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Abstract

The work in this paper analyses the applicability of carbon
nanotube (CNT) bundles as interconnects for VLSI circuits, while
taking into account the practical limitations in this technology. A
model is developed to calculate equivalent circuit parameters for
a CNT-bundle interconnect based on interconnect geometry. Us-
ing this model, the performance of CNT-bundle interconnects (at
local, intermediate and global levels) is compared to copper
wires of the future. It is shown that CNT bundles can outperform
copper for long intermediate and global interconnects, and can
be engineered to compete with copper for local level intercon-
nects. The technological requirements necessary to make CNT
bundles viable as future interconnects are also laid out.

1. Introduction

The resistance of copper interconnects, with cross-sectional
dimensions of the order of the mean free path of electrons (~40
nm in Cu at room temperature) in current and imminent technolo-
gies [1], is increasing rapidly under the combined effects of en-
hanced grain boundary scattering, surface scattering and the pres-
ence of the highly resistive diffusion barrier layer [2]. The steep
rise in parasitic resistance of copper interconnects poses serious
challenges for interconnect delay [1] (especially at the global level
where wires traverse long distances) and for interconnect reliabil-
ity [3], hence it has a significant impact on the performance and
reliability of VLSI circuits.

In order to alleviate such problems, changes in the material
used for on-chip interconnections have been sought even in earlier
technology generations, for example the transition from aluminum
to copper some years back. Carbon nanotubes have recently been
proposed as a possible replacement for metal interconnects in
future technologies [4, 5]. Carbon nanotubes (CNTs) are graphene
sheets rolled up into cylinders with diameter of the order of a
nanometer. Depending on the direction in which CNTs are rolled
up (chirality), they demonstrate either metallic or semi-conducting
properties (see Fig. 1(a)). Because of their extremely desirable
properties of high mechanical and thermal stability, high thermal
conductivity and large current carrying capacity [6, 7, 8], CNTs
have aroused a lot of research interest in their applicability as
VLSI interconnects of the future. However, the high resistance
associated with an isolated CNT (greater than 6.45 KQ) [9] neces-
sitates the use of a bundle (rope) of CNTs conducting current in
parallel to form an interconnection [4, 5]. Moreover, due to the
lack of control on chirality, any bundle of CNTs consists of metal-
lic as well as semi-conducting nanotubes (the semi-conducting
CNTs do not contribute to current conduction in an interconnect).
CNTs are also classified into single-walled and multi-walled
(comprising multiple concentric cylindrical shells) nanotubes.
Although multi-walled CNTs (MWCNTs) are predominantly me-
tallic, it is difficult to achieve ballistic transport over long lengths
with them [10, 11]. Single-walled CNTs (SWCNTs) on the other
hand have electron mean free paths of the order of a micron [9].
Hence, in the domain of interconnects, metallic SWCNTSs are the

preferred candidates. The scope of this work is limited to such
bundles of single-walled carbon nanotubes that are best suited for
interconnect applications.

Carbon nanotube bundle structures have recently been dem-
onstrated and their metallic conducting properties reported in the
literature [4, 12, 13, 14]. Fig. 1(b-d) shows different strategies
reported in the literature that can potentially be used for forming
interconnects and vias using carbon nanotube bundles. As re-
search in the processing of carbon nanotube interconnects pro-
gresses, the performance of this novel technology needs to be
evaluated vis-a-vis copper in order to ascertain whether they can
be feasible alternatives to copper interconnects.
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Figure 1: (a) Different configurations and resulting electrical con-
duction types of carbon nanotubes depending on the direction along
which the graphene sheets are rolled up (chirality) [9]. (b-d) Strate-
gies to form interconnects and vias using carbon nanotube bundles
(b: [4], c: [14], d: [15]).

While it has been shown that FETs made of carbon nano-
tubes can be competitive with Si FETs in the sub-20 nm gate
length regime [16], there are few works so far that examine the
practical applicability of CNT bundles as interconnects in VLSI
circuits. These initial works, discussed in the following section,
provide a very simplified analysis of CNT interconnections vis-a-
vis copper and do not consider the capabilities or practical limita-
tions of this emerging technology. Hence there is a pressing need
for a realistic and complete performance analysis of CNT bundle
interconnects as part of a VLSI circuit that takes into account their
advantages as well as the practical limitations (such as imperfect
contact resistances and the lack of control on chirality) that natu-
rally accompany them. There is also a need to identify the do-
mains of on-chip interconnections (local, intermediate or global)
where this novel interconnect technology is most suited to replace
copper. Finally, there is a need to lay out the requirements for
processing technology in order to make CNT bundles the inter-
connection material of choice in the near or distant future.

This work is aimed at filling these gaps in the existing lit-
erature. A comprehensive analysis of the performance of CNT
bundle VLSI interconnects vis-a-vis copper interconnects is per-



formed in a detailed and realistic manner for the first time. This
analysis is used to identify the parameters in CNT bundle inter-
connects that can be exploited to derive maximum benefit from
them as well as those that give rise to major limitations in their
applicability as interconnects.

The paper is organized as follows. The following Section 2
describes the equivalent circuit model for a CNT that is useful in
the performance analysis of CNT-bundle interconnects and dis-
cusses existing work in the literature that compare CNT intercon-
nects with copper. Section 3 presents a detailed discussion of the
derivation of equivalent circuit parameters for a CNT bundle in-
terconnect and describes the models used for evaluating intercon-
nect performance. The results of the analysis are presented in
Section 4 and the lessons learned are summarized in Section 5.

2. Background and Previous Work
2.1 Resistivity Increase in Cu Interconnects

The resistivity of wires with dimensions in the range of, or
less than, the mean free path of metal (copper: 40 nm at room
temperature) has been modeled and experimentally verified on
sub-100 nm copper wires [2]. The resistivity model is based on
the Fuchs-Sondheimer model for surface scattering of electrons
(Eq. 1) and the theory of Mayadas and Shatzkes for the scattering
of electrons at grain boundaries (Eqs. 2 and 3) [2]. Here p, is
resistivity of the bulk material, p is the fraction of electrons scat-
tered specularly at the surface, d is width of the wire, / is mean
free path, R is the reflectivity coefficient that denotes the fraction
of electrons that are not scattered by the potential barrier at a grain
boundary, and d’ is the average distance between grain bounda-
ries.
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The combined effects of these phenomena, along with the
presence of a finite diffusion barrier layer that is needed for cop-
per interconnects and reduces the effective copper conducting
area, cause a sharp rise in the resistivity of interconnects when
dimensions are of the order of the mean free path of electrons.
Fig. 2 shows the values of Cu resistivity at sub-90 nm technology
nodes when these effects are taken into account. It can be ob-
served that the resistivity of Cu increases many times over its bulk
value of 1.9 pQ-cm. The values p=0.6 and R=0.5 are used in these
calculations as reported in [2] based on experimental observa-
tions.
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Figure 2: Cu interconnect resistivity as a result of barrier scattering,
grain boundary scattering and finite barrier layer thickness (at
120°C).

2.2 Equivalent Circuit Model for an Isolated Sin-
gle Walled Carbon Nanotube (SWCNT)

The equivalent circuit model for an isolated single-walled
carbon nanotube [17] is shown schematically in Fig. 3. The model
and its components are explained in detail in the following sub-
sections.
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Figure 3: Equivalent circuit model [17] for an isolated SWCNT,
length less than the mean free path of electrons, assuming ideal con-

tacts.
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Resistance of an Isolated SWCNT

The conductance of a carbon nanotube is evaluated using
the two-terminal Landauer-Buttiker formula. This formula states
that, for a 1-D system with N channels in parallel, the conductance
G=(Ne’/h)T, where T is the transmission coefficient for electrons
through the sample [9]. Due to spin degeneracy and sublattice
degeneracy of electrons in graphene, each nanotube has four con-
ducting channels in parallel (N=4). Hence the conductance of a
single ballistic single-walled CNT (SWCNT) assuming perfect
contacts (7=1), is given by 4e’/h = 155 pS, which yields a resis-
tance of 6.45 KQ [9]. This is the fundamental resistance associ-
ated with a SWCNT that cannot be avoided [18]. As shown in
Fig. 3, this fundamental resistance (Ry) is equally divided between
the two contacts on either side of the nanotube.
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The mean free path of electrons (the distance across which
no scattering occurs) in a CNT is typically 1 um [9, 19, 20]. For
CNT lengths less than 1 um, electron transport is essentially bal-
listic within the nanotube and the resistance is independent of
length (6.45 KQ). However, for lengths greater than the mean free
path, resistance increases with length as shown in Equation 5
[21], where L, is the mean free path and L is the length of the
CNT. This has also been confirmed by experimental observations
[15, 20]. In the equivalent circuit, this additional scattering resis-
tance would appear as a distributed resistance per unit length to
account for resistive losses along the CNT length.
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In practice, the observed d.c. resistance of a CNT (at low
bias) is much higher than the resistance derived above. This is due
to the presence of imperfect metal-nanotube contacts which give
rise to an additional contact resistance. As observed in [22], mak-
ing a reliable contact to a CNT is very challenging, and the resis-
tance arising from these imperfect contacts is often so high that it
masks the observation of intrinsic transport properties. The ob-
served resistance for CNTSs has typically been in the range of 100
KQ [22, 23], although in a few cases the lowest observed resis-
tance has been seen to approach the theoretical limit of ~7 KQ
[23]. In the equivalent circuit, this additional imperfect contact
resistance would appear in series with the fundamental resistance
(RF) divided equally among the two end contacts as shown for Ry.

An important consideration for conductance in nanotubes is
its dependence on voltage bias. At high electric fields, current



through a nanotube saturates [24]. However, it can easily be
shown that a low voltage bias is always applicable in the domain
of VLSI interconnect applications, as has also been argued in
[25]. In this bias range, the nanotubes display excellent ohmic
behavior [24], hence the resistance models described above are
valid.

The total resistance of a CNT is then expressed as the sum
of resistances arising from the above three aspects: the fundamen-
tal one-dimensional system (CNT) contact resistance, scattering
resistance and the imperfect metal-nanotube contact resistance.
Evidently the resistance associated with an isolated CNT is too
high for realizing an interconnection. Hence, a bundle/rope of
CNTs is needed that has much lower effective resistance and may
work effectively as an interconnection.

Capacitance of an Isolated SWCNT

The capacitance of a CNT arises from two sources. The
electrostatic capacitance (Cg) is calculated by treating the CNT as
a thin wire, with diameter ‘d’, placed a distance ‘y’ away from a
ground plane, and is given by the formula in Equation 6 (Cg per
unit length) [17] for y>2d. The quantities y and d are shown in
Fig. 4. For d=1 nm, y=1 um, Cz =30 aF/um. This is the intrinsic
plate capacitance of an isolated CNT.
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Figure 4: Isolated conductor, with diameter ‘d’, over a ground plane
at a distance °y’ below it.

The quantum capacitance (Cgp) accounts for the quantum
electrostatic energy stored in the nanotube when it carries current.
Due to the Pauli exclusion principle, it is only possible to add
electrons into the nanotube at an available quantum state above
the Fermi energy level. By equating this energy to an effective
capacitance, the expression for the quantum capacitance (per unit
length) is obtained as shown in Equation 7 [17], where /4 is the
Planck’s constant and vy is the Fermi velocity. For a carbon nano-
tube (v = 8x10°m/s), Cq=100aF/um [17].
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As a CNT has four conducting channels as described in the
previous sub-section, the effective quantum capacitance resulting
from four parallel capacitances Cq is given by 4C,,.

The same effective charge resides on both these capacitan-
ces (Cg and 4Cq) when the CNT carries current, as is true for any
two capacitances in series. Hence these capacitances appear in
series in the effective circuit model shown in Fig. 3.

Inductance of an Isolated SWCNT

The inductance associated with an isolated SWCNT can be
calculated from the magnetic field of an isolated current carrying
wire some distance away from a ground plane, as depicted in Fig.
4. In addition to this magnetic inductance (L,,), the kinetic induc-
tance is calculated in [17] (following [26]) by equating the kinetic
energy stored in each conducting channel of the CNT to an effec-
tive inductance. The four parallel conducting channels in a CNT
give rise to an effective kinetic inductance of Li/4. The expres-
sions for L, and Ly are shown in Equation 8 below.
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For d=1 nm and y=1 um, L), (per unit length) evaluates to
=~1.4 pH/um. On the other hand, Lx (per unit length) for a CNT
evaluates to 16 nH/um. However, the kinetic inductance (Lg) in
[26] is derived considering no potential drop along the nanotube;
hence it must be treated with care. Since Lg>>L,,, the inclusion of
Ly can have a significant impact on the delay model for intercon-
nects. In the light of experimental evidence of potential drop ap-
pearing along the length of a nanotube [27], Ly is excluded from
the calculations in this work. This is further justified by the ex-
perimental measurements of the high frequency characteristics of
carbon nanotubes recently reported in [28], wherein the large
inductive effects expected due to Lg are not observed up to fre-
quencies as high as 10 GHz and the high frequency response is
effectively damped by the nanotube resistance.

2.3 Previous Work on Performance of CNT Inter-
connects

Over the past year, several attempts have been made at
evaluating the prospects of CNT-bundle interconnects vis-a-vis
copper interconnects of the future. In [3] it is shown that while
carbon nanotube interconnects can alleviate the severe reliability
limitations of future copper interconnects, high density CNT bun-
dles are needed in order to achieve performance comparable to
copper. The work in [29] compares the performance of an isolated
CNT and a flat array of CNTs (see Fig. 6) behaving as intercon-
nections and reports that CNT interconnects do not compare fa-
vorably with copper conductors. It is in fact trivial to see that such
configurations cannot be compared to copper interconnects due to
the intrinsically high resistance associated with an isolated CNT,
hence technologists have always focused on CNT bundles in prac-
tice [4, 5]. The coupling capacitance model for CNT interconnects
in [29] considers only the coupling between adjacent CNTs and
not that between bundles forming adjacent interconnects (cou-
pling between adjacent interconnects is considered for copper
interconnects, using a simplistic parallel plate capacitance). Evi-
dently the coupling capacitance between adjacent CNTs forming
the same bundle will always be very high due to their physical
proximity. However, this capacitance does not appear as a load
when the CNTs form part of the same interconnection (discussed
in further detail in Section 3.2). These shortcomings lead to the
(incorrect) conclusion in [29] that carbon nanotube interconnects
are not suitable for VLSI applications.

The work in [25] and [30] (in contrast with [29]) shows that
ideal, densely packed CNT-bundle interconnects can provide
significant improvement in interconnection speed. The conclusion
is, however, based on optimistic assumptions (ideal metal-
nanotube contacts and completely metallic nanotube bundles)
which are far removed from the technological realities of carbon
nanotube interconnects. In fact, the significance of the error (an
order of magnitude) in neglecting the imperfect metal-nanotube
contact resistance leads to the wrong conclusion in [31] that a flat
array of CNTs is better suited than copper for Jocal interconnects.
The treatment of the critical issue of CNT bundle capacitance also
raises concern. While [30] avoids the calculation of capacitance
by unjustifiably assuming that the capacitance for a CNT bundle
is the same as that for copper interconnects, [31] does not explain
how the same interconnect analysis program can be used to ex-
tract capacitances for CNT bundles as for copper interconnects.



The reduction in delay variation and overall digital circuit power
dissipation by the use of a flat array of CNTs [31] also does not
reflect reality.

All these works fail to comprehend technology issues, such
as imperfect metal-nanotube contacts and the density of metallic
CNTs forming a bundle (further complicated by the presence of
semi-conducting nanotubes). The inclusion of kinetic inductance
in the delay model must also be viewed with caution in the light
of the arguments made in Section 2.2. Moreover, they provide no
appreciation of the changing scenarios as the interconnect do-
mains change from the local to intermediate and global levels.

Contribution of This Work:

The work presented here provides the first comprehensive
analysis of realistic carbon nanotube interconnects in VLSI appli-
cations and presents the advantages as well as the limitations of
this emerging interconnect technology. The domains of on-chip
interconnections where CNT-bundles can be applied in a realistic
VLSI circuit are identified along with the requirements that must
be fulfilled in order to make them viable as replacements for cop-
per interconnects. The equivalent circuit model parameters for a
CNT-bundle interconnect based on interconnect geometry are
calculated explicitly for the first time. The performance evaluation
of CNT bundle interconnects presented here takes into account
practical limitations such as the inevitability of imperfect metal-
nanotube contacts and low density of metallic CNTs in a bundle,
as well as circuit parameters like the effect of realistic drivers and
loads. In addition, the comparison of CNT-bundle interconnect
performance to copper wires is performed at different interconnect
levels of a VLSI chip for the first time. In the event that CNT-
bundle interconnects do become a reality in the future, this work
constitutes a significant first step towards developing a CAD
methodology for evaluating the performance of such intercon-
nects.

3. Equivalent Circuit Parameters for a Bundle of
SWCNTSs
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Figure 5: Schematic of interconnect geometry under consideration
for performance comparison between CNT-bundle and copper inter-
connects.

Fig. 5 schematically shows a cross-section of the intercon-
nect structure considered for the performance evaluation of CNT-
bundle and copper interconnects. Two immediately adjacent me-
tallic wires (held at ground potential) parallel to the interconnec-
tion under study are considered, while the interconnect itself
switches from ‘0’ to ‘1°. The technology dependent wire widths,
aspect ratios and dielectric constants follow from the ITRS 2004
[1] predictions, and spacing between wires is assumed to be equal
to wire width. The distance from substrate for local interconnects
is assumed to be twice the thickness of interconnect (24, as shown
in Fig. 5). Coupling to successive orthogonal metal layers is ne-
glected to keep the analysis simple. For the same reason, finite
conductivity of the substrate and coupling with simultaneously
switching wires are also beyond the scope of this work.
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Figure 6: Flat CNT array and CNT bundles with varying density of
metallic CNTs. CNT bundle interconnects give much better perform-
ance than flat arrays. Present day fabrication techniques cannot
ensure all CNTs in a bundle are metallic. Varying density of metallic
CNTs and presence of semi-conducting CNTs (considered to be insu-
lating [15]) are modeled using inter-CNT distance, x.

A CNT-bundle interconnect is assumed to be composed of
hexagonally packed identical metallic single-walled carbon nano-
tubes. Each CNT is surrounded by six immediate neighbors, their
centers uniformly separated by a distance ‘x’. The densely packed
structure with ‘x’ = ‘d” (CNT diameter), shown in Fig. 6, will lead
to best interconnect performance. In practical reality, not all CNTs
of a bundle are metallic. Non-metallic CNTs are treated as not
contributing to current conduction and their presence is taken into
account by considering “sparsely” populated bundles (Fig. 6). The
expressions to calculate the number of CNTs in the bundle are
shown in Equation 9, where ny is the number of “rows” in the
interconnect bundle, ny is the number of “columns”, ncyy is the

total number of CNTs, and LyJ denotes the largest integer less

than or equal to ‘y’.
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For the case of copper, the interconnect under study is re-
placed by a solid metal of same dimensions. The rest of this sec-
tion is devoted to calculation of equivalent circuit parameters for
the CNT-bundle. The calculations for copper interconnect are well
known already: resistance is calculated as explained in Section 2.1
while capacitance and inductance are evaluated using common
field solvers. Note that inter-metal dielectric constants at different
technology nodes are obtained from ITRS [1] predictions and
assumed to be same for Cu as well as CNT bundle interconnects.

3.1 Resistance of a CNT-bundle

In order to calculate the effective resistance of a CNT-
bundle, it is assumed that all CNTs packed into the interconnect
structure are metallic and conducting. The fact that it is, in gen-
eral, difficult to control the conductance properties of all CNTs in
the bundle is accounted for by considering reduced packing densi-
ties as shown in Fig. 6. The CNT-bundle resistance is then given
by Equation 10, where R;,;uq 1S the resistance of an isolated CNT
and ncyr is the total number of CNTs forming the bundle.

Rb — Risolated (10)
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It must be noted that it is implicit in this formulation that
the coupling between adjacent CNTs of a bundle is weak. How-
ever, this is a fair assumption because it has been shown that there
exists a large tunneling resistance (= 2 - 140 MQ) between the
CNTs forming a bundle [15].



3.2 Capacitance of a CNT-bundle

The electrostatic capacitance of a CNT bundle has not been
the subject of much analysis in the existing literature. The work in
[32] studies the electrostatic capacitive coupling to the gate elec-
trode for a flat array of CNT FETs.

For the electrostatic analysis of a CNT bundle, each CNT is
treated as a classical metal with equal potential over the tube,
similar to the approach in [32]. The expression for the intrinsic
plate capacitance for an isolated CNT (Cf) has been shown before
(Equation 6). Fig. 7(a) schematically shows the electrostatic field
lines emanating from an isolated CNT in this case. Fig. 7(b)
shows the corresponding situation for a CNT at the bottom edge
of an interconnect bundle which is surrounded by four other
CNTs.

Conductors

Electric field
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Figure 7: Schematic showing termination of electric field lines for (a)
an isolated conductor over a ground plane, and (b) a conductor at the
bottom edge of a bundle surrounded by four other conductors.

Applying the lessons learned from [32], some insights can
be gained into the electrostatic capacitance of a CNT bundle. It
can be expected that most field lines will terminate in the sur-
rounding CNTs of the bundle, and the capacitive coupling to these
will be very high due to the small distance separating them. A
formula was presented in [29] for this capacitance. However, the
mutual capacitance between CNTs of the same bundle is of no
consequence as it does not place any additional load on the inter-
connect. This is because, when the CNT bundle carries current, it
is assumed that each CNT conducting current is held at the same
potential as any other. The electrostatic capacitance of the bundle
that appears as a load on the interconnect is expected to arise
mainly from the CNTs lying at the edges of the bundle (Fig. 8)
that are capacitively coupled with the adjacent interconnects (left
and right neighbors) as well as the substrate. The coupling to the
adjacent interconnects is expected to be higher than that to the
substrate due to higher proximity (see Fig. 5).

In the absence of actual data on the electrostatic capacitance
of a CNT bundle of these dimensions, the strategy to develop a
coarse model for the electrostatic capacitance is based on charac-
terizations of an equivalent and familiar geometry using the field
solver FastCap [33]. For this purpose, each CNT in the bundle is
replaced by a square conductor circumscribing the tube as shown
in Fig. 8. The intrinsic plate capacitance (Cp, refer to Section 2.2)
for such an isolated square wire (isolated) is found to be of the
same order of magnitude as that of the corresponding isolated
nanotube. The total electrostatic coupling capacitance for each
CNT marked in the Fig. 8 with respect to the left/right neighbors
and the substrate are evaluated using FastCap. It is observed that
the total coupling capacitance for these CNTs can be roughly
related to the value of intrinsic plate capacitance (Cg) of an iso-
lated conductor with respect to the neighboring interconnects on
either side (left/right). The relations are verified by simulations
across dimensions corresponding to three different technology
nodes (45, 32 and 22 nm) and are summarized in Equations 11.
Cg, and Cpy are the intrinsic plate capacitances (Cr from Equation
6) calculated for an isolated CNT over a ground plane. Cg, is

calculated assuming the ground plane to be at a distance equal to
the separation distance from the "near" adjacent interconnect (in
Fig. 8, for the CNTs labeled 1, 4, 5 and 6, this distance is 's"). Cg,
is calculated assuming the ground plane to be at a distance equal
to the separation distance from the "far" adjacent interconnect (in
Fig. 8, for the CNTs labeled 1, 4, 5 and 6, this distance is 's+w").
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Figure 8: Schematic of CNT-bundle interconnect. Elements labeled
with numbers are the ones characterizing the electrostatic coupling
capacitance of the CNTs along the edges of the bundle. Each circular
cross-section CNT is shown along with the circumscribing square
conductor used for FastCap [33] simulations.

It is observed, as expected, that the CNTs completely sur-
rounded by other nanotubes (for example CNT #8 in Fig. 8) have
a very small electrostatic coupling capacitance to ground com-
pared to those along the edges of the bundle (three orders of mag-
nitude smaller). CNTs nearly completely surrounded as CNT #3
have capacitance (to ground) over an order of magnitude less than
those along the edges. Their contribution to the total electrostatic
capacitance is thus neglected. Using these relations, we calculate
the electrostatic capacitance contributed by each “edge” CNT
based on the corresponding value of Cr (Equation 12). The total
electrostatic capacitance of the bundle is given by the sum of the
contribution from each of these CNTs.
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Since the quantum capacitances of all the CNTs forming a
CNT bundle appear in parallel, the effective quantum capacitance
of the bundle is the sum of the individual quantum capacitances.
This is shown in Equation 13, where CQCN "is the quantum capaci-
tance of an isolated CNT and ncyy is the total number of CNTs

forming the bundle.
bundl CNT
CQun e _ CEM - neyy (13)
The effective capacitance (Cp,,q.) of the series combination
of a quantum and electrostatic capacitance is given by Equation
14.
1 1 1 (14)

= +
bundle bundle
Cbundle CQ CE

3.3 Inductance of a CNT-bundle

The inductance of a CNT bundle is given by the parallel
combination of the inductances corresponding to each CNT form-
ing the bundle, as shown in Equation 15, where L7 is the (mag-
netic) inductance of an isolated SWCNT (Equation 8).
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4. Performance Comparison of CNT-bundle vs.
Copper Interconnects

C input C parasiti]

Figure 9: Schematic of interconnect circuit used for performance
evaluation. The “interconnect” is replaced by the equivalent circuit
representation for CNT-bundle or Cu interconnect.

The interconnect structure under study for performance
comparison of CNT-bundle vs. copper interconnects is shown
schematically in Fig. 9. The interconnect of length ‘L’ is replaced
by the equivalent circuit for CNT-bundle and copper intercon-
nects respectively. The driver is represented here by its equivalent
input capacitance, resistance and output parasitic capacitance. The
output appears only as a capacitive load representing the com-
bined input capacitances of the driven gates. Without any loss of
generality, the driver for local interconnects is assumed to be a
minimum sized inverter driving a fan-out of four minimum sized
inverters at the load end. For global interconnects, the intercon-
nect is assumed to be part of an optimally buffered long intercon-
nect, with identical buffer stages at its driver and load ends. For
intermediate level interconnects, the driver and load devices are
sized up as in the case of global wires, while interconnect lengths
are typical values at the corresponding metal level. Driver and
load device parasitic elements are determined from technology
predictions by ITRS 2004 [1]. For global interconnects, [34] pre-
sents a detailed analysis of the conditions under which an RC
model becomes inaccurate and RLC representation of intercon-
nects is necessary. It is found that in the case of all the scenarios
considered here, distributed RC models suffice, consistent with
the results shown in [35] for scaled global wires. This is equiva-
lent to saying that the RC charge-up time for these interconnects
is larger than the wave propagation time.

For the sake of a fair performance comparison, the contribu-
tions from all interconnect parameters to circuit delay need to be
considered. Cj,,r and Cpypusirie (in Fig. 9) have equal contributions
to delay irrespective of the interconnect technology used, hence
these are omitted from the delay expression. However, it must be
noted that Ry, and Cpoyp are important parameters for this cal-
culation.

Local interconnects are typically a few hundred nanometers
and no more than a few microns in length as longer wires are
routed to higher metal layers. Hence it is safe to assume that local
interconnect lengths are typically within the length of mean free
path of electrons in a CNT.

Fig. 10(a) shows that the resistance of CNT bundles with
imperfect contacts (120 KQ [22]) remains higher than Cu wire
across technology generations, while perfect contacts make the
resistance much lesser than copper wires. This is the situation
with maximum densely packed CNT-bundles. With the reduced
densities that are realistically achievable, the resistance of CNT
bundles will be higher. Capacitance of CNT bundles, on the other
hand, remains higher than copper wires across all technology
generations (Fig. 10(b)).
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Figure 10: (a) Resistance and (b) Capacitance of 1um long local in-
terconnect across different technology generations using densely
packed CNT bundles versus copper wires.
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Fig. 11 shows that the propagation delay of local intercon-
nects with densely packed CNT bundles is higher than that with
Cu wires across all technology generations, even if contacts are
perfect and a mean free path (Lo) as large as 10um can be
achieved. This is because the higher capacitance of CNT bundles
and the high resistance of minimum sized drivers at the local in-
terconnect level overshadow the advantage from low CNT-bundle
resistance. Hence lowering the CNT bundle capacitance may lead
to better performance.
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Figure 11: (a) Ratio of local interconnect propagation delay with
dense CNT bundle interconnect to that with Cu wire as a function of
interconnect length (L). (b) Ratio for larger values of L, assuming
mean free path L,>L. Both plots assume perfect contacts.
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Figure 12: Ratio of local interconnect propagation delay with sparse
CNT bundle interconnect with (a) perfect contacts and (b) imperfect
(120 K2) contacts, to that with Cu wire as a function of interconnect
length. Both plots assume x=3 nm (see Fig. 6).

It is observed from Fig. 12 that the performance of CNT
bundles with perfect contacts (Fig. 12 (a)) becomes better than Cu
wires if the distance between adjacent metallic CNTs forming a
bundle is increased. However, with realistic imperfect contacts
(Fig. 12(b)), the delay is still higher than Cu wires (see Fig. 6 for
an explanation of CNT density in a bundle). This interesting result
(that slightly lower metallic CNT density improves local intercon-
nect performance) counters the expectation in previously reported
works [3]. Also, it is worthy of note that it is very difficult to
achieve the maximum packing density for CNTs [3], and these
lower densities may be more easily achievable.

A small decrease in CNT density improves local intercon-
nect performance as it reduces the capacitance of the bundle with-
out increasing resistance too much. However, the density can be
reduced only up to a small extent beyond which the improvement
in performance is lost due to increasing resistance of the bundle.
This behavior is evident from Fig. 13 which shows that there



exists an optimal point where optimum performance can be
achieved with the CNT bundle. Fig. 13(a) also points to the fact
that, if the imperfect contact resistance is held constant, a reduc-
tion in CNT density may not lead to the same improvement in
performance as technology scales. Hence it becomes increasingly
important to achieve higher quality metal-nanotube contact resis-
tances in order to derive a performance improvement from CNT
bundle local interconnects (Fig. 13(b)).
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Figure 13: Ratio of local interconnect propagation delay with CNT
bundle to that with Cu as a function of density of metallic CNTs in a
bundle (a) at different technology nodes and (b) for different imper-
fect contact resistance values at 22nm node. For “inter-CNT dis-
tance” see Fig. 6.
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(Lp=1um), (b) as a function of L, for Imm long interconnect.

Fig. 14 shows the length dependence of densely packed
CNT-bundle interconnects (mean free path L,=7/um) at the inter-
mediate level. It is observed that beyond a certain minimum
length (for example about 35 um at the 45 nm node), the perform-
ance of CNT-bundle interconnects at this level is better than cop-
per wires. As technology scales, this minimum length decreases
while the improvement in performance increases. Fig. 15(a)
shows that global interconnects implemented with CNT-bundles
can achieve significantly better performance than copper. In the
case of both intermediate and global interconnects, the improve-
ment in performance with CNT-bundles is larger for longer inter-
connects and saturates beyond a certain length. For these results,
it has been assumed that CNT mean free path length is lum. In the
presence of defects in a nanotube, the mean free path has been
observed to be much less than the typical 1um [22]. The impact of

reduced mean free path lengths on global interconnect propaga-
tion delay with CNT bundles is shown in Fig. 15(b). Evidently it
is critical to ensure that CNTs forming the bundle are free of such
degrading effects so that mean free path lengths are maintained in
the range of a micrometer.

The improved performance of long intermediate and global
level CNT-bundle interconnects is because of the much lower
resistance as compared to copper global interconnects. While
copper interconnect resistance increases linearly with length, in
the case of CNT bundle interconnects it is only the scattering
resistance proportional to 4/4e’ that increases linearly. The addi-
tional resistance arising from imperfect metal-nanotube contacts
(which dominates the resistance in the case of short local inter-
connects) does not increase with length. Hence Fig. 14 and Fig.
15 show only a minor difference between the performance of
CNT-bundles with perfect contacts and with imperfect contacts.

The performance improvement in long intermediate and
global interconnects, as a result of using CNT-bundles, decreases
when the CNT packing density is decreased, as seen in Fig. 16.
This again shows that the performance improvement for long
interconnects is because of the lower resistance of CNT bundles
as compared to copper. As CNT packing density is decreased, the
effective resistance increases and hence performance degrades.
This in contrast with the short local interconnects where the effect
of interconnect capacitance dominates and a slightly lower CNT
density (and hence lower interconnect capacitance) leads to im-
proved performance.
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Figure 16: Ratio of propagation delay with sparse CNT bundle inter-
connect to that with Cu wire as a function of distance separating
adjacent metallic CNTs of a bundle.

5. Summary

The applicability of carbon nanotube bundles as intercon-
nects of the future has been analyzed while taking into account the
practical limitations of this emerging technology. The perform-
ance of CNT-bundle interconnects has been compared to that of
copper interconnects of future technology generations and their
applicability at different metal tiers in a VLSI design is studied.
At the local interconnect level, CNT-bundles with imperfect con-
tacts do not give much performance improvement. It is also shown
that there exists an optimal density less than the maximum pack-
ing density of CNT bundles at which the interconnect propagation
delay is minimum. This is a useful finding in light of the fact that
CNT-bundles fabricated till date do not have a very high density
of CNTs [3] and all the CNTs in a bundle may not have metallic
nature. Although this fact can be advantageous to the use of CNTs
as interconnects, with technology scaling, it becomes imperative
to also reduce the additional resistance associated with imperfect
metal-nanotube contacts. In the case of long intermediate and
global interconnects, densely packed CNT bundle interconnects
show significant improvement in performance as compared to
copper interconnects, in spite of imperfect metal-nanotube con-
tacts. On the other hand, degradation in mean free path length of



CNTs (as may happen in the presence of defects) can off-set the
benefits of using CNT-bundle interconnections. As mentioned in
the ITRS 2004 [1], global interconnect delay is one of the VLSI
industry’s topmost interconnect challenges. Hence, if long lengths
of densely packed carbon nanotube bundles with mean free path
around lum can be fabricated reliably, they will provide a valu-
able alternative to copper interconnections.
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