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This paper proposes novel triangular cross-sectioned geometry of carbon nanotube (CNT)
bundles for crosstalk and delay reduction in CNT bundle interconnects for VLSI circuits.
First, we formulate the equivalent single conductor (ESC) transmission line models of the
interconnects. Through SPICE analysis of the ESC circuits, we find the propagation delays of
the proposed CNT bundles. Next, we model the capacitively coupled interconnects for
crosstalk analysis. It is found that the coupling capacitance of triangular CN'T bundle is 29%
lesser than the traditionally used square CNT bundles. Further, the crosstalk-induced delay of
triangular interconnects is found to be 30% lesser when compared to square bundle inter-
connects. The reduction in delay is found to increase as the number of CNTs in the bundle
increases. So, we suggest that triangular CNT bundles are the most suitable candidates as
global interconnects.
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1. Introduction

Performance and reliability of future VLSI circuits is a major issue in electronics
industry.! Ever since carbon nanotubes (CNTs) were discovered in 1991, they have
gained a prominent place in nanoelectronics research especially as channel material
in FETSs as well as metallic interconnections in integrated circuits (ICs).”* Metallic
single-walled CNTs (SWCNTs), multi-walled CNTs (MWCNTSs) and mixed CNT
bundles were modeled as interconnects in ICs.”® Further, it was experimentally
shown that individual MWCNTs can indeed act as interconnects up to 1.02 GHz.”
The researchers had done experiments using MWCNTSs as interconnects in 256 ring

*This paper was recommended by Regional Editor Piero Malcovati.
T Corresponding author.
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oscillators that were fabricated at 0.25 um CMOS technology. Recent work in
modeling of CNT bundles as VLSI interconnects reveals that adjacent interconnects
suffer from crosstalk especially during out of phase transitions of the input signals.5®
This crosstalk induces a capacitive delay characterized by a coupling capacitance. In
long global interconnects whose lengths range from 500 ym to tens of millimeters,
this capacitive coupling will be very high and is a major factor that contributes to
the propagation delay in wires.® For copper interconnects, this capacitive coupling
was reduced by using multiple dielectric materials as the cladding and etch stop
layers, as well as by separating adjacent wires by a safer distance. However, as the
technology progresses to nanometer scale, using large separations by multiple
dielectrics is becoming a less feasible option.' In the case of CNTs, bundles of CNTs
are used instead of single CNTs as interconnects since the intrinsic quantum re-
sistance associated with a single CNT is very high. It is equal to Ry = h/4e? =
6.45 k2 for two conducting channels; h being the Planks constant and e being the
electron charge. However, it is seen that the bundle geometry plays an important
role in determining the performance of CNT bundle interconnects. For global
interconnects, the bundle width and height are scaled up to meet the requirements
of high bandwidth and frequencies.” However, this is done at the expense of in-
creased wire resistance at long lengths as well as high quantum and coupling
capacitances at large wire cross-sectional area. Recent work on temperature-
dependent crosstalk analysis of bundled SWCNT interconnects shows that the
performance of SWCNT bundles approaches to that of copper interconnects at
global interconnect lengths.'® Another work shows that multilayer Graphene nano
ribbons (MLGNR) and MWCNT interconnects have propagation delays of the
order of hundreds of nano seconds for global interconnect lengths.!! Even though
buffering of signals at global level is a good option,'**?
improve the performance at the interconnect level itself so that, the number of
buffers can be reduced further and chip area can be saved.

In this paper, we address the reliability issues of global interconnects by

it is more attractive if we can

proposing geometry-induced crosstalk and delay reduction methods in bundled
CNT interconnects, for the first time. For that, we propose a novel triangular-
shaped bundle geometry of CNT bundle interconnects such that the crosstalk-
induced delay of coupled interconnects is minimum. We analyze the dynamic
crosstalk behavior of the interconnects at in-phase and out-of-phase scenarios by
considering them as capacitively coupled interconnects placed on a grounded
substrate and by modeling them using a driver-interconnect-load (DIL) setup. We
perform transient analysis using SmartSPICE to study the crosstalk-induced
delay at various lengths of 500, 1000, 1500 and 2000 ym. We show that the
coupling capacitance between triangularly arranged bundles is minimal and hence
the crosstalk-induced delay is also minimal compared to traditionally used square
CNT bundle interconnects.
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2. CNT Bundle Geometries

Bundled CNT interconnects are proposed as ideal candidates for future ultra deep
submicron (UDSM) technologies.” Traditionally, copper interconnects were treated
as rectangular or square cross sectioned interconnects which is essentially true for
dual damascene CMOS process technologies.” On the other hand, CNTs are grown
first on a substrate and then densified into vertical or horizontal pillars.** It is shown
that the metal contact, on which CNTs are grown, can be patterned according to the
bundle width.'®

Till date, no work has reported alternate geometries for CNT bundle inter-
connects. All the existing works on CNT bundle interconnect modeling use square or
rectangular form as shown in Fig. 1(a) of bundles as they are easy to fabricate and
meet the W/ L aspect ratio requirements stated by the ITRS. However, modification
of wire geometry of copper interconnects was done by Ciofi et al.!® They have pro-
posed an interconnect geometry where the line width is decreased by a certain extent
to reduce the crosstalk. Wang and co-workers'” have formed ‘V’-shaped trenches by
dry etching on silicon substrates for device applications. Another work by Smith and
his team'® showed fabrication of V-shaped grooves coated with gold on SiO, sub-
strate for optical plasmon waveguides in SoCs. These developments motivated us
to consider the possibility of using CNTs in triangular bundle form as shown in
Fig. 1(b) to reduce crosstalk in VLSI circuits. We came up with this type of geometry
of CNT bundles keeping in mind that coupling capacitance between adjacent bundle
interconnects must be minimal. This is essential to attain least possible crosstalk.

Fabrication of the proposed triangular CN'T bundles can be achieved by forming
V-shaped groves on a SiO, substrate by lithography process. Metal electrodes which
can be made of gold/tungsten must be formed on either sides of the groves to guide
the dielectrophoretic assembly of CNTs between them.'? Then, the substrate must
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Fig. 1. CNT bundle geometries considered in this paper (a) square CNT bundle and (b) triangular CNT
bundle.
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Fig. 2. ESC model of CNT bundle interconnects.

be placed in a solution like dichlorobenzene where CNTs can be dispersed in it. An
alternating voltage of 20V peak-to-peak must be applied at 500 kHz between the
electrodes. CNTs align themselves neatly between the electrodes. Finally, the top
metal contact can be deposited at either ends of the CN'T bundles and the remaining
contact metal, if any, can be etched away. As the trenches are in V-shape, the CNT
bundle geometry will be V-shaped or inverted triangular in geometry. The Inter-
national Technology Roadmap of Semiconductors (ITRS) specifications for inter-
connects is discussed in the ITRS 2013 Edition of Interconnect Summary Chapter.'
In coupled triangular CNT bundle interconnects, the inter-CNT distance varies
optimally while maintaining the overall bundle distance within the ITRS require-
ments as shown in Fig. 2. The ITRS-predicted dimensional parameters for the year
2013 are listed in Table 1.

For square CNT bundles as shown in Fig. 1(a), the number of CNTs along the
width is nW and number of CNT's along the height is nH. The total number of CNTs,
ngp is given by

ngg = Ny X Ny . (1)

Hence, the width wp and height hg of the bundle are given as
wg=nwy X D+ (ny —1) x 6, (2)
wg=ng X D+ (ng—1) x§, (3)

Table 1. International Technology Roadmap of Semiconductors
(ITRS) 2015 data for 20 nm Technology node interconnects."

Parameter Intermediate wires Global wires
Min. Wire pitch (nm) 34 51

Min. half pitch (nm) 16 26
Thickness, H (nm) 100 125
Aspect ratio (W/L) 2 2.34
Vpp (volts) 0.7 0.8
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where ¢ is the van der Vaals gap equal to 0.34 nm. We consider the arrangement of
CNTs in columns rather than the one described previously in the literature® such
that the total number of CNTs in both square as well as triangular bundles is same,
thereby making the analysis easy and comparable. Moreover, our CNT bundle model
can be practically realized by a bottom-up approach, where CNTs can be deposited
on a substrate by dielectrophoresis method and metal contacts can be fabricated on
either sides. For the triangular bundle as shown in Fig. 1(b), considering the fact that
the number of CNTs along each row is odd, the total number of CNTs in the bundle
nrg is given as

nrp = (ng X ng) — [ng x (ng — 1)], (4)

where ng is the number of CNTs along the side and ng is the number of CNT's along
the base of the triangular bundle. So, for the sake of simplified analysis, we consider
ngg = nrg. The values of ng and np are considered based on the CNT diameter and
the technology node that is used as per ITRS recommendations. In the following
sections, we consider different values of these two parameters and explain them too.

3. Equivalent Single Conductor (ESC) Model

Equivalent single conductor (ESC) models are derived for resistance, capacitance
and inductance of the CNT bundles considered in this paper. These parameters are
dependent on the number of conducting channels in a CNT as well as the number of
metallic CNTs in a bundle. Recent advancements in the fabrication process show
that metallic (or semiconducting) CNTs can be segregated into a bundle form using
dielectrophoresis.'® So, we consider in this paper that all the CNTs in the bundle are
metallic, instead of considering only one-third as metallic which is being done tra-
ditionally. This makes our analysis unique with respect to previous analyses reported
in the literature.®*1Y The ESC parameters of CNT bundles that was modeled by us
earlier is considered here.? The transmission line equations of the voltage and cur-
rent through an SWCNT bundle interconnect are given as

0V (z,t) 0I(z,t) B
9 +L 5 + RI(zt) =0, (5)
0I(z,t) oV (zt)
Ep +C pra 0. (6)

Considering an individual CNT in a SWCNT bundle, the number of conducting
channels that contribute to its electrical conduction is given as
B {aDTZ- +b, if D; >dr/T,

7
2, if D, < dr/T, @

where T is temperature in kelvin, D; is the diameter of the ith shell, a = 3.87 x 104
nm'K~! b= 0.2 and dp = 1300 nmK. The interconnect resistance is dependent on
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its effective mean free path A\ (MFP) as discussed in Ref. 23. The factors that affect
Aoft are the optical phonon and acoustic phonon scattering mechanisms which have
different scattering MFPs at different ambient temperatures. The MFP due to
acoustic phonons can be given as

300
Aac = Aac300 (T) ; (8)

where Apc390 1S the acoustic phonon MFP at 300K which is roughly 1.6 m. The
second contribution to A is the optical phonon scattering. So, both optical ab-
sorption (Agp aps) and optical emission (Agp.ems) need to be considered which can be
given as

Nop(300) + 1)

)‘OP.abs = )‘OP.BOO( (9)

Nop(T)
1 1
)‘OP. ms + abs 5 (10)
‘ A f(])({:’.cms A ObP.ems
i, Nop(300) + 1
)\ﬂd - T = OP ( oP >)\ ’ 11
OP.e b( ) erdd NOP (T) +1 OP.300 ( )

Nop(300) + 1

NOP(T) +1 ))\OP.?)OO ) (12)

A ans(T) = NopaelT) +
where A5 is the optical emission MFP after absorption, Nop(T) = W,

MM, «(T) is the former optical emission MFP event, hgp is the optical energy

(0.18€eV) and Agp.3q9 is the spontaneous optical emission at 300 K which is roughly
15nm. So, the effective MFP A can be given as

111 13)
Aeff(T) AAC >\OP4abs AOPAems .

Considering these facts, the MFP and temperature-dependent resistance of a CNT
bundle can be given as

Ry(T) = VT _ ¢ T , (14)
np C S
TCTTS for > A
g or off

where np is the total number of CNTs in a bundle. The temperature-dependent
expressions of the ESC inductance of a CNT bundle can be given as

Ligo(T) = L T B/ N) (15)
np

where L,, and L; are the magnetic and kinetic inductances CNT. Similarly, the
effective capacitance of a CNT bundle placed on a ground plane is the series

2050094-6



J CIRCUIT SYST COMP Downloaded from www.worldscientific.com
by UNIVERSITY OF BIRMINGHAM on 04/14/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Geometry-Based Crosstalk Reduction in CNT Interconnects

combination of the electrostatic and quantum capacitances of the CNT bundle and
can be expressed as

chCy

Cheo(T) = =%

(16)
The electrostatic capacitance of the bundle is calculated by considering only the
outer CNTs in the bundle as the inner CNTs are not capacitively coupled to the
substrate due to the shielding effect of the outer CNTs. It must be noted that
the ESC parameters for both square and triangular CNT bundles are same as the
number of CNTs in the bundles. However, the electrostatic capacitance between
the ground and the interconnect will change as the number of CNTs facing the
ground varies for both types of bundle interconnects. Further, the coupling capaci-
tance between adjacent coupled interconnects will change as the distance between
the corresponding CNTs will differ as depicted in Fig. 2.

4. Transient Analysis

We use a DIL setup as shown in Fig. 3 to perform transient analysis.

We consider the ASU Predictive Technology Model (PTM) library?! based in-
verter as driver at 20 nm technology node. After considering the appropriate ESC
parameters for the interconnects, we perform transient analysis by applying a pulsed
signal to the DIL setup. Table 2 shows the number of CNTs per bundle and the
number of CNTs facing the ground for both square and triangular CNT bundle
interconnects. From the results of the transient analysis of Fig. 4, it is seen that the
electrostatic coupling capacitance, even though an order of magnitude lesser than the
quantum capacitance, impacts the propagation delay of the interconnects. We
carried out the simulation considering 36 CNTs, each CNT of 2nm diameter.

As evident from Fig. 4(a), the propagation delay is slightly higher for triangular
interconnects compared to square interconnects. The difference in delay between
square and triangular bundles is 0.4ns at 500 ym, 1.0ns at 1000 ym, 1.3ns at
1500 pm and 1.5ns at 2000 ym. The main reason behind the higher delay for tri-
angular bundle particularly at 2000 ym is the contribution of length-dependent

CNT bundle interconnect Vour
€ L rd
Vin !

Fig. 3. DIL setup.

Driver
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Table 2. Number of CNTs in square and triangular bundles.

. No. of CNTs facing ground in
No. of CNTs in the bundle

(nsp = nrp) Square bundle  Triangular bundle
36 6 11
49 7 13
64 8 15
81 9 17
100 10 19
5 T 1 1 T T T T T 1 1
—&— Square Bundle
44 —e— Triangular Bundle
=—di— MMB-IlI: Ref. 6
w —r—SWB: Ref. 8
=
234 i
o
o
[=
=
g 2 i
s
T
-
2
e, ]
D I

L —ftr - 1 r - 1t -t 1 r 1
400 600 800 1000 1200 1400 1600 1800 2000 2200
Length {um)

Fig. 4. Propagation delay of square and triangular bundled CNT interconnects compared with other
models from the literature.

quantum capacitance of 28.8 pF and the electrostatic capacitance of 660 fF, which is
highest among other lengths.

5. Crosstalk in Coupled Interconnects

We design the global interconnects for various number of CNTs in the bundle as
listed in Table 2. Figure 5 shows coupled CNT bundle interconnects of square and
triangular cross section. The two coupled lines are characterized as aggressor and
victim lines. The coupling capacitance, C¢, is given as

2me

c:mv (17)

where d is the diameter of the CNT, y is the center to center distance between
corresponding CNTs in aggressor and victim lines. The distance between
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Fig. 5. Coupled CNT bundle interconnects of (a) square geometry and (b) triangular geometry.

corresponding CNTs in coupled triangular bundles is given as

where n = 1,2,3, d is the diameter of the CNT and ¢ is the van der Vaals gap of
0.34nm. So, for triangular CNT bundles, y can be replaced by Y;, in Eq. (17) to get

Table 3. Equivalent single conductor parameters.

Length (pm)  Rpsc (k©2)

Censc (fF)

Lgsc (1H)  Cqrsc (PF)  Square bundle  Triangualr bundle

500

1000
1500
2000

268.74
358.32

0.111 7.2 90 165
0.222 14.4 180 330
0.333 21.6 270 495
0.444 28.8 360 660

2207

=]

1807

undnoD
=
5 B
t o

(i ad) esueyeeden B

| TR C (nF/um)

% =

211.0

193.0
175.1
1571
139.2
121.3
103.3
85.35
67.40
49.45

31.50

Fig. 6. Coupling capacitance of square bundle at various lengths and number of CNTs in bundle.
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G g, C. (nF/um)

‘ - 163.5

149.8
136.0
122.3
108.5

94.75

Fig. 7. Coupling capacitance of triangular bundle at various lengths and number of CNTs in bundle.

the capacitance values. Table 3 outlines the ESC parameter values that are calcu-
lated for 36 CNT's in a bundle. Similarly, we extend the calculations for 49, 64, 81 and
100 CNTs in a bundle, respectively. The coupling capacitance calculated for both
types of bundles at various bundle lengths and number of CNTs in the bundles is
shown in Figs. 6 and 7.

We found that the coupling capacitance from Eq. (8) for triangular bundle cou-
pled interconnects is 29.4% lesser than the square bundle coupled interconnects.

6. Performance Analysis

SmartSPICE simulations are done to analyze the impact of crosstalk-induced delay
for both the types of coupled interconnects. The simulation setup that we have
made for SmartSPICE involves creation of the net-list of the proposed DIL model.
The DIL model contains an inverter as the driver and the lumped as well as dis-
tributed RLC parameters of the interconnect. The FinFET-based inverter is made
of an nFET and a pFET. We use 20 nm FinFET library cards provided by PTM.?!
For 20nm technology node, we take the V,; values from Table 1, i.e., 0.7V for
intermediate and 0.8 V for global interconnects. Simulations are carried out at room
temperature.

Figure 8 shows capacitively coupled interconnects that are modeled as per DIL
setup. We energize the wires using a 1 V pulsed signal for analysis. Various switching
scenarios viz. in-phase and out-of-phase are considered. We consider the load ca-
pacitance C;, = 10 aF as we consider minimum-sized driver and load in our simula-
tions.” This is because the interconnect RLC will be dominating over the RC values
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Fig. 8. Schematic of capacitively coupled interconnects.
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Fig. 9. Crosstalk-induced delay for square and triangular CN'T bundle interconnects for lengths of (a)
500 pm, (b) 1000 pm, (c) 1500 pm and (d) 2000 pm.
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of the driver/load so that the delay is more dependent on the interconnect parasitics.
We carried out the analysis at global interconnect lengths of 500, 1000, 1500 and
2000 pm. We consider Miller capacitance effects as it is demonstrated that in si-
multaneously switching lines, the line-to-ground capacitance is affected by the type
of switching transition.”” When one line is switching and the other line is idle, the
Miller capacitance is equal to coupling capacitance, C. During in-phase transitions,
considering that switching events track each other perfectly, the Miller capacitance is
zero. During out-of-phase switching, maximum coupling occurs between the lines.
So, the Miller capacitance is 2*C. Considering these effects, we perform the analysis
of crosstalk-induced delay. Figure 9 shows the crosstalk-induced delay of both
square and triangular CNT bundle interconnects at lengths of 500, 1000, 1500 and
2000 pm. It was found that the crosstalk-induced delay is less for triangular bundle
interconnects at all lengths. The least possible delay improvement of triangular
bundles over square bundles is 19.6% for 36 CNTs in a bundle and the maximum
improvement was 29.5% for 100 CNT's in a bundle as shown in Fig. 10. The main
reason for this improvement can be attributed to the reduction in the coupling
capacitance between the adjacent triangular CNT bundle interconnects. Also, the
increase in delay improvement for larger bundles is due to the fact that more
numbers of CNTs are farther and less coupled than for the smaller bundles.
This again is more advantageous when compared to larger square CNT bundles.
Very recent developments like high speed subthreshold interconnects* can be used
to extend this work in the future.

— 29.50
28.52

27.53

26.55
25.56
24.58
| 23.59

22.61

CNCTU LS keyoQ

21.62

20.64

(VAR

19.65

Fig. 10. Delay improvement of triangular interconnects over square interconnects for various no. of
CNTs in a bundle and at various lengths.
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7. Conclusions

We had studied the influence of geometry on the crosstalk-induced delay in coupled
CNT bundle interconnects. We found that for triangular CNT bundle interconnects,
the coupling capacitance is 29% lesser than square CNT bundle interconnects.
Further, we had carried out simulations of ESC models of interconnects using a DIL
setup. We found that the crosstalk-induced delay is 30% less for a triangular bundle
compared to square bundles at lengths of 500, 1000, 1500 and 2000 ym. These
observations suggest that triangular CNT bundle interconnects can replace tradi-
tionally proposed square/rectangular CNT bundle interconnects for better perfor-
mance in futuristic ICs.
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