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Abstract: - This paper presents reduction of crosstalk in CNT bundle interconnects using different innovative
strategies. First, we propose the use of semiconducting CNTs (s-CNTSs) as electromagnetic interference (EMI)
shields for CNT bundle interconnects. We compute the coupling capacitance of the proposed CNT bundle
structure which shows that the crosstalk can be reduced significantly by using s-CNTs. Next, we propose a
novel geometry for CNT bundles that can reduce the coupling between adjacent CNT bundle interconnects. The
proposed geometry can make CNT interconnects perform 46% better in terms of crosstalk induced delay than

traditionally proposed square CNT bundles.
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1 Introduction

The last 10 years have seen a tremendous research
and development of on-chip VLSI interconnects for
nanoscale technology nodes [1, 2]. This is powered
by the discovery of carbon nanotubes which are
excellent conductors of both heat and electricity [2].
Currently  manufactured ICs have  copper
interconnects for carrying signals in them. However,
in an effort to keep-up with the Moor’s law, IC
researchers and engineers are now forced to look at
alternate interconnect materials like carbon
nanotubes [3] because, copper has reached its
downsizing limits and leads to reliability problems
in future ICs which are fabricated at sub-10nm node
size.

Carbon nanotubes are one dimensional quantum
wires that can carry current at very high speeds,
when used as interconnects in ULSI chips. Research
efforts in this direction started from late 2000s
onwards [4-7]. However, recent research findings in
this field shows that CNT bundle interconnects can
suffer from crosstalk and hence, induced delay [8-
11, 20]. Many researchers have attempted to reduce
this crosstalk by reducing the width or the height of
the CNT bundles [12]. This can be possible up to a
certain extent. At very small dimensions, it is very
difficult to precisely grow and align such small
interconnect structures.

Another group has focused on using different
arrangements of single walled CNTs (SWCNTSs)
and multi walled CNTs (MWCNTs) in the
interconnect bundle to reduce crosstalk [12, 13].
However, it is highly difficult to realize such CNT
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bundle structures in a fabrication facility. At
nanoscale dimensions, the interconnect spacing and
the dielectric insulators used, play a major role in
determining the electrostatic coupling between
adjacent wires [12, 19]. So, it gradually becomes
difficult to reduce the wire spacing to a few
nanometers. Also, integrating dielectric materials
that have very small dielectric constant is costly as
well as challenging.

So, in this paper, we propose new strategies that
are feasible and can be implemented with lesser
complexity to reduce the crosstalk in CNT
interconnects. The first idea is to use small diameter
semiconducting carbon nanotubes as an outer shield
to CNT interconnects [14, 18]. Semiconducting
CNTs (s-CNTs), that have band gaps ranging from 1
to 2eV, naturally do not conduct the input current.
Further, we show that semiconducting CNTs are
less polarizable than metallic CNTs (m-CNTs) and
they have a smaller dielectric constants ranging
from 1.5 to 2 which is comparable to other low-k
dielectric materials. So, s-CNTs can be an ideal
choice as an EMI shielding material for CNT
interconnects.

Secondly, we take advantage of the fact that
single walled CNT bundles when arranged in a
specific geometry, can reduce the coupling
capacitance between the adjacent CNT bundles so
that the crosstalk is minimized and hence, signals
can propagate faster.

The rest of the paper is organized as follows: in
Section 2, we describe the role played by s-CNTs to
reduce crosstalk in CNT interconnects. For that, we
describe the polarizability and the dielectric constant

Volume 2, 2017


mailto:psmallick@vit.ac.in
mailto:umasathyakam.p@vit.ac.in

P. S. Mallick, P. Uma Sathyakam

models of s-CNTs. Also, the process steps that are
needed to integrate s-CNTs into CNT bundle
interconnects is explained in detail. Section 3 shows
the CNT bundle geometry model that we use to
reduce the coupling capacitance and hence,
crosstalk in CNT bundle interconnects. Results and
discussions are included in both sections. Section 4
concludes the paper.

2 Semiconducting CNTs in Crosstalk

Reduction

Carbon nanotubes, depend on the way they are
rolled-up which can be metallic or semiconducting.
Those CNTSs that are metallic have a zero bandgap
while semiconducting CNTs have band-gaps
ranging from 0.2 to 8.0eV. Of all the CNT
configurations of (n, m) defined in the CNT periodic
table by Quantum wise [15], one-third are metallic
while the rest are semiconducting in nature.

So, in this paper, we consider semiconducting
CNTs, that are zig-zag (n # m). We are not
considering other chiral CNTs as they have very
small band-gaps and hence, may conduct current at
high temperatures. Fig. 1 shows the schematic
representation of s-CNTs surrounding metallic CNT
bundle interconnect.
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B Metallic CNT bundle
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O Metal contact
0 Substrate

Fig.1 Schematic of proposed geometry of the CNT
bundle interconnect with nominal dimensions [14].

The nominal dimensions of the bundle can range
from 5 to 20nm while the s-CNT shield can be 2-
5nm thick. The overall bundle thickness can be 8 to
40nm. When s-CNTs are used as EMI shields, their
radial cross section is exposed to the radiation. So,
small diameter s-CNTs, are least polarizable radially
and hence, they can have very small dielectric
constants of the order of 1.2 to 2.4. The radial
polarizability tensor o for a bundle of CNTs of
cross sectional area Q = L2 is given as [16]

y Q
o) = 4—(61 _1) (1)
T
where, ¢ is the radial dielectric constant and
Qe -1 b
a, = o L - ?; 2
TELHL 1457 af
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The above expressed polarizability is the
unscreened polarizability which arises due to the
non-interacting single particle excitations. The
screened polarizability of a perfect solid cylinder of
radius R is given by [16]
_&e71lp2 3)

e+l

From the above equation (3), we compute the
radial dielectric constants of small diameter s-CNTs
and list them in Table 1.

It must be noted that we propose a stepped CNT
bundle contact where the driver of the interconnect
is connected to only the inner metallic CNTSs, while
the peripheral s-CNTs must be electrically inactive.
The metal contact must be formed such that the
central part of the contact contains more metal
atoms (thicker) compared to the peripheral part. For
14 nm technology, we consider the nominal
dimensions of the interconnect as shown in Fig. 1.

o

Table 1 Radial dielectric constants of various s-
CNTs (present work)

s-CNT type (n, m) | Radial dielectric constant
()
(1,0) 1.46
(2,0) 2.24
(2,1) 2.76
(3,1) 3.24

A mask should be applied to the peripheral part
of the contact before m-CNTs are grown at the
center. After that, by removing the mask from the
contact and masking the m-CNTs, s-CNTs can be
grown at the periphery. Chemical mechanical
polishing ensures highly oriented and dense bundles
after mask removal.

b) Metal deposition l

—

i) Etch mask on

' martallic CNTs and
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1) Substrate mask l
remaoval and catalyst
patterning

Fig.2 Process steps involved for the proposed CNT
interconnect [14].

E) Grow 3-CNTs on
peripheral contact

) Mask peripheral
h) Apply mask on
top of CNT bundie
) Grow metallic CNTs
at center of contact

o) Mask metallic CNTs

i) Remove mask on
+-CNTs and follow
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This process is applicable for both vertical and
horizontal interconnects. The schematic of the
process steps involved in fabricating the proposed
interconnect is shown in Fig. 2.
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2.1 Results and Discussions

We have analyzed the effect of s-CNTs at the
periphery of the CNT interconnects by calculating
the coupling capacitance C. of the proposed
structure, when another CNT interconnect is placed
adjacent to it. This coupling capacitance is given by

w ()

Flum
D D?
Inf| ——+ -1
2Ar—d) Var-d)?

where, r is the radius of the CNT interconnect, d is
the thickness of the s-CNT layer surrounding the
interconnect, D is the distance of separation between
adjacent interconnects. The calculated values of the
coupling capacitance by varying both r and d are
shown in Fig. 3.

Cec =
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Fig.3 Variation of capacitance with increase in

thickness of the s-CNT layer and wire radius for

different s-CNT layer thicknesses.

T
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It can be observed that the coupling capacitance
increases as the interconnect radius increases while
it decreases as the s-CNT layer thickness increases.
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Fig.4 Crosstalk induced delay for different coupling

capacitance values, when s-CNTs are used.
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Figure 4 shows the crosstalk induced delay
which decreases with increase in the coupling
capacitance when s-CNTs are used. However, we
observed that the crosstalk induced delay is 10 times
higher if s-CNTSs are not used as EMI shields.

3 Geometry Based Crosstalk

Reduction Method

Another way to reduce crosstalk in CNT bundle
interconnects is by changing the shape of the bundle
in such a fashion that least number of CNTs are
coupled to each other. Lesser coupling between
adjacent CNTs can be achieved only by increasing
the distance between them. So, after careful
analysis, we came up with a triangular cross
sectioned CNT bundle geometry as shown in Fig. 5.
As can be observed, the coupling between two
triangular CNT bundle interconnects will be the
least, when compared to any other possible
geometry of the bundle like square, rectangular,
hexagonal, circular and so on.

O

OQs
ol
OO0
QOO000O
OOOO0O
QOOOO0O
OCOOO0OOOO

Fig.5 Geometry of Triangular CNT bundle
interconnect placed on a grounded plane.

Ht

The triangular CNT (T-CNT) bundle has total
number of CNTs in the bundle given as,

Mrent = Z n, (b) = w (%)
b=1

where, n, is the no. of CNTs at the base of the
bundle. We consider the T-CNT bundle with Wg =
34nm with 300 CNTs in it.
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Fig. 6 ESC circuit model of CNT bundle
interconnects.
The interconnects are treated as transmission
lines (TL) of finite length so that they have intrinsic
and parasitic R, L and C. For bundles of CNTSs, we
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calculate the equivalent single conductor (ESC) TL
models as shown in Fig. 6.

3.1 Results and Discussions

To analyze the behavior of the proposed CNT
bundles, we apply a pulsed voltage of 0.9V, 4us
pulse width, 8us pulse duration, 0.1us rise time and
fall time to the ESC modeled SPICE circuits. We
consider an inverter made of PTM_HP FinFET
20nm technology models provided by ASU [17] for
simulations using HSPICE. The transistor length is
considered at 24nm and width at 15nm, which are
nominal values. Fig. 7 shows the propagation delay
of the proposed T-CNT bundles along with bundle
of aspect ratio (AR) =1, 1.5 and 2.
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Fig.7 Propagation delay for various bundle types of
AR=1, 1.5 and 2 and T-CNT bundle interconnects at
various lengths.
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Fig.8 Power dissipated for various bundle types of
AR=1, 1.5 and 2 and T-CNT bundle interconnects at

various lengths.

Surprisingly, it can be seen that the propagation
delay is least for T-CNT bundles compared to
bundles of AR=1, 1.5 and 2. From this, we infer that
the optimum number of CNTs in a bundle is the
same as the number of CNTs in T-CNT bundles that
gives optimum delay values for a given length. This
is because each CNT contributes to the intrinsic
quantum resistance of 6.45kQ/um and quantum
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capacitance of 400aF/um. So, in order to achieve
minimal delay, both R and C should be as low as
possible. So, typically in our case, the T-CNT
bundle quantum capacitance is smaller by 46%
compared to AR=1 bundle. Next, we find out the
power dissipation by each type of bundles.

From Fig. 8, we can see that the power dissipated
by T-CNT bundles is far lesser than its counterparts.
When compared to its closest competitor, the power
dissipated by T-CNT bundles is 56% lesser than
AR=1 bundles at 1000um. So, this demonstrates the
validity and effectiveness of using T-CNT bundles
as local, intermediate and global interconnects.

Now, we model the coupling capacitance of T-
CNT bundle interconnects when two wires are
placed adjacently on a substrate as shown in Fig. 9.

€ . o
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000000C ———O000000

Fig.9 Coupled T-CNT bundle interconnects

So, for two capacitively coupled T- CNT bundles
that has n number of CNTs along their side, the
coupling capacitance of the n™ corresponding CNT
pair can be given as

2ne

CC.CNT = 5 7
cosh™ y% ©)

where, y, =y, +S, is the inter-CNT distance of

the nth pair of coupled CNTs,n=1234,...and
Yo = 34nm. So, the total coupling capacitance Cc, of
the bundles can be given as

n
Cec = Z:LCC.CNT m (7)
m=.

We compute the C¢ values for T-CNT bundles
using (7) and use them in the crosstalk analysis of
coupled interconnects.

Next we perform crosstalk analysis of the
proposed interconnects when one wire is excited by
a pulse signal and another wire is held at logic high.
Fig. 10 shows the model of two interconnects placed
on a substrate at a distance of H; that we use for the
analysis. The crosstalk induced delay in the wires
will be maximized when the wires are excited with
opposite polarity pulses.

However, we are interested in analyzing the
performance of T-CNT bundles vs. square bundles.
We analyze the impact of increasing the inter-wire
distance on the performance of CNT interconnects.
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So, we find out the crosstalk induced delay and
power dissipation for inter-wire distances of S=W,
S=1.5W and S=2W.

| Substrate | | Substrate |

w ht

o Vv

ht ‘]H

| Substrate

Substrate

(a)

(b)

Fig.10 Two coupled (a) square and (b) Triangular
CNT bundle interconnects placed on a substrate.

As can be seen from Table 2, the crosstalk
induced delay increases for increase in length.
Further, as we increase the spacing S, the delay is
reduced. When compared to square bundles, T-CNT
bundles have 40%, 41% and 33% reduction in
delay for 100, 500 and 1000um lengths when S=W,
respectively.

Table 2 Crosstalk induced delay for various wire

spacing for triangular and square CNT bundles

Lenath Crosstalk Delay for different

Geometry ( r%) interconnect spacing (us)
H S=W | S=15W | S=2W
_ 100 0.10124 | 4 10123 | 0.10122
Triangular | g 0.51638 | 0.5163 | 0.51627
1000 1.3881 | 1.3879 | 1.3878
100 0.17147 | 0.17146 | 0.17144
Square o, 0.89019 | 0.89010 | 0.89004

(AR=1) ; : :

1000 2.0941 | 2.0938 | 2.0937

Table 3 Power dissipation for various wire spacing

for triangular and square CNT bundles

Power dissipation for
Geometry Length different interconnect
(Hm) spacing (UW)
S=W | S=1.5W | S=2wW
100 | 0.22515 | 0.22512 | 0.2251
Triangular 500 1.1308 | 1.1309 | 1.1310
1000 2.1629 | 2.1626 | 2.1624
100 | 0.42441 | 0.42436 | 0.42433
Square
(AR=1) 500 2.0706 | 2.0704 | 2.0702
1000 | 3.8776 | 3.8772 | 3.8769

From Table 3, we can see the trend in power
dissipation that as the length increases, power
dissipation also increases, whereas if we increase
the wire spacing, power dissipation decreases.
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Moreover, T-CNT bundles dissipate less power than
Square bundles. It is 41%, 45% and 44% reduction
in power dissipation by T-CNT bundles compared
to square bundles at 100, 500 and 1000um lengths
for S=W, respectively.

Finally, we compute the power delay product
(PDP) which is the ultimate indicator of
performance of CNT bundle interconnects. Fig. 11
shows the PDP values at various interconnect
lengths for T-CNT bundles and square bundles. It
can be seen that, PDP of T-CNT bundles is lesser
than square bundles and the difference is more for
longer interconnects.

—&— T-CNT Bundle wires
54 —=&— Square Bundle wires

Power-Delay Product (PDP)
F-9
1

2+ o
14 /
»
0] .'___-___,_.-—-
- T T T T T r 1 \
0 200 400 600 800 1000
Length (um)

Fig.11 Power Delay Product of T-CNT and Square
bundle wires at various lengths.

So, from this analysis, we show that T-CNT
bundles, due to their reduced coupling capacitance,
perform much better than traditionally used square
CNT bundles.

Overall, by comparing the crosstalk and delay
reduction for both the strategies mentioned here, we
found that using semiconducting CNTs as low-k
insulators as well as using of triangular CNT
bundles proved to be equally efficient.

4 Conclusion

Two strategies are presented in this paper to reduce
crosstalk in CNT bundle interconnects. First one is
using of semiconducting CNTs as peripheral EMI
shield in CNT interconnects and second one is by
using triangular CNT bundles. Both methods are
more effective in reducing crosstalk and induced
delay as compared to conventional methods found
in literature. They are also attractive as the design
and fabrication complexities can be reduced
drastically and hence costs should be lesser to bring
the technology to market.
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