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Triangular carbon nanotube (T-CNT) bundles are proposed as long intercon-
nects for subthreshold VLSI circuits. The performance of subthreshold inter-
connects depends on the intrinsic quantum and electrostatic coupling
capacitances of the interconnects. Proposed T-CNT bundles have the most
optimum geometry that give least possible coupling capacitance between
adjacent wires in an IC. First, we describe the T-CNT bundle models and of
traditionally used square/rectangular CNT bundles for comparison. The sub-
threshold output current of an inverter is modelled, and hence, we find the
optimum transistor widths for nFET and pFET that drives the subthreshold
interconnects. This is carried out by the current-over-capacitance ratio ap-
proach, where the subthreshold current and the transistor output capacitance
are considered. Then, we model the interconnects using equivalent single
conductor models and find their propagation delay and power dissipated. The
performance factors such as crosstalk-induced delay, power delay product and
victim noise levels of capacitive coupled interconnects of T-CNT bundles are
compared to traditionally used square/rectangular CNT bundles for lengths
ranging from 500 ym to 2000 um. We find that T-CNT bundles outperform
square/rectangular CNT bundles.
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INTRODUCTION

Subthreshold operation of integrated -circuits
(ICs) is the current requirement of the portable elec-
tronics industry.? The design perspective of next
generation devices and interconnects is shifting
from performance centric apgroach to low-power-
operation centric approach.>* This is because
today’s market is driven by portable consumer and
medical electronic devices that must consume less
power as they operate on batteries. Futuristic Field
Programmable Gate Arrays (FPGAs) are also found
to be ideal candidates for low power interconnects.’
However, interconnects have become the
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performance deciding factor in integrated circuits
due to their scaling down, which increases their
resistivity.

Further, scattering of electrons due to grain
boundaries, edge roughness and phonons can dras-
tically reduce the reliability of interconnects. So, it
is perceived that scaled down interconnects cannot
perform satisfactorily at subthreshold voltages.® As
the dimensions shrink, it is better to reduce the
operating voltage, which decreases current density
thereby reducing the risk of self-heating in ICs. For
copper interconnects, whose aspect ratio is consid-
ered 2 for global interconnects at scaled technolo-
gies, the wire capacitance (Cw) and the wire
resistance (Rw) dominates over the driver capaci-
tance (Cg4v) and driver resistance (Rg.,) at sub-
threshold voltages.? This is not desirable and lead to
higher delay in interconnects.?
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In the case of carbon nanotube (CNT) intercon-
nects, the diameter and tube separation effects the
resnstance and capacitance of the CNT bundles.®
The capacitance of a CNT bundle increases as the
diameter of the CNTs in the bundle increase. This is
because the number of conducting channels
increases with diameter.® Moreover, the tube sepa-
ration influences the overall resistance of the CNT
bundle. If the tube density is greater, the resistance
of the bundle decreases and vice versa.

Recently, many works are done on modeling and
crosstalk analysis of CNT bundle interconnects.” 2
It was found that CNT interconnects can suffer from
crosstalk-induced delay and noise at highly scaled
down technologies. Further, at subthreshold volt-
ages, CNT interconnects operate very slowly due to
the small currents in them.®>'® So, it is necessary
to design CNT bundle interconnects that carry
maximum current and have minimum crosstalk
during subthreshold operation.

Many techniques are proposed for improving the
performance of interconnects at subthreshold cur-
rents. Current mode signaling was found to improve
the performance of interconnects When the receivers
are designed with low impedance.'* Shielding of
interconnects was also found to be helpful in
reducing the crosstalk in interconnects.'® Polymer-
based ultra-low-k dielectrics can be used to reduce
the coupling capacitance between CNT intercon-
nects.'® CNT/air-gap interconnects are also possible
in this regard.!” Nevertheless, one of the b1ggest
advantages of CNT bundles is that, unlike Cu wires,
CNTs can be arranged in different shapes such as
circular, triangular, hexagonal and so on, in a CNT
bundle. Among these geometries, the triangular
cross section CNT bundles, When placed adJacently,
are least coupled capacitively.'® This is very impor-
tant as the coupling capacitance and hence the
crosstalk-induced delay can be reduced significantly
in CNT 1nterconnects 9 Further, recent work by
Wang et al.’® shows the fabr1cat1on of “V” shaped
trenches by dry etching on Si substrate for device
applications. So, CNT bundles can be grown in “V”
shaped trenches on Si substrates so that they can be
used as triangular cross sectioned interconnects.
Further, dielectrophoresis based separation of
metallic CNTs from semiconducting CNTs, and
precise placement of CNTs on substrate was done
by many people.?°

Other experimental works by Ciofi et al.?* to
redesign copper interconnects by reducing the bot-
tom width of the wire showed some improvements
in delay. However, extensive reduction of the base
width leads to grain boundary scattering and tem-
perature induced reliability problems. Further, this
leads to severe res1stance related breakdown prob—
lems at sub-7-nm nodes.?® Also, fabrication of such
structures using copper will be a challenging task
and it will only increase the process steps in IC
manufacturing which may increase the cost also.
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Other than this, no other works are reported to date
that detail the redesigning of VLSI interconnects.

In this paper, we address the two problems of
high wire capacitance and low speed conduction at
subthreshold voltages. Firstly, we propose triangu-
lar CNT bundles (T-CNT) as subthreshold intercon-
nects where the wire capacitance (Cw) of triangular
CNT bundles is lesser than the traditionally used
square/rectangular CNT bundles.

Secondly, we find out the optimum nFET and
pFET transistor widths that is suitable for sub-
threshold operation, using the current over capac-
itance (COC) approach. These width optimized
transistors are used to drive T-CNT bundles at
subthreshold voltages.

In “CNT Bundle Geometry”, we describe the T-
CNT bundle geometry. The subthreshold current
model is discussed in “Subthreshold Transistor
Modelling”. We compute the equivalent single con-
ductor (ESC) transmission line parameters of con-
ventional CNT bundles with aspect ratios (AR) of 1,
1.5 and 2, and that of T-CNT bundles in “ESC
Modelling of Proposed Interconnects”. Further, we
do HSPICE analysis of the proposed bundles and
find their propagation delay and the power dissi-
pated. Electrostatic simulations of the 2D models
are also shown to validate our proposed T-CNT
bundle model. “Crosstalk and Noise Analysis of
Proposed Interconnects” describes the performance
analysis of capacitively coupled T-CNT bundle
interconnects with conventional ones. We compare
the crosstalk induced delay and the power delay
product (PDP) for lengths ranging from 500 ym to
2000 yum at 20 nm technology node. We perform the
simulations considering various cases of switching
activity of the aggressor and victim wires. Lastly,
we compare the victim noise levels also thereby
ascertaining the robustness of our proposed CNT
bundle models at subthreshold conditions. “Conclu-
sions” concludes this paper.

CNT BUNDLE GEOMETRY

All the previous work on modeling of CNT bundle
interconnects are assumed to have square or rect-
angular bundle geometries. This trend can be
attributed to the geometry of copper interconnects
which is rectangular traditionally. So, the semicon-
ductor industry also followed the same des1gn
methodology to date.?® However, the idea of using
alternate geometr1es is first conce1ved by Moshin
and Srivastava.?® But it was not pursued later as
the performance of existing square/rectangular
CNT bundles is comparable or better than copper
wires. However, as new trends in VLSI technology
are emerging, like subthreshold circuits and low
power-high performance circuits, new design trends
in CNT bundle geometry is needed to meet the
demands of high frequency operation as well as low
power consumption.
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Fig. 1. Schematic of SWCNT bundle of aspect ratio = 1 placed on a
substrate.

Square CNT Bundles

Traditionally used CNT bundle geometry is
depicted in Fig. 1. The bundle is placed at a distance
of h; from the ground plane. The number of CNTs
along the width (W) is nw and the number of CNTs
along the height (H) of the bundle is nyg. Each CNT
is having a diameter d of 1 nm.

Then the total number of CNTs in a square
bundle (ncnt) can be found as

n [ nwnug — (nu/2), ngis even (1)
ONT = nwnm — [(nu — 1)/2], ngis odd
_|Ws—d _ |Hs—d
Sl I o B

where, S, is the center to center distance of adjacent
tubes and is 1.34 nm in our case, considering the
van der Waals gap o of 0.34 nm.?’

Triangular CNT Bundles

We are motivated by the fact that T-CNT bundles,
when placed adjacently over a substrate, are least
capacitively coupled because of their geometric
advantage. This way, the crosstalk between adja-
cent interconnects can be reduced. Further, this
technology is more suitable for inserting repeaters
to enhance signal strength at subthreshold
conditions.

As depicted in Fig. 2, the T-CNT bundle has total
number of CNTs in the bundle given as,

np(ny + 1
nTCNTzib( ; ) (3)

where, ny, is the number of CNTs at the base of the
bundle. Table I summarizes the dimensions and the
number of CNTs in the bundles that are considered
in this paper taken from ITRS.?® Throughout this
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Fig. 2. Schematic of proposed triangular CNT bundle.
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paper, we consider the width, Wy of all the CNT
bundles to be same so that the electrostatic capac-
itance between the bundle and substrate remains
same.

It must be noted that, as mentioned in the
Introduction, CNTs are placed on substrates by
dielectrophoresis and the substrate is shaped into a
V shaped trench before CNTs are deposited. This
actually causes the T-CNT bundles to be inverted or
V shaped. However, for the sake of modelling the
electrostatic capacitance effects between the bundle
and the ground, we have used the triangular
structure as depicted in Fig. 2.

SUBTHRESHOLD TRANSISTOR
MODELLING

The factors that influence the current in a FET
based inverter are the length and width of the nFET
(Ln, Wn) and pFET (Lp, Wp), depletion (Cp) and
oxide capacitances (Cpx), the subthreshold slope
factor n, given by n =1 + Cp/Cpx, the thermal
voltage V= kT/q, and the threshold voltage Vr.
So, the subthreshold current for a transistor can be
modeled as®

Isug = Ioe((VGS*VT)/O‘LVTH))(]_ _ e(*VDs/VTH)) (4)
where, Ip= 1o Cox We/Lp (n — DVig and Iy= o Cox
Wx/Ln (n — 1)V3y are the input currents in the
pFET and nFET, respectively. Other leakage cur-
rents in the transistor like p—n junction leakage and
gate induced drain leakage are considered to be
negligible.> So, by fine-tuning the width of the
transistors in the inverter, the desired subthreshold
current that will be flowing through the intercon-
nect can be achieved. If the width is narrowed, the
threshold voltage is also reduced. This is called the
inverse narrow width effect (INWE) where a tran-
sistor’s threshold voltage decreases as the channel
width narrows.?® So, we find this interplay by
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Table I. Interconnect geometries at 20 nm technology node?®

Bundle geometry Width Wg (nm)

Height Hg (nm)

Aspect ratio (AR) Number of SWCNTs in bundle

Square 34 34 1 564
Rectangular 34 51 1.5 870
Rectangular 34 68 2 1175
Triangular 34 29.4 0.864 300
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Fig. 3. Output current versus transistor width. Inset: NFET and pFET
configuration.

reducing the width of both nFET and pFET tran-
sistors and by finding the output current.

The current is not lowest when the width is
narrowest as seen in Fig. 3. This is because, under
subthreshold conditions, the current is exponen-
tially dependent on the threshold voltage and hence
may lead to unexpected current values.?*3? As a
rough estimate, we first take 10 nm as the optimum
width of the transistors. However, we crosscheck
our estimate from Fig. 3 with a more reliable
method of finding the subthreshold width of the
transistor, as explained below using the current-
over-capacitance (COC) approach. The delay of a
transistor is dependent on the input voltage Vpp,
the output current I, and is given by

C:Vpp
fa = Iy - eVas—Vr)/nVrun (5)

where, C, is the output capacitance of the transis-
tor.?? So, for high speed operations, the current
must be high and the capacitance must be low.
Hence, the current over capacitance ratio (COC)
must be maximum, considering absolute values of
current. Further, this ratio is maximum when the
transistor width is around its minimum value.
Hence, we find the optimum width of the driver
transistors using the COC ratio.

Width (nm)

Fig. 4. Current over capacitance ratio versus width for an nFET and
a pFET.

After incorporating the output and junction
capacitances,?”° the width of the nFET and the
pFET transistors are varied for different COC.
Figure 4 shows the plots of COC versus transistor
width for a supply voltage of 0.3 V. The transistor
output current is in the range of pA while the
capacitance is of the order of nF. Thus, in our
analysis, the current is the dominating factor in
calculating the COC ratio. So, at 20 nm technology
node, we find that the optimum width for both nFET
and pFET is at 10 nm where the COC is maximum.
This is in good agreement with our earlier estimate.

ESC MODELLING OF PROPOSED
INTERCONNECTS

Now we perform the analysis of our proposed
bundles by formulating equivalent single conductor
(ESC) transmission line model. Next, we perform
transient analysis of the proposed models and
compare the performance of the proposed triangular
CNT bundles and conventional square/rectangular
bundles. As the CNT growth technology has
matured in growing precise crystalline metallic
SWCNTSs and depositing them at desired locations
by dielectrophoresis,®® we consider that all the
bundles consists of 100% metallic CNTs in them. A
previous analysis was done on CNT interconnects
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considering 80% metallic CNTs in the bundle.?* We
use an equivalent single conductor transmission
line model (ESC-TL) in this paper to describe the
conducting behaviour of SWCNT bundle intercon-
nects. The transmission line equations of the volt-
age and current through an SWCNT bundle
interconnect as depicted in Fig. 5, can be given as

oV (z,t) ) 0l(z,t)

% T RI(z,t) =0 (6)
0l(z,t) oV (z,t)
% T Cc % 0 (7)

Considering an individual CNT in a SWCNT
bundle, the number of conducting channels that
contribute to its electrical conduction is given as

- aTD; +b, D; >drp/T
Ni = {2, D,<dy)T (8)

where T is temperature in kelvin, D; is the diameter
of the ith shell, @ = 3.87 x 10 * nm "K', b = 0.2,
and dr= 1300 nm K. The MFP and temperature
dependent resistance of a CNT bundle can be given
as

Ry(T) = Bswent _BetBo oy s (oa)
NnCNT NCNT

_ Rswent R +Rs
NCNT NCNT

Ry(T)

forl> Aot (9b)

h h !
Ro=71p1 Bs=gne [Aeﬁ«(T)] (10)

where ngonr 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

_ Lu + (LN

b
Lsol(T) === F

(11)
where L, and L, are the magnetic and kinetic
inductances of an isolated CNT. They can be given
by the expressions,

_ M™Y. - n
Lm_ann(d)’ Lk_2ezvf (12)

Similarly, the effective capacitance of a CNT
bundle placed on a ground plane is the series
combination of the electrostatic and quantum capac-
itances of the CNT bundle. The relevant expressions

are:
cb, . o
%@m=@ii> (13)
Ch +C
2me 2Ne?
Cb=n X ———— Cb —npg x> 14
E v cosh_l(ﬁ) Q B2 Thoe (14)

where nw is the number of CNTs along the width of
the bundle given in Eq. 2, A is Plank’s constant, v¢is
the Fermi velocity, e is charge of electron, y is the
separation between CNT and ground plane and d is
the diameter of the CNT. The electrostatic capaci-
tance 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. The schematic of
the ESC model circuit is shown in Fig. 5.

The ESC parameters are computed for T-CNT
bundles as well as for AR = 1, 1.5 and 2 bundles at
room temperature and listed in Table II. The con-
tact resistance is considered as 10 kQ for all the
cases.”’” The quantum resistance is distributed
equally between the end contacts. It can be seen
that the wire resistance is least for AR = 2 bundle
and largest for triangular CNT bundles. This is
because, the total number of CNTs in AR = 2 bundle
is more than all other bundles while triangular CNT
bundle has least number of CNTs in it. For the same
reason, the quantum capacitance is the least for the
triangular bundle while it is highest for CNT bundle
with AR = 2.

In the case of inductance, triangular CNT bundles
possess the highest values while CNT bundles of
AR =2 have least values. As expected, all the
quantities increase with increase in length. Owing
to the small magnitudes of the subthreshold cur-
rent, the current dependent magnetic inductance of

L v
Roese 4 KESC g Roese LL::SC dl
2 “° 2 ~
E>c A fKFFL————vameWFL—E>P
Driver —— Cyascdl —— Cysed! Load
—— Cezscal —— Cegscd!

Fig. 5. ESC model of the proposed interconnects.




the bundles would be negligible. Further, it must be
noted that the kinetic inductance was neglected
citing lower operating frequencies and higher driver
resistance.® However, we envisage that our model
of triangular CNT bundles can operate at higher
frequencies than expected earlier for subthreshold
region.

MODEL VALIDATION AND ANALYSIS
OF THE PROPOSED CNT BUNDLES

As a first step, we perform electrostatic field
simulations of both Square (AR = 1) and triangular
SWCNT bundles when they are excited by a sub-
threshold voltage of 0.3 V, as shown in Fig. 6. The
per unit length conductance of CNTs is
1.55 x 107* Q' The dielectric medium surround-
ing the wires is considered to have a dielectric
constant of 2.4. The electric field surrounding the

Table II. ESC parameters for CNT bundle

interconnects at 20 nm node

Parameter AR=1 AR=15 AR=2 T-CNT
Ry (kQ/mm) 14.54 74 5.49 21.5
Lo (nH/mm) 7.1 4.6 3.4 13.33
C? (pF/mm) 225.6 348 470 120
C% (fF/mm) 720 720 720 720
Cc (nF/mm) 316.32 487.66 659 292.2

Fig. 6. Electrostatic simulations of (a) square CNT bundles, (b)
triangular CNT bundles. Scale = 10 nm.
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square bundle in Fig. 6a is more interactive with its
neighbor than that of T-CNT bundles. Also, the
electric field strength between square CNT bundles
is found to be 0.5 times higher than between
triangular CNT bundles, which is shown in Fig. 6b.
As the aspect ratio of the interconnect structure is
increased from 1 to 1.5 and 2, we have found that
the coupling gets stronger.

Now, we perform a SPICE based transient anal-
ysis of the ESC circuit model shown in Fig. 4 for our
proposed T-CNT bundles to compare its propagation
delay and power dissipation with conventional
bundles of AR =1, 1.5 and 2. We use the PTM-HP
library based 20 nm technology node inverter as
driver and load.>® Propagation delay of a CNT
bundle is dependent mainly on the CNT bundle
resistance and capacitance. For T-CNT bundles, the
resistance is highest as can be seen from Fig. 5a and
its intrinsic capacitance is least as per Fig. 5b. This
shows that its propagation delay is the least among
the CNT bundles considered as shown in Fig. 7. It is
42.31% lesser than for square CNT bundle of
AR = 1. Quite obviously, since the T-CNT bundles’
capacitance is 48.64% less than its closest competi-
tor of AR = 1, its power dissipation is also less by
34.80% compared to the AR =1 square bundle.
Further, the swing of the output waveforms is
better for T-CNT bundles than for other bundles.
Hence, we show that T-CNT bundles are better
candidates than conventionally used square/rectan-
gular CNT bundles for subthreshold circuit design.

CROSSTALK AND NOISE ANALYSIS
OF PROPOSED INTERCONNECTS

Now, we perform crosstalk analysis of the pro-
posed bundle interconnects for two different cases of
switching activity. Case I: aggressor is switching
from low to high and victim is tied to low; Case II:
aggressor is switching from high to low and victim is
tied to low. In both the cases, we analyze the effect

T T T T 1‘5

74 L 1.4

 ——p ; 1.3

—. 64 ropagation delay I

3 1L —e— Power dissipated L 1.2 Bu
2 . g 8
s 51 1.1 o
o i @
c 1.0 ©
g o L E
© -09
o
o ! o
2 -0.8 T

-0.7

21 0.6

! T N 1 N I
T-CNT AR=1 AR=1.5 AR=2
CNT Bundle Type

Fig. 7. Propagation delay and power dissipated by various CNT
bundles under consideration.
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of the coupling capacitance of the interconnects,
which determines the crosstalk between the aggres-
sor and the victim. More the capacitance, more the
crosstalk and hence more the delay induced. So, for
reliable interconnect operation, crosstalk must be
minimal and the delay should be least. This is
possible by using triangular cross sectioned CNT

1400 : : : : : : :
1300 - A ]
1200 Vs ]
1100 || —=— AR=1 B
1000 1l ——AR=1.5 4

—4— AR=2 P e
900__ —v— Triangular ]
800 - > -

700 -
600 -
500 -
400
300
200 -
100 4

Coupling Capacitance (nF)

I ? T ¥ T ¥ T
500 1000 1500 2000
Length (um)

Fig. 8. Coupling capacitance of various CNT bundles versus length.

LD T

Driver Load
Cce

S N R

Driver Load

>~

Fig. 9. Capacitively coupled interconnects for Case |.

bundles only. So, for two capacitively coupled T-
CNT bundles with n number of CNTs along their
side, the coupling capacitance of the nth corre-
sponding CNT pair can be given as

2me

_ 15
cosh™* Yn/q (15)

Cconr =

where y,=y,_;+ S, is the inter-CNT distance of the
nth pair of coupled CNTs, n=1, 2, 3, 4, ... and
yo= 34 nm. So, the total coupling capacitance CC, of
the bundles can be given as

Cc=>_ Cconr (16)
m=1

Comparison of the coupling capacitances com-
puted using (16) for T-CNT bundles with other CNT
bundles of AR =1, 1.5 and 2 is shown in Fig. 8. It
can be seen that the C¢ of T-CNT bundles is 7.3%
less than its closest competitor, AR = 1 CNT bundle.
Transient SPICE analysis of the proposed coupled
interconnects is carried out next for various cases of
switching activity.

Case 1: Aggressor Switching from High to Low
and Victim Is Tied to Low

The subthreshold output voltage of an inverter is
dependent on the width of the nFET transistor
when the input waveform transits from low to high.
We consider capacitively coupled interconnects as
shown in Fig. 9 and apply a pulsed input to the
aggressor. The victim line is tied to Vpp.

We choose the nFET width as 9 nm and pFET
width as 13 nm to get a full swing of the output
waveform. We use minimum sized inverters at the
load terminals of the wires. Because of the coupling
capacitance between the lines, crosstalk occurs and
hence delay is induced in the signals. As shown in

(a) ?0 I N I ! 1 ! I N ] ! I N T ' 1 N I
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0
=
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[+]
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T 40+ —
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Fig. 10. (a) Crosstalk induced delay and (b) normalized PDP of triangular bundles by conventional bundles for Case |I.



Fig. 10a, the delay is least for T-CNT bundles.
Further, delay dramatically increases when the
length is 1000 ym and above which is evident of
the shift from intermediate length to global lengths.

W
T

Driver Load

Cc

e

Fig. 11. Capacitively coupled interconnects for Case II.
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The power dissipated by T-CNT bundles is found
to be lesser by 4.7668% at 500 um and increases to
6.4704% at 1000 ym when compared to AR=1
bundles. Also, it was found that the power dissi-
pated is 8.36% and 15.49% lesser compared to
AR = 2 bundles, at 500 ym and 1000 um, respec-
tively. Figure 10b shows the normalized power
delay product (PDP) at various wire lengths.

Case 2: Aggressor Switching from Low to High
and Victim Is Tied to Low

When the input voltage is switching from high to
low, the output of the inverter is dependent on the
width of the pFET transistor. Figure 11 shows the
schematic of capacitively coupled wires that have
minimum sized inverters as load. Here, the pFET
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Fig. 12. (a) Crosstalk-induced delay and (b) normalized PDP of triangular bundles by conventional bundles for Case II.
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width is chosen as 9 nm and nFET width as 13 nm
to get full swing waveform at the output.

The crosstalk-induced delay in this case is also
lesser for T-CNT bundles than other bundles as in
Fig. 12a. It is 36.47% less than AR = 1 bundle at
500 ym and 11.72% less at 2000 um. Further, the
normalized power dissipation with respect to AR =

1, 1.5, 2 bundles is plotted in Fig. 12b.

Crosstalk Noise Analysis

Noise is the ratio of the differential capacitance to
the total capacitance and the output crosstalk noise
voltage at the victim side is noise times the input
voltage. The noise at the victim line due to the
switching activity of the aggressor is shown in
Fig. 13.

The peak positive noise at the victim side is for
Case I and the peak negative noise is for Case II. It
can be seen that the crosstalk induced noise is worst
for AR = 2 bundles while T-CNT bundles induce
least noise on the victim line. Overall, the perfor-
mance of T-CNT bundles outshines those of AR =1,
1.5 and 2 bundles as its RC charge up time is less
compared to others. Further, at subthreshold volt-
ages, since the current is low, the RC charging time
is higher than at nominal voltages. The resistance of
T-CNT bundles is sufficiently within the tolerable
range of R, << Rg.y. For global interconnects,
there exists a critical length where the Ry= Rgyiv,
after which the performance of the interconnects
degrades. In our case, the proposed T-CNT bundle
resistance is far lesser than that of a single CNT,
which was the contender as the subthreshold inter-
connects at global level.

CONCLUSIONS

Subthreshold operation of CNT interconnects is
analyzed here. Triangular CNT bundles are found
to outperform traditionally used square/rectangular
CNT bundle interconnects. The width of the tran-
sistors in the driver circuits is also found to
influence the subthreshold current and an optimum
width is found where the current is at maximum,
using the current over capacitance method. Perfor-
mance factors such as propagation delay, crosstalk-
induced delay, power dissipation and power delay
product of CNT bundle interconnects of lengths
ranging from 500 ym to 2000 um, are found and
compared. It is found that T-CNT bundles have
least possible delay, power dissipation and crosstalk
induced delay. For the two cases of switching
considered: high-to-low and low-to-high, T-CNT
bundles showed lesser crosstalk induced peak noise.
Thus, T-CNT bundles must be the preferred choice
as subthreshold global interconnects.
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