in Fig. 2.7¢c, the energy dispersion has two linear bands crossing at the Fermi
level without a bandgap. However, if the allowed k, states miss the K points as
shown in Fig. 2.7b, there would be two parabolic one-dimensional bands with an
energy bandgap. Therefore, two different kinds of CNTs can be expected depending
on the wrapping indices, first, the semiconducting CNTs with bandgap as in
Fig. 2.7b and second, the metallic CNTs without bandgap as in Fig. 2.7c [28].
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Fig. 2.7 Band structures of CNT shell a first Brillouin zone of graphene with conic energy
dispersions at six K points. The allowed & states in CNT are presented by dashed lines. The band
structure of the CNT is obtained by the cross sections as indicated. Close view of the energy
dispersion near one of the K points are schematically shown along with the cross sections by
allowed k, states and resulting one-dimensional energy dispersions for b a semiconducting CNT
and ¢ a metallic CNT

Using the approach of one-dimensional subbands discussed in previous sub-
section, the one-dimensional subband closest to the K points for zigzag CNTs is
investigated here. Based on the chiral indices, the zigzag CNTs can show
metallic/semiconducting property. Since the circumference is p - b(Cy, = p - by), the
boundary condition in Eq. (2.4a) becomes

kb = 2nm (2.4b)

There is an allowed k, that coincides with K point at (0, 4r/3b). This condition

arises when p has a value in multiples of 3 (p =3g, where g is an integer).
Therefore, by substitution in Eq. (2.4b) [28]

_ 2nm _ 3Km _ Km

kx—,———,——, 2.5
pb 2 29 (23)

There is always an integer (m = 2q) that makes k, pass through K points and
these types of CNTs (with p = 3g) are always metallic without bandgap as shown
in Fig. 2.7c. There are two cases when p is not a multiple of 3. If p = 3¢+ 1, the k,
is closest to the K point at m = 2g+ 1 (as in Fig. 2.7b).

_ 2mm  3Km 3K(2qg—1) K 1

=" =" = —
pb 2p  2(3g+1) 23q+1
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Similarly, for p = 3g — 1, the allowed &, closest to K is when m = 2 — 1, hence

2 3K 3K(2g—1 K 1
g —2mm_3Km_3K@2q-1) . K 1 (2.7)
pb 2p 23— 1) 23g-1
In these two cases, allowed k, misses the K point by
K 1 2 2 2
_cr_fr_ < (2.8)

*T233+1 3pb 3nd 3d

From Eq. (2.8), it is inferred that the smallest misalignment between an allowed
k. and a K point is inversely proportional to the diameter. Thus, from the slope of a
cone near K points in Eq. (2.4a), the bandgap E, can be expressed as

OE 2 2

Therefore, semiconducting CNTs (d = 0.8-3 nm) exhibit bandgap ranging from
0.9 to 0.2 eV. Depending on the value of p, where p is the remainder when p and
q is divided by 3, SWCNTs [represented by (p, ¢)] can be of three types:

p = 0; metallic with linear subbands crossing at the K points.
p = 1,2; semiconducting with a bandgap, E, ~ 0.7 eV/d (nm).

Similar treatment can also be applied for armchair CNTs (p, p), arriving at the
conclusion that they are always metallic.

2.2.3 Properties and Characteristics of CNTs

The atomic arrangements of carbon atoms are responsible for the unique electrical,
thermal, and mechanical properties of CNTs [35, 36]. The sp® bonding delivers the
high conductivity and mechanical strengths to the CNTs. The unique properties of
CNTs are discussed below.

2.2.3.1 Strength and Elasticity

Due to the sp”-hybridization, each carbon atom in a single sheet of graphite is
connected via strong sigma bonds to three neighboring atoms. Thus, CNTs exhibit
the strongest basal plane elastic modulus and hence are expected to be the ultimate
high-strength fiber. The elastic modulus of CNT is much higher than steel that makes
the CNT as a strongest material. Although forcing on the tip of nanotube will cause it
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to bend, the nanotube returns to its original state as soon as the force is removed. This
property makes CNTs extremely useful as probe tips for high-resolution scanning
probe microscopy. Although, the current Young’s modulus of SWCNT is about
1 TPa, but a much higher value of 1.8 TPa has also been reported [37]. For different
experimental measurement techniques, the values of Young’s modulus vary in the
range of 1.22—1.26 TPa depending on the size and chirality of the SWCNTs [36]. It
has been observed that the elastic modulus of CNTs is not strongly dependent on the
diameter. Primarily, the moduli of CNTs correlate to the amount of disorder in the
nanotube walls [38].

2.2.3.2 Thermal Conductivity and Expansion

CNTs can exhibit superconductivity below 20 K (=253 °C) due to the strong
in-plane sigma bonds in between carbon atoms. The sigma bond provides excep-
tional strength and stiffness against axial strains. Moreover, the larger interplane
and zero in-plane thermal expansion of SWCNTs results in high flexibility against
nonaxial strains.

Due to their high thermal conductivity and large in-plane expansion, CNTs
exhibit exciting prospects in nanoscale molecular electronics, sensing and actuating
devices, reinforcing additive fibers in functional composite materials, etc. Recent
experimental measurements suggest that the CNT-embedded matrices are stronger
in comparison to bare polymer matrices [39]. Therefore, it is expected that the
nanotube may also significantly improve the thermomechanical and the thermal
properties of the composite materials.

2.2.3.3 Field Emission

Under the application of strong electric field, tunneling of electrons from the metal
tip to vacuum results in the phenomenon of field emission. Field emission results
from the high aspect ratio and small diameter of CNTs. The field emitters are
suitable for the application in flat panel displays. For multiwalled CNTs, the field
emission properties occur due to the emission of electrons and light. Without
applied potential, the luminescence and light emission occur through the electron
field emission and visible part of the spectrum, respectively.

2.2.3.4 Aspect Ratio

One of the exciting properties of CNTs is the high aspect ratio, which infers that a
lower CNT load is required compared to other conductive additives to achieve
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similar electrical conductivity. The high aspect ratio provides unique electrical
conductivity in CNTs in comparison to the conventional additive materials such as
chopped carbon fiber, carbon black, or stainless steel fiber.

2.2.3.5 Absorbent

Carbon nanotubes and CNT composites have been emerging as perspective
absorbing materials due to their light weight, larger flexibility, high mechanical
strength, and large surface area. Therefore, CNTs emerge out as ideal candidates for
use in gas, air, and water filtration. The absorption frequency range of SWCNT-
polyurethane composites broaden from 6.4-8.2 (1.8 GHz) to 7.5-10.1 (2.6 GHz)
and to 12.0-15.1 GHz (3.1 GHz) [40]. A lot of research has already been carried out
for replacing the activated charcoal with CNTs for certain ultra-high purity appli-
cations [41].

2.2.3.6 Conductivity

CNTs are assumed to be the most electrically conductive materials. However, it is
quite difficult to control the chirality of the SWCNT shells and therefore statistically
only one-third of the CNTs in a bundle is assumed to be conducting and the rest of
them are semiconducting. However, because of large diameters, the CNT shells of
MWCNTs would be conductive even if they are of semiconductor characteristics.
The energy gap between the conduction band edge and the Fermi level of a CNT
shell is defined as [30]

Vopc-c
E, = p (2. 10)

where d is the CNT diameter, v, is the nearest-neighboring tight-binding parameter,
and pc_c is the nearest neighbor C—C bond length, which is ~0.142 nm. From
Eq. (2.10), it can be observed that the bandgap is inversely proportional to the
diameter. Therefore, the semiconducting CNT shells with larger diameter are
conductive. The detailed conductivity comparison between MWCNTs and
SWCNTs will be discussed in the following sections.

2.2.4 Conductivity Comparison

The performance of interconnect primarily depends on the conductivity of the
interconnect filler material. The conductivity comparison among Cu, SWCNT, and
MWCNT is analyzed in this section.
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2.24.1 SWCNT Conductivity

The conductivity of SWCNT [42, 43] can be expressed as

o AGoldF, I
VN B (a1 6)2 1+ lod)

(2.11)

where [, d, F,, are the interconnect length, shell diameter, fraction of metallic CNTs
in the bundle, respectively, [, is 103, § is 0.34 nm, G is the quantum conductance
equal to 2e2/h, e is the charge of an electron, and / is the Planck’s constant.

For [ > lod, Eq. (2.11) can be expressed as

4GylydF,,
OSWCNT =~ \/—

S ror (2.12)

From Eq. (2.12), it can be observed that for longer interconnects, the conduc-
tivity of SWCNT is independent of length.

2.24.2 MWCNT Conductivity

The conductivity of MWCNT [44] can be expressed as

d*. \ a l 1 d. I dux+t
1 — Zmin } = bh—— _ min |} _ 1 0
( dxznax) 2 + < lO a) . ((dmax drznax) drznaxlo " dmin + %

(2.13)

Gol
OMWCNT = %

where d.x and d;, are the outermost and the innermost shell diameters of an
MWCNT, respectively; a and b are constants and the values are 0.0612 nm ™' and
0.425, respectively [45]. From Eq. (2.13), it can be observed that for I > (lpb/a),
the conductivity increases with an increase in dpax.

The conductivity comparison plot among Cu, SWCNT bundles, and MWCNT is
shown in Fig. 2.8. It can be observed that for shorter interconnect length, the
conductivity of SWCNT bundle is higher than MWCNT, whereas for longer
lengths, MWCNTs can potentially have conductivities several times larger than that
of copper or even SWCNT, which is essential for interconnect applications. It is
worth noting that the best case scenario is considered for SWCNTSs, wherein they
were densely packed so that highest conductivity is obtained. However, in contrast
to this, an average case scenario was considered for MWCNTs wherein the
innermost diameter is half of the outermost shell diameter. The innermost diameters
were considered as 5, 15, 35, 50 nm for respective outer diameters of 10, 30, 70,
100 nm. However, the best case scenario for MWCNTs would have been when the
innermost diameter had been 1 nm. But still, for longer interconnects, the perfor-
mance of the MWCNTSs was better than the SWCNTs.
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2.2.5 MWCNT Interconnect Modeling

MWCNTs have recently acquired importance for VLSI on-chip interconnect
material due to their high current carrying capabilities. For the first time, Burke [46]
proposed an electrical equivalent model for the analysis of CNT interconnects
based on the Liittinger liquid theory. The model considered the quantum effects of a
nanowire by including the quantum resistance, kinetic inductance, and quantum
capacitance. The electrical equivalent model was further explained by Avouris et al.
[47] through extensive study of electronic structure and transport properties of
CNTs. Depending on the analysis, a bottom-up approach was demonstrated by Li
et al. [48] to integrate MWCNTs into multilevel interconnects in silicon-integrated
circuits. Ngo et al. [49] reported the mechanism of electron transport across metal—
CNT interface. The authors analyzed this mechanism for two different MWCNT
architectures, horizontal or side-contacted MWCNTSs and vertical or end-contacted
MWCNTs. Later, Miano and Villone [50] extended the fluid theory model for
frequency domain to describe the electromagnetic response of three-dimensional
(3D) structures formed by metallic CNTs and conductors within the framework of
classical electrodynamics.

Xu and Srivastava [51] presented a semiclassical one-dimensional (1D) electron
fluid model that took into account the electron—electron repulsive force. Based on
the one-dimensional electron fluid theory, the authors presented a transmission line
model of metallic CNT interconnects using classical electrodynamics. However, the
authors neglected the inter-CNT tunneling phenomenon. Later, Li et al. [43] pre-
sented a multiconductor transmission line (MTL) model for the MWCNT. The
authors considered the tunneling effect between the adjacent shells in MWCNT and
neighboring CNTs in a bundle. However, using the MTL model, the analysis of
MWCNT with N number of tubes leads to the solution of differential equations with
the system dimensional of 2N, which can be computationally expensive. For this
reason, the equivalent single conductor (ESC) model was proposed in [52].
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The ESC model is based on the assumption that voltages at an arbitrary cross
section along MWCNT are the same, such that all nanotubes are connected in
parallel at both ends. The accuracy of the ESC model in comparison to MTL model
has been reported by several researchers [52, 53]. It was observed that the transient
responses to a pulse input of MTL model and ESC model are in good agreement.
The MTL and ESC models are briefly described in the next section.

2.2.5.1 MTL and ESC Models of MWCNT Interconnect

The electrical equivalent models of MWCNT interconnect are discussed in this
section. The schematic cross-sectional view of MWCNT interconnect is shown in
Fig. 2.9. The MWCNT bundle interconnect line is positioned over a ground plane at
a distance H and placed in a dielectric medium with dielectric constant e.
The MWCNT interconnect consists of N number of tubes with intershell distance 9,
inner shell diameter d;, and outer shell diameter d. The total number of CNTSs in an
MWCNT can be expressed as

ldy —di) dl)] (2.14)

|
N—1+1nt{ 5

where int[+] represents an integer value. The number of conducting channels in a
CNT can be derived by adding all the subbands contributing to the current con-
duction. Using Fermi function, it can be expressed as

1
CXp(|Ei — EF|/kBT) +1

N, ch,i —
subbands

(2.15)

where T is the temperature, kp is the Boltzmann constant, and E; is the lowest (or
highest) energy for the subbands above (or below) the Fermi level Ep.

The multiconductor transmission line (MTL) model of MWCNT interconnect is
described in Fig. 2.10, where Ry; and Ry ; represent the imperfect metal contact

Fig. 2.9 Geometry of an
MWCNT with N shells above
a ground plane

Ground plane
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Fig. 2.10 Multiconductor transmission line model of MWCNT (a) section of infinitesimal length
Az, where k = 1 represents perfect magnetic coupling (b) nanotube of length [ including terminal
resistance

resistance and quantum resistance of ith shell, respectively; r;, li;, and c,; rep-
resent the p.u.l. scattering resistance, kinetic inductance, and quantum capacitance,
respectively. The parasitics Ry ;, ¥, I ;» and ¢, ; can be expressed as

Ry = éleziNth (2.16a)
Vsi = m (2.16b)
i = #Ncm (2.16¢)
Cqi = 4N (2.16d)

hVF
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Fig. 2.11 Equivalent single conductor model of MWCNT

where h, e Ang, and ve represent the Planck’s constant, electron charge, mean free
path, and Fermi velocity, respectively.

In Fig. 2.10, I.; is p.u.l. magnetic inductance of the ith shell and c, is p.u.lL
electrostatic capacitance, ci*' and I;*' are the p.u.l. coupling capacitance and

mutual inductance between the shells, respectively. These parasitics can be
expressed as

d;+2H
lej = M;—f:’cosh’1 KTT)] (2.16¢)
2mege,
Ce = | n838+2H (2.16f)
cosh {(—NdN )}
il _ 2T _
c i=1,2,...N—1 (2.16g)

" In(digy/dy)’
B = in(digi/d). =12, N =1 (2.16h)
s

To reduce the complexity of the MTL model, a simplified ESC model was
proposed in [52]. The ESC model is shown in Fig. 2.11. This model was developed
based on the assumption that voltages at an arbitrary cross section along MWCNT
are the same. Thus, all the scattering resistances ry; are in parallel and can be
replaced by an equivalent resistance (r;gsc). The rygsc can be expressed as

h/e?
TSESC = v = / (2.17a)
> i1 2Neh iAmtp,i

Referring to Fig. 2.12, the distributed MWCNT capacitance ¢, gsc is expressed
in terms of quantum capacitance and coupling capacitance between shell to shell.
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Fig. 2.12 Per unit length capacitance network of the MWCNT

Cequ,1 = Cq,1 (217b)
1 1\
Cequ,i = ( + ﬁ) +cgiy i=2,3,..,N (2.17¢)
Cequ,i—1 Cm

C4q,ESC = Cequ,N (2 17(1)

The inductance equations can be written in a similar form. The ESC model of
MWCNT interconnect is thoroughly discussed in Sect. 4.2.

2.2.6 MWCNT Performance Analysis

The performance analysis of MWCNT interconnects was analyzed using both the
MTL and ESC models in [54]. The voltage response of two coupled MWCNT
interconnects of 14 and 22 nm technologies was computed to a pulse input. It was
observed that both models are in good agreement. The same agreement was
achieved in the estimation of 50 % time delay as well. The validity of the ESC
model was also verified experimentally in [52]. Based on the ESC model, Lamberti
et al. [55] compared the performance of MWCNTSs with SWCNTs. The propagation
delay time was analyzed at three different technologies 15, 21, and 32 nm by means
of interval analysis. It was observed that for global interconnect lengths, the time
delay obtained for MWCNT interconnects is less than 1 ns for the most severe
configuration, i.e., for 15 nm technology node at a length of 250 pm, whereas for
SWCNTs the delay is as large as 7.87 ns.

The estimation of performance parameters under the crosstalk influence is an
important design concern in modern VLSI interconnects. The crosstalk analysis of
MWCNTs has been studied by several researchers. Liang et al. [56] analyzed the
crosstalk noise effects with lengths ranging from 10 to 1000 pm at 22 and 14 nm
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technology nodes. Moreover, the performance of MWCNTSs was compared with the
Cu interconnects. They observed that the MWCNT interconnects showed better
performance for longer wire lengths and smaller technology nodes. Das et al. [57]
analyzed the crosstalk effects in Cu, SWCNT, and MWCNT interconnects. They
observed that the MWCNT-based interconnects are more suitable for VLSI inter-
connects. Furthermore, the authors analyzed the power supply voltage drop for Cu-
and MWCNT-based interconnects in [58]. It was observed that the CNT-based
interconnects have significantly less power drop in comparison to that of Cu-based
interconnects for semi-global and global lengths. Based on the ESC model, Liang
et al. [59] investigated the crosstalk effects in Cu and MWCNT interconnects. They
reported that the crosstalk-induced time delays in MWCNT interconnects are much
smaller than those in the Cu interconnects. Sahoo and Rahaman [60] developed an
analytical closed-form delay expression for both Cu and MWCNT interconnects.
They observed that the performance of MWCNT interconnects over copper inter-
connects is improved by 90 % for 200 um long interconnect. In 2015, Tang et al.
[61] proposed a fast transient simulation technique based on the ESC model for the
crosstalk-induced performance analysis of MWCNT interconnects. They observed
that the proposed method and HSPICE are very similar to each other with an
average relative error of 1.54 %. However, most of the researchers [56, 59-61] used
the resistive driver in the performance analysis of MWCNT interconnects that leads
to severe errors in the performance estimation of the driver-interconnect-load
(DIL) systems.

2.3 Graphene Nanoribbons

In 1996, Mitsutaka Fujita and his group provided a theoretical model of graphene
nanoribbons (GNRs) to observe the edge and nanoscale dimension effect in gra-
phene [62, 63]. Recent developments in GNRs have aroused a lot of research
interest of their potential applications in the area of interconnects and field-effect
transistors [64—66]. A monolithic system can be constructed using the single-layer
GNR for both transistors and interconnects. For nanoscale device dimensions,
Cu-based interconnects are mostly affected by grain boundaries and sidewall
scatterings. It has been predicted that GNRs will outperform the Cu interconnects
for smaller widths [67]. In a high-quality GNR sheet, the mean free path is ranging
from 1 to 5 pm. GNRs can carry large current densities of more than 10® Alem?.
They also offer high carrier mobility that can reach up to 10° cmz/(Vs) [68].

2.3.1 Basic Structure of GNRs

A graphene nanoribbon is a single sheet of graphene layer, which is extremely thin
and limited in width, such that it results in a one-dimensional structure [69]. As a
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result, GNRs can be considered as an unrolled version of CNTSs. The electronic
properties of GNRs are similar to that of CNTs. Depending on termination of their
width, GNRs can be divided into chiral and nonchiral GNRs. The chiral GNRs can
be further classified as armchair (ac) or zigzag (zz) GNRs as shown in Fig. 2.13a, b,
respectively. It can be noted that the terms “armchair” and “zigzag” are used for
both GNRs and CNTs. However, these nomenclatures are used in opposite ways.
For GNRs the terms armchair and zigzag indicate the pattern of the GNR edge,
whereas for CNTSs the same terms indicate the CNT circumference. Therefore, the
unrolled armchair CNT can be visualized as a zigzag GNR and vice versa.

Depending on the stacked graphene sheets, GNRs are classified as single-layer
GNR (SLGNR) or multilayer GNR (MLGNR). The most promising interconnect
solution for VLSI interconnect is MLGNR due to its higher current carrying
capability than SLGNR. The geometric structure of an MLGNR is shown in
Fig. 2.14. The MLGNR interconnect consists of N number of layers, with interlayer
distance o, width w, and thickness 7.

From the fabrication point of view, it is evident that the growth of the GNRs can
be more easily controlled than that of the CNTs because of their planar structure.
This makes them compatible with the conventional lithography techniques [70].
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Fig. 2.14 The geometric structure of an MLGNR interconnect

Using the electron beam lithography technique, Murali et al. [71] fabricated an
MLGNR interconnect with ten layers. The higher electrical conductivity in MLGNR
can be obtained either by enhancing the carrier mobility or by increasing the number
of carriers. The carrier mobility can be increased by intercalation doping of arsenic
pentafluoride (AsFs) vapor. Using the AsFs doping, the conductivity of MLGNR can
be increased up to 3.2 x 10° S/cm, which is almost 1.5 times higher than the copper
interconnects [72]. Additionally, the easier fabrication process of MLGNRs makes
them as promising candidates for interconnect material.

2.3.2 Semiconducting and Metallic GNRs

GNRs can act as either semiconducting or metallic based on the pattern of the GNR
edge. The zigzag edge-patterned GNR always act as metallic, whereas the armchair
edge-patterned GNRs can act as either metallic or semiconducting depending on the
number of carbon atoms present across the width of the GNR. This section presents
the behavior of armchair GNRs and its dual nature.

The typical structure of armchair GNR is shown in Fig. 2.13a, where the number
of carbon atoms across its width, N = 7. For understanding the metallic/
semiconducting behavior of GNRs, it is necessary to analyze the electronic band
structures. The band structures of GNRs are obtained using a tight-binding
(TB) model [73]. Using the TB approach, the band structures of 23- and 24-atom
wide armchair GNRs are shown in Fig. 2.15a, b, respectively. It can be observed
that the metallic GNR has zero bandgap, whereas the semiconducting GNR has
0.2 eV bandgap. The ac GNR acts as metallic, if Nc = 3a + 2 and acts as semi-
conducting, if Nc = 3a + 1 or 3, where a is an integer. The zz GNRs are always
metallic, independent of the value of N [73].

2.3.3 Properties and Characteristics of GNRs

Most of the physical and electrical properties of GNRs are similar to that of CNTs.
However, compared to CNTs, the growth of the GNRs is considered to be more
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Fig. 2.15 Band structures of a semiconducting and b metallic armchair GNRs whose widths are
6.02 nm (24 atoms wide) and 5.78 nm (23 atoms wide), respectively

controllable due to their planar structure. Moreover, the major advantage of GNRs
over CNTs is that both transistor and interconnect can be fabricated on the same
continuous graphene layer, which unlike CNTs, are free from Stone—Wales defects
[74]. Therefore, one of the manufacturing difficulties regarding the formation of
metal-nanotube contact can be avoided. Due to the lower resistivity, the MLGNRs
are often preferred over SLGNRs as suitable on-chip interconnect material.
However, the MLGNRs fabricated till date, have displayed some level of edge
roughness [70, 71]. The electron scattering at the rough edges reduces the mean free
path that substantially lowers the conductance of the MLGNR. This fundamental
challenge limits the performance of MLGNR-based interconnects. The value of
MFP primarily depends on the level of edge roughness. The following sections
discuss the effect of edge roughness on the MFP.

2.3.3.1 Mean Free Path of GNR

The effective MFP of GNR A depends on the scattering effects due to phonons A,
defects 4, and edge roughness 4,. Using Matthiessen’s rule, the A4 can be
expressed as

1 1 1 1

= 2.18
At Ad An ph (2.18)

For the interconnect applications (low bias), the MFP corresponding to Ay, is
observed as extremely large, i.e., tens of micrometers, and therefore, its effect can
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be neglected for the modeling of GNR scattering resistance [73]. Consequently, A,
and /,, dominate the overall value of A.g.

According to the experimental measurements reported in [75], the MFP corre-
sponding to 4, is about 1 pm for a single-layer GNR, which is width independent.
However, in multilayer GNR, the MFP reduces due to the intersheet electron
hopping [76]. The J; of MLGNR can be extracted by measuring the in-plane
conductivity of GNR. Using the in-plane conductivity of Ggpeer = 0.026 (uQ—cm)fl
[77], layer spacing of 0.34 nm, and Er = 0 of a neutral MLGNR, the 1, is extracted
as 419 nm by solving Eq. (2.19) [77]

2¢% Tig

Er
see:—'—'Zle 2 h 2.1
Giheet Wy B n[ cos (ZkBTﬂ (2.19)

To increase the conductivity of MLGNR, AsFj5 intercalated graphite can be used.
The in-plane conductivity, Ggpeer = 0.63 (th-cm)_1 and carrier concentration,
n,=4.6 x 10*° cm ™ are observed for the AsFj intercalated graphite [78]. Using the
simplified TB model, the Ex can be expressed as

) . 5 1/2
Ep = hvp ("’4 . ) (2.20)

where J = 0.575 nm is the average layer spacing between adjacent graphene layers.
Using the expressions (2.19) and (2.20), Er and A, are expressed as 0.6 eV and
1.03 pum, respectively.

The MFP corresponds to diffusive scattering at the edges is a function of edge
backscattering probability, P and the average distance by an electron travels along
the length before hitting the edge. The mean free path for nth subband due to edge
scattering can be expressed as [67]

I :% <M)2 —1 (2.21)

n

where AE is the gap between the subbands.

2.3.4 Conductivity Comparison

The performance of the interconnect line is primarily depends on the conductivity
of the material. This section discusses the conductivity of various interconnect
materials. Figure 2.16 shows the conductivity of Cu, SWCNT bundle, MWCNT
and MLGNR interconnects. The fully specular edge MLGNR interconnects are
analyzed for two different doped conditions [79]. First, the Fermi energy level of
0.3 eV is considered and second, the level of 0.6 eV is considered. The SWCNT
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diameter is chosen to be 1 nm with a metallic to semiconducting ratio (F,,) of 1/3.
For MWCNTs, the outer diameter of CNT shell is considered as 15 nm. From
Fig. 2.16, it can be observed that the conductivity of MLGNR increases with the
Fermi energy. Moreover, at highly doped condition (Ex = 0.6 eV) the conductivity
of MLGNR is observed to be higher than MWCNT interconnects.

2.3.5 MLGNR Interconnect Modeling

This section presents an electrical equivalent model of the MLGNR interconnect
line. An MLGNR of width w and thickness # is placed above the ground plane at a
distance H as shown in Fig. 2.17. The permittivity of the medium between the
bottommost layer of MLGNR and the ground plane is represented by ¢. The total
number of layers (Nj,y.r) can be expressed as

Nigger = 1 +int E} (2.22)

Fig. 2.17 Geometry of <« w—>
MLGNR above ground plane
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Fig. 2.18 Equivalent RLC model of MLGNR interconnect

The interlayer distance ¢ is considered to be 0.575 and 0.34 nm for doped and
neutral MLGNRs [77], respectively.

The equivalent electrical model of MLGNR interconnect is presented in
Fig. 2.18, wherein the parasitics are primarily dependent on the number of con-
ducting channels (N,,) of each layer in MLGNR. The N, takes into account the
effect of spin and sublattice degeneracy of carbon atoms and primarily depends on
the width, Fermi energy (Er), temperature (7) and can be expressed as [80]

n

C —1
NS e ] e S
n=0

where k, nc, and ny represent the Boltzmann constant, number of conduction and
valence bands, respectively. E; is the lowest/highest energy of ith subband in
conduction/valence band [80].

Depending on the current fabrication process, the imperfect metal-MLGNR
contact resistance (Ry,c) has a typical value ranging from 1 to 20 kQ [81]. Each
layer of MLGNR exhibits lumped quantum resistance (Rp) that is due to the
quantum confinement of carriers across the interconnect width. The quantum

resistance of jth layer (R ) can be expressed as

: h
J
Rb= 1o (2.24)

For longer interconnects, scattering resistance r; appears due to the static

impurity scattering, defects, line edge roughness scattering (LER), etc. [8§2—-84]. The
ry primarily depends on the effective MFP of electrons (4.5) and can be expressed as

h

e —
S 2% New + Aefr

(2.25)
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Using the Matthiessen’s rule, the A.¢ of each subband can be expressed from
(2.18). Each layer in MLGNR comprises of kinetic inductance (/) and quantum
capacitance (c,) that represent the mobile charge carrier inertia and the density of
electronic states, respectively. The /; and c, of any layer j can be expressed as

; Lo h
lljc = 2Nch ;Where lkO = % (226)
j 2e?
¢, = 2¢49 - Nen; Where ¢y = Tor (2.27)

where vy ~ 8 x 10 m/s represents the Fermi velocity of carriers in graphene [81].
The kinetic inductance per channel is 8 nH/pum, which is verified by the experi-
mental observations also [85]. The electrostatic capacitance (c.) is due to the
electric field coupling between the bottom most layer of MLGNR and the ground
plane. Therefore, the c, is primarily dependent on the MLGNR width (w) and the
distance (H) from the ground plane. Apart from this, the magnetic inductance (/) of
MLGNR interconnect is due to the stored energies of carriers in the magnetic field.
The [, and ¢, can be expressed as

Ho :ulH

. EoErW
=="""— and ¢, =——
w

c, H

(2.28)

The interlayer mutual inductance (/,,,) and coupling capacitance (c,,) are mainly
due to the magnetic and electric field coupling between the adjacent layers. The [,
and c,, can be expressed as

o S
l’m_“=%, j=2,3,..,N (2.29a)
C’,;I”=807W, j=23,..,N (2.29b)

The analysis of signal propagation along an MLGNR with Nj,y., leads to the
solution of a 2N-dimensional system of differential equations that can be highly
time-consuming. For this reason, the equivalent RLC model of Fig. 2.18 is sim-
plified to an ESC model shown in Fig. 2.19, wherein all the layers are assumed to
be parallel. The value of Ry = (Ryc + Rp) is equally divided between the two
contacts on either side of the interconnect line. The detailed explanation of ESC
model of MLGNR interconnect line is provided in Sect. 5.2.

2.3.6 MLGNR Performance Analysis

The performance of an MLGNR interconnect is generally evaluated by means of an
electrical equivalent model. The equivalent model considers all the parasitic
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Fig. 2.19 Equivalent single conductor (ESC) model of MLGNR interconnect

parameters based on the quantum effects of the nanowire, and its electrostatic and
magnetostatic characteristics. Sarto et al. proposed an electrical equivalent trans-
mission model to represent the MLGNR interconnect [86]. They compared the
performance between MWCNT and MLGNR interconnects and observed that the
MLGNR interconnect has higher current carrying capability than the MWCNT
interconnect. Xu et al. [77] derived the conductance model of MLGNR interconnect
using the tight-binding approach and the Landauer formula. The conductance of the
MLGNR is compared among Cu, W, and CNTs. They observed that the conduc-
tance of MLGNR is much higher than Cu, W, and CNTs when proper
intercalation-doped MLGNRs are used. Nishad et al. [87] presented the analytical
time domain models for the performance analysis of top contact and side contact
MLGNR interconnects. Based on the analytical models, they designed an optimum
top-contacted MLGNR interconnect that exceeds the performance of Cu and optical
interconnects.

The crosstalk-induced signal transmission analysis of MLGNR interconnects
was performed by Cui et al. [81] based on the transmission line model. The authors
obtained the output response of driver-interconnect-load system using the transfer
function. The impact of Fermi level on the signal transmission was also investi-
gated. In 2014, Zhao et al. [79] performed the comparative study on MLGNR
interconnects with SWCNT, MWCNT, and Cu interconnects. They observed that
even with the maximum crosstalk impacts considered, the advantage of MLGNR
interconnects over other interconnect materials can still be maintained. The impact
of MLGNR line resistance variations on the crosstalk-induced performance
parameters were investigated in [88]. The simulations were performed for 11 and
8 nm technology nodes for both intermediate and global interconnect lengths. They
observed that irrespective of technology node, the perfectly doped fully specular
MLGNR interconnects are better than Cu interconnects as far as the line resistance
tolerance was concerned. However, the existing crosstalk noise models [79, 81, 88]
analyzed the performance of MLGNR interconnects with resistive drivers that
limits the accuracy of the models. Moreover, the authors considered the mean free
path parameter independent of width by assuming perfectly smooth edges of
MLGNRs.
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