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ABSTRACT

For nano-scaled technology nodes, the density of active devices increases for Very Large
Scale Integration (VLSI) chip design. The large number of long interconnects are to be
required to interface millions of active devices in an Integrated Circuit (1C). The impedance
parameters of interconnects increase linearly as interconnects length increases, therefore the
performance of an interconnect becomes more important compared to device performance at
deep submicron technology. The present research, explores the possibilities to replace the
traditional copper interconnects because its deficiencies like grain boundary, surface
boundary and electromigration at nano-scaled technology nodes. Due to large electrical and
thermal conductivity of Carbon Nanotubes (CNTs), CNT have been considered as alternative
for long VLSI interconnects. CNTs are hollow tubes made from a sheet of carbon grapheme
by rolling it up. These cylindrical shaped carbon molecules have attractive thermal and
electrical properties which make it more suitable in the field of electronics, nanotechnology,
optics, material science and other fields of technology. CNTs are classified as Single Walled
Carbon Nonotube (SWCNT) and Multi Walled Carbon Nanotube (MWCNT) on the basis of
its structure. SWCNTSs are hollow tube rolled up from graphene sheets with similar diameter
and SWCNT bundle consists of many such SWCNT tubes. Multi-Walled CNT (MWCNT)
consists more than two rolled up hollow tubes having different diameters ranging from few
nanometers to tens of nanometers. Both types of CNTs have same current carrying capacity
but MWCNTSs are easier to fabricate compared to SWCNTSs because of its better control on
the growth process. Such advantages of MWCNT attract most of the researcher towards the
analytical modeling and performance analysis of MWCNT based interconnects for

nanoscaled technology nodes.

The high performance VLSI integrated circuit design at nanoscaled technology nodes has
large variations in their performance under variable thermal environment conditions for its
different applications. Therefore, it is required to include the influence of thermal variations
to estimate the accurate performance of an integrated circuit (IC). The works presented in
thesis, proposed to estimate the influence of temperature on the performance of MWCNT
bundle interconnects for global length. Temperature dependent equivalent circuit model is
presented to evaluate the impedance parameters of MWCNT bundle interconnect which

includes the various electron—phonon scattering mechanisms as a function of temperature.



The impact of acoustic and optical and zone boundary scattering on electron-phonon
scattering mechanism is analyzed resented along with mathematical equations. These
mathematical expressions are incorporated the influence of temperature on Mean Free Path
(MFP) of MWCNT. Further, effective MFP used to estimate the temperature dependent
impedance parameters of an individual shell of MWCNT. All the individual shells of
MWCNT bundle have been considered as parallel shells for temperature dependent
equivalent model of MWCNT bundle. By using the temperature dependent impedance
equivalent circuit model of MWCNT bundle, the impedance parameters have been calculated
for global interconnects at 32nm, 22nm and 16nm technology nodes for temperature range of
200K to 450K. For increasing temperature, MFP of shells decreases because of increasing
collision rate with in MWCNT. The increase in collision rate is due to electron-phonon
acoustics and optical and zone boundary scattering mechanism. The decreased MFP with
increasing temperature, influence the resistance for MWCNT shells. Therefore, this change in
resistance has considerable effect on the performance in terms of delay, power and PDP for
the MWCNT bundle interconnects at nano-scaled technology nodes for global interconnects
lengths.

Based on proposed temperature dependent impedance model, the impedance parameters of
MWCNT interconnect is calculated for global interconnects at three different technology
nodes (32nm, 22nm and 16nm). All interconnects technology parameters are calculated using
the data obtained from ITRS 2013 version. The results show that the resistance of MWCNT
bundle increases with increasing temperature from 200K-450K for all the global
interconnects length under consideration at 32nm, 22nm and 16nm technology nodes. To
estimate the performance of MWCNT bundle interconnects, signal delay, power dissipation
and Power Delay Product (PDP) is simulated based on temperature dependent model that
results in, improvement in the delay, power and PDP estimation accuracy compared to
temperature independent model. The results revealed that delay and Power Delay Product of
MWCNT bundle interconnects increases with increasing temperature from 200K to 450K for
global level interconnects at three different technology nodes i.e. 32nm, 22nm and 16nm.
Further, the temperature dependent analytical delay model has been presented for MWCNT
interconnects and analytical results are compared with the simulated results. The results show
that the analytical results are in similar trend with the simulated results. The trend of both
results shows that the delay is increases with rise in temperature for three technology nodes

i.e. 32nm, 22nm and 16nm. Therefore, it is concluded from the results that for high
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performance IC design, under variable thermal environments need to be considered the
impact of temperature to estimate accurate performance. A similar analysis is performed for
SWCNT bundle interconnects and copper interconnects and compared with MWCNT bundle
interconnects. Comparative results revealed that delay, power and Power Delay Product
(PDP) is increased with rise in temperature ranging from 200K to 450K for MWCNT bundle,
SWCNT bundle and copper interconnects. It has also been observed that MWCNT bundle
interconnects gives better performance in terms of delay, power and PDP as compared to
SWCNT bundle interconnects for global levelinterconnects at 32nm, 22nm and 16nm

technology nodes under thermal variable conditions.

vii



ACRONYMS AND ABBREVIATIONS

Abbreviation

AR

CMOS

CNTs

Cu

DIL

EDA

EM

FET

GHz

GNR

ITRS

MFP

MWCNT

PDP

RC

RLC

SPICE

SWCNT

Description

Aspect Ratio

Complementary Metal Oxide Semiconductor

Carbon Nanotubes

Copper

Driver Interconnects Load

Electronic Design Automation

Electromigration

Field Effect Transistor

Giga Hertz

Graphene Nanoribbon

Integrated Circuits

International Technology Roadmap for Semiconductor
Mean Free Path

Multi Walled Carbon Nanotube

Power Delay Product

Resistance Capacitance
Resistance-Inductance-Capacitance

Simulation Program with Integrated Circuit Emphasis

Single Walled Carbon Nanotube
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VLSI

Predictive Technology Model

Very Large Scale Integration



GLOSSARY OF SYMBOLS

Symbol Description

Cq Quantum Capacitance

Ce Electrostatic Capacitance

Dinner Diameter of innermost shell of MWCNT

D Diameter of i shell of MWCNT bundle

d Tube Diameter of SWCNT

E Electron charge

hw Optical-phonon energy

H Height of SWCNT bundle

ks Boltzmann’s constant

L Length of Interconnect

Lk Kinetic inductances of an individual SWCNT
Lm Magnetic inductances of an individual SWCNT
N ehan Number of conducting channel per shell

shell

Total number of shells in a SWCNT bundle.

NBundle

NH(Bundle Number of rows in SWCNT bundle
Nw(Bundle Number of column in SWCNT bundle
Nchan/bundle Number of channel per MWCNT bundle
Rshel Resistance of MWCNT shell

Rs Scattering Resistance

Re Contact Resistance

Rq Quantum Resistance

To Room temperature (300K)

T Temperature in K



u
p(T)
Aeff

Anc
Aozs
Aoz fid
4078, abs
\%i

)

Width of SWCNT bundle

Centre to centre distance of adjacent tubes in SWCNT bundle
Distance between center of MWCNT bundle and ground
Planck’s constant

Mobility of electron

Temperature dependent resistivity of copper interconnect
Effective MFP

Acoustic MFP

Optical and zone boundary MFP

MFP is due to the electric-field acceleration

MFP due to absorption of an optical or zone-boundary phonon

Fermi velocity

Spacing between two adajecent shells of MWCNT (van der Waals
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INTRODUCTION

1.1. Preamble

Interconnects are the conducting wires used in Integrated Circuits (IC) to establish the
electrical links between different nodes of the electrical circuit[1, 2]. Different materials have
been used as interconnects in ICs. Due to shortcomings of any existing material at certain
technology node, traditional materials are replaced by other new materials. The performance
of an IC is mainly depends upon the current carrying capacity and impedance parameters
such as resistance, inductance and capacitance of the interconnect material [3-5]. As
technology scaled down, the feature size and supply voltages of ICs are also scaled down to
maintain electric field constant. Therefore, interconnect dimensions required to be scaled
down with advanced technology nodes [3, 6-11]. With advancement of technology nodes, a
large number of functionalities are to be incorporated in Very Large Scale Integration (VLSI)
chips. Thus, the requirement of long interconnects is exponentially increasing which connect
millions of active devices in an IC. [9, 12-17] The schematic of Driver Interconnects Load
(D-I-L) is shown in Fig. 1.1.

VLSI Interconnects

R L Load
AN T ‘
L.
1

Figure 1.1: Schematic structure of VLSI interconnects [15].

Driver




In D-I-L, an interconnect is driven through CMOS inverter and loaded with a load (normally
a capacitive) as shown in Figure 1.1. To estimate the performance of interconnects 'VLSI
interconnects” is replaced with its equivalent R-L-C circuits model. These impedance
parameters of interconnects are depend on the cross sectional dimensions and properties of
the material used as "VLSI Interconnects".[18-22].

On the basis of interconnects length and cross-sectional dimensions, interconnects of ICs can
be classified into three types as shown in Fig. 1.2. The cross-sectional view shows device
layers and interconnects layers of Integrated Circuits (IC) [15].

global

>

interconnect wiring

intermediate

‘—
local
> <4 ‘

device
layer

Si
wafer
— > <

Figure 1.2: A cross sectional view of different types of interconnects for an Integrated chip (IC) [15].

Local interconnects: Local interconnects as shown in Fig. 1.2, are used to deal with small
interconnects length ranging from few micrometers to tens of micrometers and can be used to
connect nearby nodes. They usually connect device level terminals of CMOS technology i.e.

gates, sources and drains of CMOS devices. The local interconnects can also be used as gate



electrode material for CMOS technology (vias). Since, local interconnect deals with short
length wires, they can afford the high resistivity materials as interconnects compared to
global interconnects. In local interconnects, maximum part of the total propagation delay is
contributed by the devices of the integrated circuits. But local interconnects should be
capable to resist for higher temperature applications [23-25].

Intermediate interconnects: Interconnects, which deals with both short and long
interconnects length are known as intermediate interconnects. It is also known as semi-global
interconnects as well. The different devices within a block, are connected through these
interconnects. Intermediate interconnects lengths, within two or more blocks used for
communication are also connected through these interconnects with typical lengths up to
400um [26, 27].

Global interconnects: The long interconnects length (> 400um) used as ground, clock and
power lines are known as global interconnects. For global interconnects length, the
propagation delay and power dissipation are the key factors to understand the performance of
interconnect. Therefore, these should always be of low resistant metallic materials as they
often travel over large distances to provide connection between different parts of the circuit
and different devices [15, 27].

The cross-sectional view of three different levels of interconnects are shown in Fig. 1.2 with
dimensions of the local, semi-global and global interconnects. The cross-sectional view
shows that with technology scaling down, local interconnects are used to connect the nearby
nodes at the lowest level of the hierarchy followed by intermediate level interconnects used to
connect the devices within the blocks, Global interconnects are generally used for long
interconnects lengths to connects various functional blocks, power supply, clocks and
grounds [15, 25].

1.2. Importance of Scaling

Scaling process in VLSI circuits design, related to systematic reduction of device dimensions
as permitted by technology while geometric ratios remains preserved. The designing of high
performance and high density VLSI chip design, needs the high packing density of CMOS
based devices. Therefore, the size of these devices needs to be kept small to meet the required
area considerations. The channel length and width of CMOS transistor are scaled down as the
technology nodes scaled down. As the device dimensions are scaled down, the dimensions of
interconnects are also needed to be scaled down [15, 16]. The interconnects cross sectional
and length scaling is shown in Figures 1.3(a) and (b) respectively. It is shown in Figure 1.3(a)
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that interconnects can be scaled down with different scaling factor S1, S2 and S3. Similarly,
wire lengths are also needs to be scaled, for future IC design. To estimate the performance of
an integrated circuits, the effect of scaling on interconnects are required to be considered.
The effects of scaling on local interconnects is negligible small as most of the performance
estimation parameters are device dependent. Due to large impedance parasitic of long
interconnects, the performance of interconnects dominates over the total performance of an

IC. For long interconnects, if the device dimensions are scaled with a scaling factor 1/S then,
the propagation delay will be increased by S2.SZ where S¢ is scaling factor for size of

chip.[3, 4, 28]
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Figures 1.3: (a) Interconnects wire cross sectional (b) wire length scaling respectively of an IC [15, 16].

1.3.  Significance of Repeaters for long Interconnects

Interconnects can be categories into three types on the basis of their lengths as describes in
section 1.1. The local interconnects are used as small interconnects wires (for device level
terminals or vias), the impedance parasitic of interconnects are small compared to the
impedance parasitic of driver transistor. The impedance parameters of interconnects increases
linearly as interconnects length increases. Thus, the propagation delay of interconnects also
increases with increase in length. The impedance parameters of the long interconnect

becomes larger as compare to driver transistor. Therefore, repeaters are introduced to



decrease the overall delay of long interconnects [3, 29-32]. The repeaters divide the long
interconnects into subsections/ segments and each subsection/segment is driven by CMOS
inverter[33], known as repeaters as shown in Figure 1.4 [29]. The propagation delay (RC
time constant) used to estimate the performance of VVLSI circuits and it increases sharply as
interconnect dimensions are scaled down with advanced technology nodes and affect the
speed of VLSI circuits. Therefore, to improve the performance in terms of propagation delay
and speed of the circuit, optimum number repeaters and optimum sized repeaters can be used.
[3, 29-31, 33-41]

(1) (2) (m)
Vin Vout

\

Repeater  Interconnect smaller sub sections

Figure 1.4: A lumped interconnect divided into different subsections as distributed model with optimum

‘m’ number of repeaters [29].

1.4. Interconnect Models

Interconnect wires of integrated circuits are acting as transmission line. Therefore,
interconnect equivalent circuit model is used to estimate their performance. Interconnect
models are the function of their impedance parameters in order to analyze the parasitic effects
in the interconnects[42]. The interconnect models may be simple or complex depending upon
the way they arranged, various effects that are being included and the accuracy required from
the model.

1.4.1. Lumped Model

The equivalent lumped model for an interconnect, consists of impedance parameters like
resistance, capacitance and inductance are concentrated into ideal electrical components;

resistors, capacitors, and inductors[43]. The different configurations of RC interconnect



lumped models are shown in Figure 1.5(a). These models are categories as; L-model, T-

model and IT-model depending upon the shape and the way they are connected.
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Figure 1.5: (a) Different configurations of RC interconnect lumped models (b) RLC interconnects lumped
model [8].

In recent researches, an RLC equivalent circuit models are preferred over simple RC models
and their equivalent I1-model is shown in Figure 1.5(b). An RLC lumped model, which not
only consists of resistive and capacitive part but also included the inductive part as well. The
performance of RLC circuit models are 30% to 35% better than RC models. [35-37, 44]

1.4.2. Distributed Model

The distributed RLC model can be approximated by a lumped multi-stage RLC network can be
depicted as Figure 1.6. When a lumped interconnects model divided into different
subsections/segments, referred as distribution models as shown in Figure 1.6 [8, 45].
Repeaters are generally inserted to drive a smaller subsection of distributed equivalent circuit
model. The distributed circuit model, increase the drive capacity and reduce the overall delay
of given long interconnects lengths [36]. The optimum number of repeaters and size of a

repeater are chosen for simulation at different technology nodes [46-52].
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Figure 1.6: Distributed RLC Model (with N Segments)[8].



1.5.  Aluminum as Interconnects

In earlier technology nodes, the aluminum was used as interconnect material due to its
excellent characteristics such as good conductivity, good ohmic contact with silicon and
adheres on silicon dioxide. As technology scaled down to micro-scaled level, interconnects
current density increases and causes electromigration[23, 53]. Electromigration referred as
the transfer of energy between the conducting electrons and the diffusing metal atoms,
transport of material thus takes place by the gradual movement of ions. As the
technology node further scaled down, the effect of electromigration increases. Moreover, the
aluminum has the resistivity in the order of 2.7 pQ-cm which is very higher than the
resistivity of copper (1.7 uQ-cm) [54]. Therefore, at micro-scaled technology nodes, there is
need of high current density but due to its large resistivity and electromigration, high current
density cannot be achieved. Due to these disadvantages, copper was used as an alternative

interconnects material at micro-scaled technology nodes [5, 6, 55-57].
1.6. Copper as Interconnects

Aluminum was replaced with copper as an alternative material for interconnects, due to the
shortcomings of aluminum at micro-scaled technology nodes. The copper has high current
density, low resistivity and more immune to electromigration compared to aluminum. Copper
also has higher electrical conductivity and melting point (1357K) compared to aluminum
(933K) making it thermally more stable.[58] Comparative analysis of some properties of
copper and other conducting materials and given in table 1.1.

Table 1.1: Comparison of different properties of conducting materials[23].

Properties/ Copper Aluminum Gold Silver Tungsten

Materials (Cu) (Al (Au) (Ag) (W)
Resistivity (uQ-cm) | 1.7 2.7 2.35 1.6 5.65
Melting Point(K) 1357 933 1264 1062 3387
Corrosion in Air Poor Good Excellent | Poor Good
Adhesion to SiO, Poor Good Poor Poor Poor

Some other properties of copper shown in table 1.1 which make more suitable alternative

compared to aluminum at micro-scaled technology nodes for VLSI interconnects.




However, as technology is scaled down to nano-scaled technology nodes (< 45nm), the
resistance of copper interconnects increased rapidly because the small Mean Free Path
(MFP). The MFP is the average distance travelled by an electron before its collision. The
average MFP of copper is approximately equal to 45nm.[44, 59-61] The MFP of electrons is
depending upon the combined effects of enhanced grain boundary scattering, surface
scattering and electromigration. Grain boundary is the interface between two crystallites in a
polycrystalline material. Due to grain boundaries introduce electron scattering which leads to
reduce the mobility of electron and hence, it tends to increase the thermal and electrical
resistivity. As technology scaled down to nano-scaled level (<45nm), the MFP of electron of
copper becomes comparable to the cross-section dimensions of interconnects. Hence, there is
more reflection of a electron at the surfaces cause the scattering. The scattered electrons emit
or absorb phonon, introduce impurities in the copper [53, 62-64]. So, the total collisions rate
with the surfaces scattering will suddenly increased and hence increase the resistance of
copper at nano-scaled technology nodes, impose the serious challenges for interconnects
delay and systems reliability.[56, 57, 62-68]

Therefore, sudden rise in resistance has a considerable effect on the overall performance and
reliability particularly for long interconnects of VLSI circuits design. In the recent times
Carbon Nanotubes (CNT) based interconnects at global interconnect level, has been

considered as a proper alternative to the conventional copper interconnects. [66, 69-71]
1.7.  Carbon Nanotubes as Interconnects

Carbon nanotubes (CNTSs) have emerged as a promising material  for  future VLSI
technology. CNTSs are known as allotrope of carbon and made by rolling up a sheet of carbon
known as graphene into a cylinder. These cylindrical shaped carbon molecules have attractive
thermal and electrical properties which make it more suitable in the field of electronics,
nanotechnology, optics, material science and other fields of technology. In particular, CNTs
have applications in field of VLSI interconnects due their extraordinary properties. CNTs
have longer MFP (1000nm) and high current density (>10°) as compared to copper [70-75].
A comparison of different properties of CNTs and copper is given in table 1.2.



Table 1.2: Comparison of different electrical and thermal properties of Copper, SWCNT, MWCNT and

Graphene [23, 26].

Properties\Material Cu SWCNT | MWCNT | Graphene
Maximum current density(A/cm?2) 10° [ 10" 10%° 10°
Thermal Conductivity(10° .W/mK) 0.385 | 1.75-5.8 |3 3-5

Mean free Path(nm) 40 >10° 2.5X10* | 1X10°
Melting Point (K) 1357 3800( graphite)
Temperature coefficient of resistance (10~/K) 4 <11 -1.37 -1.47
Mechanical Strength Poor | Fair Fair Fair
Process of Fabrication Easy | Difficult | Difficult Difficult

1.8. Classification of CNT

Carbon nanotubes are classified into different types according to their structure, chiralty and

conductivity.
1.8.1 Structure based Classification:

As per its structures, CNTSs are classified into two types:

» Single-Walled Carbon Nanotubes
» Multi-Walled Carbon Nanotubes

Single-Walled CNT' (SWCNT) consists of one rolled up graphene sheet of similar diameter
as shown in Figure 1.7(a). In case of SWCNT bundle, all SWCNTSs are considered to have
similar diameter and same number of conducting channels. Thus the effective resistance and
kinetic inductance per tube are divided by the number of SWCNTs and the quantum
capacitance per tube is multiplied by the number of SWCNTSs in a bundle [63, 76-79].

Multi-Walled CNT (MWCNT) consists more than two rolled up graphene sheets with
diameters ranging from few nanometer to tens of nanometer. An MWCNT bundle has many
concentric shells of different diameter, which can be seen as several shells in parallel as
shown in Figure 1.7(b). It may appear similar to an SWCNT bundle which consists many
CNT in parallel but with different diameters for each shell of MWCNT bundle. In case of

SWCNT bundle, all nanotubes are considered to have similar diameter and same number of




conducting channels. In case of MWCNT bundle, it has shells with different diameters hence
every shell consists of different number of conducting channels and MFP, resulting in
different impedance parameters. Due to this, the parameters of each shell of MWCNT bundle
cannot be combined in a simple way as in the case of SWCNT bundles.[18, 19, 24, 27, 65,
80-85]

Roll up

(b)

Figure 1.7: (a) Structure of SWCNT (b) Structure of MWCNT.[65]

1.8.2. Based on Chirality and Conductivity

CNTs can be classified into two types on the basis of chiral indices (n,m): armchair and
zigzag. When the any one chiral indices (n or m=0) equals to zero, resultant structure is
known as zigzag and shown in Figure 1.8(a) and for armchair chiral indices should be same
i.e. m=n and shown in Figure 1.8(b). Depending upon the direction of CNT in which they are

rolled up, decide the conductivity, either metallic or semiconductor. When n —m =3i (where i
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is an integer), the armchair structures are always metallic and zigzag structures are either
metallic or semiconducting depends upon the chiral indices. For VLSI interconnects only
metallic CNTSs structure can be used because of their high electrical and thermal properties.
[24, 27, 76, 86-89]

(a) (b)

Figurel.8: (a) Zigzag semiconducting configuration (b) Armchair metallic configuration of CNT [90].

As MWCNT bundle have large diameter compared to SWCNT, MWCNT bundle consists of
large number of conducting channels and long MFP. SWCNT and MWCNT have same
current carrying capacity but MWCNTSs are easier to fabricate as compared to SWCNTSs
because of its better control on the growth process. Due to these advantages, most of the
research has been focusing towards the modeling and performance analysis of MWCNT

based interconnects for nanoscaled technology nodes.[27, 70, 80-82, 91-95]

The high performance VLSI integrated circuits at deep submicron technology have large
variation in their performance under variable thermal environment conditions for its different
applications in the field of automobile industry, aeronautical engineering etc.[96-98]. These
thermal variations have a significant effect on the electron surface and grain boundary
scattering mechanism in MWCNT. This temperature dependent scattering mechanism has
significant effect on the MFP of MWCNT and influences the performance of MWCNT in
terms of delay and power for VLSI interconnects. Therefore, the influence of thermal
variation on the performance in terms of delay and power needs to be investigated for
MWCNT bundle interconnects. The purpose of the thesis is to propose the temperature

dependent equivalent circuit model of MWCNT bundle interconnects for global interconnects
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length at nano-scaled technology nodes. The theoretical model is then needs to be simulated
through a CMOS inverter to comprehend influence of temperature variation on the
performance in terms of delay and power of MWCNT bundle interconnect at 32nm, 22nm
and 16nm technology nodes for global interconnects. To perform the comparative analysis,
the influence of temperature on SWCNT bundle and copper interconnects are also presents
for global interconnects and results are compared with MWCNT bundle interconnects.[52,
81, 82, 88, 90, 99-108]

1.9. Organization of Thesis

The Chapter 1 is introductory and serves the purpose of familiarizing the basic concept
needed in the subsequent chapters. It starts with the general overview of interconnects. The
disadvantages of tradition copper interconnects, need of CNTs as interconnects and
introduction to structures of SWCNT and MWCNTSs bundle as interconnects are discussed in
this chapter. Impact of temperature on the performance of CNTs and copper interconnects is

also discussed. Finally, the chapter wise thesis organization has been given.

Chapter 2, gives a complete review of related literatures to provide background information
on the issues to be considered in the thesis and to highlight the significance of the present
study. It presents the preliminaries of VLSI interconnects, copper interconnects, need of CNT
as interconnects, benefits of SWCNT and MWCNT as interconnects and thermally aware
modeling of SWCNT and copper interconnects. The deficiencies of copper interconnects at
nano-scaled technology nodes presented in the literature are highlighted for study. Then
literature defining the need of carbon nanotubes as interconnects. It comprising the existing
results to witness the SWCNT as alternative materials for local level interconnects. Further,
literature presents the study related to MWCNT as global level interconnects. The results
presents in the literature shows that there is overall improvement in delay and area for
MWCNT bundle compared to SWCNT bundle as global interconnects and predicted as
suitable material for future interconnects. Finally, the literature defines the thermally aware
modeling for copper and SWCNT interconnects. The literature suggested that the rise in
temperature has a comparable impact on the performance of interconnects. Therefore, high
performance ICs design at moderate to high temperature needs to include the impact of
temperature to understand the actual performance of material. Critically analyzing the
literature, some gaps were formulated. On the basis of gaps found in the literature, objectives

and methodology for the current work has been decided.
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Chapter 3, explores the impact of temperature on scattering mechanism of the carbon
nanotubes. With the help of extensive mathematical computations, the dependency of
temperature on MFP of an individual shell of MWCNT has been obtained so that the impact
of temperature on the impedance parameters can directly be obtained. An equivalent
temperature dependent RLC model is presented for MWCNT bundle for global interconnects
length. Further, temperature dependent equivalent impedance models are presented for both

SWCNT bundle and copper interconnects.

Chapter 4, presents the temperature dependent performance analysis for MWCNT bundle
interconnects. By using the proposed mathematical expressions, temperature dependent
effective MFP of each shell of MWCNT s calculated for temperature range of 200K to
450K. On the basis of proposed temperature dependent impedance model, the impedance
parameters of each shell of MWCNT are calculated for global interconnects length at 32nm,
22nm and 16nm technology nodes. The equivalent impedance parameters of MWCNT bundle
are obtained by considering all the parameters of individual shells in parallel. Further, the
calculated impedance parameters for MWCNT interconnects have been simulated for three
different technology nodes to evaluate the performance in terms of delay, power and PDP.

In Chapter 5, the temperature dependent analytical delay model is presented for MWCNT
interconnects and results are compared with the simulated results obtained from chapter 4.
The results presented in the chapter shows that the analytical results are aligned with the
simulated results. The trend of both results shows that the delay is increases with rise in

temperature for all the technology nodes i.e 32nm, 22nm and 16nm.

In Chapter 6, temperature dependent impedance parameters for SWCNT bundle and copper
interconnect is calculated using the equivalent models presented in the chapter 3. Further,
these temperature dependent impedances are simulated using SPICE simulation tools. The
study of comparative analysis of MWCNT bundle interconnects with SWCNT bundle and
copper interconnects is presented. The results show that performance of proposed
temperature dependent impedance model for MWCNT bundle interconnects is better than
SWCNT bundle and copper interconnects for all technology nodes under consideration.

Finally, the conclusion of the thesis along with the possible future scope in the area of work is

discussed in Chapter 7.
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LITERATURE REVIEW

This chapter gives a complete review of related literatures to provide background information
on the issues to be considered in the thesis and to highlight the significance of the present
study. It presents the delay models of VLSI interconnects, copper interconnects, need of CNT
as interconnects, benefits of SWCNT and MWCNT as interconnects and thermally aware

modeling of SWCNT and copper interconnects
2.1.  Introduction

The scaling of technology nodes, influences the performance of interconnect wires used in
VLSI circuits. The increased die size and high chip density requires long interconnect wires
for integrated circuits. With reduced feature size of the devices at advanced technology
nodes, the dimensions of interconnects needs to be reduced as well [90, 109]. To analyze the
accurate performance of interconnects, different delay model are presented in the literature.
The repeaters of different sizes and shapes are proposed in the literature to mitigate the effect
of impedance parameters which helps to minimize interconnects delay for long interconnects
[29-31, 35]. For long interconnects, the characteristics of interconnects material play an
important role particularly in deep submicron technology nodes. Performance of copper
interconnects material at advanced technology nodes gets degraded and Carbon Nanotubes
(CNT) is proposed as alternative for deep submicron technology nodes. Different works in
the literature are presented to understand the performance of carbon nanotubes makes it more
suitable candidate for intermediate and global interconnects. The performance of different
types of CNT (SWCNT and MWCNT) based interconnect has been compared with copper
for different interconnects lengths at different technology nodes. To understand the accurate
performance of interconnects; thermal conditions are needs to be included during the analysis
in deep submicron technology nodes. Temperature dependent analytical models for copper

and SWCNT and their performances in terms of delay and power are presented in the
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literature. The work presented in the literature is focused on the performance of MWCNT,
SWCNT and copper as interconnects and influence of temperature on the performance of
SWCNTSs and copper as interconnects.[61, 64, 110, 111]

2.2 Interconnects Delay Models

The concept of transmission-lines plays an important role to analyze interconnects delay and
performance of the systems for advanced technology nodes for VLSI circuits. Several delay
models have been suggested in the literature to find analytical expressions and estimate the
delay and shapes of output waveforms of interconnects.

H. B. Bakoglu, et al. [3], presented the effect of cross-section dimensions on the
performance in terms of delay for copper interconnects. The impact of scaled down
dimensions is discussed in details and results are presented for local and long interconnects.
The effects of scaling on local interconnects is shown as negligible small but for long
interconnects, the propagation delay increases. The results presented in the papers show that

for long interconnects, if the dimensions are scaled with a scaling factor 1/S than the
propagation delay will be increased by S%. S where S¢ is scaling factor for size of chip.

Further, paper also presented the importance of repeaters to convert a lumped interconnects
model into distribution interconnects model which helps to improve the overall delay of the
lumped copper interconnects model. The analytical models for different shapes of repeaters
for multilayer distributed interconnect model presented for copper interconnects. It is
concluded that performance in terms of delay and power of copper interconnects is better for
distributed model as compared to lumped model. CMOS based optimum repeaters of

difference sizes and shapes also presented in the paper.

Sakurai et al.[7], suggested the estimation of the delay and voltage wave form for distributed
RC line. A closed form formula for RC line is derived using boundary conditions. The
equations to find voltage slope, transition time, and crosstalk due to coupling capacitance of
two lines are also proposed. The formulas for proposed for coupling capacitances are simple
and estimated the errors less than 15% for the practical range of parameters. By using these
equations, the optimum width can be calculated to minimize a bus RC delay. The trend for
future RC delay is also analyzed. It is predicted that RC delays can effectively be reduced for
unscaled interconnection. Expressions presented for a crosstalk and coupling capacitance can

be used to estimate the leakage of signals in two conducting wires for in VLSI designs.
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Kahng et al. [8], presented a good and simple approximation of an interconnect line and
studied various combinations of first and second moments, from which they incorporated
inductance effects while assuming step input when developing their first delay analytical
model of RLC interconnects. The developed solutions showed that their proposed analytical
delay model estimates are within 25% of the SPICE delays while EImore delay estimates can
vary as much as 50% from the SPICE-computed delays. Also, they found that when a =-
model is used, RLC model achieves accuracy better than 3% in delay calculations, which the
L-model achieves in 100 segments. For this reason, m-model is often used in SPICE
simulations instead of large number of segments as a rational approximation of distributed
RC. Sakurai made the first attempt to model the interconnect line by a m-circuit, however the

driving transistor was replaced by a simple resistor.

A. Deutsch et.al [9]. ,presented the analytical model to evaluate the performance of local,
intermediate and long interconnects with technology dependent dimensions. Analytical
models are proposed to predicted capacitive coupling, inductive coupling for intermediate
interconnects. For global interconnects, the mathematical equations are presented to evaluate
the impedance parameters like resistance, inductance and capacitance. Further, the
performance in terms of delay, crosstalk, is evaluated using the proposed models for local,

and global interconnects at different technology nodes.

Dartu, et. al. [12], presented a time varying Thevenin equivalent model used to estimate gate
delays of the devices. It proposed to replace the gate with an equivalent circuit model
consisting of a linear resister and voltage source. The values assigned to these equivalent
components can be determined using empirical factors, leading to a reduction inaccuracy. An
RC load can be used as output in case the output load is not purely capacitive. Mostly, RC
models are highly inaccurate because there basic functioning is based on assumptions for the

transistor operation and simple load models can be used to represent the interconnect wires.

Rajeevan Chandel, et al.[29, 40], reported that the main factors to determine the
performance of VLSI chip are delay and power. The repeater are inserted to reduce the
propagation delay of interconnects. The voltage-scaled repeaters are proposed to separate two
sub-section of distributed interconnect model that helps in minimizing delay and power
dissipation in case of long/global interconnects lengths. Long length interconnects have
larger value of impedance parameter and thus show large propagation delay and power

dissipation in propagating signal across the length of interconnect. The analytical results are
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simulated for delay for different technology nodes. It has been concluded that by using
optimum voltage scaled repeaters, the number of repeaters and thereby, there is decrease in

silicon area and therefore lesser heating of the chip.[112, 113]

Adler V. and E.G. Friedman, [31], presented comparative analysis for analytical and
simulation results with different types and shapes of repeaters for long interconnects. The
repeater design methodology is presented to estimate the delay and power of interconnects
with a CMOS inverter as driving transistor and resistive-capacitive (RC) load. Different
models have been presented to estimate the optimum number of repeaters and size of an
optimum repeater. The results presented a range of error (from 16%-1%) for simulation and

analytical models for different RC loads at long interconnect.

Ismail and E. G. Friedman [36], presented a closed form expressions to find the delay of
CMOS gate driven, distribution systems for an interconnects. It proposed to include the
inductive effect while evaluating the performance in terms of delay for an RLC distribution
line. The traditional RC models without considering the effect of inductance can cause a large
error up to 35%. The analytical solutions are presented for inserting of repeaters into
interconnects line which provides more accurate results compared to numerical solutions. In
accuracy in the results with repeaters will increase upto 30% for RC model as compared to
RLC models. For deep submicron technology nodes, the interconnects parasitic are the
dominate factor over gate parasitic. =~ Therefore, incorporating inductance into an
interconnects impedance models for delay estimations will be more important for deep

submicron technology nodes. [114].

P.J. Burke et. al [3], proposed the revolutionary work on delay modeling of SWCNT is
based on Luttinger liquid theory, for its equivalent circuit as transmission line. Since then,
sufficient number models for the SWCNT bundle interconnects have been reported in
literature. In case of MWCNT interconnects, early research proposed that only few outermost
shells of bundle can contributes to current. Bur recently, it has been proposed that with an end
contact method, all the shells of MWCNT bundle can efficiently be contacted to the electrode
so that all shells of bundle can contributes to current.

M. S. Satro et. al [51], proposed, a single conductor equivalent model for the MWCNT
bundle to estimated the analytical delay and wave shape, which was later extended to the

SWCNT bundle interconnects. The mathematical model is presented to convert the
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equivalent circuit model of MWCNT bundle into a single conductor transmission line. The
optimum number of repeaters and optimum size of repeater is proposed in the paper. In
literature [51], it is also proposed that MWCNT bundle interconnects are more suitable for

intermediate and global interconnects.
2.3. CNT as VLSI interconnects

The traditional copper interconnects used as VLSI interconnects has some severe challenges
for interconnects delay and power in deep submicron technology nodes. Therefore, for long
interconnects, carbon nanotubes (CNTSs) are considered as an alternative for VLSI integrated
circuits due its extraordinary thermal and electrical properties at deep submicron technology
nodes. Several research papers in the literature have been suggested, CNT as alternative

material for VLSI interconnects.

Li et al. [26], presented the comparative analysis of resistance, inductance and capacitance of
CNT and copper and CNT interconnects. A comparative analysis in terms of delay ratio is
presented for CNT and copper interconnects at semi-global and global level interconnects and
proposed that the delay ratio of CNT to copper interconnect is more than unity for local level
interconnects, but there is sharp decrease in the ratio as the length increases toward the semi-
global and global level. In addition to this, the paper also discussed the key issues like small
form factor and skin effects, related to passive device and chip packaging at deep submicron

technology nodes.

Kyung-Hoae Koo, et. al. [44], Proposed that CNT interconnects and optical interconnects
has potential to replaced the traditional copper interconnects for global interconnects and
CNT interconnects can be the alternative option for local interconnects. The performance
comparison of CNT and copper in terms of latency, bandwidth and power dissipation at deep
submicron technology levels suggested that CNT can outperform the copper. The
performance advantage of CNT bundle can be further extended by reducing the aspect ratio
and electromigration. Therefore, lower wire capacitance can also be achieved in CNT. This
trend is studied for scaled down technology nodes and found the improved performance in
favor of CNT. Further, the work is also extended for optical interconnects for long wires.

Naushad Alam et al.[65], investigated the applicability of SWCNT bundle as VLSI
interconnects for future VVLSI applications. It presented the effect of bundle density and tube

diameter of an SWCNT bundle interconnects. It is shown that as tube diameter increases, the
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resistance of an SWCNT bundle decreases (if number of SWCNTSs in a bundle remains
constant). The intrinsic resistance of an isolated tube is very high, hence the SWCNT bundle
interconnect for local interconnects has higher resistance compared to copper interconnects.
The resistances of intermediate and global level interconnects of SWCNT bundle are smaller
compared to copper interconnects at deep submicron technology nodes. At deep submicron
technology nodes (<45nm), the MFP of copper is around 40nm which is less than the cross
section dimensions of technology node. Therefore, for intermediate and global interconnects
SWCNT bundle interconnects can outperform the copper interconnect.

A. Naeemi et al. [72], presented the physical models for SWCNT and copper interconnects at
different nano-scaled technology nodes are presented. At nano scaled technologies, copper
interconnects suffered from many severe problems like surface scattering and grain boundary
scattering, which increase the resistance of copper interconnects and reduces its speed. Most
of the global interconnects lengths used as clock, power supply and ground lines required
high current density, introduced electromigration. Where in CNT, show ballistic flow of
electrons with long MFP in microns compared to copper (45nm). A single walled carbon
nanotube has high parasitic parameters; hence SWCNT bundle structures are proposed as
suitable structures for VLSI interconnects. Further, the performance in terms of delay of
SWCNT and copper as interconnects are compared. It is concluded that the SWCNT
interconnects provided the ultimate performance and compared them with minimum-size
copper interconnects implemented at various technology nodes. It is also concluded that

CNTs are always better candidate for VLSI interconnects for nano-scaled technology nodes.

Srivastava et al.[76], presented the applicability of SWCNT interconnects for nano-scaled
technology nodes. The analytical model presented to evaluate the impedance parameters of
SWCNT interconnects which included the physical parameter and contact resistance for
different interconnects length. A comparative analysis is presented in terms of power and
delay to understand the performance of SWCNT bundle and copper interconnects for local,
semi-global and global interconnects at 32nm and 22nm technology nodes. It is concluded
that there is 30%-40% improvement in terms of delay for SWCNT bundle interconnects
compared to copper interconnects for global interconnects. The performance of SWCNT
bundle interconnects also compared with copper interconnects for local interconnects. It is
concluded in the paper that SWCNT bundle gives the better performance for local,

intermediate and global interconnects particularly at nano-scaled technology nodes.
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Steinhogl, W et al. [93], discussed the impact of small structures on copper interconnects.
The analytical models are presented for copper interconnects which show that the resistivity
of copper interconnects increase when its dimensions are scaled down. The impact of cross-
section dimensions on the resistivity of copper, the affects of grain boundary scattering and
surface boundary scattering mechanism, had been discussed in detail. The comparison of
resistivity for different technology nodes from 100nm to 32nm is presented It is also observed
as cross sectional dimensions are 45nm or below, the resistance of copper interconnects

sharply increased and influenced the performance in terms as delay of copper as interconnect.

Mayank Rai and S. Sarkar [94], studied and presented the influence of tube diameter of
SWCNT bundle on delay and power and compare the results with copper interconnects.
SWCNT bundle interconnects has high current density compared to copper and hence it can
conquer electromigration. Due to this SWCNT bundle is more suitable for 32nm technology
and below. In SWCNT bundle interconnect, with increase in nanotube diameter the
inductance and resistance increases. It is shown that for high-speed applications inductive an
effect has a negligible role to analyze the performance for an SWCNT bundle interconnects.
But at the same time, as the diameter of naotube increases, the capacitance of SWCNT
bundle interconnects decreases. With increase in nanotube diameter, the increased resistance
leads to increase the power dissipation and propagation delay where the reduced capacitance
leads to reduce the propagation delay and power dissipation. Therefore it is proposed there is
need to choose optimum tube diameter for optimum delay and dissipation.

Massoud et al. [115], analyzed the performance of the CNT interconnects at local,
intermediate and global level. The simulated results are presented for CNT interconnects for
different technology nodes and compared with the copper interconnects for intermediate and
global interconnects. It is concluded in the paper that CNT interconnects are more suitable
candidates as compared to copper, for intermediate and global interconnects at submicron

technology nodes.
2.4.  MWCNT bundle as Interconnects

MWCNT bundle have of large diameter and large number of conducting channels and long
MFP. Although. SWCNT and MWCNT have same current carrying capacity but MWCNTSs
are easier to fabricate as compared to SWCNTSs because of its better control on the growth

process. These advantages make it more suitable candidate for future VLSI interconnects as
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compared to SWCNT and hence most of the research has been focusing to analyze the

performance of MWCNT based interconnects for nanoscaled technology nodes.

H. Li et al [27], presented MWCNT bundle interconnect as an alternative material for future
VLSI integrated circuits design. MWCNT has large diameter and long MFP for its each shell
which increased the conductivity of the bundle. A complete equivalent distributed RLC
model of MWCNT interconnects has been presented. The performance of MWCNT
interconnects estimated on the basis of proposed equivalent model and compared with copper
and SWCNT interconnects, for different interconnect lengths at 32nm, 22nm and 14nm

technology nodes.

L 7 AR=2 g . wR=3 ' f
0.9k - 32 nm, Width =32 nm, 0 = 0 (uQ'cm?)”’ - L) —=— 32 nm, Width = 48 nm, 0 = 0 (pQ-cm?)”

° ~a- 32 nm, Width = 32 nm, 0 = 0.3 (uQ:cm?)’ 0.5 -~ 32 nm, Width = 48 nm, 0 = 0.3 (iQ:cm?)" |
0.8f —o-22 nm, Width = 22 nm, 0 = 0 (uQ-cm?)” —a— 22 pm, Width = 32 nm, 0 = 0 (pQ-cm?)™" |
0.7} @~ 22 nm, Width = 22 nm, o = 0.3 (uQ-cm?)”" ~#- 22 nm, Width = 32 nm, 0 = 0.3 (uQ-cm”)’"

04 X\ & 14 nm, Width =21 nm, 0= 0 (uom?)" |

A &~ 14 nm, Width = 14 nm, 0 = 0 (uQ-cm?)’
\, % 14 nm, Width = 21 nm, 0 = 0.3 (Q:cm?)” |

0.6f &~ 14 nm, Width = 14 nm, 0 = 0.3 (1Q-cm?)" ]

Delay Ratio t(MWCNT)/t(Cu)
Delay Ratio t(MWCNT) / t(Cu)

0.5} . d ¥ |
04f d
03f g |
0.2} 1
01, | R R, " L . ! I R | N S S SR S S—

0 100 200 300 400 500 200 400 600 800 1000 1200

Length of Interconnect [um] Length of Interconnect [m]
@) (b)

Figures 2.1: (a) and (b) Comparative analysis in terms of delay ratio for MWCNT and copper
interconnects for different interconnects lengths at different technology nodes for intermediate (A/R=2)

and global (A/R=3) interconnects respectively[27].

It is shown in the results that for intermediate and global interconnects, the delay in case
MWCNT bundle interconnects is less as compared to copper interconnects as shown in
Figures 2.1(a) and (b). In both the cases (for AR=2 and 3), there is improvements in the delay
ratio of MWCNT/copper for increasing interconnects length. At intermediate interconnects
(or 500-um) and global interconnects (>1000-um), the delay ratio is less than 0.2 in favor of
MWCNT interconnects at 14nm technology node. It is also shown that MWCNT bundles can
outperform SWCNT interconnects for long interconnect length at deep submicron technology
nodes. Moreover, MWCNTSs are easier to fabricate as compared to SWCNT because of less
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concern about chiralty control. Therefore, MWCNT interconnects can be attractive

alternative for interconnects for VLSI design at nano scaled technology nodes.,

Srivastav Ashok et al. [63], investigated the performance one dimension fluid model of
MWCNT bundle interconnects and compared with the traditional copper interconnects in
very-large-scale integration (VLSI) circuits for global interconnects at different set of
frequencies. The theoretical model is verified using SPICE simulation tool through a CMOS
inverter pair and interconnects length. The result show that delay and power dissipation for
CNTs interconnects is small as compared to copper interconnects for 22 nm and lower
technology nodes. The study suggested that copper interconnects can be replaced with the

MWCNT interconnects for nano-scaled CMOS technologies nodes.

B.K. Kaushik et al.[80], analyzed various the performance of different configurations for
mixed-MWCNTSs bundle with similar and different numbers of shells. It is observed that the
proposed mixed structures are offered 15% lesser delay as compared to MWCNT and copper
interconnects. Further, the crosstalk is reduced by 29.59%, for the mixed MWCNT bundle as
bundle with SWCNT bundle and copper interconnects for different interconnects at different
technology nodes. A comparison between resistances of MWCNT and copper interconnects
for different technology nodes and SWCNT bundle with different chirality is shown. It is
shown in the results that at semi-global and global levels interconnects, the MWCNT bundle
interconnects can outperform in terms of propagation delay compared to copper interconnects
and it improves its performance with scaled down technology and long interconnects lengths.

Hong Li et al. [116], presented the influence of high frequency signal on the performance of
CNT due to existence of high on-chip inductance. It is shown in the paper that the influence
of the skin effect at high frequency on CNT is lesser compared to copper and hence CNT as
interconnects may be more suitable for high frequency application. Further, it is proposed
that there is reduced skin effect in MWCNT bundle compared to SWCNT, make it more
suitable candidate for high frequency IC design. Therefore, with large-diameter and large
interconnects length MWCNT interconnects may become a strong alternatives for future high

frequency interconnects applications.

H. Li et al. [117], proposed applicability of MWCNTSs as an interconnect candidate in future
VLSI design. The performance of MWCNTSs interconnect simulated and compared with

copper interconnects as well as SWCNTs. From the comparison, MWCNT interconnects
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show significant improvement in signal delay as compared to copper wires. It was also

predicted that better improvement can be achieved for technology scaling.
2.5.  Influence of Temperature on SWCNT and Copper interconnects

The influence of temperature variations has large impact on the performance of high
performance VLSI integrated circuits. The temperature variations have a significant effect on
the electron surface and grain boundary scattering mechanism in SWCNT and copper
interconnects. This temperature dependent scattering mechanism influences the performance
of interconnects in terms of delay and power for VLSI interconnects. Therefore, the influence
of thermal variation on the performance in terms of delay and power needs to be investigated
for interconnects. A few research papers in the literature have been included the impact of

temperature in proposed models and presented the results upto local interconnects.

Amir Hosseini et al [52], presented thermally-aware model for single-walled carbon-
nanotube (SWCNT) based interconnects. The model presented the temperature-dependent
electrical impedance model by considering different scattering mechanisms and the
expressions for its temperature dependent impedance parameters for an individual shell of
SWCNT. The simulation results in the paper revealed that, SWCNT-based interconnects
compared to copper, offered more than 5 times reduction in delay at interconnects length of
about 10-20 nm (local interconnects) for 27— 127°C temperature range. It is also concluded
that SWCNT can easily replace conventional copper and also proves to provide high
performance in terms of delay for VLSI interconnects.

Pop. Eric et al. [103-105], presented the electrical and thermal transport phenomenon in
metallic SWCNTs on insulating substrates, under a wide range of temperature and bias
conditions. Various temperature dependent factors are considered while developing the
temperature dependent impedance model for SWCNT. The results presented in the paper
show that the rise in temperature from 200K-450K influences the MFP and resistance of
SWCNT as shown in Figures 2.2(a) and (b) respectively. It concluded from the results that as
temperature increase from 200K to 450K, the total MFP of SWCNT is decreasing and hence

resistance is increasing for local interconnects.
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Figures 2.2: (a) and (b). Temperature dependent resistance and MFP for 3um interconnect length at

32nm technology node [102].

It is shown in the paper that the temperature dependent total MFP of SWCNT is depending
upon the various phonon scattering phenomenon (acoustic and optical and zone boundary
scattering). It is revealed from the results that SWCNT bundle interconnects have significant
potential to replace traditional copper interconnects for moderate to high temperature

application at 32nm technology nodes and below.

Azad Naeemi et. al.[106], introduced metallic SWCNT bundle interconnects as an emerging
material for VLSI interconnects IC. The effect of temperature on impedance parameters of
SWCNT and copper is analyzed. The delay analyzed for 22nm technology node and it is
reported less for SWCNT, which considering it a suitable candidate for excellent thermal

strength at elevated temperatures.

Andrea G. Chiarillo, et al.[118, 119], presented the influence of temperature on the
performance of SWCNT and copper interconnects. An accurate electrical equivalent circuit
model has been presented which included the effect of temperature and size for copper
interconnects and SWCNT interconnects. Further, the simulation results show that with rise

in temperature the delay is increased of copper and SWCNT interconnects.

Pierre Gautreau et al.[120], presented, the affect of hot phonons on Joule heating is studied.
It is shown in the paper that Joule heating is directly influenced with increased in scattering

rate of hot phonons in SWCNT. It is shown that the absorption scattering rate is lower than
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the emission scattering rate of an emission mechanism. The Joule heating is increased in
emission which is directly translated to energy transfer to the lattice of the SWCNT
interconnect. The applied electric field is responsible to Joule heating for hot phonon
contribution, while at higher electric field this contribution becomes independent of applied
electric field. The electrons usually drift further away from the sub band’s bottom, where the
scattering changes at a much smaller rate at higher temperatures. It is shown that the Joule
heating of SWCNTSs due to scattering of hot phonons exhibit non-linear behavior with respect

to time.

Wen Chao Chen, et al.[121],presented electro-thermal effect of metallic SWCNT. The
impact of temperature is analyzed for low and high bias with temperature variation for
SWCNT. The effect of temperature is investigated and concluded that the thermal effect can
influence the signal propagating through SWCNT as interconnects in terms of propagation
delay. It is also concluded that the influence of temperature must be taken into consideration

while designing high performance ICs.
2.6. Gaps in Present Study

From literature survey, it is concluded that the resistance of copper interconnects increases
sharply as the cross-section dimensions of technology nodes scaled down than its MFP
(<45nm). In deep submicron technology nodes (<45nm), the combine effect of grain

boundary scattering and surface scattering reduces the conductivity of copper.

Recent studies suggested that the CNT based interconnects has a potential to become an
alternative for future interconnects. In the literature, few studies have been investigated the
influence of temperature on impedance parameters for SWCNT interconnects. The simulated
work reported in literature for temperature dependent SWCNT interconnects is restricted up-
to local interconnects only where as SWCNTSs interconnects can also outperform the
traditional copper interconnects for long interconnects as well. Therefore, temperature
dependent work for SWCNT and copper interconnects needs to be extended for long
interconnects to evaluate the performance of SWCNT and copper interconnects in terms of
delay and power.

Further, it is also concluded in the literature that MWCNT bundle interconnects can perform
better than its counterparts i.e. SWCNT bundle and copper interconnects for global length

interconnects. MWCNTSs bundle interconnects cannot only outperform SWCNTs bundle
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interconnects in terms of its performance, but also it is easier to fabricate with less concern
about chirality and density control. Therefore, it is essential to propose the temperature
dependent impedance model to evaluate the performance of MWCNT bundle interconnects in
terms of delay and power at global interconnects. In addition, a temperature dependent
comparative analysis is required to understand the performance in terms of delay and power
for MWCNT bundle, SWCNT bundle and copper interconnects for nano-scaled technology

nodes at global level interconnects.
2.7.  Objectives of Proposed Work

Based on the initial studies, literature survey (as reported) and the understanding established

the following objectives are included in the study:
1. Development of temperature dependent equations of RLC for MWCNT
interconnects.
2. Analysis of effect of temperature on delay in MWCNT interconnects.
3. Analysis of effect of temperature on power dissipation in MWCNT interconnects.
4. Comparison of the results obtained from the above analysis with results for Copper-
interconnects and SWCNT-interconnects.
2.8.  Research Methodology
The methodology for the work to be done for the proposed PhD proposal will have the
following constituent components.
> Development of a temperature dependent modal for Copper interconnects.
» Development of a temperature dependent model for MWCNTS interconnects.

» The accuracy of the approach will be ascertained by comparison with SPICE

simulation results.

» Comparison of temperature dependence of MWCNT, Copper and SWCNT

interconnects.

» Analysis and conclusion.
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TEMPERATURE DEPENDENT
EQUIVALENT CIRCUIT MODEL
OF MWCNT BUNDLE

This chapter explores the impact of temperature on scattering mechanism of Multi-Walled
Carbon Nanotubes (MWCNT). With the help of extensive mathematical computations, the
temperature dependent equivalent circuit model is presented for MWCNT bundle, SWCNT

bundle and copper interconnects
3.1 Introduction

The primarily demands for Very Large Scale Integration (VLSI) industry are to design the
high performance, faster and small in size integrated circuits. However, few important
issues like high current densities and variable thermal operating conditions reduce the
reliability of an Integrated Circuit (IC). The thermal variations are one of the most important
factor under considerations for VLSI industry with scaled down technology and high
packing densities of the integrated circuits. Due to large variations of the process parameters
for deep submicron technology nodes, thermal environment conditions can seriously limit IC
operations and responsible for most of the IC failures. So, temperature dependent electronic
circuits need to be analyzed thoroughly. To understand the influence of temperature
variations and the reliability of industrialized process is necessary for the successful working
of any electronic circuit. [21, 79, 122]

High performance VLSI circuits have great inconsistency to operate under variable thermal
environment conditions ranging from 200K to 450K [123]. These large thermal variable
conditions have a considerable effect on the performance of interconnect in terms of
propagation delay and power dissipation of signal passing through it. Hence, the
performance of an interconnect material can be understood by analyzing different
temperature dependent parameters of the interconnect material which can affect its
performance. This chapter presents the mathematical equations for temperature dependent

impedance parameters like resistance for MWCNT bundle interconnect those changes due to
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variation in the temperature above room temperature. Several factors which need to be
included those occur in MWCNT, when temperature is above room temperature under
thermal variation conditions[52]. These temperature variations affect the electron surface
and grain boundary scattering mechanism in MWCNT bundle interconnects. The scattering
mechanism in MWCNT consists of two types of scattering: 1) electron-electron scattering
mechanism and 2) electron-phonon scattering mechanism. The electron-phonon scattering
mechanism plays a vital role, where electron-electron scattering has negligible effect for the
scattering in MWCNT. The temperature dependent scattering mechanism variation has
significant effect on the MFP of MWCNT and hence influences the impedance parameters
of MWCNTJ108]. This change in impedance parameters affects the performance in terms of
delay, power and PDP of MWCNT bundle interconnects. The purpose of this chapter is to
examine the effect of temperature on the scattering mechanism and presents the temperature
dependent impedance model for global interconnects of MWCNT bundle interconnects.[52,
104, 122, 124-127]

3.2. Temperature Dependent Equivalent Electrical Circuit model for MWCNT

MWCNT bundle with several shells like SWCNTs concentrically nested with varying
diameter inside one to another, as shown in Figure 3.1. The different shells of the MWCNT
bundle have different diameters and vary from few nanometers to hundreds of nanometers
depending on the technology nodes. The diameters of the outermost shell and innermost
shell of MWCNT bundle are Doyter and Dinner, respectively. The center of MWCNT bundle is
separated from the ground plane with a distance Y. The spacing between two adjacent shells
MWCNT bundle may vary from 0.3nm to 0.4nm for different configurations. The small
adjacent distance leads towards to increase inter-shell capacitance which may effects the
average power consumption of interconnects, whereas the large inter-shell distance increases
the overall resistance of the bundle and effects the propagation delay. The work presents in
the thesis has considered the distance of adjacent shells is equal to 6~0.34nm (van der Waals
distance). [27]
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Figure 3.1: Structure of MWCNT bundle on a ground plane [19].

3.2.1. Number of Shells and Channels

The number of shells in a bundle are counted from outermost shell to innermost shell as 1,
2,.,i...n. The number of shells for MWCNT bundle depends upon the outermost diameter of
bundle and diameter ratio of the bundle. The diameter ratio is defined as the ratio between
the diameters of outermost shell to innermost shell of MWCNT bundle and given as
Dinner/Douter- [27]. The diameter ratio may vary for different MWCNT bundles and may have
range between 0.35 and 0.8.

The outermost shell of MWCNT bundle is technology dependent parameter and diameter
ratio (Dinner/Douter) COnsidered for this work is 0.5. Therefore, total n number of shells in a

bundle can be calculated as

—1+i Douter B Dinner
n=1+Int T (31)’

where int {.} represents the integer part which is to be considered for evaluation. These
shells of a bundle are numbered from outermost shell to innermost shell as 1, 2,..i..n. Each
shell of MWCNT bundle have different diameter, hence the diameter of any i" shell of a

bundle can be calculated as[27]
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D =D

1 outer

—265(i—1), forl<i<n (3.2)

Each shell of MWCNT bundle consists of different number of conducting channels and
these conducting channels are diameter dependent. The conducting channels for a shell
having diameter less than 3nm are approximately considered equal to 2 and shells having
diameters more than 3nm are diameter dependent. Therefore, conducting channels of any i
shell of MWCNT bundle can be given as [27]

N ~ 2, for D, <3nm (3.3)

chan

iNshell

N ~aD. +b, for D >3nm (3.4)

chan

it shell

Where D; is the diameter of i" shell, a=6.12x 10™* 1/(nmK) and b=1.275.Hence, each shell of
a MWCNT bundle have different conducting channels[27]. Therefore, the total number of
conducting channels (Nchanbundle) Of MWCNT bundle is the sum of the conducting channels (

N ) OF all the individual shells and given by

shell

N =>" N /1"shell
i=1

- (3.5)

chan/bundle

3.2.2. Temperature dependent RLC Circuit Model for an Individual Shell of MWCNT
bundle

Based on different interconnect impedance parameters of an individual shell such as
resistance, capacitance and inductance, the temperature dependent equivalent impedance

model for an individual shell of MWCNT is shown in Figure 3.2.
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Figure 3.2: Temperature dependent RLC model of i shell of MWCNT [27].
3.2.3. Temperature Dependent Resistance (Rqhen) of i shell

The equivalent resistance of an individual i shell of MWCNT bundle can be categorized
into three resistive components: electron-phonon scattering dependent resistance (Rs)
(considered in case when the length of interconnects is more than its MFP, quantum
resistance (Ry) and imperfect metal contact resistance (Rc). The imperfect metal contact
resistance (R¢) is because of the metal used for contacting with MWCNT and ranging from
few ohms to hundred of kilo-ohm for different fabricating processes [27, 52]. It is almost
independent from the diameter of the shell and temperature. Therefore the value for the
metal contact resistance (R;) is almost constant and assumed equal to 2kQ for each shell of
MWCNT bundle as suggested in [128]. Hence the temperature dependent resistance for an
individual shell is given by

Ryen = R, + Rq +R.L

h h L (3.6),
2e’N  2e*N Aeff (T)

Reen = 2kQ +

where h/2e’= 12.9kQ, N, L and Je(T) are the number of conducting channels in a shell,
interconnect length and temperature dependent effective MFP of an individual shell
respectively. It is revealed from Eq. (3.6) that there is an important role of temperature
dependent effective MFP in determining the value of resistance of an individual shell of
MWCNT bundle. [27, 52]

The effective MFP of an individual shell depends upon the temperature dependent scattering

mechanism of MWCNT. The temperature dependent scattering mechanism consists of two
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types of scattering i.e. electron-electron scattering and electron-phonon scattering. The
impact of electron-electron scattering is negligible small and main contributor to the
effective MFP is electron-phonon scattering mechanism for MWCNT interconnects. The
electron-phonon scattering mechanism is further divided into two types: acoustic scattering
mechanism and optical and zone boundary scattering mechanism for MWCNT as shown in
Figure 3.3. Figures 3.3(a), (b), and (c) represent the acoustic phonon scattering mechanism,
optical phonon emission process and Zone boundary scattering mechanism, respectively[52,
103-105, 108, 129]
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Figure 3.3: (a) Acoustic phonon scattering mechanism (b) Optical phonon emission process and (c) Zone

boundary scattering mechanism[108].

Therefore, scattering dependent effective MFP (1ef) can be given as[52]

_| Aactom
fr _|:ﬂ’AC + Aozs } 37

where Jac is acoustic MFP which is due to acoustic scattering mechanism and Aozg is optical
and zone boundary MFP due to optical and zone-boundary scattering mechanism. For low to
moderate temperature i.e. less than room temperature, the acoustic MFP (1ac) play a key role
to influence the effective MFP (ler) for MWCNT [52, 108]. Hence, the resistance of
MWCNT at low to moderate temperature, generally depends upon the acoustic phonon
scattering MFP (Zac) .The acoustic MFP (4ac) is directly depending upon the temperature

and diameter of MWCNT and can be given as

Ae (T) =890$ (3.8),
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Where Ty is room temperature (300K), D; is diameter and T is temperature in Kelvin for
corresponding shell of MWCNT [105]. It is observed from the Eqg. (3.8) that with rise in
temperature, the acoustic MFP (1ac) reduces and hence decreases the total MFP. At
moderate to high temperature (above 300K), the MFP (10zs) due to optical and zone
boundary scattering mechanism also play a considerable role for effective MFP (Aes). The
optical and zone boundary scattering mechanism can occur in two ways: electron-phonon
emission and absorption as shown in Figures 3.3(b) and (c)[52, 105, 108]. In case of high
bias condition, the electrons get accelerated due to generated electric field along the
MWCNT and increase their kinetic energy.[52, 102] When the electron energy reaches the
optical phonon energy level, a phonon will be emitted with energy hw (haw ~0.16eV in case
of zone-boundary phonon and ~w ~ 0.2 eV in case of optical phonon) [52, 108] . Optical or
zone-boundary scattering can take place when an electron acquires the required energy by
absorbing another optical or zone-boundary phonon. Therefore, optical and zone boundary
MFP (1ozg) can be written as

/1 — ;i‘ozB,fId 'ﬂ’ozB,abs
0zB iZByﬂd +ﬂ, (39),

0; 0zB,abs

where Aosnd MFP is due to the electric-field acceleration based scattering and can be

represented as

(ho—kgT) Ly Ao2000; Nog (300)"‘1
eV D,  Nyo(T)+1

o 0zB

/loza, fld = (3-10),

where kgT is the thermal energy (kg is the Boltzmann’s constant). The first term correspond to
the distance that the electron must travel to reach the phonon emission threshold energy, and
the second term represents the distance that the electron travels after gaining the energy
before emitting the phonon. Aozsso~15nm is the measured spontaneous effective emission
length for diameter Dy at 300 K [52, 102-105]. MWCNTSs with larger diameters have their
sub-bands extended to Fermi level that plays important role for its conductance by creating
the conducting channels for the flow of electrons [52]. The optical or zone boundary phonon
occupied states are defined as the density of states for the final electron state after scattering
and is given by

1

[exp(, %) 1] (3.11)

NOZB (T):
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Joze.abs Fepresents the scattering effect due to absorption of an optical or zone-boundary

phonon and can be written as

Aop300Di Nogg (300) +1

lozB,abs = D NOZB (T) (312)

[¢]

Therefore, it is revealed from the Egs. (3.7-3.12) that the effective MFP of individual shells
of MWCNT bundle depends upon the temperature dependent, optical and zone boundary
scattering phenomenon. Further, this effective MFP, influence the resistance of the

individual shell.
3.2.4. Inductance of i shell

The inductance for a conductor is the energy associated with the movement of electrons
carrying current (1) through it. There are two types of inductances in MWCNT bundle i.e.
the magnetic inductance and Kinetic inductance per unit length [27, 52]. The magnetic
inductance is due to the current flowing through MWCNT shell and stored as total magnetic
energy in the shell. The magnetic inductance for an individual " shell is given by

L, = (ij.coshl [IZD_YJ (3.13),

T i

where w is mobility of electron, Y is the distance between center of MWCNT bundle to
ground level and D; is diameter of i shell. The kinetic inductance is due to each conducting
channel of MWCNT shell stored in the form of kinetic energy when shell conducts and

given as[27]

h

I-k/cha\nnel = 2><2V ez
f

(3.14),

where v; is Fermi velocity for carbon nanotubes is usually considered as 8x 10°> m/s, e is
electron charge and h is Planck constant. An individual i shell of MWCNT consists of N;
numbers of conducting channels and connected in parallel to each other. Hence the effective

kinetic inductance of an individual shell can be calculated by

Y rshell = S/ channel !N (3.15)

The mutual inductance in a bundle is due to the coupling between different shells of
MWCNT bundle. The shells of MWCNT bundle have large diameters and small thickness,
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so each shell can be considered as ideal cylinder with zero thickness. Therefore, the mutual
inductance between shells can be estimated around 2pH/um. This mutual inductance is
negligible small as compared to kinetic inductance of shells; hence mutual inductance is
ignored for this work[27].

3.2.5 Capacitance of i shell

The capacitance in MWCNT bundle is of two types: quantum capacitance (Cy) and
electrostatic capacitance (C¢). The capacitance due to quantum electrostatic charge stored in
the nanotube when it carries current is known as quantum capacitance (Cq)[27]. The

quantum capacitance for a shell is given by

2% 262

c:q I channel = T ~193aF / um (3.16),

Cq 1 shell =g/ channel ™ (3.17)

The electrostatic capacitance (C¢) appear due to charge stored by the outermost shell of
MWCNT bundle with diameter Doyer and placed above ground at distance Y, as shown in
Figure 3.1. Hence, the electrostatic capacitance per unit length of shell is given by

2re

outer
The potentials of difference of MWCNT shells cannot be considered to be at same level,
which introduces inter-shell coupling capacitance. The inter-shell capacitance (Cs) can be

obtained by using the same equation which can be used for coaxial capacitance [27]and

given by
c - 2re _ 2re (3.19),
In( Dout) In[Dout /(DOut —-20)]
D.

n

where Dj, and Do are the diameters for inner and outer adjacent shells of MWCNT bundle

respectively and 0=0.34nm.

Another effect is tunneling, due to inter-shells conductivity of two adjacent shells in

MWCNT interconnects. The inter-shell tunneling conductance per unit length is given as
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G, =oxD (3.20),

Where ¢ is normalized tunneling conductivity at 6=0.34nm and D; is shell diameter. The
tunneling conductance is depending upon the diameter because there are more atoms in a
larger diameter shell and thus tunneling is more likely to take place in MWCNT bundle [27,
128, 130].

3.3. Equivalent Circuit Model of MWCNT Bundle Interconnects

An individual shell of MWCNT has very high resistance hence it cannot be used as
individual tube for interconnects. So, concentrically nested several MWCNTSs are used in
parallel to form MWCNT bundle resulting in net reduction of overall resistance. Based on
the above mentioned temperature dependent parameters, temperature dependent equivalent
distributed RLC circuit model for MWCNT bundle interconnects is shown in Figure 3.4. In

this figure, all the individual shells are considered to be parallel shells.[27]

Figure 3.4: Equivalent circuit of a MWCNT interconnects [27].
3.4. Temperature dependent impedance model for SWCNT Bundle
This section of the chapter, presents the temperature dependent impedance models for

SWCNT bundle and Copper interconnects.
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3.4.1. Temperature dependent impedance model for an individual shell of SWCNT

A SWCNT bundle consists of many cylindrical shaped carbon nanotubes with identical
diameter. An individual shell of SWCNT bundle with small diameter (in the range of 1nm
to 10nm) has equivalent electrical circuit model which consists of diameter, length and
temperature dependent impedance parameters such as resistance, inductance and
capacitance[59]. Figure 3.5(a) shows a schematic structure for an individual shell of
SWCNT on ground plane. An isolated SWCNT shell with diameter d, separated from
ground plane with distance y. The equivalent RLC circuit model for an individual shell of
SWCNT is shown in Figure 3.5(b). The equivalent resistance for an individual shell of
SWCNT bundle can be divided into three resistive components: quantum resistance (Rq)
(6.45kQ), the temperature dependent equivalent electron-phonon scattering based resistance
(Rs) (considered when the length of SWCNT is longer than the MFP of SWCNT) and
imperfect contact resistance (Rmc). The equivalent resistance for an individual shell of
SWCNT can be obtained by using the similar way and expressions (Eqgs.3.6-3.12) which
are used for MWCNT as discussed in the section 3.2.3 of this chapter. The imperfect metal-
CNT contact resistance (Ryc) leads to increase the shell resistance to its larger value as it is
in series with the total shell resistance (Rshen) of an individual shell of SWCNT[59, 104].
The imperfect contact resistances are reported from few ohm to hundred of killo-ohms and
depends upon the manufacturing process. It is almost independent from the diameter of the
shell and temperature. Therefore, it is assumed to be constant and equal to ~24 KQ [52].
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5
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@ (b)

n||-—

Figure 3.5: Schematic and equivalent circuit of an individual shell of SWCNT interconnects. (a)
Schematic structure of individual SWCNT shell on ground plane. (b) Equivalent RLC circuit model of
individual SWCNT shell [59].
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An individual SWCNT shell consists of two types of inductances i.e. the magnetic
inductance and kinetic inductance per unit length. The magnetic inductance is due to the
magnetic field of current carrying isolated conductor with some distance from ground plane
as shown in Figure 3.5(a).[59] The magnetic inductance for an individual shell of SWCNT is

given by

L, :(ijln&’j (3.21),

where u is mobility of electron and y is the separation between isolated SWCNT to ground.
The Kinetic inductance is due to the Kkinetic energy stored in each conducting channel of
SWCNT shell when shell conducts and given as

h

- 22
4N, € (3:22),

Lk

where v; is Fermi velocity of electron, N is number of conducting channels in a shell, e is

electron charge and h is Planck constant.
The capacitance in SWCNT is also of two types i.e. quantum capacitance (Cg) and
electrostatic capacitance (Cg) [59]. The quantum capacitance (Cq) is due to stored
quantum electrostatic charge in the nanotube when it conducts and carries current. The
quantum capacitance for a shell is given by

2

4Ne
= .2
CQ v, (3.23)

The electrostatic capacitance (Cgq) of an individual SWCNT is calculated by considering the
SWCNT as a thin conducing wire, with diameter d and placed at a distance y from ground

plane as shown in Figure 3.5(a) [59, 94] and given as

Cg = I:[”g] (3.24)

3.4.2. Temperature Dependent Impedance Model for SWCNT Bundle Interconnects

When the parallel combination of such individual SWCNT shells with separation s, used for
VLSI interconnects known as SWCNT bundle interconnects and shown in Figure 3.6(a).
The equivalent electrical circuit model of SWCNT bundle to a tandem of such RLC circuits

is shown in Figure 3.6(b).
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Figure 3.6: (a) Structure of SWCNT bundle with separation of two individual adjacent shells
(b) Temperature dependent equivalent RLC model for SWCNT bundle interconnects.[59]

The temperature dependent resistance of SWCNT bundle (Rgungie) With length L, temperature
dependent mean free path (1e) can be considered as all individual shells of SWCNT as

parallel and given by

R, +R .L+RrnC

S
R(Bundle): Q n
bundle
h h L (3.25),
> + > +Rmc
R _2e°N 2e°N 4eff(T)
(Bundle) —

r'Bundle

Where h is Planck’s constant, N is number of conducting channels and ngyngie is total number
of shells in a bundle.[59] The number of conducting channels in an individual shell can be

calculated and given by

N~ad+b ford >3nm (3.26),
where d is the diameter of an individual shell, a=6.12x 10 1/(nmK) and b=1.275. If the

diameter of an individual shell of SWCNT is less than 3nm than number of conducting
channels can be calculated as [59]
(3.27)
N ~ 2, for d <3nm
The diameter of each shell of a SWCNT bundle is assumed to be identical and considered to

be equal 1nm for the research work. Hence, the conducting channels for each shell are
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considered equal to two. Therefore, the total resistance of SWCNT bundle can be re-written

as
h(1+ L )+R
R d.>—462 Jeff (T) ) Me (3.28),
Bundle) —
NBundle

where the total number of SWCNT tubes (ngungie) in a bundle, depend upon the number of
rows (Nu@undley) and number of columns (Nweuwndie)) Of the bundle. The total number of
SWCNT bundle is also depending upon the parity of number of rows (NHEundie)) Of the

bundle. Therefore, total tubes in a bundle for even number of rows is given as[59, 86]

NBundle ~"Ww (Bundie) M (Bundie) D) Ny (Bundie) (3.29)

If number of rows are odd than the total number of SWCNT tubes (ngungie) can be calculated
as

nBund|e :n\N(BundIe)'nH(Bundle) _E(nH(Bundle) _1) (3 30)
where number of columns (Nwundie)) @nd number of rows (Nuundie)) for a SWCNT bundle

are given as

(w-—d
"W (Bundle) = [—X J

(3.31),
"4 (Bundle) = .
)
(3.32),

where d, X, H and W are tube diameter, centre to centre separation between adjacent tubes,
height and width of bundle interconnects respectively as shown in Figure 3.6.(b).

Hence the total number of SWCNT tubes (ngungie) in @ bundle can be re-written as [59]

d d d
"Bundle ~ {WX } (t'/g]x +1 % —{TEJX +1 (3.33)
2 2

If the number of rows in the bundle is even and
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The inductance of SWCNT bundle is also considered as parallel combination of inductance
offered by individual SWCNT and given by

L L
T (3.35),
(Bundle) | *"Bundle

where Ly and Lk are the magnetic and kinetic inductances of an individual SWCNT and are
calculated by using Egs.(3.21) and (3.22)[59].
The total capacitance of SWCNT bundle is the parallel combination of bundle electrostatic

1
1= (3.34)

2

If number of rows are odd.

capacitance Cl(EB“”d'e) and bundle quantum capacitance CQB“”C”e of SWCNT and can be

given by Egs. (3.37) and (3.38) [59]
cBundle ~Bundle

_|_E Q
©(Bundle) =| <Bundie _ Bunde (3.36),
E Q

c(Bundle) _ 2( 278, £o J{w —d- 2) 27, o

E In(S /d) 2 In(S+W)
\3 27g %0 | "H (bundle) - 2 (3.37),
In(S/d) 5
2
Bundl 2x2e
CQun ez[T]nCNT (3.38),

where v Is Fermi velocity and S is distance between adjoining bundles.
3.5. Temperature dependent impedance model for copper Interconnect

The temperature dependent copper interconnects model is presented in this section. The
schematic structure used to evaluate equivalent temperature dependent impedance
parameters such as resistance, inductance and capacitance for a copper interconnect is

shown in Figure 3.7.
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Figure 3.7: Interconnect geometry for copper [59].

3.5.1. Resistance

The resistivity of copper plays an important role to calculate the resistance for rectangular
cross-sections interconnects as shown in Figure 3.7. Therefore, the temperature dependent
resistance per unit length of copper interconnect strongly depends upon the resistivity as
given below [104, 105]

(3.39),

pPML _ pi+py
= = L
Reu Wt Wt
where, p(T) is temperature dependent resistivity of copper interconnect. The resistivity p(T)

divided into two parts and given as temperature dependent part of resistivity which is
related to phonon surface scattering (ps) and temperature independent part is related to
defect (pq) and given as[104, 105, 119]

p(M) = p,(T) + p (3.40)
p(T) = p,[1+0.00401(T —T,) | (3.41),

where po is technology dependent resistivity of copper at 300K and value for different

technology nodes is given in table 4.1 and Ty =300K.
3.5.2. Inductance

The inductance of copper interconnects with a rectangular cross-section area can be

expressed as [105]

L[, (2L ) 1 0.22W +t)
Le, = o {In[w +J+ St } (3.42)
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Where g is the permeability and its value is given as 47 x10"H/m.
3.5.3. Capacitance

The capacitance C4 of the copper interconnect is the capacitance of area and fringe flux to
the underlying plane and expressed as

W S 3.19 S 0.76 t 0.12
C,=¢ —+2.22( +1.17 j ( (3.43)
h s+0.7h s+151n) (t+4.53n

Where Cyq is capacitance of per unit length, W, h, t are width, height and thickness copper

interconnects and s is separation between two interconnects as per interconnects geometry
shown in Figure 3.7. ¢ is dielectric constant for copper interconnect and it is technology
dependent.[102-105]

3.6. Chapter Summery and Contribution

This chapter presented the impact of temperature on scattering mechanism of the carbon
nanotubes. With the help of extensive mathematical computations, the dependency of
temperature on MFP of an individual shell of MWCNT has been obtained so that the
impact of temperature on the impedance parameters can directly be obtained. An equivalent
temperature dependent RLC model is also presented for global length of MWCNT bundle
interconnects. Further, temperature dependent equivalent impedance models are presented
for both SWCNT bundle and copper interconnects.

A temperature dependent RLC model is proposed for MWCNT bundle interconnects. The
proposed model for MWCNT bundle included the temperature dependent scattering
mechanism. The proposed mathematical equations are incorporated the influence of
temperature on MFP for MWCNT. Further, the effects of temperature dependent MFP are
used to predict the impedance parameters of an individual shell of MWCNT. Based on this
approach, a single RLC structure of an individual shell of MWCNT has been proposed and
further this model is used to develop the temperature dependent equivalent RLC model for
MWCNT bundle. All the individual shells of MWCNT interconnect have been considered
as parallel shells for temperature dependent equivalent model for MWCNT bundle.
Furthermore, to perform a comparative analysis, temperature dependent equivalent

impedance models are presented for both SWCNT bundle and copper interconnects.
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TEMPERATURE DEPENDENT
PERFORMANCE ANALYSIS FOR
MWCNT BUNDLE

This chapter presented the temperature dependent, simulated results for MWCNT bundle
interconnects for global interconnects length at 32nm, 22nm and 16nm technology nodes

4.1 Introduction

The temperature dependent equivalent circuit model of MWCNT bundle interconnects is
presented in chapter 3. The mathematical model suggested that the effective MFP of
MWCNT dependents upon the thermal conditions of the Integrated Circuit (IC). This
chapter presents temperature dependent performance analysis for MWCNT bundle
interconnects. The temperature dependent performance of MWCNT bundle interconnects, in
terms of effective MFP, resistance, delay, power and Power Delay Product (PDP) is
presented for global interconnects length at 32nm, 22nm and 16nm technology nodes. By
using the proposed mathematical expressions, temperature dependent effective MFP of each
shell of MWCNT bundle is calculated for temperature range of 200K to 450K. On the basis
on proposed temperature dependent impedance model, the resistances of each shell of
MWCNT bundle are calculated for global interconnects length at 32nm, 22nm and 16nm
technology nodes. The equivalent impedance parameters of MWCNT bundle are obtained
by considering all the parameters of individual shells in parallel. Further, the calculated
impedance parameters for MWCNT interconnects have been simulated for three different

technology nodes to evaluate the performance in terms of delay, power and PDP.

4.2  Temperature dependent impedance analysis for metallic MWCNT

The temperature dependent mathematical model presented in chapter 3 shows the effect of

electron-phonon scattering mechanism on the effective MFP of an individual shell of
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MWCNT bundle under variable temperature range. The temperature dependent scattering
mechanism consists of two types of scattering i.e. electron-electron scattering and electron-
phonon scattering. The impact of electron-electron scattering is negligible small and main
contributor to the effective MFP is electron-phonon scattering mechanism for MWCNT. The
electron-phonon scattering mechanism is further divided into two types: acoustic scattering
mechanism and optical zone boundary scattering mechanism for MWCNT. The acoustic
scattering mechanism dominates for lower temperature range in MWCNT shells for global
interconnects and calculated using Eq. 3.8. It is observed from Eq. 3.8 that as temperature
increases the acoustic MFP reduces. For moderate to high temperature range optical and
zone boundary MFP also play a non-negligible role and calculated using Egs. 3.9- 3.12.
Further, the temperature dependent effective MFP calculated using Eq. 3.7. The effective
MFP is calculated for 1mm interconnects length at three different technology nodes i.e.
32nm, 22nm and 16nm. The script for these calculations is written using MATLAB. It is
observed from Eqgs. 3.7- 3.12 that each shell of MWCNT bundle have different the effective
MFP for all the technology nodes. The effective MFPs for all the individual shells are
calculated for each technology node under consideration (32nm, 22nm and 16nm). As there
are n number of shells in an MWCNT bundle (see Eq. 3.1) and therefore n number of
effective MFPs will also be there for each technology node. Thus, for simplicity the
effective MFP for outermost shell of each technology nodes i.e. 32nm, 22nm and 16nm is

shown in Figure 4.1.
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Figure 4.1: (a), (b) and (c) Temperature dependent acoustic, Optical and Zone boundary and effective
MFPs for 32nm, 22nm and 16nm technology nodes respectively

Figure 4.1(a), (b) and (c) show the temperature dependent acoustic, optical and zone
boundary and effective MFPs of outermost shell for 32nm, 22nm and 16nm respectively. It

is shown in the results that the effective MFP decreases with rise in temperature for all three
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technology nodes. It is revealed from the results shown in Figure 4.1 that for temperature
ranging 200K to 300K (low temperature to moderate), acoustic MFP dominates to the
effective MFP but as temperature increasing from 300K to 450K (moderate to high
temperature), optical and zone boundary MFP also contributes along with acoustic MFP to
calculate the effective MFP. The effective MFP sharply decreases at moderate to high

temperature as compare to lower side of the temperature range i.e. 200K-300K.

Therefore, it is needed to analyze the influence of temperature dependent effective MFP on
the impedance parameters of MWCNT interconnects particularly for higher side of the
temperature range. This change in the impedance parameters change the current density and
hence affects the performance of the MWCNT interconnects in terms of delay, power and
Power Delay Product (PDP). With the calculated effective MFP, the resistance of each shell
of MWCNT is calculated using Eq. 3.6. The conducting channels of an individual shell and
number of shells in MWCNT bundle at 32nm, 22nm and 16nm technology nodes for 1mm
interconnect length (global interconnects) are calculated using Eqgs. 3.1 to 3.4. Further,
number of conducting channels in a bundle is calculated using Eq. 3.5. All the shells of
MWCNT bundle are considered to be metallic shells. The equivalent resistance of the
bundle is obtained by considering the resistances of all shells in parallel as shown in Figure
3.4 in chapter 3.

Table 4.1 ITRS 2013 based Simulation parameters for global level interconnects [ 16]

Technology Node 32nm 22nm 16nm
Width W(nm) 40 28 18
Thickness H (nm) 120 84 54
Aspect Ratio(A/R) 3 3 3
Oxide thickness tox(nm) 93.6 65.5 40
Vpp (Volts) 0.9 0.8 0.7
Dielectric constant, 2.77 2.59 2.31
Dratio(Dmin/Dmax) 0.5 0.5 0.5
po for Cu(uQ.cm) 3.66 4.2 5.31

All interconnect parameters used for calculations are obtained from ITRS 2013, as

summarized in table 4.1.
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Figures 4.2: (a), (b) and (c) Temperature dependent and independent resistances of MWCNT
bundle interconnects based on Imm interconnects length at 32nm, 22nm and 16nm technology

nodes respectively.

Figures 4.2(a), (b) and (c) show the calculated values of temperature dependent and
independent resistances of MWCNT bundle interconnects for Imm interconnects length at
32nm, 22nm and 16nm technology nodes respectively. With rise in temperature, a non-
negligible impact of temperature on resistance can be observed from the results for each
technology node under consideration as shown in Figure 4.2. It is also revealed from the
results that with rise in temperature ranging from 300K to 450K, the resistance for all three
technology nodes is sharply increasing and it is due to reduction in the effective MFP for
each shell of MWCNT. Hence, it is concluded from the results that to analyze the accurate
performance of MWCNT bundle under variable thermal environment, there is need to
consider the impact of temperature for MWCNT interconnects.
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Figure 4.3: Temperature dependent resistance of MWCNT bundle interconnects for 32nm, 22nm and

16nm technology nodes for global interconnects (Imm interconnect length). (a) The resistance shown on

linear scale. (b) The resistance shown on logarithm scale.
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Figure 4.3 shows the calculated values of resistances of MWCNT bundle as a function of
temperature for Imm length at 32nm, 22nm and 16nm technology nodes. It is observed that
with rise in temperature ranging from 200K to 450K, the resistance of MWCNT bundle
increases. This is due to decrease in effective MFP and the increase in the collision rates
within MWCNT with rise in temperature (see Egs. 3.7 to 3.12).

Further, the impact of variable temperature on MWCNT bundle interconnects is also
analyzes for the variable interconnects length from 200um to 1000um. Temperature
dependent resistance for different interconnects lengths (200pum to 1000um) at 32nm, 22nm
and 16nm technology nodes is shown in Figure 4.4.

It is revealed from the results that with rise in temperature (from 200K to 450K), the
resistance is increasing for all the interconnect lengths, varying from 200um to 1000um at
all the technology nodes under consideration (32nm, 22nm and 16nm). Hence, there is a
need to include the influence of temperature on variable interconnect lengths in deep sub-
micron technology nodes.
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Figures 4.4: (a), (b) and (c) Temperature dependent resistance of MWCNT bundle interconnects for

32nm, 22nm and 16nm technology nodes respectively for interconnects length 200um to 1000pm. The

resistances are shown on logarithm scale.
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Figure 4.5: Temperature dependent resistance of MWCNT bundle interconnects at 32nm, 22nm and
16nm technology nodes for long interconnects lengths from 0.5mm to 2mm. Figures 4.5 (a) and (b)
Temperature dependent resistance for variable interconnects length (0.5mm to 2mm) on logarithm scale
and the normalized resistance (Rt/Rt) at 32nm Technology node respectively. Figures 4.5 (c) and (d)

shows the similar effect for 22nm and figure 4.5(e) and (f) for 16nm respectively.

Furthermore, the impact of variable temperature on MWCNT bundle interconnects is
extended up-to 2mm to understand the impact of temperature on long interconnects. Figure
4.5 shows the temperature dependent resistance of MWCNT bundle interconnects at 32nm,
22nm and 16nm technology nodes for interconnects length from 0.5mm to 2mm. Figures
4.5(a) and (b) Show the temperature dependent resistance for variable interconnects length
(0.5mm to 2mm) on logarithm scale and the normalized resistance (Rt/Rto) respectively at

32nm technology node.

It is revealed from the Figure 4.5(a) that there is increase in resistance with rise in
temperature from 200K to 450K for long interconnects lengths from 0.5mm to 2mm. Figure

4.5(b) show the normalized resistance which is the ratio of resistance at any temperature T to
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the resistance at room temperature (To=300K). It is observed from results that the normalize
resistance is decreasing as interconnects length increasing, which specify that for longer
interconnects, the performance of MWCNT bundle interconnects in terms of resistance is
better than smaller interconnects. It is also revealed from the results that the normalized
resistance is decreasing more rapidly at moderate to high temperature range (from 300K to
450K) compared lower to moderate temperature range (less than 300K). Therefore, it
concluded that for higher temperature, the resistance is affected by the impact of temperature,
more severely and need to be addressed for accurate analysis of MWCNT bundle
interconnects. A similar effect is also observed from Figure 4.5(c) and (d) for 22nm

technology node and Figure 4.5(d) and (e) for 16nm technology node respectively.

Calculations for inductance and capacitance of MWCNT bundle are obtained using Egs 3.13
to 3.19. The equations show that the inductances and capacitances of MWCNT bundle
interconnects are independence from temperature dependent effective MFP of MWCNT
bundle interconnect and therefore the effect of rise in temperature on inductance and
capacitance is negligible small compared to resistance and hence it is ignored in this research

work.

4.3. Performance Analysis MWCNT bundle interconnects in terms of propagation

delay, power dissipation and Power Delay Product (PDP)

Propagation delay and power dissipation of the signal conveyed in the VLSI technology
are the key factors which determines the performance of an IC. Delay should always be low
to obtain high speed signal propagation along with low power dissipation for high
performance integrated circuits. Therefore, an optimum Power Delay Product (PDP) needs

to be analyzed to understand the performance of an IC.

In this section the performance of MWCNT bundle interconnects is estimated in terms of
delay, power and Power Delay Product (PDP) for different technology modes i.e. 32nm,
22nm and16nm at global interconnects length. A schematic structure used as simulation
setup for interconnects is shown in Figure 4.6. An interconnect with length L driven by a
CMOS gate driver and loaded with a capacitance Cjoaq is Shown in Figure 4.6(a) [131, 132]
The ‘interconnect’ replaced by temperature dependent an equivalent RLC circuit model for
MWCNT bundle interconnects. R; and C,; are equivalent output resistance and capacitance

of the gate driver, respectively, and C,pq IS the input capacitance of the load gate. Actual
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lumped interconnects circuit model used to calculate propagation delay and power
dissipation shown in Figure 4.6(b). A pulse signal is to be considered as input signal with

same rise and fall time durations.[133]

Interconnect

(@) (b)

Figure 4.6: (a) Schematic of circuit of interconnects used for evaluation [95]. (b) Actual lumped

RLC model used for interconnect to simulate delay and power.

The temperature dependent impedance parameters obtained from section 4.1 for MWCNT
bundle interconnect using the equivalent model are simulated by using Tanner EDA tool to
evaluate the performance in terms of delay, power and PDP for actual distributed RLC model

for interconnects as shown in Figure 4.7.[127, 135, 136]
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Figure 4.7: A distributed model with optimum ‘m’ number of repeaters.

A lumped interconnects model divided into different subsections/segments with m number of
repeaters and referred as distribution models. Repeaters are generally inserted to drive
interconnect with smaller sub sections, which increase the drive capacity and reduce the
overall delay of the given length. The optimum number of repeaters and size of a repeater for
simulation are chosen for different technology nodes as mentioned in table 2. The model files
used for simulations are obtained from predictive technology model (PTM). The other

interconnect parameters used for simulation model are also summarized in table 1.
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Table 4.2: Simulation parameters for different technology nodes [137]

Technology Node 32nm 22nm 16nm
Frequency (GHz) 1 1 1
Repeater size (W/L) 50 50 60
Load Capacitance (fF) 10 10 10
No. of Repeaters 12 12 10
Model file(PTM) 54 54 54

The temperature dependent performance in terms of delay is simulated for MWCNT bundle
interconnects for global interconnect length at three different technology viz. 32nm, 22nm,

16nm for variable temperature ranging from 200K to 450K and shown in Figure 4.8.

Figure 4.8(a) shows the propagation delay of MWCNT bundle interconnects as a function of
temperature for 1mm interconnects length at 32nm, 22nm and 16nm technology nodes. It is
observed from the results that the delay increases with rise in temperature for MWCNT
bundle interconnects for all three technology nodes. This increase in delay is because of
reduction in MFPs of the tubes (see EQs.3.7-3.12). Normalized delay ratio (delay at
temperature (T) to delay at 300K i.e. (z/zp)) for three different technology nodes is given in
table 4.3 and shown in Figure 4.8(b).

Table 4.3: Normalized delay ratio for MWCNT interconnects at three different technology nodes

Technology Normalized delay ratio for MWCNT
node

— 32nm 22nm 16nm

Temp. (K) Delay(ps) Delay(ps) Delay(ps)
200 0.88825 0.774225 0.701278
250 0.927883 0.885391 0.787342
300 1 1 1
350 1.136152 1.225973 1.269944
400 1.361517 1.477385 1.57885
450 1.713553 1.847632 2.105751
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Figure 4.8: (a) Temperature dependent performance in terms of delay for MWCNT bundle interconnects
for 1mm interconnect length at three different technology viz. 32nm, 22nm, 16nm for variable
temperature ranging from 200K to 450K.. (b) Normalized delay (t/t,) for MWCNT bundle.

Figure 4.8 (b) shows the normalized delay ratio for MWCNT bundle based on 1mm
interconnects length for temperature range from 200K-450K at 32nm, 22nm and 16nm
technology nodes. It revealed from the results shown Figure 4.8 (b) that the normalized ratio

is increasing sharply as the temperature increasing from 300K to 450K as compared to 200K

58



to 300K. It is also observed that at higher side of temperature (350K-450K), the normalized
delay ratios are 1.136-1.71, 1.23-1.85 and 1.3-2.1 for 32nm, 22nm and 16nm technology
nodes respectively. Further, the normalized delay ratio at 450K is 1.71, 1.847 and 2.1 for
32nm, 22nm and 16nm technology nodes respectively, indicates that for scaled down
technology nodes i.e. from 32nm to 16nm, the normalized delay ratio is increasing more

rapidly.

Figure 4.9(a), shows the temperature dependent power dissipation for MWCNT bundle
interconnects at 32nm, 22nm and 16nm technology nodes for Imm interconnects length. It is
shown in Figure 4.9(a) that the power dissipation increases with rise in temperature for
MWCNT bundle interconnects at all three technology nodes. Normalized power dissipation
ratio (P/Py) for three different technology nodes is given in table 4.4 and shown Figure
4.9(b). It revealed from the results shown Figure 4.9(b) that the normalized power ratio is
increasing more rapidly at moderate to high temperature (300K to 450K) compared to low to
moderate temperature (200K-300K). It is also observed from the results that the power
dissipation ratio at 16nm for temperature range 300K to 450K higher than the other two
technology nodes (22nm and 32nm). Therefore with scaled down technology nodes, the
extent of change in power ratio is more at modern to high temperature range for VLSI

integrated circuits

Table: 4.4: Normalized power ratio for temperature ranging from200K-450K at 32nm, 22nm and 16nm

technology nodes

Technology Normalized power dissipation for MWCNT at different
technology nodes

node — 32nm 22nm 16nm

Temp. (K) Power in pW Power in pW Power in pW

200 0.999918 0.984683 0.94178

250 0.999918 0.995624 0.965997

300 1 1 1

350 1.001557 1.005835 1.026185

400 1.003743 1.017505 1.067694

450 1.00724 1.03574 1.099053
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Figure 4.9: (a) Temperature dependent performance in terms of power dissipation for MWCNT bundle

interconnects based on 1mm interconnect length at 32nm, 22nm, 16nm for variable temperature ranging

from 200K to 450K. (b) Normalized power dissipation (P/P,) for MWCNT bundle.
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Figure 4.10(a), shows the temperature dependent Power Delay Product (PDP) of MWCNT
bundle interconnects for 1mm interconnects length at 32nm, 22nm and 16nm technology
nodes. It is revealed from the results that Power Delay Product (PDP) for MWCNT bundle
interconnects is increasing with rise in temperature ranging from 200K to 450K for all
technology nodes under consideration. Although, PDP is increasing for all the technology
nodes but the degree of change in PDP for 16nm is higher compared to 22nm and 32nm
technology nodes and the change in PDP for 22nm is high than 32nm technology node.
Normalized Power Delay Product (PDP) ratio for three different technology nodes is given in
table 4.5 and shown Figure 4.10(b).

Table: 4.5: Normalized PDP ratio for temperature ranging from200K-450K at 32nm, 22nm and 16nm

technology nodes

Technology Normalized PDP for MWCNT at different technology

node nodes

— 32nm 22nm 16nm

Temp PDP PDP PDP

200 0.888191 0.726624 0.759558
250 0.927822 0.840188 0.819132
300 1 1 1
350 1.137939 1.233126 1.302111
400 1.366634 1.573722 1.635298
450 1.725986 1.913666 2.245095

It revealed from the results shown Figure 4.10(b) that the normalized PDP ratio increases
more rapidly for temperature above 300K compared to below 300K. The normalized PDP
ratio for temperature ranging from 350K to 450K increases from 1.38 to 1.726, 1.23 t0o1.91
and 1.3 to 2.245 for technology nodes 32nm, 22nm and 16nm respectively. Therefore, it is
also observed from the results that the PDP ratio for 16nm is higher than 22nm and 32nm
technology nodes for temperature ranging from 350K to 450K. Therefore as technology
scaled down, the amount of PDP is increasing at moderate to high temperature range (300K-
450K) for VLSI integrated circuits design.

61



140 -
=—32nm_MWCNT
120 4 —m=22nm_MWCNT
100 =A=16nm_MWCNT
3
E 80
&
= 60
o
[a)
o 40
20 -
0 T T T T 1
200 250 300 350 400 450
Temperature (K)
(@)
2.5 -

=—32nm_MWCNT
=-22nm_MWCNT
=A=16nm_MWCNT

Normalized PDP

0.5 -

O T T T T 1
200 250 300 350 400 450

Temperature(K)

(b)
Figure 4.10: (a) Temperature dependent performance in terms of Power Delay Product (PDP) for
MWCNT bundle interconnects for 1mm interconnect length at 32nm, 22nm, 16nm technology nodes for
variable temperature ranging from 200K to 450K. (b) Normalized PDP for MWCNT bundle

interconnects.
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4.4. Chapter Summery and Contribution

In this chapter, temperature dependent performance analysis for MWOCNT bundle
interconnects is presented. By using the proposed mathematical expressions as discussed in
chapter 3, temperature dependent effective MFP of each shell of MWCNT is calculated for
temperature range of 200K to 450K at 32nm, 22nm and 16nm technology nodes. On the basis
on proposed temperature dependent impedance model, the impedance parameters of each
shell of MWCNT are calculated for different interconnects lengths at 32nm, 22nm and 16nm
technology nodes. The equivalent impedance parameters of MWCNT bundle are obtained by
considering all the parameters of individual shells in parallel. The calculations are obtained
by writing the script in MATLAB. All interconnects technology parameters are calculated
using the data obtained from ITRS 2013 version. It is observed that with rise in temperature
(from 200K to 450K), the resistance increases due to decrease in MFP for MWCNT. MFP
decreases because of there is increase in the collision rates within MWCNT as temperature
rises. Hence, this change in resistance has considerable effect on the performance in terms of
delay, power and PDP for the MWCNT bundle interconnects at nano-scaled technology
nodes for global interconnects length.

The performance of MWCNT interconnect is estimated in terms of delay, power and Power
Delay Product for 32nm, 22nm and 16nm technology nodes at global interconnects length.
The calculated impedance parameters for MWCNT bundle interconnects using the equivalent
models have been simulated to evaluate the performance in terms of delay and power by
using the SPICE simulation tool for distributed RLC model for interconnects. The distributed
RLC model can be approximated from a lumped model by with multi-stage RLC ladder
network. Repeaters are inserted to separate different stages of RLC ladder network. The
simulation results are obtained using optimum number of repeaters and optimum size repeater
and number of repeaters. Other simulation parameters and model file is obtained from
Predictive Technology Model (PTM).

It is observed from the simulated results that with rise in temperature (200K-450K), the delay
power and PDP increased for MWCNT bundle interconnects for all three technology nodes
(32nm,22nm and 16nm) and it is due to the shrinking of MFPs. It is revealed from the results
that the temperature variations have a considerable impact on the performance of MWCNT
bundle interconnects. Therefore, during the performance estimation of MWCNT bundle
based interconnects, the influence of temperature is needs to be taken care for accurate

performance estimation.
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ANALYTICAL DELAY MODEL FOR
MWCNT INTERCONNECTS

In this chapter the temperature dependent analytical delay model is presented for MWCNT
interconnects and results are compared with the simulated results obtained from chapter 4.
The results presented in the chapter show that the analytical results are aligned with the
simulated results. The trend of both results shows that the delay is increases with rise in

temperature for all the technology nodes i.e 32nm, 22nm and 16nm.

5.1 Introduction

The feature size of integrated circuits for advanced technology nodes decreases, interconnects
wires contributes more towards total delay compared to gate delays as the total logic-stage
delay having two components; gate delay and interconnect delay[8]. Earlier, the gate delay
was dominating component and estimated by considering the entire interconnect tree at the

gate output as a simple lumped resistance-capacitance model as shown in Figure 5.1(a)[31].

<>

(@) (b)

Figure 5.1(a) RC lumped model with CMOS driver [31] (b) Distributed RLC Model [8]

Now, as the technology scaled down, impedance parasitic of interconnects increased and

becomes larger interconnect trees, the lumped capacitance approximation technique
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introduces the errors in the delay and rise time calculations [138]. Accuracy to estimate gate
delay and rise time closely depends upon the parasitic of interconnects and load at the output
of a gate. The equivalent impedance parasitic of interconnects is to be considered as
transmission lines in deep submicron technology nodes. Therefore, to estimate the accurate
performance of VLSI interconnects, highly accurate RLC distributed models are to be
required as shown in Figure 5.2(b). Resistance-capacitance (RC) is the basic model used to
estimate the performance in terms of delay. ElImore delay model [13] is an example of RC
model used to calculate the delay for RC loads only. EImore delay model provides highly
inaccurate results for high frequency input signals because it increases the inductive
impedance [13]. For micro scaled technology nodes, aluminum and copper were used as
interconnects material which can easily be converted into its equivalent single line
transmission model. The models presented by H. B. Bakoglu, et al. [3], Sakurai et al.[7, 139]
and Adler V. and E.G. Friedman, [31] were based on RC models and useful to estimate the
delay for copper interconnects with optimum repeaters. A. Deutsch et.al. [9] and Ismail and
E. G. Friedman [20, 36], proposed RLC delay models which included the impact of
inductance along with RC models. The improvement is proposed in these models after

inclusion of inductive effects. [92, 140]

At nano-scaled technology nodes, copper has certain deficiencies like electromigration,
surface and grain boundary scattering, Carbon Nanotubes (CNT) have been considered as an
alternative material for VVLSI interconnects. Due to the structural complexity and different
parasitic of CNTSs, existing delay models are not efficient enough to estimate the accurate
delay for CNT [92].

The revolutionary work on delay modeling of SWCNT is based on Luttinger liquid theory
proposed by P.J. Burke [84], for its equivalent circuit as transmission line. Since then,
sufficient number models have been reported for the SWCNT bundle and MWCNT bundle
interconnects in literature [91, 99, 141]. Boltzmann transport theory model was other
alternative used to model the SWCNT interconnect [142]. In case of MWCNT interconnects,
early research proposed that only few outermost shells of bundle can contributes to current.
Bur recently, it has been proposed that with an end contact method, all the shells of MWCNT
bundle can efficiently be contacted to the electrode so that all shells of bundle can contributes
to current. Later, some models have been proposed to evaluate the performance and

equivalent circuit modeling of the MWCNT interconnects [99]. A single conductor
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equivalent model for the MWCNT bundle was proposed, which was later extended to the
SWCNT bundle interconnects [51, 143]. In literature [51], it is proposed that MWCNT
bundle interconnects are more suitable for intermediate and global interconnects. So to
estimate the optimum delay repeater based distributed RLC circuit models are to be
considered. [123, 143-146]

In this chapter, closed-from empirical equations are discussed for the estimation of the delay,
optimum number of repeaters and optimum repeater size, for MWCNT bundle
interconnects[51,99]. By using the analytical model, the performance in terms of delay is
estimated for global interconnects at 32nm, 22nm and 16nm technology nodes for variable
temperature ranging from 200K- 450K. Further, a comparative analysis is performed with the

results obtained from analytical models and simulated results.[99]
5.2.  Equivalent Single Conductor model for MWCNT bundle

Multi-Walled CNT (MWCNT) bundle consists more than two rolled up graphene sheets
concentrically inserted with diameters ranging from few nanometers to tens of nanometer. An
MWCNT bundle has many concentric shells of different diameter, which can be seen as
several shells in parallel. Each shell has its equivalent RLC model, and therefore for a
MWCNT bundle, all shells have their RLC equivalent circuit models and connects in parallel
as shown in Figure 5.2.[84]

innermost shell

Figure 5.2 Equivalent circuit of a metallic MWNT interconnects [84].
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To estimate the analytical delay, this equivalent model for MWCNT bundle needs to be
converted into single conductor model. The transmission line equations for single conductor

model can be given as[99]

oV (z,t) . Lal (z,1) CRI(Z) =0 (5.1)
0z ot ’
A (zt) V() 52
oz ot

Each MWCNT bundle consists of several shell, therefore, total n number of shells in a bundle
can be calculated by using Eq. 3.1 as discussed in chapter 3. These shells of a bundle are
numbered from outermost shell to innermost shell as 1, 2,..i..n. Each shell of MWCNT
bundle have different diameter, hence the diameter of any i™ shell of a bundle can be
calculated using Eqg. 3.2. Each shell of MWCNT bundle consists of different number of
conducting channels and these conducting channels are diameter dependent as discussed in
chapter 3. The conducting channels for a shell having diameter less than 3nm are
approximately considered equal to 2 and shells having diameters more than 3nm are diameter
dependent. Therefore, conducting channels of any i shell of MWCNT bundle can be given

as
N, =aD, +b, for D, >3nm (5.3)

Where D; is the diameter of i shell, a=6.12x 10 1/(nmK) and b=1.275.n. Therefore, each
shell of a MWCNT bundle has different conducting channels.

The work presents in the thesis analyzes the temperature dependent performance for
MWCNT bundle. The equivalent temperature dependent resistance of an individual i" shell
of MWCNT bundle can be categorized into three resistive components: electron-phonon
scattering dependent resistance (Rs) (considered in case when the length of interconnects is
more than its MFP, quantum resistance (Rq) and imperfect metal contact resistance (R¢). The
imperfect metal contact resistance (R.) is because of the metal used for contacting with
MWCNT and ranging from few ohms to hundred of kilo-ohm for different fabricating
processes. It is almost independent from the diameter of the shell and temperature. Therefore

the value for the metal contact resistance (Rc) is almost constant and assumed equal to 2kQ
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for each shell of MWCNT bundle as suggested in [128]. Therefore, the temperature

dependent resistance for an individual shell is given by

Ryen = R + Rq +R,.L
h h L
+ .
2e°N.,  2e°N, Aeff (T)

Reen = 2kQ +
(5.4)

where h/2e’= 12.9kQ, N;, L and ex(T) are the number of conducting channels in a shell,
interconnect length and temperature dependent effective MFP of an individual shell
respectively. It is revealed from Eq. (5.4) that there is an important role of temperature
dependent effective MFP in determining the value of resistance of an individual shell of
MWCNT bundle. The temperature dependent effective MFP depends upon the scattering
mechanism and discussed in details in section 3.2 of chapter 3. The temperature dependent
mathematical equations for individual resistance, capacitance and inductance are also

discussed in detail in chapter section 3.2 of chapter 3.
The quantum resistance for each conduction channel is given by

R, = 12:12.9@ (5.5)
2e

qt

The resistance of MWCNT for the calculation of equivalent single conductor model can be
separated into two parts as lumped and scattered resistance and shown as [99]

n -1 n R )"
RIump,bundle = (Z Rlﬁwp,i j = Z( 2,3; + Rc,i ]
i=1 i=1 i

Y (aNA ) R
Rs,bundlez[ZRs_,ilj :[Z IREﬁYIj = T

=1 y NA.
; i77%ff i (57)’

(5.6),

Where R, Rci Zeii are the temperature dependent scattering resistance, contact resistance
and MFP of i" shell respectively. R¢; considered to equal to 2kQ for each shell and N; is

number of conducting channels in i shell.

The per unit length capacitance of equivalent single conductor of MWCNT can be given as
[99]
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Cbundle = (Clgé + Cé‘}'M )71 (58),

where Cgs and Cqrm are electrostatic and quantum capacitances respectively. The quantum
capacitance can be calculated from the quantum capacitance of each shell and the mutual
capacitance of adjacent shells in MWCNT. Cqrm can be calculated using recursive approach
and given as [99]

—O®
Crec1 = CQTM (5.9),
1 1)
Crec,i = + i—1,i +CS‘I)'M ! i :1’2’3"'n (5.10),
Crec,ifl Cm
CQTM - Crec.n (5-11)1
Where
o 2re
M 770 0 j=1,2,3.n-1
" In(D,,,/ D)) (5.12).
Cém =2N;,C, 1<i<n (5.13)
2¢’
Cq = W (5.14)

Similarly the total inductance per unit length for single conductance equivalent of MWCNT

bundle can be calculated as given below [99]

Lbundle = (LMag + I—Ki) (515),

where Lmag and Lg; are magnetic and kinetic inductance respectively. The magnetic
inductance is very small value as compare to kinetic inductance, so it can be neglected. The
kinetic inductance can be calculated from the kinetic inductance of each shell and the mutual

inductance of adjacent shells in MWCNT. Lg; can be calculated as given below [99]

rec,1l = L(éz (516),

-1
1 1 .
Lrec’i:[lrec,ilu'“+L&?J CThASen (5.17),

m
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Lqi = Lo (5.18),

Where
it =20 \nD., /D), i=123..n-1 (5.19),
2
LD =X 1<i<n
T (5.20),
L = h ~16.1mH /m
“ ovie? T (5.21)

The Eqgs (5.1-5.21) can be used to convert MWCNT bundle into single conductor equivalent
circuit model. Now, by considering single conductor equivalent RLC model for MWCNT,
delay needs to be estimated using driver- interconnects- load (D-1-L) structure with CMOS
as driver inverter and a load [141]. By using a closed form expression, estimate the delay of
this D-I-L structure, proposed for interconnects in [99] and given by

(exp’z'% 1480 ) (5.22)

@,

t, =

where

‘= Roungie  |Coungie Rt TCr +RC (1+Cyy /Cy) +0.5

2 Lbundle 4\/14‘ C:‘r (523)

and
1
a)n =
\/Lbundle L(Ciotar +5C40) (5.24)
R — Rd0
-
SRbundle (525)
c sCyo
-
Ctotal (526)
Rbundle = RS,bundle L+ RIump,bundle (5.27)
Ctotal = Cbundle L (528)
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Where Rpundle, Loundle @nd Crungle are the resistance, inductance and capacitance of single
conductor equivalent model for MWCNT bundle interconnects respectively and L is length of
interconnect. Cqo,, Rdo, and Cgyo are output capacitance, output resistance of CMOS driver and
input capacitance of load, respectively. The aspect ratio of driver is s and Rimp is lumped
resistance of MWCNT interconnects. [99]

5.3.  Repeater Insertion

This delay model can be used to calculate the delay for lumped model for MWCNT bundle.
As the work presented in the thesis is to estimate the performance MWCNT bundle at global
interconnects. Therefore, to estimate the accurate delay, a distributed circuit model is to be
analysis. When a lumped model is divided into subsections/segmented and each segment is
driven by a CMOS inverter as shown in Figure 5.3, resultant structure is known as distributed

circuit model.[39, 41, 147]

Repeater Interconnect smaller sub sections

Figure 5.3 Schematic diagram for distribution model with m segments [29].

Therefore to estimate the accurate delay for distribution model, the optimum number of

repeaters and optimum size of the repeater required to be estimated and given by [99]

S . — Rdo(:total 1
optimum R C [l+0 18(T )3]0.26
bundle ~ g0 . L/R

(5.29)
R un ecoa 1
Noptimum = Int 2R . c(:ﬂ “é 1 370.28 _1
40(Cao +Cqo) [+ B(Tr)"] (5.30)
Lbundle
T =
o \/Rs,bundle[Rdo (Cao +Cyo)l (5.31)
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Based on above mentioned analytical model, the delay is estimated for MWCNT
interconnects for 1mm interconnects length at 32nm, 22nm and 16nm technology nodes for
variable temperature range 200K-450K. Egs. 5.3-5.21 are used to estimate the resistance,
inductance and capacitance for single conductor equivalent model at 32nm, 22nm and 16nm

technology nodes. Egs. 3.1-3.20 are used to find the temperature dependent impedance

parameters for 200K-450K for 1mm interconnects length.
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Figure 5.4: (a), (b) and (c) Comparative analysis of analytical and simulated results for 1mm
interconnects length at 32nm, 22nm and 16nm technology nodes for temperature range 200K-450K
respectively. (d) Comparative analysis of analytical and simulated results for 1mm interconnects length at

all three different technology nodes for temperature range 200K -450K.
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The simulation parameters used for calculations are obtained from ITRS 2013, to calculate
the parasitic of MWCNT as summarized in Table 4.1 in chapter 4. The optimum number of
repeaters and size of repeaters are obtained using Egs. 5.29-5.31. Further, the optimum delay
is calculated using Egs. 5.22-5.28. For all these calculations, script is written in MATLAB.
The comparison of analytical delay calculated from above procedure and simulation delay

estimated in chapter 4 is shown in Figure 5.4.

Figure 5.4(a), (b) and (c) Comparative analysis of analytical and simulated results for Imm
interconnects length at 32nm, 22nm and 16nm technology nodes for temperature range 200K -
450K respectively. (d) Comparative analysis of analytical and simulated results for 1mm
interconnects length at three different technology nodes for temperature range 200K-450K. It
is revealed from the results that the delay for analytical and simulated results is increasing
with rise in temperature from 200K-450K. Further, the results presented show that the
analytical results are aligned with the simulated results. The trend of both results shows that
the delay is increasing with rise in temperature for all three technology nodes under

consideration.

5.4. Chapter Summary and Contribution

The chapter presented the temperature dependent analytical delay model for MWCNT
interconnects and results are compared with the simulated results obtained from chapter 4.
The mathematical equations are presented to convert the MWCNT bundle into single
conductor equivalent model. The analytical model is presented to estimate the analytical
delay of MWCNT interconnects. Further, the method to calculate optimum number of
repeater and their size for distributed circuit model is presented. Finally, the analytical and
simulated results are obtained for MWCNT bundle interconnects for 1mm interconnects
length at 32nm, 22nm and 16nm technology nodes for different temperature ranging from
200K-450K. The results presented in the chapter show that the analytical results are aligned
with the simulated results. The trend of both results shows that the delay is increases with rise

in temperature for all the technology nodes i.e 32nm, 22nm and 16nm.
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TEMPERATURE DEPENDENT
COMPARATIVE ANALYSIS OF
MWCNT, SWCNT AND COPPER
INTERCONNECTS

6.1. Introduction
This chapter presents the temperature dependent comparative results and its analysis in
terms of propagation delay, power dissipation and Power Delay Product (PDP) for
MWCNT bundle, SWCNT bundle and copper interconnects at 32nm, 22nm and 16nm
technology nodes for global interconnects. The chapter 3 presents the temperature
dependent equivalent RLC impedance models for MWCNT bundle, SWCNT bundle and
copper interconnects. In chapter 4, the influence of temperature on the performance of in
terms of resistance, propagation delay, power dissipation and Power Delay Product (PDP)
for MWCNT bundle is presented for different global interconnects lengths at three different
technology nodes viz. 32nm, 22nm and 16nm.

6.2. Temperature Dependent Performance Analysis of MWCNT bundle and

Copper interconnects

For the comparative analysis, the temperature dependent impedance parameters for copper
are obtained by using the mathematical models presented in chapter 3 (using Egs. 3.39-
3.43). All the simulation parameters used for calculation are obtained from ITRS 2013
edition as summarized in table 4.1. The MATLAB is used to write the script for these
calculations. The comparison of temperature dependent resistance for MWCNT bundle and

copper interconnects is shown in Figure 6.1.
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Figure 6.1: Temperature dependent resistance of MWCNT bundle and copper interconnect for 32nm,
22nm and 16nm technology nodes for global interconnects (Imm interconnect length). (a) The
resistance shown on linear scale. (b) The resistance shown on logarithm scale.

Figures.6.1(a) and (b) show the calculated resistances of MWCNT bundle and copper

interconnects as a function of temperature for 1mm length at 32nm, 22nm and 16nm
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technology nodes on linear and logarithmic scale respectively. It is observed that with rise in
temperature ranging from 200K to 450K, the resistance of MWCNT bundle interconnects
increases which is due to decrease in the MFP. The MFP decreases due to the increase in the
collision rates within MWCNT with rise in temperature (from Egs. 3.6 to 3.12). A similar
type of effect observed in copper interconnects (see Egs. 3.39 to 3.43). It is also revealed
from the results that the resistance offered by copper interconnects is several times higher
than MWCNT bundle interconnect for temperature ranging from 200K to 450K at 32nm,
22nm and 16nm technology nodes for global interconnects.

6.2.1. Comparative analysis of MWCNT and Copper interconnects in terms of Delay,
Power and PDP

Further, the performance in terms of delay, power and PDP of MWCNT bundle
interconnects is estimated and compared with the copper interconnect for variable
temperature range (200K-450K). A schematics structure used as simulation setup for
interconnects is shown in Figure 6.2. A pulse signal with equal rise and fall time is applied
as input to interconnects. The ‘interconnect’ can be replaced by an equivalent temperature
dependent circuit models for MWCNT bundle and copper interconnect.

Interconnect

I- » — Cioa

A\

Figure 6.2: Schematic of circuit used for evaluation [ 95].

The calculated impedance parameters for MWCNT bundle and copper interconnect using
the equivalent models has been simulated to evaluate the performance in terms of delay,
power and PDP for distributed RLC model for interconnects by using the SPICE simulation
tools as shown in Figure 6.3 [127].
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Figure 6.3: ‘m’ number of repeaters driving an interconnect divided into subsections as distributed
model.[29]

Repeaters are normally inserted to increase the drive capability and reduce the delay [38,
131, 138]. The ITRS interconnect parameters used for simulation model are also
summarized in table 4.1. The optimum number of repeaters, size of repeater, frequency and

PTM model file chosen for different technology nodes as mentioned in table 6.1.

Table 6.1: Simulation parameters for different technology nodes [16, 137]

Technology Node 32nm 22nm 16nm
Frequency (GHz) 1 1 1
Repeater size (W/L) 50 50 60
Load Capacitance (fF) 10 10 10

No. of Repeaters 12 12 10
Model file(PTM) 54 54 54

The comparison of temperature dependent delay between MWCNT bundle and copper
interconnects for 1mm length at three different technology nodes viz. 32nm, 22nm and

16nm is shown in Figure 6.4.

Figures 6.4(a), (b) and (c) show comparison of performance of MWCNT and copper
interconnect in terms of delay for 1mm interconnect length at 32nm, 22nm and 16nm
technology nodes respectively for a temperature range 200K to 450K. It is observed that the
delay increases with increasing temperature for both MWCNT bundle and copper
interconnects which is due to shrinking of MFPs. It is also revealed that the delay of
MWCNT bundle interconnects is smaller as compare to copper interconnects and there is

improvement in delay performance in MWCNT bundle interconnects for global
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interconnects length compared to copper interconnects with increasing temperature from

200K to 450K at three technology nodes under consideration.

Figure 6.4(d) shows the relative delay ratio which is ratio of delay of MWCNT to copper
interconnects for temperature range 200K to 450K at different technology nodes (32nm,
22nm and 16nm). It is revealed from the results that the delay ratio for the technology nodes
(32nm, 22nm and 16nm) is less than unity, which suggested that MWCNT bundle offered
lower delay as compare to copper interconnects. The similar trend is observed for whole
temperature range i.e. 200K-450K. Further, as technology scaled down, the delay ratio is in
decreasing order, which advocating MWCNT bundle interconnects as better candidate for
deep sub micron technology nodes. Therefore, it is concluded that the performance of
MWCNT bundle interconnects in terms of delay, is better than that of copper interconnects
for global interconnects length at deep submicron technology nodes for variable
temperature, ranging from 200K to 450K.
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Figures 6.4: (a), (b) and (c) Performance comparison of MWCNT bundle and copper interconnects in
terms of delay for 1mm interconnects length at 32nm, 22nm and 16nm technology nodes respectively. (d)
Comparison of performance of MWCNT and copper interconnect in terms of delay ratio (MWCNT/Cu)

for 1mm interconnects length at 32nm, technology node.

Figure 6.5(a) shows the temperature dependent performance of MWCNT bundle and copper
interconnects in terms of power. The ratio of average power dissipation will be referred to as
‘relative power’ as shown in Figure 6.5(b). It is observed from results that the power
dissipation is more in the case of MWCNT bundle interconnects compared to copper
interconnects and it is because of large tube capacitance of MWCNT bundle.
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Figure 6.5: (a) Comparison of performance of MWCNT and copper interconnect in terms of power for
1mm interconnects length at 32nm, 22nm and 16nm technology nodes respectively. (b) Comparison of

performance of MWCNT and copper interconnect in terms of power ratio (MWCNT/Cu).
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Figure 6.6: (a) Comparison of performance of MWCNT and copper interconnect in terms of Power
Delay Product (PDP) for 1mm interconnects length at 32nm, 22nm and 16nm technology nodes
respectively. (b) Comparison of performance of MWCNT and copper interconnect in terms of PDP ratio
(MWCNT/Cu).
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Figure 6.6 shows the comparative analysis for MWCNT and copper interconnects in terms
of Power Delay Product (PDP) for 1mm interconnects length at three different technology
nodes viz. 32nm, 22nm and 16nm. Figure 6.6(a) shows the comparison of temperature
dependent Power Delay Product (PDP) for MWCNT bundle and copper interconnect and
Figure 6.6(b) shows the comparison of performance of MWCNT bundle and copper
interconnect in terms of PDP ratio (MWCNT/Cu). It is observed that the rise in temperature
ranging from 200K to 450K effects performance in terms of PDP in case of MWCNT and
copper interconnects. A bunch of three waveforms shown in Figure 6.6(a), which represents
the PDP for copper, is placing well above the other bunch of three waveforms which
represent the PDP for MWCNT bundle interconnects. Therefore, the performance in terms
of PDP for MWCNT bundle interconnects is better than copper for all three technology
nodes (32nm, 22nm and 16nm). Further, PDP ratio for all the technology nodes under
consideration is less than unity as shown in Figure 6.6(b). Furthermore, the PDP ratio is
decreasing with technology scaled down nodes. Hence, it is shown in the results that the
performance in terms of PDP of MWCNT bundle interconnects is several times better than

the performance of copper interconnects.

6.3. Temperature dependent performance analysis for MWCNT bundle and SWCNT

bundle Interconnects

This section of chapter presents the temperature dependent analysis of MWCNT bundle and
SWCNT bundle interconnects, which investigates the effect of variable temperature on the
performance for global interconnects of CNT at 32nm, 22nm and 16nm technology nodes. As
per discussion in section 3, the MFP is the most effective parameter of MWCNT bundle and
SWCNT bundle for temperature ranging from 200K to 450K. The MFP of CNTs is affected
by electron-phonon scattering mechanism at different temperatures. The affected MFP
influence the impedance parameters mainly resistance of CNTs and hence the overall
resistance of MWCNT bundle and SWCNT bundle interconnects exaggerated. These
temperature dependent impedance parameters influence the performance of both MWCNT
bundle and SWCNT bundle interconnects in terms of propagation delay, power dissipation
and PDP. The temperature dependent effective MFP for an individual shell of SWCNT
bundle is calculated using Eqs 3.6 to 3.12 for temperature ranging from 200K to 450K. With
this effective MFP, the equivalent resistance of SWCNT bundle is obtained by considering

the resistances of all shells in parallel and calculated using Eq. 3.28. The total number of
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conducting SWCNTSs in a bundle depends upon the technology node and calculated using
Egs. 3.29-3.34. All interconnect parameters used for calculations are obtained from ITRS

2013 based simulation parameters.

Calculations for inductance and capacitance of SWCNT bundle are obtained using Egs. 3.35-
3.38. These equations (Egs. 3.35-3.38) show that the inductance and capacitance of SWCNT
bundle interconnect is independent from effective MFP and therefore the effect of

temperature on inductance and capacitance is not been considered.

Figures 6.7(a), (b) and (c) show the comparison of temperature dependent resistances of
MWCNT bundle interconnects and SWCNT bundle interconnects at 32nm, 22nm and 16nm
technology nodes respectively for Imm interconnects length. It is observed that the resistance
of MWCNT and SWCNT increases with rise in temperature ranging from 200K to 450K. It is
due to decrease in the effective MFP of CNTSs. This decrease in MFP is due to the increase in
the collision rates within MWCNT and SWCNT with rise in temperature (Eqgs. 3.6 to 3.12).
Figure 6.7(d) shows the comparison of temperature dependent resistance of MWCNT and
SWCNT interconnects for three technology nodes (32nm, 22nm and 16nm) with logarithmic
scale. It is also observed that the resistance offered by MWCNT bundle interconnect is lower
than that of SWCNT bundle interconnect for different temperature ranging from 200K to
450K at 32nm, 22nm and 16nm technology nodes. Further, the influence of temperature is

increases for scaled down technology nodes.
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Figures 6.7: (a), (b) and (c) show temperature dependent resistance of MWCNT bundle and SWCNT
interconnect for 32nm, 22nm and 16nm technology nodes for global interconnect respectively at 1mm
interconnect length. (d). Resistance shows on logarithm scale for 32nm, 22nm and 16nm technology

nodes.

6.3.2 Performance Analysis MWCNT and SWCNT interconnects in terms of Delay,
Power and PDP

In this sub-section the performance of SWCNT bundle interconnect is estimated and

compared with the MWCNT bundle interconnect for different technology modes. The

calculated temperature dependent impedance parameters for MWCNT bundle and SWCNT

bundle interconnects using the equivalent models is simulated using SPICE simulation tools

to evaluate the performance in terms of delay, power and PDP for distributed RLC model for

interconnects.

The temperature dependent performance in terms of delay is compared between MWCNT
bundle and SWCNT bundle interconnects for Imm interconnect length at three different
technology viz. 32nm, 22nm, 16nm at variable temperature ranging from 200K to 450K as
shown in Figure 6.8. Figures 6.8(a), (b) and (c) show the temperature dependent delay for
MWCNT bundle interconnects and SWCNT bundle interconnects for 32nm, 22nm and 16nm

technology nodes at 1mm interconnects length.
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Figures 6.8: (a),(b) and (c). Comparison of performance of MWCNT bundle and SWCNT bundle
interconnect in terms of delay at 1000pum interconnect length for 32nm, 22nm and 16nm technology nodes
respectively. (d) Comparison of performance of MWCNT bundle and SWCNT bundle interconnect in
terms of relative delay ratio (MWCNT/SWCNT).
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It is observed from the results that the delay increases with increasing temperature for both
MWCNT bundle and SWCNT bundle interconnects for all three technology nodes. This
increase in delay is because of reduction in MFPs of the tubes (see Eqs.3.7-3.12). It is also
found that the delay of SWCNT bundle interconnects compared to MWCNT bundle
interconnects, increased rapidly as the temperature increases from moderate to high
temperature range for all three technology nodes. Therefore, it is revealed from the results
that the delay offered by MWCNT bundle interconnects is smaller than that of its counterpart
SWCNT bundle interconnects and there is improvement in the performance in terms of delay
for MWCNT bundle interconnects as compare to SWCNT bundle interconnects with rise in

temperature.

Figure 6.8(d) shows the relative delay ratio, which is delay ratio of MWCNT bundle
interconnect to SWCNT bundle interconnects delay different temperature range at 32nm,
22nm and 16nm technology nodes. The relative delay ratio for all the technology nodes under
consideration is less than unity which indicates that the delay offered by MWCNT bundle
interconnects is smaller than the SWCNT bundle interconnects. It is also revealed from
Figure 6.8(d) that the performance in terms of delay ratio of MWCNT bundle interconnects
compared to SWCNT bundle interconnects, gives better results with scaled down in
technology nodes viz. 32nm, 22nm and 16nm for temperature ranging from 200K to 450K.
So the performance in terms of delay for MWCNT bundle interconnects is better than the
performance of SWCNT bundle interconnects for advanced technology nodes at global

interconnects length for moderate to high temperature range.

Figure 6.9 shows the temperature dependent performance of MWCNT bundle and SWCNT
bundle interconnects in terms of power dissipation. Figure 6.9(a) show the comparison of
performance in terms of power dissipation for MWCNT bundle and SWCNT bundle
interconnect for 1000um interconnect length at 32nm, 22nm and 16nm technology nodes.
The ratio of average power of MWCNT bundle to SWCNT bundle interconnects is referred
to as ‘relative power ratio’ as shown in Figure 6.9(b). It is found that the power dissipation
for MWCNT bundle is slightly higher compared to SWCNT bundle interconnects and it is
due to higher tube capacitance in case of MWCNT bundle. As technology nodes scaled down
(from 32nm to 16nm) under variable temperature, the power dissipation ratio improved in
favour of MWCNT bundle interconnects particularly at 16nm technology. The results show
that the power dissipation ratio is almost constant for 32nm technology nodes, where it
reduces from 1.3 to 1.1 for 16nm technology node for temperature ranging 200K to 450K.
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Figure 6.9: (a) Comparison of performance of MWCNT bundle and SWCNT bundle interconnect in
terms of power for 1000um interconnect length at 32nm, 22nm and 16nm technology nodes.

(b) Comparison of performance of MWCNT bundle and SWCNT bundle interconnect in terms of relative

power ratio (MWCNT/SWCNT).
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Figure 6.10: (a), (b), and (c) Comparison of performance of MWCNT bundle and SWCNT bundle
interconnects in terms of Power Delay Product (PDP) for 1mm interconnect length at 32nm, 22nm and
16nm technology nodes respectively. (b) Comparison of performance of MWCNT bundle and SWCNT
bundle interconnects in terms of relative PDP ratio (MWCNT/SWCNT).
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Figure 6.10 shows the performance comparison of Power Delay Product (PDP) for MWCNT
bundle and SWCNT bundle interconnects for temperature ranging from 200K to 450K for
1mm interconnects length at three technology nodes (32nm, 22nm and 16nm). Figures
6.10(a), (b) and (c) show the comparative results for MWCNT bundle interconnects and
SWCNT bundle interconnects in terms of Power Delay Product (PDP) for 32nm, 22nm and
16nm technology nodes respectively. It is revealed from the results that with increase in
temperature, the performance in terms of PDP for of MWCNT bundle and SWCNT bundle
interconnects increases for all three technology nodes (32nm, 22nm and 16nm). It is also
observed from the results that the PDP for MWCNT bundle interconnects is smaller as
compare to SWCNT bundle interconnects at 32nm, 22nm and 16nm technology nodes for
variable temperature ranging from 200K to 450K. The gap between SWCNT bundle and
MWCNT bundle increases more rapidly with rise in temperature for all three technology
nodes. Hence, it is concluded that for higher range of temperatures the performance of
MWCNT bundle interconnects outperforms compared to the performance of SWCNT

bundled interconnects.

The comparative performance analysis in terms of relative PDP ratio (MWCNT/SWCNT)
between MWCNT bundle and SWCNT buddle interconnects presented in Figure 6.10(d) for
32nm, 22nm and16nm technology nodes. The results show that the relative PDP ratio is
always less then unity which means the PDP of MWCNT bundle is lesser than PDP of
SWCNT bundle for variable temperature range (200K to 450K) at 32nm, 22nm and 16nm
technology nodes. It is also revealed from the results that PDP ratio is decreasing with rise in
temperature; hence PDP ratio is improving in favors of MWCNT bundle interconnects at

moderate to high temperature range..

6.4. Temperature Dependent Performance Analysis of MWCNT bundle, SWCNT
bundle and Copper Interconnects
This sub section of this chapter presents the comparative results and its analysis for
temperature dependent propagation delay, power dissipation and PDP for MWCNT bundle,
SWCNT bundle and copper interconnects at different technology nodes viz. 32nm, 22nm
and 16nm for global interconnects. The temperature dependent impedance parameters for
MWCNT bundle (using Egs.3.1-3.20), SWCNT bundle (using Egs.3.21-3.38) and copper
(using EQs.3.39-3.43) interconnects have already been calculated in section 6.2 and section

6.3 using ITRS 2013 based simulation parameters for global interconnects. The calculated
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impedance parameters for MWCNT bundle, SWCNT bundle and copper interconnect using
the equivalent models have been simulated to evaluate the performance in terms of delay,

power and PDP by using the SPICE simulation tools.

Figures 6.11(a), (b) and (c) show the comparison of performance in terms of delay for
MWCNT bundle, SWCNT bundle and copper interconnect for Imm interconnect length at
32nm, 22nm and 16nm technology nodes respectively for a temperature ranging from 200K
to 450K. It can be observed from the results that as temperature increased from 200K to
450K, the delay increases for MWCNT bundle, SWCNT bundle and copper interconnect. It
is also found that the delay offered by MWCNT interconnects is smaller than the delay
offered by both SWCNT bundle and copper interconnects. It is shown in results that with
rise in temperature, there is improvement in delay performance in the case of MWCNT
interconnects at global length than its counterpart i.e. SWCNT bundle and copper
interconnects. It is also revealed from results that as the technology nodes scaled down, the
gap between SWCNT bundle and MWCNT bundle has been increased. The results revealed
that the performance of MWCNT is better than that of SWCNT bundle and copper
interconnects at variable temperature ranging from 200K to 450K for 32nm, 22nm and 16nm

technology nodes.
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Figures 6.11: (a), (b) and (c) Comparison of performance in terms of delay of MWCNT bundle,
SWCNT bundle and copper interconnects based on 1mm interconnects length at 32nm, 22nm and

16nm technology nodes respectively.
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Figures 6.12(a), (b) and (c) show the temperature dependent performance in terms of power
dissipation for MWCNT bundle, SWCNT bundle and copper interconnects at 32nm, 22nm

and 16nm technology nodes respectively.
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Figures 6.12: (a), (b) and (c) Comparison of performance of MWCNT bundle, SWCNT bundle and
copper interconnect in terms of power dissipation for 1mm interconnect length at 32nm, 22nm and

16nm technology nodes respectively.

It is revealed from the results that the power dissipation is more for MWCNT bundle
interconnects compared to SWCNT bundle and copper interconnects for temperature
ranging from 200K to 450K at 32nm, 22nm and 16nm technology nodes and this is because
of high tube capacitance in case of MWCNT bundle compared to SWCNT bundle and
copper interconnects. It is also found from the results that the power dissipation increases as
temperature increases from 200K to 450K for three technology nodes under consideration.
Further, it is also revealed from the results that the power dissipation for all three materials

is decreasing for scaled down technology nodes i.e. 32nm to 16nm.

Figures 6.13(a), (b) and (c) show the performance comparison of MWCNT bundle,
SWCNT bundle and copper interconnects in terms of Power Delay Product (PDP) for
32nm, 22nm and 16nm respectively at temperature range 200K to 450K for 1mm

interconnects length.
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Figure 6.13: (a), (b) and (c) Comparison of performance in terms of PDP for MWCNT bundle, SWCNT
bundle and copper interconnect for 1mm interconnects length at 32nm, 22nm and 16nm technology

nodes respectively.

It is observed that with rise in temperature ranging from 200K to 450K influence the
performance in terms of PDP for MWCNT bundle, SWCNT bundle and copper
interconnects. The rising temperature increases the PDP for all three types of interconnects
at three different technology nodes (32nm, 22nm and 16nm). It is also revealed that for
deep submicron technology nodes, the performance in terms of PDP further improved in
favor of MWCNT bundle compared to SWCNT bundle and copper interconnects. It is also
observed that the performance in terms of PDP of MWCNT bundle interconnects is several

times better than the performance of copper interconnects.
6.5 Chapter Summary and Contribution

This chapter presented the comparison of the results obtained from MWCNT bundle
interconnects with results for copper interconnects and SWCNT interconnects. The
temperature dependent impedance parameters for SWCNT bundle and copper interconnects
are calculated using their equivalent models presented in chapter 3, for same length and

technology nodes considered for MWCNT bundle interconnects. All interconnects
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technology parameters are calculated using the data obtained from ITRS 2013 version.
These temperature dependent impedance parameters are simulated using SPICE simulation
tool. A distributed RLC model with optimum number of repeaters is used as simulation
setup. The simulation results are obtained using optimum number of repeaters. A
comparative analysis in terms of delay, power and PDP of MWCNT bundle interconnects
and copper interconnects is presented in section 6.2 of this chapter. It revealed from the
results that the performance in terms of delay and PDP of MWCNT is many time better as
compare to copper interconnects. Similarly, a comparison of MWCNT bundle interconnects
and SWCNT bundle is presented in section 6.3. It is concluded from the results that
MWCNT bundle interconnects are more suitable candidate as compare to SWCNT bundle
for long interconnects at deep submicron technology nodes under thermal variations.
Finally, a comparative analysis is presented for MWCNT bundle, SWCNT bundle and
copper interconnects for global interconnects length at variable temperature from 200K-
450K. 1t is concluded from the results that performance of proposed temperature dependent
impedance model for MWCNT bundle interconnects is better than SWCNT bundle and
copper interconnects at three technology nodes (32nm, 22nm and 16nm) for global

interconnects length at temperature ranging from 200K-450K..
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CONCLUSION AND FUTURE
SCOPE

The analytical and simulation studies reported in this thesis are utilized to draw a set of
conclusions. In this chapter, conclusion and future scope of work is presented in the

following sections.

7.1. Conclusion

The work presents in the thesis, estimated the influence of temperature on MWCNT bundle
interconnects for global interconnect length at 32nm, 22nm and 16nm technology nodes. In
the initial stage, a thorough study of the copper interconnects and CNT interconnects
presented in the literature, has been carried out. The deficiencies of copper interconnect at
nano-scaled technology nodes and advantages of CNT as long interconnects documented in
the literature, are highlighted so that some improvement in the performance could be
established. The impact of temperature on the performance of traditional copper interconnects
and SWCNT bundle interconnects is deeply analyzed, as presented in the literature. In the
literature, the temperature dependent models proposed for SWCNT interconnects and
presented the simulated results for local level interconnects only. Therefore, the temperature
dependent performance for SWCNT bundle and copper interconnects is needs to be analyzed

for long interconnects as well.

A temperature dependent RLC model is proposed for MWCNT bundle interconnects. The
proposed model for MWCNT bundle included the temperature dependent scattering
mechanism. The proposed mathematical equations are incorporated the influence of
temperature on MFP for MWCNT. Further, the effects of temperature dependent MFP are
used to predict the impedance parameters of an individual shell of MWCNT. Based on this
approach, a single RLC structure of an individual shell of MWCNT has been proposed and
further this model is used to develop the temperature dependent equivalent RLC model for
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MWCNT bundle. All the individual shells of MWCNT interconnect have been considered as
parallel shells for temperature dependent equivalent model for MWCNT bundle. Finally from
the developed model, the temperature dependent impedance parameters are calculated for
32nm, 22nm and 16nm technology nodes respectively for temperature range of 200K to 450K
at global interconnects length (Lmm). The calculations are obtained by writing the script in
MATLAB. All interconnects technology parameters are calculated using the data obtained
from ITRS 2013 version. It is observed that with rise in temperature (from 200K to 450K),
the resistance increases due to decrease in MFP for MWCNT shells. With rise in temperature,
MFP decreases because there is increase in the collision rates within MWCNT. Hence, this
change in resistance has considerable effect on the performance in terms of delay and power
for the MWCNT bundle interconnects at nano-scaled technology nodes for global
interconnects lengths.

Further, the effect of temperature on delay, power and PDP has been analyzed in MWCNT
bundle interconnects for different technology nodes. The performance of MWCNT
interconnect is estimated in terms of delay, power and PDP for 32nm, 22nm and 16nm
technology nodes at global interconnects length. The calculated impedance parameters of
MWCNT bundle interconnects using the equivalent models have been simulated to evaluate
the performance in terms of delay and power by using the SPICE simulation tool for
distributed RLC model for interconnects. The distributed RLC model can be approximated
from a lumped model by divide with multi-stage RLC ladder network. Repeaters are inserted
to separate different stages of RLC ladder network. The simulation results are obtained using
optimum size and number of repeaters. Other simulation parameters and model file is
obtained from Predictive Technology Model (PTM).

It is observed from the simulated results that with rise in temperature (200K-450K), the
delay, power and PDP increased for MWCNT bundle interconnects for all three technology
nodes (32nm, 22nm and 16nm) and it is due to the shrinking of MFPs. The impact of
temperature on delay of MWCNT bundle is observed that for higher side of temperature
range (350K-450K), the normalized delay ratios (z/z) are increasing from 1.136 to 1.71, 1.23
t01.85 and 1.3 to 2.1 for 32nm, 22nm and 16nm technology nodes respectively which
specifying that the increasing temperature affects the delay performance in a worst manner
for high temperature. Further, the normalized delay ratio at 450K is 1.71, 1.847 and 2.1 for
32nm, 22nm and 16nm technology nodes respectively, indicates that for scaled down
technology nodes i.e. from 32nm to 16nm, the normalized delay ratio is increasing more
rapidly. Further, it revealed from the results in terms of normalized PDP ratio that PDP ratio
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increases more rapidly for temperature above 300K compared to below 300K. The
normalized PDP ratio for temperature ranging from 350K to 450K increases from 1.38 to
1.726, 1.23t01.91 and 1.3 to 2.245 for technology nodes 32nm, 22nm and 16nm respectively.
It is also observed from the results that the PDP ratio for 16nm is higher than 22nm and 32nm
technology nodes for temperature ranging from 350K to 450K. Therefore as technology
scaled down, the amount of PDP is increasing at moderate to high temperature range (300K-
450K) for VLSI integrated circuits design. Therefore, it is also concluded from the results
that the temperature variations have considerable impact on the performance of MWCNT

bundle interconnects.

The temperature dependent analytical delay model is presented for MWCNT interconnects
and analytical results are compared with the simulated results. It is revealed from the results
that the analytical results are in similar trend with the simulated results. The trend of both
results shows that the delay is increases with rise in temperature for three technology nodes
i.e 32nm, 22nm and 16nm. Therefore, it is concluded from the results that for high
performance IC design, under variable thermal environments need to be considered the

impact of temperature to get accurate performance.

In addition with this, a comparison of results obtained from MWCNT bundle interconnects
with results for copper interconnects and SWCNT interconnects. The temperature dependent
impedance parameters for SWCNT bundle and copper interconnects are calculated using
their equivalent models for same length and technology nodes considered for MWCNT
bundle. These temperature dependent impedance parameters are simulated using SPICE
simulation tool. A comparative analysis in terms of delay, power and PDP is presented for
MWCNT bundle interconnects with SWCNT bundle and copper interconnects for 32nm,
22nm and 16nm technology nodes. It is revealed from the results that performance of
proposed temperature dependent impedance model for MWCNT bundle interconnects is
better than SWCNT bundle and copper interconnects for global interconnects length at 32nm,
22nm and 16nm technology nodes.

Finally, it is concluded that:

MWCNT bundle interconnect is the better alternative to replace the traditional copper
interconnects for semi-global and global level interconnects in high speed VLSI circuit
design and to estimate the accurate performance of MWCNT based interconnects, the
influence of temperature needs to be incorporated for high performance application under

thermal variable environment.
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7.2 Future Scope of Work

In this thesis, the deficits of copper interconnect and SWCNT interconnects have been dealt
efficiently and MWCNT bundle interconnects proposed as future interconnects. Further, to
estimate the influence of temperature on the performance of MWCNT bundle interconnects, a
temperature dependent RLC circuit model is presented and performance of MWCNT
estimated for global interconnects length at 32nm, 22nm and 16nm technology nodes. A
comparative analysis is performed with SWCNT and copper interconnects. It is concluded,
that MWCNT performs better than SWCNT and copper and can be used as interconnect at
semi-global and global lengths in high speed VLSI applications at 32nm, 22nm and 16nm
technology nodes. The performance of VLSI circuit design could further be enhanced by
exploring the other fields of the proposed area. Henceforth, following are the ideas which can
be explored in future:

* In deep submicron technology nodes, interconnects density increases causes more
coupling between neighboring wires. Thus there is a dire need to analyze temperature
dependent cross talk for MWCNT bundle interconnects for nano-scaled technology
nodes at global interconnects length.

« With advanced technology nodes, there is need to focus on low power IC design.
Therefore, temperature dependent analysis for sub-threshold needs to be addressed for
MWCNT interconnects.

« The fabrications CNT based interconnects have certain real challenges for its growing
process. Therefore, Issues related for fabrication process of MWCNT is needs to be

taken care of in future work.

* In recent studies, mixed CNT interconnects (SWCNT and MWCNT) are also
proposed for VLSI applications. Therefore, temperature dependent accurate analysis

of Mixed CNT based interconnects need to be estimated.

102



[1].

2]

13].

[4].

[5].

[6]

[7]

8]

[9]

REFERENCES

N. H. Weste and K. Eshraghian, Principles of CMOS VLSI design: a systems
perspective, Addison-Wesley Longman Publishing Co. Inc., Boston, MA,USA 1985.
M. Rabaey, Digital Integrated Circuits: A Design Perspective, Prentice Hall, Inc.,
Englewood Cliffs, New Jersey, 1996.

H. Bakoglu and J. D. Meindl, "Optimal interconnection circuits for VLSI," Electron
Devices, IEEE Transactions on, vol. 32, pp. 903-909, 1985.

H. B. Bakoglu, Circuits, Interconnections, and Packaging for VLSI, Addison-Wesley
Pub (Sd) , 1990.

K. C. Saraswat and F. Mohammadi, "Effect of scaling of interconnections on the time
delay of VLSI circuits," Solid-State Circuits, IEEE Journal of, vol. 17, pp. 275-280,
1982.

L. W. Schaper and D. I. Amey, "Improved electrical performance required for future
MOS packaging,” Components, hybrids, and manufacturing technology, IEEE
transactions on, pp. 282-289, 1983.

T. Sakurai, "Closed-form expressions for interconnection delay, coupling, and
crosstalk in VVLSIs," Electron Devices, IEEE Transactions on, vol. 40, pp. 118-124,
1993.

A. B. Kahng and S. Muddu, "Efficient gate delay modeling for large interconnect
loads,"” in Multi-Chip Module Conference, Proceedings., IEEE, pp. 202-207, 1996.

A. Deutsch, G. V. Kopcsay, P. J. Restle, H. H. Smith, G. Katopis, W. D. Becker, et
al., "When are transmission-line effects important for on-chip interconnections?,"
Microwave Theory and Techniques, IEEE Transactions on, vol. 45, pp. 1836-1846,
1997.

103



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Y. Cui, L. J. Lauhon, M. S. Gudiksen, J. Wang, and C. M. Lieber, "Diameter-
controlled synthesis of single-crystal silicon nanowires,” Applied Physics Letters, vol.
78, pp. 2214-2216, 2001.

M.. B. Lin, Introduction to VLSI Systems: A Logic, Circuit, and System Perspective:
CRC Press, 2011.

F. Dartu and L. T. Pileggi, "Calculating worst-case gate delays due to dominant
capacitance coupling,” in Proceedings of the 34th annual Design Automation
Conference, pp. 46-51, 1997.

W. Elmore, "The transient response of damped linear networks with particular regard
to wideband amplifiers,” Journal of applied physics, vol. 19, pp. 55-63, 1948.

J. S. Roychowdhury and D. O. Pederson, "Algorithms for the transient simulation of
lossy interconnect,” Computer-Aided Design of Integrated Circuits and Systems,
IEEE Transactions on, vol. 13, pp. 96-104, 1994.

International Technology Roadmap for Semiconductors, 2011 Edition,
http://public.itrs.net.

International  Technology Roadmap for Semiconductors: 2013  Edition,
http://public.itrs.net.

K. E. Geckeler and E. Rosenberg, Functional nanomaterials: American Scientific
Publishers Valencia, 2006.

D. Mann, A. Javey, J. Kong, Q. Wang, and H. Dai, "Ballistic transport in metallic
nanotubes with reliable Pd ohmic contacts,” Nano Letters, vol. 3, pp. 1541-1544,
2003.

Y.Singh Duksh, B. K. Kaushik, S. Sarkar, and R. Singh, "Analysis of propagation
delay and power with variation in driver size and number of shells in multi walled
carbon nanotube interconnects,” Journal of Engineering, Design and Technology, vol.
11, pp. 19-33, 2013.

S. Guo, W. Wang, C. S. Ozkan, and M. Ozkan, "Assembled graphene oxide and
single-walled carbon nanotube ink for stable supercapacitors,” Journal of Materials
Research, vol. 28, pp. 918-926, 2013.

J. D. Meindl, "Interconnect opportunities for gigascale integration,” IEEE Micro, vol.
23, pp. 28-35, 2003.

J. D. Meindl, J. A. Davis, P. Zarkesh-Ha, C. S. Patel, K. P. Martin, and P. A. Kohl,
"Interconnect opportunities for gigascale integration,” IBM journal of research and
development, vol. 46, pp. 245-263, 2002.

104



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

H. Li, C. Xu, and K. Banerjee, "Carbon nanomaterials: The ideal interconnect
technology for next-generation ICs,” IEEE Design & Test of Computers, pp. 20-31,
2010.

H.J. Li, W. Lu, J. Li, X. Bai, and C. Gu, "Multichannel ballistic transport in multiwall
carbon nanotubes," Physical review letters, vol. 95, p. 086601, 2005.

J. Mintmire and C. White, "Universal density of states for carbon nanotubes,”
Physical Review Letters, vol. 81, p. 2506, 1998.

H. Li, C. Xu, N. Srivastava, and K. Banerjee, "Carbon nanomaterials for next-
generation interconnects and passives: Physics, status, and prospects,” Electron
Devices, IEEE Transactions on, vol. 56, pp. 1799-1821, 2009.

H. Li, W.Y. Yin, K. Banerjee, and J.F. Mao, "Circuit modeling and performance
analysis of multi-walled carbon nanotube interconnects,” Electron Devices, IEEE
Transactions on, vol. 55, pp. 1328-1337, 2008.

B. Wang, T. Q. Nguyen, A. T. Do, J. Zhou, M. Je, and T. T.-H. Kim, "Design of an
Ultra-low Voltage 9T SRAM With Equalized Bitline Leakage and CAM-Assisted
Energy Efficiency Improvement,” Circuits and Systems |: Regular Papers, IEEE
Transactions on, vol. 62, pp. 441-448, 2015.

R. Chandel, S. Sarkar, and R. Agarwal, "Repeater insertion in global interconnects in
VLSI circuits,” Microelectronics international, vol. 22, pp. 43-50, 2005.

B. K. Kaushik, R. P. Agarwal, S. Sarkar, R. C. Joshi, and D. Chauhan, "Repeater
insertion in crosstalk-aware inductively and capacitively coupled interconnects,"
International Journal of Circuit Theory and Applications, vol. 39, pp. 629-647, 2011.
V. Adler and E. G. Friedman, "Repeater design to reduce delay and power in resistive
interconnect,” Circuits and Systems Il: Analog and Digital Signal Processing, IEEE
Transactions on, vol. 45, pp. 607-616, 1998.

B. K. Kaushik, S. Goel, and G. Rauthan, "Future VLSI interconnects: optical fiber or
carbon nanotube-a review," Microelectronics international, vol. 24, pp. 53-63, 2007.
C. Sahu and J. Singh, "Potential Benefits and Sensitivity Analysis of Dopingless
Transistor for Low Power Applications,” Electron Devices, IEEE Transactions on,
vol. 62, pp. 729-735, 2015.

J. Deng and H. P. Wong, "A compact SPICE model for carbon-nanotube field-effect
transistors including nonidealities and its application—~Part I: Model of the intrinsic
channel region,” electron Devices, IEEE Transactions on, vol. 54, pp. 3186-3194,
2007.

105



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

F. Y. Chang, “Transient simulation of nonuniform coupled lossy transmission lines
characterized with frequency-dependent parameters—Part I: Waveform relaxation
analysis,” IEEE Trans. Circuits Syst., vol. 39, pp. 585-603, Aug. 1992.

Y. Ismail and E. G. Friedman, "Effects of inductance on the propagation delay and
repeater insertion in VLSI circuits,” Very Large Scale Integration (VLSI) Systems,
IEEE Transactions on, vol. 8, pp. 195-206, 2000.

Y. I. Ismail and E. G. Friedman, "Effects of inductance on the propagation delay and
repeater insertion in VLSI circuits: A summary,” IEEE Circuits and Systems
Magazine, vol. 3, pp. 24-28, 2003.

R. Chauhan, S. Dasgupta, and P. Chakrabarti, "Influence of ionising radiation on the
performance of CMOS inverter," Microelectronics Journal, vol. 32, pp. 615-620,
2001.

S. Parashar, P. Srivastava, and M. Pattanaik, "Modeling of Cu-linked rectification
devices by varying torsion angles," Journal of Computational Electronics, vol. 12, pp.
775-781, 2013.

R. Chandel, S. Sarkar, and R. Agarwal, "Delay and power management of voltage-
scaled repeater driven long interconnects,” International Journal of Modelling and
Simulation, vol. 27, pp. 333-339, 2007.

A. K. Rana, N. Chand, and V. Kapoor, "Gate leakage behavior of source/drain-to-gate
non-overlapped MOSFET structure,” Journal of computational electronics, vol. 10,
pp. 222-228, 2011.

E. Limiti, A. Nanni, A. Serino, and F. Giannini, "Alternative approach to dynamic 1/\V
characterisation of microwave FETSs," Electronics Letters, vol. 44, pp. 852-854, 2008.
F. Shi, X. Wu, and Z. Yan, "Improved analytical delay models for RC-coupled
interconnects,” Very Large Scale Integration (VLSI) Systems, IEEE Transactions on,
vol. 22, pp. 1639-1644, 2014.

K. H. Koo, H. Cho, P. Kapur, and K. C. Saraswat, "Performance comparisons
between carbon nanotubes, optical, and Cu for future high-performance on-chip
interconnect applications,” Electron Devices, IEEE Transactions on, vol. 54, pp.
3206-3215, 2007.

A. B. Kahng, K. Masuko, and S. Muddu, "Analytical delay models for VLSI
interconnects under ramp input,” in Proceedings of the IEEE/ACM international
conference on Computer-aided design, pp. 30-36, 1997.

106



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

J. A. Davis and J. D. Meindl, "Compact distributed RLC interconnect models-Part I:
Single line transient, time delay, and overshoot expressions,” IEEE Transactions on
Electron Devices, vol. 47, pp. 2068-2077, 2000.

J. Davis and J. D. Meindl, "Compact distributed RLC interconnect models-Part 1I:
Coupled line transient expressions and peak crosstalk in multilevel networks,"
Electron Devices, IEEE Transactions on, vol. 47, pp. 2078-2087, 2000.

R. Venkatesan, J. Davis, and J. D. Meindl, "Compact distributed RLC interconnect
models-part [lI: transients in single and coupled lines with capacitive load
termination,” Electron Devices, IEEE Transactions on, vol. 50, pp. 1081-1093, 2003.
R. Venkatesan, J. Davis, and J. D. Meindl, "Compact distributed RLC interconnect
models-part IV: unified models for time delay, crosstalk, and repeater insertion,"
Electron Devices, IEEE Transactions on, vol. 50, pp. 1094-1102, 2003.

R. Anglada and A. Rubio, "An approach to crosstalk effect analysis and avoidance
techniques in digital CMOS VLSI circuits,” International Journal of Electronics, vol.
65, pp. 9-17, 1988.

M. S. Sarto and A. Tamburrano, "Single-conductor transmission-line model of
multiwall carbon nanotubes,” Nanotechnology, IEEE Transactions on, vol. 9, pp. 82-
92, 2010.

A. Hosseini and V. Shabro, "Thermally-aware modeling and performance evaluation
for single-walled carbon nanotube-based interconnects for future high performance
integrated circuits," Microelectronic Engineering, vol. 87, pp. 1955-1962, 2010.

R. Graham, G. Alers, T. Mountsier, N. Shamma, S. Dhuey, S. Cabrini, et al.,
"Resistivity dominated by surface scattering in sub-50 nm Cu wires," Applied Physics
Letters, vol. 96, pp. 042116-042118, 2010.

International  Technology Roadmap for Semiconductors, 1999 Edition,
http://public.itrs.net.

Y. Leblebici, CMOS Digital Integrated Circuits: Analysis and Design: McGraw-Hill
College, 1996.

T. Gupta, Copper interconnect technology: Springer Science & Business Media,
2010.

V. H. Nguyen, H. Kranenburg, and P. H. Woerlee, "Copper for advanced
interconnect,” in Proceedings of the Third International Workshop on Materials

Science, Hanoi, 1999.

107



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

P. Kapur, G. Chandra, J. P. McVittie, and K. C. Saraswat, "Technology and reliability
constrained future copper interconnects. Il. Performance implications,” Electron
Devices, IEEE Transactions on, vol. 49, pp. 598-604, 2002.

M. K. Rai and S. Sarkar, "Influence of distance between adjacent tubes on SWCNT
bundle interconnect delay and power dissipation,” Journal of Computational
Electronics, vol. 12, pp. 796-802, 2013.

C. Rutherglen and P. Burke, "Nanoelectromagnetics: circuit and electromagnetic
properties of carbon nanotubes,” Small by Wiley online library, vol. 5, pp. 884-906,
2009.

Y. Wen, C. Jian, and F. Xinhui, "Effects of grain boundaries on electrical properties
of copper wires," Trans Nonferrous Met Soc China, vol. 13, pp. 1075-1079, 2003.

J. Li, Q. Ye, A. Cassell, H. T. Ng, R. Stevens, J. Han, et al., "Bottom-up approach for
carbon nanotube interconnects,” Applied Physics Letters, vol. 82, pp. 2491-2493,
2003.

A. Srivastava, Y. Xu, and A. K. Sharma, "Carbon nanotubes for next generation very
large scale integration interconnects,” Journal of Nanophotonics, vol. 4, pp. 041690-
041690-26, 2010.

W. Steinhdgl, G. Schindler, G. Steinlesberger, M. Traving, and M. Engelhardt,
"Comprehensive study of the resistivity of copper wires with lateral dimensions of
100 nm and smaller,” Journal of Applied Physics, vol. 97, p. 023706, 2005.

N. Alam, A. Kureshi, M. Hasan, and T. Arslan, "Analysis of carbon nanotube
interconnects and their comparison with Cu interconnects,” in International
Multimedia, Signal Processing and Communication Technologies, pp. 124-127, 2009.
J. Plombon, E. Andideh, V. M. Dubin, and J. Maiz, "Influence of phonon, geometry,
impurity, and grain size on Copper line resistivity,” Applied physics letters, vol. 89, p.
113124, 2006.

A. A. Maarouf, C. L. Kane, and E. J. Mele, "Electronic structure of carbon nanotube
ropes,” Physical Review B, vol. 61, p. 11156, 2000.

H. Li, W. Liu, A. M. Cassell, F. Kreupl, and K. Banerjee, "Low-Resistivity Long-
Length Horizontal Carbon Nanotube Bundles for Interconnect Applications—Part I1:
Characterization,” Electron Devices, IEEE Transactions on, vol. 60, pp. 2870-2876,
2013.

108



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

A. Nieuwoudt and Y. Massoud, "On the impact of process variations for carbon
nanotube bundles for VLSI interconnect,” Electron Devices, IEEE Transactions on,
vol. 54, pp. 446-455, 2007.

A. Svizhenko, M. Anantram, and T. Govindan, "Ballistic transport and electrostatics
in metallic carbon nanotubes,” Nanotechnology, IEEE Transactions on, vol. 4, pp.
557-562, 2005.

M. J. O’connell, Carbon nanotubes: properties and applications: CRC press, 2006.
A. Naeemi, R. Sarvari, and J. D. Meindl, "Performance comparison between carbon
nanotube and copper interconnects for gigascale integration (GSI)," Electron Device
Letters, IEEE, vol. 26, pp. 84-86, 2005.

M. Rai and S. Sarkar, Carbon Nanotube as a VLSI Interconnect: INTECH Open
Access Publisher, 2011.

C. T. White and T. N. Todorov, "Carbon nanotubes as long ballistic conductors,"
Nature, vol. 393, pp. 240-242, 1998.

J. M. Marulanda, Electronic properties of carbon nanotubes: InTech, 2011.

N. Srivastava, R. V. Joshi, and K. Banerjee, "Carbon nanotube interconnects:
implications for performance, power dissipation and thermal management,” in IEEE
International Electron Devices Meeting Technical Digest., pp. 249-252, 2005.

P. L. McEuen, M. S. Fuhrer, and H. Park, "Single-walled carbon nanotube
electronics,” IEEE transactions on nanotechnology, vol. 1, pp. 78-85, 2002.

A. Naeemi and J. D. Meindl, "Monolayer metallic nanotube interconnects: Promising
candidates for short local interconnects,” Electron Device Letters, IEEE, vol. 26, pp.
544-546, 2005.

H. Li, W. Liu, A. M. Cassell, F. Kreupl, and K. Banerjee, "Low-Resistivity Long-
Length Horizontal Carbon Nanotube Bundles for Interconnect Applications—Part I:
Process Development," Electron Devices, IEEE Transactions on, vol. 60, pp. 2862-
2869, 2013.

B. K. Kaushik and M. K. Majumder, "Mixed Carbon Nanotube Bundle,” in Carbon
Nanotube Based VLSI Interconnects, pp. 69-77, 2015.

A. Naeemi and J. D. Meindl, "Compact physical models for multiwall carbon-
nanotube interconnects,” Electron Device Letters, IEEE, vol. 27, pp. 338-340, 2006.
M. K. Majumder, B. Kaushik, and S. Manhas, " Analysis of Delay and Dynamic
Crosstalk in  Bundled Carbon Nanotube Interconnects,” Electromagnetic
Compatibility, IEEE transactions on, vol. 56, pp. 1666-1673, 2014.

109



[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Y. S. Duksh, B. K. Kaushik, S. Sarkar, and R. Singh, "Effect of Driver Size and
Number of Shells on Propagation Delay in MWCNT Interconnects,” in Devices and
Communications International Conference on, pp. 1-5, 2011.

P. J. Burke, "Luttinger liquid theory as a model of the gigahertz electrical properties
of carbon nanotubes,” Nanotechnology, IEEE Transactions on, vol. 1, pp. 129-144,
2002.

P. J. Burke, "Nanotubes and nanowires," Royal Society of Chemistry, vol. 18, 2007.

N. Srivastava and K. Banerjee, "Performance analysis of carbon nanotube
interconnects for VLSI applications,” in IEEE/ACM International Conference on
Computer-Aided Design, pp. 383-390, 2005.

A. K. Kureshi and M. Hasan, "Analysis of CNT bundle and its comparison with
copper interconnect for CMOS and CNFET drivers,” Journal of Nanomaterials, vol.
2009, p. 486979, 20009.

P. Collins and P. Avouris, "Multishell conduction in multiwalled carbon nanotubes,"”
Applied Physics A, vol. 74, pp. 329-332, 2002.

S. Datta, "Electronic transport in mesoscopic systems. 1995," Cambridge: Cambridge
UP, 1995.

M. Anantram and F. Leonard, "Physics of carbon nanotube electronic devices,”
Reports on Progress in Physics, vol. 69, pp. 507-561, 2006.

M. K. Majumder, P. K. Das, and B. K. Kaushik, "Delay and crosstalk reliability issues
in mixed MWCNT bundle interconnects,” Microelectronics Reliability, vol. 54, pp.
2570-2577, 2014.

V. R. Kumar, B. K. Kaushik, and A. Patnaik, "Crosstalk noise modeling of multiwall
carbon nanotube (MWCNT) interconnects using finite-difference time-domain
(FDTD) technique,” Microelectronics Reliability, vol. 55, pp. 155-163, 2015.

W. Steinhégl, G. Schindler, G. Steinlesberger, and M. Engelhardt, "Size-dependent
resistivity of metallic wires in the mesoscopic range," Physical Review B, vol. 66, p.
075414, 2002.

M. K. Rai and S. Sarkar, "Influence of tube diameter on carbon nanotube interconnect
delay and power output,” physica status solidi (a), vol. 208, pp. 735-739, 2011.

Y. Singh Duksh, B. K. Kaushik, S. Sarkar, and R. Singh, "Performance comparison of

carbon nanotube, nickel silicide nanowire and copper VLSI interconnects:

110



[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Perspectives and challenges ahead,” Journal of Engineering, Design and Technology,
vol. 8, pp. 334-353, 2010.

C. Yao, K. K. Saluja, and P. Ramanathan, "Power and thermal constrained test
scheduling under deep submicron technologies,” Computer-Aided Design of
Integrated Circuits and Systems, IEEE Transactions on, vol. 30, pp. 317-322, 2011.
H. Nho, S.-S. Yoon, S. S. Wong, and S.-O. Jung, "Numerical estimation of yield in
sub-100-nm SRAM design using Monte Carlo simulation,” Circuits and Systems I1:
Express Briefs, IEEE Transactions on, vol. 55, pp. 907-911, 2008.

S. Penolazzi, 1. Sander, and A. Hemani, "Predicting bus contention effects on energy
and performance in multi-processor SoCs," in Design, Automation & Test in Europe
Conference & Exhibition, pp. 1-4, 2011.

F. Liang, G. Wang, and W. Ding, "Estimation of time delay and repeater insertion in
multiwall carbon nanotube interconnects,” Electron Devices, IEEE Transactions on,
vol. 58, pp. 2712-2720, 2011.

K. Banerjee and N. Srivastava, "Are carbon nanotubes the future of VLSI
interconnections?,” in Proceedings of the 43rd annual Design Automation
Conference, pp. 809-814, 2006.

K. M. Mohsin, A. Srivastava, A. K. Sharma, and C. Mayberry, "A thermal model for
carbon nanotube interconnects,” Nanomaterials, vol. 3, pp. 229-241, 2013.

E. Pop, "The role of electrical and thermal contact resistance for Joule breakdown of
single-wall carbon nanotubes,” Nanotechnology, vol. 19, p. 295202, 2008.

E. Pop, D. Mann, J. Reifenberg, K. Goodson, and H. Dai, "Electro-thermal transport
in metallic single-wall carbon nanotubes for interconnect applications,” in IEDM
Technical Digest. IEEE International Electron Devices Meeting, pp. 4 -256, 2005.

E. Pop, D. Mann, Q. Wang, K. Goodson, and H. Dai, "Thermal conductance of an
individual single-wall carbon nanotube above room temperature,” Nano letters, vol. 6,
pp. 96-100, 2006.

E. Pop, D. A. Mann, K. E. Goodson, and H. Dai, "Electrical and thermal transport in
metallic single-wall carbon nanotubes on insulating substrates,” Journal of Applied
Physics, vol. 101, p. 093710, 2007.

A. Naeemi and J. D. Meindl, "Physical modeling of temperature coefficient of
resistance for single-and multi-wall carbon nanotube interconnects,” Electron Device
Letters, IEEE, vol. 28, pp. 135-138, 2007.

111



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

T. T. H. Kim and N. Le Ba, "Design of a Temperature-Aware Low-Voltage SRAM
With Self-Adjustable Sensing Margin Enhancement for High-Temperature
Applications up to 300 C," Solid-State Circuits, IEEE Journal of, vol. 49, pp. 2534-
2546, 2014.

J. Y. Park, S. Rosenblatt, Y. Yaish, V. Sazonova, H. Ustiinel, S. Braig, et al.,
"Electron-phonon scattering in metallic single-walled carbon nanotubes,” Nano
Letters, vol. 4, pp. 517-520, 2004.

P. Avouris, G. Dresselhaus, and M. Dresselhaus, "Carbon nanotubes: synthesis,
structure, properties and applications,” Topics in Applied Physics, 2000.

R. Vajtai, B. Wei, Y. J. Jung, A. Cao, S. K. Biswas, G. Ramanath, et al., "Building
and testing organized architectures of carbon nanotubes,” Nanotechnology, IEEE
Transactions on, vol. 2, pp. 355-361, 2003.

Y. Xu, A. Srivastava, and A. K. Sharma, "A model of multi-walled carbon nanotube
interconnects,” in 52nd IEEE International Midwest Symposium on Circuits and
Systems, pp. 987-990, 2009.

V. V. Deodhar and J. Davis, "Voltage scaling and repeater insertion for high-
throughput low-power interconnects,” in Proceedings of the 2003 International
Symposium on Circuits and Systems, vol. 5, pp. V-349-V-352, 2003.

B. K. Kaushik, S. Sarkar, and R. P. Agarwal, "Waveform analysis and delay
prediction for a CMOS gate driving RLC interconnect load,” Integration, the VLSI
journal, vol. 40, pp. 394-405, 2007.

M. A. EI-Moursy and E. G. Friedman, "Optimum wire sizing of RLC interconnect
with repeaters,” INTEGRATION, the VLSI journal, vol. 38, pp. 205-225, 2004.

Q. Yan, J. Wu, G. Zhou, W. Duan, and B.-L. Gu, "Ab initio study of transport
properties of multiwalled carbon nanotubes,” Physical Review B, vol. 72, p. 155425,
2005.

H. Li and K. Banerjee, "High-frequency analysis of carbon nanotube interconnects
and implications for on-chip inductor design,” Electron Devices, IEEE Transactions
on, vol. 56, pp. 2202-2214, 2009.

H. Li, W.Y. Yin, and J.F. Mao, "Modeling of carbon nanotube interconnects and
comparative analysis with Cu interconnects,” in Asia-Pacific Microwave Conference,
pp. 1361-1364, 2006.

112



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

A. G. Chiarillo, G. Miano, and A. Maffucci, "Size and temperature on resistance of
copper and carbon nanotubes nano-interconnects,” IEEE Electron Devices Lett, vol.
55, pp. 97-100, 2010.

A. G. Chiariello, G. Miano, and A. Maffucci, "Size and temperature effects on the
resistance of copper and carbon nanotubes nano-interconnects,” in IEEE 19th
Conference on Electrical Performance of Electronic Packaging and Systems, pp. 97-
100, 2010.

P. Gautreau, T. Ragab, and C. Basaran, "Hot phonons contribution to Joule heating in
single-walled carbon nanotubes,” Journal of Applied Physics, vol. 112, p. 103527,
2012.

W. C. Chen, W.-Y. Yin, L. Jia, and Q. H. Liu, "Electrothermal characterization of
single-walled carbon nanotube (SWCNT) interconnect arrays,” Nanotechnology,
IEEE Transactions on, vol. 8, pp. 718-728, 2009.

B. De Vivo, P. Lamberti, G. Spinelli, and V. Tucci, "Reliable bounds for the
propagation delay in VLSI nano interconnects based on Multi Wall Carbon Nano
Tubes,” in IEEE 14th Workshop on Signal Propagation on Interconnects, pp. 149-
152, 2010.

A. Nieuwoudt and Y. Massoud, "Understanding the impact of inductance in carbon
nanotube bundles for VLSI interconnect using scalable modeling techniques,”
Nanotechnology, IEEE Transactions on, vol. 5, pp. 758-765, 2006.

S. V. Garimella, A. S. Fleischer, J. Y. Murthy, A. Keshavarzi, R. Prasher, C. Patel, et
al., "Thermal challenges in next-generation electronic systems,"” Components and
Packaging Technologies, IEEE Transactions on, vol. 31, pp. 801-815, 2008.

A. Gayasen, N. Vijaykrishnan, and M. J. Irwin, "Exploring technology alternatives for
nano-scale FPGA interconnects,” in Proceedings of 42nd Design Automation
Conference, pp. 921-926, 2005.

A. Naeemi and J. D. Meindl, "Design and performance modeling for single-walled
carbon nanotubes as local, semiglobal, and global interconnects in gigascale
integrated systems," Electron Devices, IEEE Transactions on, vol. 54, pp. 26-37,
2007.

University of Pennsylvania, Department of Electrical & System Engineering, PSPICE
— A brief primer, Jan Vander Spiegel, 2006

113



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]
[138]

[139]

[140]

B. Bourlon, C. Miko, L. Forro, D. Glattli, and A. Bachtold, "Determination of the
intershell conductance in multiwalled carbon nanotubes,” Physical review letters, vol.
93, p. 176806, 2004.

H. Suzuura and T. Ando, "Phonons and electron-phonon scattering in carbon
nanotubes,” Physical review B, vol. 65, p. 235412, 2002.

Y. G. Yoon, P. Delaney, and S. G. Louie, "Quantum conductance of multiwall carbon
nanotubes," Physical Review B, vol. 66, p. 073407, 2002.

A. Chatzigeorgiou, S. Nikolaidis, and I. Tsoukalas, "Modeling CMOS gates driving
RC interconnect loads,” Circuits and Systems IlI: Analog and Digital Signal
Processing, IEEE Transactions on, vol. 48, pp. 413-418, 2001.

F. Dartu, N. Menezes, J. Qian, and L. T. Pillage, "A gate-delay model for high-speed
CMOS circuits,” in Proceedings of the 31st annual Design Automation Conference,
pp. 576-580, 1994.

W. Ciccognani, F. Giannini, E. Limiti, and P. Longhi, "Compensating for parasitic
phase shift in microwave digitally controlled attenuators,” Electronics Letters, vol. 44,
pp. 743-744, 2008.

M. K. Majumder, N. Pandya, B. Kaushik, and S. K. Manhas, "Dynamic crosstalk
effect in mixed CNT bundle interconnects,” Electronics letters, vol. 48, pp. 384-385,
2012.

W. K. Chen, Design automation, languages, and simulations: CRC Press, 2003.

Y. K. Cheng, P. Raha, C.-C. Teng, E. Rosenbaum, and S.-M. Kang, "ILLIADS-T: an
electrothermal timing simulator for temperature-sensitive reliability diagnosis of
CMOS VLSI chips,” Computer-Aided Design of Integrated Circuits and Systems,
IEEE Transactions on, vol. 17, pp. 668-681, 1998.

Predictive Technology Model (PTM), http://ptm.asu.edu.

A. K. Rana, N. Chand, and V. Kapoor, "Modeling Gate Current for Nano Scale
MOSFET with Different Gate Spacer,” Journal of Circuits, Systems, and Computers,
vol. 20, pp. 1659-1675, 2011.

T. Sakurai, "Alpha-power law MOSFET model and its applications to CMOS inverter
delay and other formulas," Solid-State Circuits, IEEE Journal of, vol. 25, pp. 584-
594, 1990.

G. B. Dos Santos, T. J. Reimann, M. de O Johann, and R. da L Reis, "On the accuracy
of Elmore-based Delay Models,” inl6th IEEE International Conference on
Electronics, Circuits, and Systems, pp. 447-450, 2009.

114



[141]

[142]

[143]

[144]

[145]

[146]

[147]

V. R. Kumar, B. K. Kaushik, and A. Patnaik, "An accurate model for dynamic
crosstalk analysis of CMOS gate driven on-chip interconnects using FDTD method,"
Microelectronics Journal, vol. 45, pp. 441-448, 2014.

S. Salahuddin, M. Lundstrom, and S. Datta, "Transport effects on signal propagation
in quantum wires," Electron Devices, IEEE Transactions on, vol. 52, pp. 1734-1742,
2005.

M. D'Amore, M. S. Sarto, and A. Tamburrano, "Fast transient analysis of next-
generation interconnects based on carbon nanotubes,” Electromagnetic Compatibility,
IEEE Transactions on, vol. 52, pp. 496-503, 2010.

R. Ahmed, P. Ramanathan, and K. K. Saluja, "Temperature Minimization Using
Power Redistribution in Embedded Systems," in VLSI Design and 2014 13th
International Conference on Embedded Systems, 2014 27th International Conference
on, 2014, pp. 264-269.

S. Thakur and A. K. Gathania, "Fluorescence Study of Eu-YVO4 Nano-Phosphors as
a Function of Calcination Temperature and Excitation Wavelengths," Journal of
fluorescence, vol. 25, pp. 657-661, 2015.

W. S. Zhao and W. Y. Yin, "Carbon-Based Interconnects for RF Nanoelectronics,”
Wiley Encyclopedia of Electrical and Electronics Engineering, 2012.

U. Monga, D.-M. Nilsen, and T. A. Fjeldly, "Modeling of electrostatics and drain
current in nanoscale quadruple-gate MOSFET using conformal mapping techniques,”
Microelectronics Journal, vol. 44, pp. 3-6, 2013.

115



