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Abstract— We have performed statistical atomistic simulations
with tight-binding approach to investigate the effects of randomly
distributed mono-vacancy defects in metallic single-walled carbon
nanotube (SWCNT) interconnects. We also extracted defective
resistances from the atomistic simulations and performed circuit-
level simulations to compare the performance of interconnects
with and without defects. We have found that the defects induce
significant fluctuations of SWCNT resistance with a median value
showing an Ohmic-like behaviour. Fortunately, the resistance
depends only on the diameter of SWCNTs and not on their
chirality. Moreover, our circuit simulations show that the defective
resistance induces important propagation time delay ratio that
should be accounted for when designing CNT interconnects.
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I. INTRODUCTION

As the CMOS feature size has continued to shrink to the
nanometer scale, the size of interconnects also has been reduced
significantly. As the cross-sectional area of interconnects
becomes smaller, there is a need for new materials capable of
withstanding high current density (high ampacity). In addition,
Cu interconnects, which are the most commonly used in the
semiconductor industry, suffer from surface and grain boundary
scattering effects [1, 2]. From a thermal point of view, the new
material should have high thermal conductivity to prevent the
temperature rise due to the self-heating.

Carbon NanoTube (CNT) interconnects have recently
attracted attention as a promising technology to replace Cu
interconnects in next generations of CMOS circuits thanks to
their good electrical/thermal properties [3-6]. Indeed, recent
experimental studies have shown that CNTs have a large
ampacity - 100 times greater than that of Cu - and show a strong
resistance to electro-migration due to its strong C-C bonding [7].

Despite these outstanding properties, experimental results
indicate that defects could degrade the electrical properties of
perfect CNTs. Indeed, a resonant transmission between defects
has been observed experimentally in CNTs and has been
attributed to their large phase relaxation length Appase (typically
larger than that of 3-D materials) [8]. Nevertheless, there are
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very few theoretical studies to assess the corresponding
degradation of electrical properties. In this work, we have
investigated the electrical performance of metallic single-walled
(SW) CNTs with mono-vacancy defects through a statistical
approach and performed relevant circuit simulations.

II. SIMULATION METHOD

In this work, we have used the tight-binding (TB) — Non-
Equilibrium Green’s Function (NEGF) framework implemented
in the Atomistix ToolKit (ATK) [9]. We have adopted the
extended TB approach — which includes the third nearest
neighbour hopping — to describe the Hamiltonian of CNTs [10].
All transport calculations are performed within the ballistic
approximation.

Fig. 1 shows the geometric configuration of the
SWCNT(24,0) interconnect with two semi-infinite electrodes.
We assume that the mono-vacancy defects are randomly
distributed only in the central CNT region. For the statistical
study, we have used 80 samples for each case. The length of the
central region (L.,) ranges from 20 to 85 nm. In the case of
SWCNT(24,0) with L., = 85 nm, the number of carbon atoms
is 19,200.
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Fig. 1. Geometry of a single CNT(24,0) interconnect configuration with
two semi-infinite electrodes.



We have considered the driver-interconnect-load system as
shown in Fig. 2 for the circuit-level simulations. We used the
specifications of the 45 nm CMOS technology node for the
values of the resistances and capacitances of the driver (R;,Cy)
and receiver (R,,C,) which are equal to 24 kQ and 450 aF
respectively. The interconnect resistance (R, ) consists of a
ballistic resistance (Rpq;), a phonon resistance (R, ), and a
defective resistance (R, ), which is assumed to be independent
of the two other resistances. The phonon scattering effects can
be described by the mean free path approximation. The
interconnect resistance can be written as:
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Fig. 2. Geometry of a single CNT(24,0) interconnect configuration with
two semi-infinite electrodes.
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Fig. 3 Dependence of the resistance on the number of mono-vacancy
defects, for a) a CNT(24,0) and b) a CNT(14,14) at 300 K. CNTs with zero
defect indicate the perfect CNTs. 80 samples were used. L, is set to about
42 nm.
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Ry, = Rpqi + Rpp + Ry
L
= Ry + Ry 7t Raey (1
where L and A are the interconnect length and a mean free path
of the CNT, respectively [7]. Here, we assume that A does not

depend on the defects. Interconnect (C,,) and load capacitances
(Cioqq) are set to 30 aF/um and 10 fF, respectively.

We also investigated the propagation time delay () ratio
influenced by the defects. The propagation time delay ratio is
defined as follow:

@)

Tratio = Tperfect CNT / Tdefectivive CNT+

IITI. SIMULATION RESULTS

Fig. 3 depicts the dependence of the resistance on the number
of mono-vacancy defects (Ng.) for a zigzag SWCNT(24,0) and
an armchair SWCNT(14,14) having respectively 18.8 and 19.0
A diameters. One dot indicates the result for each sample, and
the red line is their median value. This figure shows that for both
CNTs, the resistance value fluctuates greatly for a given number
of mono-vacancy defects depending on their random spatial
distribution. Moreover, we have found that the variation range
increases as the number of defects increases. We attribute this
resistance fluctuation to the aforementioned resonance
transmission between defects. However, even for these large
variation ranges, the median values have a near-linear
dependence on the number of defects, exhibiting an Ohmic-like
behaviour. From this figure, a relationship between Ng.r and
Rgef can be found as follows:

Raes = 6720 X Nygg. (Q) 3)

Fig. 4 illustrates the dependence of the resistance on L.,
with 6 mono-vacancy defects. Note that the median values
(49.5+4.8 kQ) do not change much with L.,. This result is an
important proof that this statistical study is justified by showing
that it is reasonable to calculate defective resistance considering
the interaction between defects on CNT interconnects shorter
than their Ay ase. Generally, Appage has a value of a few microns

and Appase > A
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Fig. 4 Dependence on L for a CNT(24,0) with 6 mono-vacancy defects
at 300 K. 80 samples were used.
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Fig. 5 Dependence of the resistance on the diameter of the zigzag SWCNT
with 6 mono-vacancy defects at 300 K. 80 samples were used. Lg, is set to
42.6 nm.
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Fig 6. Dependence of the resistance on the chirality of SWCNT(m, n) with
6 mono-vacancy defects at 300 K. 80 samples were used. All CNTs have
similar diameters. Lg, is set to close to 42 nm for fair comparison.

The dependence of the resistance on the diameter of the
metallic zigzag SWCNTSs (D¢yr) With 6 mono-vacancy defects
is shown in Fig. 5; we considered SWCNT(18,0),
SWCNT(24,0), SWCNT(30,0), SWCNT(36,0), SWCNT(54.0),
and SWCNT(72,0) with the same L., (~42.6 nm) and diameters
of 14.1, 18.8, 23.5, 28.2, 42.3 and 56.4 A, respectively. It is
noteworthy that the resistance decreases as the diameter
increases. Moreover, the variation range decreases sharply.
Because the number of carbon atoms forming the unit cell
increases as the diameter increases, the probability of the six
mono-vacancy defects altering the electrical performance of the
SWCNT is lower for equal length.

We have found a very interesting relationship between the
median values of R, with 6 mono-vacancy defects and the
diameter of SWCNT from Fig. 5;

Raer (6 defects) = 1.6 x 106 x (Denr(B) 7 Q). (4)

159

Propagation time delay ratio

1.05F —
T 1 mono-vacancy defects i
0 5u 10u 15u 20u 25u 30u

Length of interconnects (m)

Fig. 7 The dependence of the propagation time delay ratio on the
SWCNT(24,0) interconnect length obtained from the circuit simulations at
300 K.

If Deyr increases to 33 nm, Rger with 6 mono-vacancy defects
decreases to 1 kQ.

The dependence on the chirality of SWCNT(m, n) structures
with 6 mono-vacancy defects is shown in Fig. 6. We have
considered only the metallic CNTs with similar diameters of
SWCNT(24,0) (~18.8 A). Our simulation results show that there
is no dependence on the chirality, and the resistance for
SWCNTs with a 18.8 A diameter and 6 mono-vacancy defects
is 49.2 + 4.6 kQ. Given the difficulty of chirality control in
experiments, the fact that there is no dependence on the chirality
and only dependence on the diameter is good news in terms of
the CNT interconnect variability.

Based on the result that the resistance is not correlated with
the chirality of SWCNT, we have obtained a general equation
that can describe Ry.p from Egs. 3 and 4;

Rdef(Ndef'DCNT)
= 2.67 X 10° X Ny X (Deyr) ™27 (). (5)

Fig. 7 shows the dependence of the propagation time delay
ratio for a SWCNT(24,0) as a function of the number of mono-
vacancy defects. We used Eq. 5 for the values of R, in the
circuit-level simulation. We note that the maximum t ratios are
observed when L = 15 um, regardless of the number of mono-
vacancy defects. To understand this result, we derived the
following analytical equation from the Elmore formula:

Tratio =1+ 0.69R;er(Cq + Cr + Cioqqa + Cu)/Tp, (6)

where 7, is the propagation time delay for a perfect SWCNT

interconnect including phonon scattering effects. Since C,,
increases as L increases, T ratio also increases. However,
increasing L increases also phonon scattering (see Eq. 1) — and
consequently T, —which becomes dominant compared to defect
scattering. Thus, an inflection point of 7 ratio is reached for a
high enough value of L, which is independent of the number of
defects. Our simulation shows that the corresponding value of L
is 15 pum.



The propagation time delay ratio increases with the number
of mono-vacancy defects and reaches 17.3 % when 6 defects are
considered. Nevertheless, theoretical results show that SWCNT
interconnects with 6 mono-vacancy defects would offer lower
propagation time delays than ideal Cu interconnects when L >
10 um [11]. The lower propagation time delay in SWCNTSs has
been attributed to their better conductivity — 40% larger than that
of'ideal bulk Cu — and their larger mean free path. If we consider
the surface and grain boundary scattering of Cu, CNT
interconnects will have a much better propagation time delay
than Cu interconnects.

IV. CONCLUSIONS

Our statistical study shows that mono-vacancy defects
induce significant fluctuations in SWOCNT resistance.
Interestingly, the obtained median values for resistance show an
Ohmic-like behaviour depending only on SWCNTs diameter but
not on their chirality. From these findings, we can derive an
equation to describe the relationship between the diameter of
SWCNT, the number of mono-vacancy defects, and the
defective resistance. Our circuit simulation results also show that
the propagation time delay ratio follows a similar pattern when
the number of mono-vacancy defects in SWCNT increases. This
indicates that SWCNT interconnects should be robust against
variability issues related to their chirality if implemented in next
generation CMOS circuits.
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