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ABSTRACT 

International Technology Roadmap for Semiconductor (ITRS) realizes the fact that Cu 

interconnect does not hold properties required to match the coming era of nano-technology. A 

new interconnect material is required that can hold current density of 33x 106  A/cm2  as per 

ITRS. Carbon nanotubes (CNT) during the research phase proved to be the best material 

suited for VLSI interconnect technology. It has unmatched electrical, mechanical, thermal 

and chemical properties. 

CNTs are classified as single and multi-walled CNTs that can be deployed as single or 

bundled arrangement. Bundled CNT is preferred as it decreases the contact resistance to a 

great extent as compared to single CNT, offering a great improvement in performances. 

Realizing a pure SWCNT or pure MWNCT bundle is a difficult task due to the limitation 

involved in process control techniques and fabrication technology. 1-lowever, a CNT bundle 

having different diameter CNTs is more appreciated from the fabrication point of view. In 

fact, mixed CNT bundle (MCB) is the natural bundle available post fabrication wherein outer 

diameter of CNTs follows Gaussian distribution. MCB is yet to be researched for its 

unparalleled performance in terms of propagation delay, power dissipation and crosstalk 

delay. 

Advancement in technology results in shrinking of device dimension that causes densely 

packed ICs. Therefore, it becomes increasingly difficult to fabricate a nanoscale IC with exact 

geometry. It results in considerable deviations of their performance. This deviation can cause 

logic failure that is caused by uncertainties in propagation delay from its mean value. In this 

dissertation report monte carlo simulations method is implemented on different CNT bundles 

to analyse the process induced variation on interconnect parameters as delay, crosstalk and 

power dissipation. 
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1 Introduction 

4 
Carbon has an unmatched ability to bond with itself and with other atoms in endlessly 

varied combinations of chains and rings making it an interesting and popular material among 

researchers. Sumio lijirna, viewed as the inventor of carbon nanotubes, ignited a special 

interest in the field of carbon nanostructures [1]. Since the year of 1991, a lot of researches 

have been carried out in the area of nanotechnology. Two German scientist L. V. 

Radushkevich and V. M. Lukyanovich in 1952 issued images of carbon nanotubes having 

50nm diameter as reported in the Soviet Journal of Physical Chemistry [2]. This discovery 

was overlooked because the journal was in the Russian language and access to Soviet press 

by any western scientist was prohibited due to the cold war. Carbon nanotube is one of the 

discoveries from the class of fullerenes. Every fullerene like C60, C70, C84, etc. have basic but 

similar pure carbon cage characteristic, where each atom is bonded to three other atoms just 

like in graphite [3]. However, fullerenes are different form of graphite in the sense that each 

fullerene has precisely 12 pentagonal faces having different number of hexagonal faces (e.g. 

C60  has 20). Structure of C60  is spherical just like ball with 32 faces. Out of the 32 faces, 12 

are pentagons and 20 hexagons similar to a soccer ball as shown in Fig. 1.1(a). Carbon atoms 

not only have the property to form soccer shaped molecules but also exists in long cylindrical 

tubes. These new form of long cylindrical tubes are called buckytubes which is now also 

known as carbon nanotubes (CNTs) [4]. 

(a) (b) 

Figure 1.1 Allotropes of carbon (a) Fullerenes (C60) (b) Graphene [4] 

Carbon atom has various allotropes due to its extremely high linking property that exists as 

three, two, one and zero dimensional structure that are listed as follows: 
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• Three dimensional :- Diamond and Graphite 

• Two dimensional Graphene 

• One dimensional :- Graphene Nano ribbon 

• Zero dimensional :- Fullerenes 

1.1 Classification of Carbon Nanotubes 

CNTs are basically formed by rolling of graphene sheets into cylindrical form [4], and 

thus can be classified as follows 

Single Walled Carbon Nanotube (SWCNT) 

Double Walled Carbon Nanotube (DWCNT) 

Multi Walled Carbon Nanotube (MWCNT) 

1.1.1 Single-Walled Carbon Nanotubes (SWCNT) 

Single-wall carbon nanotube (SWCNT) comprises of single cylindrical layer of graphite 

having one atom thickness rolled to form cylinder having high aspect ratio as shown in Fig. 

1.2. SWCNT having diameter in the range of 0.8nm to mm is said to exhibit electrical 

stability and good electrical conductivity [6]. Contrary to diameter, the length of CNTs can be 

thousands times longer than its diameter. SWCNTs are more flexible as compared to 

MWCNTs but are not trivial to fabricate. Due to its better flexibility, they can be bent into 

circular fashion, twisted and flattened without any damage. SWCNTs have unique electrical 

and mechanical properties that find usage in various applications, such as logic elements, 

nanosensors, nanocomposite materials, and field-emission displays [7]. 

Figure 1.2 Single SWCNT Structure 171 
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1.1.2 Double —Walled Carbon Nanotube (DWCNT) 

Double-wall carbon nanotubes (DWCNTs) are classified as special type of MWCNT 

wherein two concentrically graphene sheets are rolled up as shown in Fig. 1.3. The properties 

of DWCNT are similar to that of a SWCNT and an MWCNT. They are significantly tolerant 

to chemicals as the outer shell shields the inner shell. DWCNTs are flexible as SWCNTs 

while maintaining the electrical and thermal property of MWCNTs. DWCNTs can be thought 

as a mixture of both SWCNT and MWCNT. Due to the perfect blend, they have acquired 

highly specific applications. SWCNTs are highly susceptible to breakage as the foreign 

particles can have direct contact with outer shell that can significantly alter the properties. On 

the other hand, DWCNTs have two shells wherein outer shell provides shielding to the inner 

shell and hence intrinsic properties are preserved. Due to shielding property DWCNT provide 

better thermal and chemical stability than SWCNT. DWCNTs also find usage in various 

applications like field-emission displays, nanocomposite materials, and nanosensors. 

Figure 1.3 DWCNT Structure 

1.1.3 Multi-Walled Carbon Nanotubes (MWCNT) 

Multi-wall carbon nanotube (MWCNT) consists of several concentric shells having 

different diameters. Each shell in MWCNT exhibits different electrical and physical 

properties. MWCNTs with diameter higher than 20nm have band gap lesser than thermal 

energy making them conductive at room temperature (EG < kBT 0.0258eV) [9]. The number 

of conducting channels and mean free path increase is directly proportional to the diameter of 

MWCNTs 1101 due to which higher diameter MWCNT exhibits better performance in 

comparison to the MWCNT having smaller diameter. MWCNT bundle is preferred over 

single MWCNT or SWCNT bundle as it provides greater number of conducting channels. 
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Figure 1.4 M\VCN1' Structure 

 

1.2 Structure of CNT 

CNTs are known as allotropes of carbon. An isolated carbon atom has four electrons 

valence band distributed among atomic orbitals 2s, 2Px, 2p), and 2P:  respectively. In contrast, 

carbon atom in graphene have three atomic orbitals 2s, 21,7x,  and 2p  that are hybridized to 

form three coplanar sp2  orbitals while the 2P:  orbital is perpendicular to it. The three 

hybridized orbitals forms sigma (a) bond that is responsible for bonding between the adjacent 

carbon atoms whereas 2p orbital forms it bonds out of the plane of graphene [11]. The strong 

sp2  bonding in graphene makes CNTs as strongest material even if compared to the sp3  

bonding of diamond [11]. Structure of CNTs depend on rolling up direction of graphene 

sheets defined by chiral indices ('n,rn). Chiral vectors decide whether the CNT is metallic or 

semiconducting in nature. Furthermore, CNTs can also be classified as armchair and zigzag 

structure depending on their chiral indices (n, m). For armchair, chiral indices are equal and 

defined as n = in and for zigzag, it is n or in = 0 151. CNTs satisfying the condition n - in = 31 

(where i is an integer) are termed as metallic and thus armchair CNTs are always metallic and 

zigzag CNTs can be either metallic or semiconducting in nature 1121. 

The structure of CNT can be defined using their circumferential vector as 1131 

- n. a1  + m. a2  

where ai and a2 denotes the unit vectors. The diameter of CNT can be calculated using the 

chiral vectors as [5] 

D=ICl/?,r = \Jn2 +m2 +n,n (2) HI 
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As discussed, the chiral vector decides the property of CNTs. Chirality decides the metallic 

and semiconducting nature of CNTs. It also effects the other properties such as conductance, 

lattice structure, density etc. 

4 Primitive translation vectors 

Armchair 

\b 

Chiral 
vector 

Chiral 

angle 

Zigzag 

(a) 

Figure 1.5 CNT structure showing the vectors a1  and a2  in Zig Zag and Armchair with chirality (3,3) 1131 

Figure 1.6 Structure showing SWCNTs having (a) armchair (nm), (b) zig-zag (n or in =0 ), and (c) chiral 

chirality 1121 

1.3 Properties 

CNTs have unique electrical, thermal, mechanical and chemical properties that make CNTs 

one of the promising candidates in global VLSI interconnects. These extraordinary physical 

properties are listed as follows: 

1.3.1 Electrical 

Electronically. CNTs are classified as semiconducting and metallic, depending on (n-rn) 

value. The equivalent value of (n-rn) is either zero or multiple of three, which indicates that 
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they have electrons in their valence band at room temperature and are metallic in nature. 

Other possible values of (n-rn) exhibits the semiconducting nature of CNTs. Semiconducting 

CNTs have band gap ranging from 0.25eV to 3.5eV [16]. Band gap is an inverse function of 

diameter and thus higher diameter indicates the reduction in band gap and vice-versa. For an 

instance, CNTs having tube diameter of mm have band gap of about 1eV [16]. 

There are a lot of electrons that occupies different energy levels within the nanotube. Fig. 4 

shows the energy band diagram for a single CNT. The shaded area corresponds to the valence 

band and indicated the state filled with electrons, whereas the unshaded area corresponds to 

the conduction band and signifies the energy levels that an electron can occupy. A photon 

having energy higher than the band gap of CNTs can be easily absorbed causing electron to 

take transition from valence band to conduction band. Photo absorptions in CNTs produce 

characteristic absorption spectrum in the range of ultraviolet to near-infrared wavelength 

[11]. By observing the light absorption, one can identify the range of(rn, n) of a given tube. 

Conduction 
E band 
N 
E 
R 
G Valence 
Y band 

Density of States 

Figure 1.7 Energy band diagram showing valence and conduction band 191 

As the conductivity of CNT is very high electrons and holes can move very easily. The 

predicted value of nano-sized Cu is equal to the electrical resistance offered by single CNTs. 

When CNTs are tied together as a bundle (CNT bundle), generally electron flow across the 

CNTs but sometimes due to tunnelling phenomenon the electron jumps from one CNT to 

other. Resistivity of CNT bundle can be as low as 104  ohm-cm at room temperature [17]. 

This makes the CNTs highest conductive material known. 

The electrons in the CNT are highly polarizable due to which energy level largely depends 

on environment. Electrons under the influence of external field can enhance or degrade the 
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conductivity by shifting the relative energies. This makes CNTs useful as printable 

semiconductor in transistor applications. 

Similarly there are several molecules other than photon that can shift energy levels 

affecting the conductivity and optical behaviour as well. Degree in shift in energy levels 

depends on the type of molecule attached to the CNT. This property can help the CNTs to 

find usage in sensor application or bio medics. Every molecule will shift the energy levels 

differently hence can be recognized easily. 

In CNTs, the conduction of electrons are ballistic in nature. In ballistic region, the electron 

flowing inside the CNT does not experience any scattering. This region ranges to several 

micron which is thousand times larger than Cu [181. Ballistic region allows considerable 

amount of current flow without much heat generation. This helps the CNTs to handle 

enormous amount of current density without any sign of damage. In fact, CNTs are reported 

to have highest current density of 109  A/cm2  that is 100 times more that of Cu. Conductivity 

of different types of CNTs with other properties is shown Table I. 

1.3.2 Thermal 

Diamond was considered as the best thermal conductor before the discovery of CNTs. 

Along the axis, CNTs are reported to have thermal conductivity of about 3000 Watts per 

meter-degree Kelvin [l9J. For comparison, the diamond has thermal conductivity in between 

900 and 2300W/rn-K 1201, while copper has 400W/rn-K 1211. CNTs show better thermal 

conductivity only along the axis in comparison to the conductivity in transverse direction. It 

is observed that the conductivity in transverse direction is reduced by a factor of 100. It is due 

to the fact that vibrations of carbon atoms find it easily to propagate down the tube. In 

transverse direction it is more rigid. Due to high thermal conductivity, CNTs can be used to 

carry away heat from electronics circuitry enabling another usage in ultra-small circuits. 

1.3.3 Mechanical 

CNT has Young's modulus of upto 1.4TPa making it the strongest fibre known [22]. CNT 

is reported to have a tensile strength of 50Gpa 1231. For comparison, high strength steel has 

Young's modulus of about 200Gpa and tensile strength 1-2Gpa respectively which is much 

smaller as compare to CNT. With such stiffness CNTs can be bent over or twisted without 

any damage which shows quite a remarkable property. 
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1.3.4 Chemical 

CNTs as discussed earlier have remarkable property to form countless combinations and 

derivatives of carbon atom. CNT inherently possesses all the properties of carbon. Many 

synthetic structures are possible with nanotubes that are not possible with any other carbon 

structure. They are as follows 

Functional group attach at both the ends of CNT can communicate via CNT providing 

true metallic transport of electron. 

Molecules attach to the CNT with covalent bind provides chemical handle that allow 

manipulation of tube and also helps it to attach other things. MWCNTs allow 

functionalization of external walls/shells without altering the intrinsic property. 

CNT has the property to combine with other molecules either covalently or non-covalently. 

In covalent bond both CNT and molecules share an electron whereas in non-covalent bond 

other molecule simply attach to the outer side walls of CNT. The non-covalent bond provides 

a type of nano-scale coating to the CNT. Due to polarization behaviour of CNT, the molecule 

attaching non-covalently causes significant changes in the electronic structure. Because the 

sidewalls of CNT is electrically polar in which molecules find is easy adhere to their surfaces. 

When molecules adhere non-covalently to the CNT surface, they often cause subtle changes 

in the electronic structure of the tubes. These changes are detectable and hence make CNT 

sensitive to chemicals. Due to this property CNTs can be used as chemical sensors [7]. 

Table 1.1 Comparison between different properties of Cu, SWCNT, MWCNT and graphene 1 51 

Properties Cu SWCNT MWCNT GRAPHENE 

Max current density (A/cm) >10 >101  >109  >108  

Melting point (K) 1356 3800 (graphite) 
Thermal conductivity 

0.385 
(X_IO_W/m-K)  

1.75 - 5.8 3 3-5 

Temperature Coefficient of 
resistance_(_X_i0/_K) 4 <1.1 -1.37 -1.47 

 

Mean free path @ room 
40 <]03 2.5 X 10 103  

Temperature  

1.4 Application 

CNTs due to its extraordinary properties in all respect find usage in various applications, 

some of them are listed 1241 as 

LA 



. Electronics: Interconnects, Digital electronics, Transistors, CNT-FET, RF circuits, 

Nano electronics. 

. Electrical: Electrostatic discharge (ESD), Electrical shielding, Electromagnetic 

4 interference (EMI) and Electrical cables and wires. 

• Thermal: Heat sink and on chip thermal management. 

• Energy applications: Electrode material, Conductive filter, Storage device, Super 

capacitor, Li-ion battery, Solar cell and Fuel cell. 

• Mechanical: Load bearing enforcement in composite, Digital electronics, Super 

capacitors, Tennis racket, Spacecraft and Aircraft body parts. 

Biological: Imaging application within live cell and tissues and carrier to 

therapeutic drugs. 

1.5 Motivation of the Thesis 

As per the International Technology Roadmap for Semiconductors (ITRS) [25], for 

upcoming interconnect technology, it is required to design high-speed interconnect that have 

smaller wire width and longer length 1261. Thus, Cu interconnects have suffered from 

electromigration 1271 1281 and increased in propagation delay due to several parasitic effects 

1251. CNTs are believed to be one of the interconnect material capable to cope with the 

shrinking nano-scale technology due to its extraordinary physical properties. Pure SWCNT 

and MWCNT bundle is impractical to realize due to limitations and cost effective parameters 

associated with current diameter controlling methods 1291. Therefore, a natural bundle having 

different types of CNTs can be preferred for future VLSI interconnects [301 1101. Due to less 

complexity involved in fabrication, a mixed CNT bundle (MCB) is proposed in which 

SWCNTs, DWCNTs and MWCNTs are randomly arranged. 

In existing literatures 1101 191  [301, it is difficult to find the exact modelling of MCB that 

truly replicates the behaviour of MCB. Therefore, this dissertation work has introduced the 

modelling of interconnect parasitics using specified and random arrangements of SWCNTs, 

DWCNTs and MWCNTs in a bundle. The proposed bundle arrangements are further used to 

analyze different performances such as propagation delay, crosstalk and power dissipation. 

Moreover, the randomly arranged MCBs are modelled to demonstrate the effect of process 

induced parameter variations. 
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1.6 Organisation of the Thesis 

The thesis is organized as follows: 

Chapter 1: Presents the introduction about the CNTs. A brief analysis of their properties, 

structures and applications are demonstrated in this chapter. 

Chapter 2: Presents different RLC models for MCB interconnects. The modelling is carried 

out based on the multi-conductor transmission line theory that takes into accounts the effect 

of diameter dependent mean free paths. 

Chapter 3: Analyzes the impact on propagation delay, power dissipation and crosstalk for 

different MCB configurations. 

Chapter 4: Presents the impact of process variations among SWCNT bundle, MWCNT 

bundle having different shells and MCBs. 

Chapter 5: Draws a brief summary of this technical report. 

4 
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2 Equivalent RLC Model of Mixed CNT Bundle 

This chapter contains the modelling of different types of mixed bundle based on 

arrangement of CNTs in it. The CNT bundle modelling is basically divided according to the 

4 arrangement of CNTs inside bundle that are categorizes as 

Specific arrangement of MCB. 

Random arrangement of MCB. 

*0 %01 92 -a- -9- 9 0 Q- (D- 0 0 0 
_0 -0 0 0 0 

I,  00 00 I,  000 

0 

a0go 

0 0 

WO 0 

00 '-, (09 

0 @ ~ 000 

(9 0 
dcol~ 0
@06 (Do 
u 1 

(a) (b) (c) 

[.I.IsXøX'X'X'X'I.I.IIi] Ior.T.T.T.M.X.r.I.I.1 
[II.I.ISXøX.XIIIISIiIX.1 
t.Mr.Mor.M.I.T.I 
L'J'X'X'I'I'I'I'IX•IJ) 
i:.i.x.x.x.x.x.x.x.i.i. 

i@i@i®r®i I®I@I@I®I@1 
(d) 
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Figure 2.1 Physical structures of possible specific arranged MCB (a) SWCNT bundle, (b) DWCNT bundle, (c) 

MCB having randomly arranged CNTs, (d) MCB with half SWCNTs and half DWCNTs and, (e) MCB half 
occupied with SVCNT and half with MWCNTs(c) 

In specific arranged bundle CNTs inside the MCB are arranged in specific manner and 

structure is deterministic. The calculation involved in calculating the number of CNTs of 

different kind is simple as compared to random arranged MCB. 

In randomly arranged MCB structure is random and is probabilistic in nature. Random 

structure is complex and distribution of CNTs inside the MC13 is in accordance with outer 

diameter of a CNT following Gaussian distribution. 
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2.1 Specific Arranged MCB Interconnect Model 

In this section modelling of specific arranged MCB is proposed based on the structure of 

MCB. On the basis of geometry of MCB, distributed RLC parameters have been evaluated 
00 and their equivalent circuit models are derived. RLC modelling is done on the basis of 

transmission line theory and Tstructured transmission line is followed. 

2.1.1 Model-I 

The structures of bundled SWCNT and bundled DWCNT are shown in Fig. 2.1(a) and 

2.1(b) respectively. As presented in Fig. 2.1(a), bundled SWCNT constitutes a number of 

SWCNTs having dand Se as diameter and spacing respectively [311 1321. 

,n is even 

CNT 
= J 

HW -(nW/2) 
II 

whlH_[(nw_1)/21 ,n isodd 
(3) 

H 

where nw 
= w/(d+S) and '1H = h/(d+S) (4) 

fljv, ni-i, ncAT, h and w represents the number of CNTs across the horizontal and vertical 

side of bundle, total number of SWCNTs in a bundle, bundle height and width respectively. 

Similarly, Fig. 2.1(b) shows bundled DWCNT structure of width w and height h that contains 

number of DWCNTs. Each DWCNT has two shells with diameters D1  and D2, where D1  and 

are the diameter of inner and outer shell respectively. Distance between the two shells 

(intershell spacing S1) is fixed whereas outermost diameter can have values depending on 

number of shells. Intershell spacing Si  can be expressed as [9] 

D—D 
S. 2 1 0.34n,n (5) 

2 

Based on the arrangements of different CNTs in a bundle, two novel MCB structures such 

as MCB-1 and MCB-ll are proposed as shown in Figs. 2.1(d) and 2.1(e) respectively. 

SWCNTs and DWCNTs occupy equal halves with horizontal arrangements in MCB-1 

structure. MCB-II also has the similar arrangement except that the types of CNTs used are the 

SWCNTs and MWCNTs. 
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A. Equivalent RLC Model 

Equivalent RLC model of MCB is combination of the equivalent models of bundled 

SWCNT and bundled MWCNT interconnects. Equivalent RLC models for bundled CNTs are 

40 developed by considering three different levels in the bundle: (1) the number of CNTs in first 

bottom level is considered as N4  which is equal to nw,  (2) the second level in bundle consists 

of NB number of CNTs that can be presented as 

NB=N,l- 1 (6) 

(3) the numbers of CNTs in rest of the levels are considered as Nc that is equal to 

Nc=nhl — NA — NB (7) 

Using the novel modelling approach, equivalent RLC of MCB interconnect is presented in 

10 
Fig. 2.2 that contains equivalent models of bundled SWCNT and bundled MWCNT 

interconnects. Bundled MWCNT and DWCNT have a number of MWCNTs and DWCNTs in 

which the number of shells are Mand 2 respectively. 

R0/N.2 LK /NC2  

. v / 

AAA,___rc?cr 

Q  7 
/\r Jä  82 c

CO 
R Nn2 L  

R( /2 Equivalent SWCNT CQ NA2  

RQ /MN( , LK/AIIVC, - C112 

/ I  CQ  MNA 

/ r RQ /MN11J LK/MNBI c81 

R0/MN 11 LK /MN111  C112 
C )  MN,11  

- 

Equivalent MWCNT 
, Cl., 

Figure 2.2 Equivalent RLC model of MCB 

B. RLC Interconnect parasitic 

The equivalent model of MCB consists of metal-nanotube contact resistance (Rc) at both 

iI ends which has a typical value of O-lOOk [7]. The quantum resistance (RQ) in Fig. 2.2 is the 
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minimum resistance offered by quantum wire in ballistic region, i.e., the region where there is 

no scattering along the quantum wire and can be expressed as [33] 

h 
RQ 

= 
c~ 6.45k / /1171 (8) 

4e 

where e and h denotes charge of electron and Planck's constant respectively. 

The equivalent RLC model of Fig. 2.2 comprises of kinetic inductance (LK) that arises due 

to the kinetic energy of electrons and can be expressed as [33] 

h 
LK= 2 (9) 

2e VF 

where v j: denotes the Fermi velocity of CNT 8x105  m/s [10]. Due to the spin degeneracy in 

two conducting channels of SWCNT, the kinetic inductance of CNTs is defined as LK/4 [33] 

The outer shell of MWCNT offers electrostatic capacitances CES  existing between the CNT 

and ground plane that can be expressed as [34] 

2.'re 
CES 

cosh 1  (2/l/D) 
(10) 

where H and D denotes the distance of MWCNT from ground plane and outermost shell 

diameter respectively. For D = mm and H = ijim the electrostatic capacitance CES  is 

calculated to be approximately 50aF/im [33]. Electrostatic capacitance CES is in series with 

CQ, where CQ  is the quantum capacitance representing the finite density of states at the Fermi 

energy [33]. Apart from this, there is another capacitance known as coupling capacitance 

arises between the two CNTs of between the CNT bundles that can be expressed as follows 

[10] 

2e2  
C,=2x— (11) 

hv,. 

dc_c 
 

 Cfl  = re/in 
(~C---C  + [J(92  +]] 

(12) 

where dc,  1, and r denotes the distance between the centre of any two CNTs, nanotube 

length and mean radius between two CNTs respectively. While considering a parallel layout 

of CNT interconnects, the CB plays in a significant due to reducing feature size. 
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2.1.2 Model-Il 

This section demonstrates an equivalent single conductor (ESC) model of MWCNT, 

MWCNT bundle and MCB in which interconnect parasitic are evaluated using a square 

matrix of MxM  dimensions where M is the number of CNTS in the Bundle. The elements of 

the matrix are interconnect parasitic such as capacitance, inductance and resistance. Using the 

approach of square matrix, equivalent parasitic such as quantum capacitance and intershell 

capacitance are modelled. 

This approach can be applicable for both specific type and random type. In random type 

arrangement the position of each and every CNT must be known beforehand so that coupling 

capacitance can be modelled efficiently. 

A. Proposed Equivalent circuit Model 

Using the concept of transmission line theory equivalent RLC modelling of MWCNT is 

carried out. RLC parameters have been evaluated for MWCNT and then the ESC model of 

MWCNT is extended to obtain the ESC model of MWCNT bundle and MCB. Different 

concentric shells in MWCNT are considered in parallel. The intershell capacitance between 

different shells is considered while modelling. This modelling considers a square matrix 

having M dimension wherein the matrix elements are considered as resistance, capacitance 

and inductance. This approach evaluates capacitive parasitic that considers coupling 

capacitance along with quantum capacitance and intershell capacitance. 

RQw/2 R'si L'Kf  L'MM RQ2f /2 - /WWV '/ L-------' 7M 

r 
/ 

R/2 RQ;/2 R'2 L'52 L'112  RQ2/2 / R/2 

---WN —— 

d Q2 

/ 
RQJ /2 R'51 L'K/ L' f  jl T / 

_____
' fVW'v— 1 

 

c' 
C QJ  RQ1 /2 , 

EX 

Figure 23 MTL model of distributed RLC  networkofMWCNT  171 
/ t 
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CT 

Figure 2.4 ESC distributed RLC circuit model of MWCNT 

B. Interconnect parasilics of MWCNT 

Interconnect parasitics are evaluated based on the total number of conducting channels in 

MWCNT. Conducting channels in MWCNT accounting the diameter dependency can be 

expressed as [9] 

N 0.0612nin 1 .D+0.425 ,D>3n,n (13) 
shell 

where D denotes the diameter of any shell. Expression (13) introduces an error of 15% or less 

for diameter less than 3nm [9]. Fig. 2.4 presents the reference model given in [9], depending 

on the length, resistance can be categorized as: (1) Length independent resistance, it includes 

quantum/internal resistance (RQ) and contact resistance, Rc (depends on fabrication process), 

(2) Length dependent resistance, it includes scattering induced resistance (Rs). Therefore, the 

resistance offered by i1I  shell in MWCNT can be determined by 

Ii h L 
R • =R +R .L= + .- (14) TI Qi Si 2e

2N 2e2N 2 

where R 'Qi  is considered as per expression (8) whereas L and represents the length of 

interconnect line and mean free paths respectively. For a particular shell (/.e., i), R 7-1, Rs, and 

RQI  represents the resistance values whereas Ali  is the number of conducting channels for that 

particular shell. 

The MWCNT model shown in Fig. 2.4 comprises different inductance for different shell 

denoted by i: (1) kinetic Inductance (L ) that accounts the kinetic energy of electrons and (2) 

magnetic inductance (L'Mf), which is primarily arises due to the magnetic field of MWCNT. 

1'hus kinetic inductance for / shell can be expressed as [35] 

h 
LKi = 2 2e VFNZ 

where vp is the Fermi velocity of graphene and CNT which is equal to 8x105m/s , L'ki  is the 

kinetic inductance for i' shell. 
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In Fig. 2.4 two types of capacitances are considered: (1) quantum capacitance (C QI ) that 

accounts the density of electronic states in MWCNTs, (2) electrostatic capacitance (CE) as 

discussed in expression (10), (3) intershell coupling capacitance (Cs,), between two shells 

and (4) coupling capacitance (Cc) between any two MWCNTs. 

Fig. 2.5 presents the ESC model of the multi-line MWCNT model of Fig. 2.4. The 

interconnect parasitics of multi-line model discussed above are used to evaluate the 

interconnect parasitics of proposed ESC model using square matrix approach. 

Using the approach of square matrix, the elements of capacitance can be modeled as 

CQM fori=j 

C,iiat(i,J) = C, fori >1 (16) 

Csji=CsU, forj>i 

in equation (16), CQM denotes the quantum capacitance as expressed in (11) on the other 

hand between i'd' and j" shell as expressed in (12). Therefore, the matrix can be 

represented as 

[C Q1 C'S12 C'SI3 C'SI4 

C'S21 C C' 23 C' 24 
(17) C,nat = I ' , 

I s3i CS32 C 3 C34 
I 

C's41 C' s42 C's43 CQ4] 

The quantum capacitance per shell can be further defined according to the number of 

conducting channels [9] 

-41 C'Ql  C'Q/channe1<Ni ,iEllo M (18) 

where N1  denotes the number of conducting channels of il  shell and CQ/clia,,nel is about 

193aF/Mm [13]. 

The intershell coupling capacitance is expressed as 

C'Su 
2rc ,fori>j (19) 

Using energy conservation approach and assuming that there is no current redistribution 

within the shells of MWCNT, the overall loop capacitance of MWCNT with its parallel 

ground return path can be defined as [35] 

CIP  = jf
7'.C,

1nat.
jT (20) 

where i, denotes the normalize current vector for each nanotube, C mat denotes the partial 
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capacitance matrix that considers intershell coupling capacitance and quantum capacitance. 

On the other hand, C 1,, is the (Mx 1) matrix that denotes the equivalent capacitance for 

individual shell in column. In this approach it assumed that current is uniformly distributed in 

each shells of MWCNT. Thus, equivalent capacitance of the equivalent circuit is obtained as 

follows 

• M, 
CT =C,(i,1) (21) 

Apart from this, coupling capacitance and electrostatic capacitance can obtained from 

expression (10) and (12) respectively. 

In case of resistance modelling, RQ,,,aj is evaluated by considering the diagonal elements as 

quantum resistance and others as tunnelling conductance. Tunnelling conductance offers high 

resistive path and thus neglected. RQ,,,, Rs,p  and LKIP  can be evaluated similar to equation (17) 

and finally, the total resistance RQT  and RST and inductance LKT  can be calculated as 

[ 

1-1 

,

M
(R'Ql(i.1)) R

' (M 
IR's10(i,1)1 and LKT =I RQT = P  ST 

M 
P )

-I  

J 
(22)  

J 
 

Interconnect parasitics of MWCNT bundle 

The ESC model obtained for MWCNT is extended to obtain the ESC model of MWCNT 

bundle, the only difference is that the interconnect parasitics are divided by the total number 

of nanotubes in the bundle which is calculated using expression (3- 4). MWCNT bundle 

requires parameters evaluated from ESC model of single MWCNT. MWCNT bundle 

contains many MWCNT which are replaced with their ESC model discussed in section 2-13. 

The constraints involved while using approach of MWCNT to derive MWCNT bundle are 

I. Order of the square matrix depends on the total number of MWCNT in the bundle 

instead of total number of shells in MWCNT. 

2. Diagonal elements are replaced by resistance/ capacitance/inductance obtained 

after ESC transformation whereas other elements are replaced with tunneling 

resistance/ coupling capacitance!mutual inductance between them respectively. 

Interconnect parasitic for MCB 

MCB can be modelled by approach discussed for MWCNT and MWCNT Bundle. In MCB 

shown in Fig. 2.6 there can be three types of coupling capacitance involved (1) Cci coupling 

capacitance between two SWCNTs (2) C2 coupling capacitance between SWCNT and 
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MWCNT, and (3) Cc3 coupling capacitance between two MWCNTs. The value of these 

coupling capacitance can be calculated using equation (12). These all three coupling 

capacitances with quantum capacitance are used to form square capacitance matrix with the 

help of equation (16) to equation (21). In order to calculate the resistance square matrix, 

quantum resistance or scattering resistance with the tunnelling resistance is taken into account 

as per expression (22). Similarly, inductance square matrix can be evaluated by magnetic and 

kinetic inductance. RLC parameters are calculated by using equation (13) and equation (22). 
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Figure 2.5 Figure showing MCB structure with (a) MWCNT in outer periphery and SWCNT filled inside and 
(b) SWCNT in outer periphery with MWCNT filled inside 

2.2 RLC Circuit Modelling of Randomly Arranged MCB 

This section provides a detailed description of the realistic MCB that follows the Gaussian 

distribution of CNTs in a bundle. Depending on the distribution and mean diameter of CNTs, 

an analytical model of MCB is presented. 

2.2.1 Model-Ill 

The geometry of SWCNT and MWCNT above ground plane is presented in Fig. 2.6. The 

diameter of SWCNT is referred as D whereas MWCNTs with large number of shells cosists 

of innershell and outershell diameters of D1  and Dn  respectively. In current fabrication 

technology, the intershell spacing in MWCNT is equivalent to the Vander-waal's gap 

0.34nm If the outershell diameter of MWCNT is known, the number of shells p in a 

MWCNT can be obtained as [36] 

p = I + Inter D
11 
 - D11 (23) 

1 26 
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The random distribution of CNTs having different diameters is shown in Fig. 2.1(c). MCB 

consists of I types of CNTs with different diameters wherein maximum and minimum 

diameters are considered as D?,, and D,,,1  respectively. Thus 

Dmin  =[-3.o]; Dm  = Dmin  +2.5.(J—I) (24) 

where j = 3% (25) 

D, 111, in expression (24) approximates to the value of discrete diameters as expressed in 

(23). Thus, the minimum and maximum number of shells F,,,,, and P,,,ax  corresponds to D,,11  

and Dmax respectively that can be expressed as 

maxmin 1 (26) 

SWCN'I' , MWCNT 
/ / / 

Ground plane 

Figure 2.6 Geometry of SWCNT and MWCNT above ground plane 

A. Gaussian distribution and probability theory 

Depending on process control and techniques, CNT diameters inside the bundle follows 

Gaussian distribution [30] [37]. Using the analytical approach, the total number of CNTs in a 

bundle (Nbu,tdle) can be obtained as [10] 

21 

- 'bundle 
[ ( 

- D I 
N(D 

outer )  
- 

exP[__ _outer outer (27) 
2 o II 

Douter Douter I 

where D outer, cYDouter and N(Douter) represents the mean diameter, standard deviation and 

number of tubes having outer diameter Douter  respectively. The graphical interpretation of(27) 
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is shown in Fig. 2.8(a) that indicates lesser numbers of CNTs having maximum and minimum 

diameters as compared to the CNTs with mean diameter. 

Figure 2.8(b) demonstrates a polynomial relationship between the mean diameter and tube 

density as expressed in (28). The expression (28) suggests that for a given MCB having 

random distribution, more number of CNTs with smaller diameters can be accommodated as 

compared to the CNTs having larger diameters. 

Tube density = A + B.D,,zean  + C(Dnzean 
)2 

+ D.(Dn?ea,? 
)3 

(28) 

where A, B, C and D have the constant values of 3.34705, -0.90728, 0.08827 and -0.00288 
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Figure 2.7(a) Tube density variation for different mean diameter of CNTs and (b) Gaussian distribution of CNTs 

4 having different mean diameters 

If X is a diameter of a particular shell with mean x and standard deviation a, the 
probability of X being less than x1  is [38] 

1 
P(X <x,) = .1 

Xj 

I 
ir 2  

-expI l --X2 
j I .dX (29) 

. 2 i 

where x, represents the outer shell diameter that can have values as (I), with an innershell 

diameter of mm and number of shells asp where i E 1, 2, 3 ... p. 

Once cumulative probability is evaluated from (29), probability of the presence for a 

particular shell pi having diameter d1  can be expressed as 

P(X =x,)= .P(X <x,)—P(X < x +) ) (30a) 

P(D=d1 )=P(D<d1)—P(D<d11) (30b) 
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Using the probability theory, expression (27) can be minimized for total number of CNTs 

in bundle that exhibits the probability of a particular outer diameter in MCB as 

N(Douie,.) = Nbiindle X P(D = Douter ) (31) 

Table I presents the number of CNTs of a particular outer diameter for different bundle 

densities ranging from 109  to 1012  tubes/cm2  as calculated from (27) to (31). For an instance, 

a MCB having fixed bundle area, mean diameter and standard deviation of 4tm2, 4.2nm and 

I .25nm [30] respectively, a total number of 3999 CNTs can exist as observed from Table 2.1. 

In current fabrication process, the diameter of SWCNTs is upto tens of nanometers. This 

research work considers a finite probability that CNTs having Douter can be either SWCNT or 

MWCNT. So as to analyze the effect of diameter of SWCNTs in MCB, a new variable DR is 

introduced. The variable DR can have the diameter ranging from 

Dmm- <DR  <Dmax (32) 

The quantitative value of DR assumes that CNTs having diameter < DR can be considered as 

SWCNTs, while the CNTs with diameters> DR are referred as MWCNTs. For an instance, 

MCB with a fixed bundle area of 4i.tm2  has J = 11 for which and D,,,ax are calculated as 

mm and 7.8nm respectively as presented in Table II. Subsequently, Prn j,, and Pmax 

corresponds to the values of 1 and 11 respectively that exhibits the DR ranging from lnm to 

7. 8nrn. 

B. RLC Interconnect model 

This section presents an exact multi-conductor transmission line (MTL) formulation [39] 

that replicates the behaviour of MCB. The interconnect parasitics of the MTL model 

primarily depends on the total number of conducting channels associated with each type of 

CNT in a bundle. Number of conducting channels for a particular shell in MWCNT (or 

particular diameter of SWCNT) is determined using the number of sub-bands crossing at 

Fermi level. Thus, the total number of conducting channels (Ntotai) of CNTs is the function of 

Fermi Dirac distribution and can be approximated as per expression (13) 

Modelling of the interconnect parasitics is carried out based on the CNTs having different 

types as expressed in (25). Thus, the MTL model of MCB is presented in Fig. 2.9 that 

considers flj and Nj  denoting the number of CNTs and corresponding number of conducting 

channels of I" type respectively. The number of conducting channels associated with each 
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type of CNT is used to model the interconnect parasitics. The equivalent mode! of Fig. 2.9 is 

simplified assuming that all CNTs in an MCB are connected in parallel and connected at both 

ends with same potential across each transmission line. Under this consideration, Fig. 2.10 

finally presents a simplified equivalent single conductor (ESC) model of MCB. 

Table 2.1 Diameters and Corresponding number of CNTs for different Bundle density 

Diameter 

(nm) 

Number of CNTs (ni ) for different bundle density 

(tubes / cm2 ) 

109  1010  loll  io 

1.00 1 9 87 868 

1.68 2 20 196 1964 

2.36 4 42 422 4216 

3.04 7 70 703 7032 

4.40 8 85 846 8464 

3.72 8 78 778 7776 

5.08 5 55 546 5456 

5.76 3 27 275 2748 

6.44 1 11 108 1084 

7.12 0 3 30 304 

7.80 0 I 7 68 

Table 2.2 Numbers and Corresponding Diameters of SWCNTs and MWCNTs in a MCB (Bundle 
Area41112) for Different Values of D, 

DR  

(nm) 

Numbers of SWCNTs 

with diameter DR 

Numbers of MWCNTs 

with diameter> DR  

1.00 87 3912 

1.68 283 3716 

2.36 705 3294 

3.06 1408 2591 

3.72 2254 1745 

4.40 3032 967 

5.08 3578 421 

5.76 3854 145 

6.44 3962 37 

7.12 3992 7 

7.80 3999 0 

zi 

r 
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Table 2.3 Diameters and Corresponding number of CNTs for different Bundle density 

Diameter 
(nm) 

Number of CNTs (,:) for different 
bundle density (tubes / cm2 ) 

__ ___ __ ______ 

1010  10" 1012  

1.00 1 9 87 868 
1.68 2 20 196 1964 
2.36 4 42 422 4216 
3.04 7 70 703 7032 
4.40 8 1 85 846 8464 
3.72 8 78 778 7776 
5.08 5 55 546 5456 
5.76 3 27 275 2748 
6.44 1 11 108 1084 
7.12 1 0 1 3 30 1 304 
7.80 1 0 1 1 7 1 68 

Table 2.4 Numbers and Corresponding Diameters of Swcnts and Mwcnts in a MCB (Bundle Area=4i.tm2) for 
Different Values of I) 

DR 
(nm) 

Numbers of SWCNTs 
with diameter DR 

Numbers of MWCNTs 
with diameter > DR 

1.00 87 3912 
1.68 283 3716 
2.36 705 3294 
3.06 1408 2591 
3.72 1 2254 1745 
4.40 3032 967 
5.08 3578 421 
5.76 3854 145 
6.44 3962 37 
7.12 3992 7 
7.80 3999 0 
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Figure 2.8 MTL model of MCB 
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Figure 2.9 ESC model of MCB 

C. Interconnect Parasitics 

The ESC model of Fig. 2.10 consists of contact resistance (RCESC), quantum resistance 

(RQESC) and scattering resistance (RSESC) as per expression (8) that are derived from contact 

resistance (Rc), scattering resistance (Rs) and quantum resistance (RQ) similarly. 1-lowever, 

the ESC model of Fig. 5 also considers the scattering resistance (RSESC). Therefore, the RCESC 

and the p.u.1. R'Esccan be expressed as 

J ( 
 RCESC iJNJ = [(2 JJVJ JJ and RS_ESC 

R 
 (33a) 

[j=i ] J 

where RQESC 
= i12e2,JVJ ] ] 

(33b) 

where h, e, A, L and N denotes the Planck's constant, charge of electron, mean free path, 

interconnect length and total number of conducting channels respectively. 

The MTL model of Fig. 2.9 accounts for two types of inductances: (a) kinetic inductance 

(LK) and (b) magnetic inductance (LM. Therefore, the total inductance of MCB in Fig. 2.10 

can be expressed as [7] 

LESC = LKESC + LMESC (34) 

hI 
h (35) 

f 
where LKESC 

=1 2e2vpnjNj  

and 1'M—ESC =_cOsh••'(2H/Douter) (36) 
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CNTs in a bundle facing the ground (NB) experiences an electrostatic capacitance (CEsc) 

that arises due to the change in electrostatic potential. Therefore, the p. ul. electrostatic 

capacitance (C 'Esc)  can be obtained as 

2z 
.NB (37) CEESC 

= cosh' (2HIDour ) 
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3 Performance Analysis 
In this chapter, propagation delay, power dissipation and crosstalk delay are analyzed for 

MCB having different arrangements of CNTs. Model-I and Model-Il are used to analyze the 

bundle having specific arrangements whereas Model-Ill is used for MCB having Gaussian 

distribution of CNTs inside it. Coupling of energy with nearby interconnect is the primary 

reason of crosstalk interference and is classified as dynamic and functional crosstalk. In case 

of dynamic crosstalk, the noise arises due to the simultaneous switching of signals in adjacent 

interconnect lines either in opposite or in same phase. Opposite switching cause the 

maximum noise and regarded as worst case scenario. On the other hand, functional crosstalk 

relates to the voltage spikes that arises in the quiet interconnect line due to switching of signal 

in aggressor interconnect line. This chapter only considers the effect of dynamic crosstalk. 

3.1 Simulation Setup 

In order to analyze the propagation delay, power dissipation and crosstalk at different 

interconnect lengths a driver-interconnect-load (DIL) system is used. lISPICE simulator is 

used for simulating the RLC model of interconnect line. CMOS inverter is used to drive the 

RLC equivalent of CNT bundle interconnect having a capacitive load at output. In simulation 

setup a CMOS inverter at 32nm technology node is used [40] for which the technology 

parameters for NMOS are 32nm and 640nm and for PMOS are 32nm and 1280nm considered 

for bundle height and width, respectively. As shown in Fig. 3.1, the input is triggered at 50% 

of supply voltage whereas the output fall time is target at 50%. The delay and power 

dissipation is analyzed for different bundle structures of MCB. 

I CNT Interconnect 

C 

1fl 

1"" 
Figure 3.1 Simulation setup for MWCNT interconnects with CMOS inverter used as driver 

Simulation Setup for 2-line Bus Architecture 

Crosstalk delay is analysed using 2-line bus architecture as shown in Figure 3.2. Out of these 

two, one is denotes the aggressors and other as victim. The interconnect line can be replaced 
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by RLC model of any of CNT interconnect model discussed in previous chapter. The bus 

architecture model has the load capacitance (CL) and power supply voltage (Vdd) as lOaF and 

1 V respectively. 1-ISPICE simulations have been performed where aggressor and victim lines 

are switching simultaneously in opposite direction (dynamic crosstalk). Crosstalk delay is 

analysed at different local and global lengths. The coupling capacitance (Cc 1) considered 

between two MCB interconnect can be evaluated using expression (12) 

Mixed CNT bundle 1 

I Aggressor 
_ 

CcM MT 
CL 

I Victim F-  j_ 
Mixed CNT bundle 2 CL 

MT 

Figure 3.2 Two-line bus architecture of CNTs [21] 

3.2 Crosstalk and Power dissipation Analysis using Model-I 

Using the mentioned set up in section 3.1 and equivalent RLC model discussed in section 

2.1.1, crosstalk delay and power dissipation are observed for different bundled CNT 

structures. The bundle interconnect analysed using Model-I are bundled SWCNT, bundled 

DWCNT, MCB-1, MCB-II that are shown in Figure 2.1(a), 2.1(b), 2.1(d) and 2.1(e) 

respectively. For different interconnect lengths, Figs. 3.3 and 3.4 represents crosstalk delay 

and power dissipation respectively. Both the performances are significantly improved for 

MCB-ll in comparison to MCB-I, bundled SWCNT and bundled DWCNT interconnects. 

This is primarily due to their structural differences. 

Using the MCB-II structure, percentage improvement is observed for crosstalk delay that is 

summarized in Table 3.2. It is observed that on an average, crosstalk delay of MCB-JI is 

improved by 86.0 1% as compared to bundled SWCNT. The reason behind is the unique 

geometry of MCB-I1 that contains MWCNTs and SWCNTs in equal halves within the 

bundle. The primary benefit of this structure is the fact that the outermost shell of MWCNTs 

carries lower current as compared to a SWCNT or DWCNT due to the effect of fractional 

conductance observed in MWCNTs [10]. Sanvito Ct al. [41] reported that the outermost shell 

of MWCNT exhibits to have fractional conductance i.e., non-integer quantum conductance 

values that arises due to the interaction between the walls. This interaction can cause blocking 
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of some quantum conductance channels and redistribution of the current non-uniformly over 

individual shells within the MWCNT [41]. As a result, the outermost shells of MWCNTs 

shield the inner shells. Therefore, the effect of crosstalk delay becomes less for MCB-II as 

compared to other bundled CNT structures 

500 

cI r-  400 

73 

LZ 
 

300 

 
C-) 
—III,' 

[I 

—•— Bundled SWCNT 
-- Bundled DWCNT 
—A—  MCB-1 

—V—  MCB-II 

.> 
5 - - - I . I • 

200 400 600 800 1000 
Interconnect lengths (tm) 

Figure 3.3 Crosstalk for different interconnect lengths for different bundled CNT structures 

Me -s- Bundled SWCNT 
• —•— Bundled DWCNT V' 

5 —A—MCB-I 

0 

. 3 
0 

200 400 600 800 1000 
Interconnect lengths (tm) 

Figure 3.4 Power dissipations for different bundle structure at different lengths 
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Table 3.1 Improvement in Crosstalk for MCB-1I w.r.t. Other bundled CNT structures 

Interconnect lengths 

(jim) 

Percentage improvement in MCB-II with respect 

to 

Bundled 

SWCNT 

Bundled 

MWCNT 
MCB-I 

100 81.78 52.13 46,53 

200 84.42 56.71 49.74 

500 86.52 59.53 50.38 

800 87.99 61.00 51.35 

1000 89.36 63.39 54.01 

Table 3.2 Percentage improvement in power dissipation for MCB-1I w.r.t. other bundled CNT structures 

Interconnect 

lengths (jim) 

% improvement in MCB-II with respect to 

Bundled 

SWCNT 

Bundled 

MWCNT 
MCB-I 

100 58.24 52.08 45.62 

200 59.66 53.31 47.21 

500 60.60 54.82 51.41 

800 62.86 56.51 52.42 

1000 62.56 59.88 57.10 

Table 3.3 Equivalent interconnect parasitic for different Bundled CNT Structures 

Interconnect 

parasitic 

Bundled 

SWCNT 

Bundled 

DWCNT 
MCB-t MCB-Il 

RQ () 2.86 2.74 1.51 1.08 

Lx(pH) 17.88 7.59 1.01 0.27 

CQ (fF) 48.01 33.88 14.28 2.89 

Cff (fF) 0.94 0.14 0.14 0.03 

Discussion 

Percentage improvement in power dissipation using MCB-ll is summarized in Table 3.3. 

The overall improvement in power performances is 61.33% more as compared to bundled 

SWCNT structure. The reason behind is their different interconnect parasitic. The 

quantitative values of parasitic primarily depend on bundle geometry and number of CNTs in 

bundle. The parasitic associated with different CNT bundles are placed in Table 3.4. As far as 
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the number of SWCNTs, DWCNTs and MWCNTs increases, the equivalent resistive and 

inductive parasitic reduces. This reduction is more for MWCNTs as compared to SWCNTs 

and DWCNTs due to a large number of shells. From Table 3.4, it can be illustrated that the 

A. equivalent parasitic reduces due to the presence of MWCNTs in MCB-II. Therefore, MCB-ll 

results in least power dissipation as compared to MCB-I, bundled SWCNT and bundled 

DWCNT structures. 

3.3 Propagation delay Analysis using Model-I! 

This section illustrates propagation delay for single, bundled MWCNT and different mixed 

CNT bundle structures at global VLSI interconnects. 

3.3.1 MWCNT 

This section proposes a novel ESC model (Model-Il) for MWCNT interconnects. So as to 

verify the model, it is compared with the model proposed by Li el at [9]. Using the reference 

model [91 and novel model, HSPICE simulations have been performed to analyze the 

propagation delay for different number of shells such as 5, 10 and 15 and for various lengths 

ranging from 100pm to I 000prn. The results of propagation delays are summarized in Table 

3.5. It is observed that the novel ESC model estimates propagation delay with an error of 

1.67% or less as compared to the reference one [9]. The key advantage of this proposed 

model is that the percentage error in delay for the novel ESC model is reduced for increasing 

interconnects lengths and number of shells in MWCNT. 

3.3.2 MWCNT Bundle 

Using the novel modelling approach, propagation delay is compared for different MWCNT 

bundle with area of (12x24)nm2, (28x56)nm2  and (44x90)nm2. The propagation delay is 

evaluated for varying interconnects lengths ranging from 100pm to 1000pm. The variations 

of delay with different bundle dimensions are summarized in Table 3.5. It is observed that the 

overall improvement in delays are 68.52% and 27.34% for bundle area of (44x90)nm2  as 

compared to the bundle areas of (I 2x24)nm2  and (28x56)nm2  respectively. The reason behind 

is the number of MWCNTs in bundle that increases for larger bundle areas. Propagation 

delay primarily depends on resistive and capacitive parasitic that reduces with increasing 

number of MWCNTs in bundle. Therefore, MWCNT with larger bundle area has significant 

improvement in delay as compared to the smaller one. 
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Fig. 3.5 depicts the variation in propagation delay with interconnect lengths for different 

number of shells in MWCNT bundle. It is observed that for a specific bundle area, 

propagation delay reduces for higher number of shells in MWCNT at global interconnect 

lengths. The reason behind is that the number of conducting channels that are directly 

proportional to the number of shells. With more number of conducting channels associated, 

MWCNT bundle with 15 shells results in least propagation delay as compared to bundled 

MWCNTs with 5 and 10 shells. 

Table 3.4 Comparison of propagation delay between reference model [9] and proposed esc model 

Interconnect Length No. of 
Shells 

Propagation delay (in ns) % error 
introduced in ESC 

w.r.t. multiline 
model Multi.Line 

model 
/9/  

ESC Model 

10Oim 
5 0.68 0.69 3.51 
10 0.32 0.32 2.83 
15 0.19 0.19 2.44 

500.im 
5 9.76 10.07 3.2 

10 4.69 4.82 2.67 
15 2.94 3.01 2.40 

1000im 
5 358.51 371.09 1.88 
10 173.97 178.89 1.64 
15 1 10.952 1 11.219 1 1.47 

Table 3.5 Propagation Delay for Different MWCNT Bundle Areas at Global Interconnect Lengths 

Interconnect 

No. of 

shells used 

in bundle 
Length  

Percentage improvement in delay 

for (44x90 nm2) w.r.t other bundle 

area such as 

12x24 ni;12  28x56nm2  

100 5 52.86 6.15 
10 58.80 13.78 
15 60.41 14.98 

500 5 73.26 32.01 
10 73.53 32.47 
15 73.63 35.94 

1000 5 74.54 36.02 
10 75.36 36.37 
15 75.54 39.12 
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Figure 3.5 Propagation delay with varying interconnect lengths for bundled MWCNT that has the area of (a) 
12x24 nm2  (b) 28x56 nrn2, & (c) 44x9Ø  nm. 

3.3.3 MCB 

Modelling approach discussed in section 2.2.1 is implemented to MCB structure shown in 

Fig, 3.6. MCB-1I1 consists of MWCNT as outer periphery and SWCNT inside whereas MCB-

IV consists of SWCNT and MWCNT inside [10]. 

D 1 00 ooQ 
DD@ 000 U  U 
DD a (00 

:•e: 
.. 

Figure 3.6 CNT Bundle showing (a) MCB-1II and (b) MCB-IV 181 
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Propagation delay of both MCB-111 and MCB-IV is evaluated and given in Table 3.7. From 

the results it can be readily judged that MCB-111 shows greater improvement in propagation 

delay over MCB-IV with average improvement of 64.7%. It is due to the fact that in case of 

MCB-III MWCNTs at outer periphery shields the inner CNTs more effectively as compared 

to MCB-IV having SWCNTs at outer periphery and MWCNTS inside [10]. 

Table 3.6 Propagation delay (in ns) for different interconnect length. 

Length 

Propagation Delay 

of MCB-111 

(in ns) 

Propagation Delay 

of MCB-IV 

(in ns) 

Percentage 
improvement in 

propagation delay of 
MCB-HI over MCB-IV 

100 Jim 0.07 0.17 58.22 

200 jim 0.21 0.59 65.112 

500 jim 1.11 3.30 66.32 

800 jim 2.73 8.27 67.05 

1000jim 4.21 12.85 67.27 

Fig. 3.7 shows the propagation delay variation of MCB-111 and MCB-IV over wide range of 

interconnect lengths. It has been observed that propagation delay of MCB-IV rises much 

faster as compared to MCB-IV for increasing interconnect length. This can be understood by 

the fact that p.u.l interconnect parasitics of MCB-111 are lower as compared to MCB-IV due 

to higher number of conducting channels. This deviation in interconnect parasitics increases 

as length increases. 

14 
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IS 

Figure 3.7 Propagation delay variation of MCB-111 and MCB-IV for various interconnect length 
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Discussion 

Model-li is used to analyse propagation delay performance of MCB-111 and MCB-IV in 

which MCB-III has improvement in delay performance of 63.2% as compared to MCB-IV. It 

has been observed that for MWCNT bundle the overall improvement in propagation delay is 

68.52% and 27.34% respectively for bundle dimension 44x90nm2  as compared to 28x56nm2  

and I 2x24nm2  respectively 

3.4 Propagation, Power dissipation and Crosstalk delay Analysis using 

Model-Ill 

This section provides a detailed insight of transient analysis for MTL and ESC models. 

Using the ESC model, different interconnect performance such as propagation delay, power 

dissipation and crosstalk are also analysed for MCBs. 

3.4.1 Transient Analysis of MTL and ESC 

Transient analysis is perfonned for the exact MTL (Fig. 2.8) and the reduced ESC (Fig. 

2.9) models of randomly distributed MCBs having a fixed bundle area of (2jxmx21m). The 

output voltage waveforms of both the MTL and ESC models are compared for an applied 

pulsed input having amplitude of Ivolt and an equal rise and fall time of 5ps. The results are 

shown in Fig. 3.8 for 10, 50, 100 and 400p.m interconnect lengths. It is observed that the 

output voltage of the reduced ESC model is in good agreement with the exact MTL one at 

smaller interconnect lengths. However, at higher interconnect lengths, using both the MTL 

and ESC models, the deviation in output voltage waveforms increases and attains a maximum 

value of7lmV at 400tm interconnect length. Table 3.8 summarizes the propagation delay of 

the MTL and ESC model (TMTL and tESC)  at different interconnect lengths. It is observed that 

the deviation between TESC  and TMTL  is negligible at 10, 50 and 1001tm interconnect lengths 

whereas at 400pm interconnect length, the maximum deviation is 9.25% as compared to the 

MTL formulation. 
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Figure 3.8 Output voltage waveforms at different interconnect lengths of(a) 10pm, (b) 50tm, (c) lOOjnn and 
(d) 400 jim, computed by means of an exact MTL formulation and a reduced ESC approach 

Table 3.7 Propagation delays at Different interconnect lengths 

Interconnect 

10 50 100 400 
Lengths (tm) 

T%f TI. (ps) 7.0296 7.3678 7.9911 10.549 

r&sc(ps) 7.0308 7.3866 8.0049 11.625 
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3.4.2 Propagation delay and power dissipation 

Propagation delay and power dissipation primarily depends on the interconnect parasitics 

that are calculated using the number of conducting channels associated with each CNT in a 

bundle as shown in Table 3.8. Fig. 3.9(a) shows the variation of propagation delay for 

different tube density as presented in Table 2.1. It is observed that the delay is significantly 

improves for higher tube density in a bundle. The primary reason is the higher number of 

conducting channels that increases with number of CNTs in a MCB. Apart from this, the 

variation of propagation delay for different DR is shown in Fig. 3.9(b). As seen in Table 2.2, 

for higher value of DR,  the number of SWCNTs in a MCB increases while the number of 

MWCNTs reduces. Thus, the total number of conducting channels in a bundle reduces that 

effectively increases the delay for higher value of DR. 

* 
Table 3,8 Interconnect Parasiics for Different Bundle Density 

Interconnect parasitic 

Interconnect parasitics for different bundle density (tubes/cm) 

of 

109  1010  10 l  IOU 

AW(OI 133 1330 13723 138710 

(Q4iin) 97 9 0.94 0.093 

'K_KS('(P1411" 
60.2 5.76 0.58 0.05 

200 18.7 1.8 0.18 

(pF/im) 0.025 0.26 2.66 26.62 

,.,. 
(fF/ini) 0.089 0.95 9.47 94.70 

The tube count is primarily decided using the mean diameters of CNTs which are varied 

from 3.8nm to 7.8nm. Thus, it is desirable to reduce the mean diameter to accommodate more 

number of CNTs in a bundle as presented in Table 3.9. Fig. 3.10 exhibits the delay and power 

performance for different number of tubes in an MCB. For higher number of CNTs, 

propagation delay is considerably reduced with a negligible increment in power dissipation. 

As seen in Table 3.7, for higher tube density, resistive and inductive parasitics reduces 

whereas capacitive parasitic increases. Propagation delay primarily depends on the resistive 

and capacitive parasitics while the power dissipation is mainly governed by the capacitive 

one. At different interconnect lengths, resistive parasitic has dominating effect on capacitance 

that significantly reduces the overall delay. l-Iowever, due to the increase in capacitance, a 

negligible increment in power dissipation is observed. 
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Table 3.9 Variation of Mean Diameter for Realistic MCB with a Fixed Bundle area of 4tm2  

Diameter 

(nm) 
Number of CNTs in MCB 

1.00 87 0 0 0 0 0 0 0 0 0 0 
1.68 196 227 0 0 0 0 0 0 0 0 0 
2.36 422 422 537 0 0 0 0 0 0 0 0 
3.04 703 703 703 1004 0 0 0 0 0 0 0 
3.72 846 846 846 846 1535 0 0 0 0 0 0 
4.40 778 1  778 778 778 778 1872 0 1 0 0 0 0 
5.08 546 1 546 546 546 546 546 1953 0 1 0 0 0 
5.76 276 276 276 276 276 276 276 1793 0 0 0 
6.44 108 108 108 108 108 108 108 108 1543 0 0 
7.12 30 30 30 30 30 30 30 30 30 1292 0 
7.80 7 7 7 1 7 7 7 1 7 7 7 7 1084 

Mean 

diameter 

(nm) 

3.80 3.90 3.99 4.16 4.40 4.78 5.25 5.83 6.46 7.12 7.80 

3.4.3 Crosstalk 

This sub-section demonstrates the worst case crosstalk delay for out-phase switching 

scenario in capacitively coupled interconnect lines as presented in Fig. 3.2. The interconnect 

lines are represented by the ESC model of RLC as shown in Fig. 2.9. 

Figure 3.11 exhibits the variation in crosstalk delay for different bundle density ranging 

from 109  to 1012tubes/cm2. It is observed that the crosstalk delay is significantly reduced for 

higher tube density in a bundle. The primary reason behind this reduced effect is the higher 

number of conducting channels that depends on the diameter and number of CNTs in an 

MCB [39] [9]. The higher number of conducting channels effectively reduces the equivalent 

resistive and inductive parasitics whereas capacitive parasitic is increased as presented in 

Table 3.7. This combined resistive and capacitive effect considerably reduces the propagation 

delay under the influence of dynamic crosstalk. Thus, the MCB having higher tube density 

exhibits reduced crosstalk delay at different interconnect lengths. 

38 P a g e 



7000 

, 
6000 

5000 

a 4000 
0 

3000 

CO 
2000 

0. 
0 2 1000 

10 Tubcs/cm 
° IbS/cn: 10  

-
s

---- 
 10 

Tubes/cm 

1012 Tubes/cm2 

0 

10.5 

Cl) 

10.0 

el  
) 9.5 

9.0 

on 8.5 
CO 

8.0 

7.5 

0 200 400 600 800 1000 
0 1 2 3 4 5 6 7 8 

Interconnect length (I.tm) DR (nm) 

(a) (b) 

Figure 3.9 l'ropagation delay variation for different (a) DR and (b) interconnect lengths 

830 

825 

820 

8.15 
a) 

8.10 

0 
8.05 CO 

th 
CO 
CL 8.00 

 I-. o_ 95 

7.90 

1000 2000 3000 400C 

Tube count 

Figure 3.10 Propagation delay and power dissipation for different number of tubes in a MCB 

8000 

Cl) 6000 

CO 
4000 

CO 
.4— 
cn 2000 
CI) 

0 

0 
0 

—.--- 10 
0 
 Tubes/cm

2 

10
10 

 Tubes/cm2  

—'— 1011  Tubes/cm2  
2 2 

-,-- 10 Tubes/cm 

0 200 400 600 800 1000 

01 Interconnect length (Jim) 
Figure 3.11 Crosstalk delays for different tube density in a MCB 

39 P a e 

U. Ib'+. 

0.1242 

0 
0.1241 ( 

-t 

0 
0.1240 

• 

0 

0.1239 6• 

0.1238 

0.1237 



4 Process variation in MCB 

CNT bundle may consist of pure SWCNTs and pure MWCNTs or mixture of CNTs having 

different diameters. Due to less complexity involved in fabrication, MCB is preferred 

wherein SWCNTs, DWCNTs and MWCNTs are randomly arranged [30]. MCB is the natural 

bundle available post fabrication. Advancement in technology results in shrinking of device 

dimension that causes densely packed ICs. Therefore, it becomes increasingly difficult to 

fabricate a nanoscale IC with exact geometry. It results in considerable deviations of their 

performance. This deviation can cause logic failure that is caused by uncertainties in 

propagation delay from its mean value. Several sophisticated technology tools are required to 

observe the process induced parameter variations with shrinking device dimensions. Monte 

Carlo approach is implemented in order to study the impact of process variation on CNT 

-& based interconnects. This approach requires large numbers of simulation trials and is used to 

analyze the delay that is governed by the variability of process dependent parameters such as 

temperature, contact resistance, area and metallic ratio. 

Depending on the geometry of SWCNT and MWCNT, this section presents the spatial and 

random arrangements of different CNT bundles. The bundle arrangements are used to model 

the interconnect parasitics of equivalent RLC circuit. 

4.1 Process Induced Variation 

In nanoscale regime, different process induced parameters such as bundle area, contact 

resistance, metallic ratio and temperature may have certain deviation in overall delay of 

interconnect. The variation in parameters primarily arises due to the difficulty in fabrication 

process and imperfect process control. Therefore, it is required to control the parameter that 

significantly affects the performance of an interconnect line. Process induced parameters are 

summarized in Table 4.1. Based on the variations, propagation delay deviation is analyzed for 

MCB, SWCNT bundle and MWCNT bundle having 3-, 5- and 10-shells, respectively. 

Monte Carlo simulations are performed for 100 different samples with 30 distributed MTL 

network for SWCNT bundle, MWCNT bundle and MCB interconnects. It is intended to find 

the bundle that is more tolerant to the parasitic variation in terms of propagation delay and 

average deviation. It is observed that an MCB having randomly arranged CNTs provides 
41 

improved performance as compared to the other CNT bundles. It is due to the presence of 

CNTs having different diameters that utilizes more bundle area. 
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Propagation delay obtained through simulations is verified against the analytical expression 

[20]. The analytical expression of 50% time delay, 'rso% can be expressed as [20] 

T50%  = (i .48 + e"2' 9' ' 35 ).JL1 (ci+ CL) (38a) 

where 
2(Rt + Rrn)(C1 + C L ) + R'l(C'l + 2CL) 

(38b) 
= 41(C'1+CL) 

R, represents the input resistance of CMOS driver. Using the expression (20), it is observed 

that the analytical delay is in good agreement with the delay obtained through simulations as 

presented in Table 4.2. 

Ilowever, the delay obtained through simulations exhibits an average error of 8.24% in 

comparison to the analytical delay. 

Table 4.1 Parameter Variation/Range 

Parameter Nominal value Variation/Range Reference 

Temperature 343.15 [293. 15 393 4, .] 
[43] 

Metallic ratio 1/3 30% [43] 

Contact resistance 5W 50% [43] [44] 

Bundle area 
2i.tm2  (sparsely packed) 

or 
0.077im2  (densely packed) 

10% in width and 

10% height 
[43] [44] 

Table 4.2 Propagation Delay for different CNT Bundles 

Propagation delay (ps) 
Length Simulated  Analytical  

(kim) SWCNT 
bundle 

MWCNT bundle 
MCB 

SWCNT 
bundle 

MWCNT bundle 
MCB 3 shell I 5she11 lOshell 3 shell 5 shell 1 10 shell  

100 66.00 39.18 30.749 20.93 7.38 66.79 39.058 29.24 19.576 5.225 
500 1 380.60 197.04 139.46 85.016 9.951 405.65 208.96 146 87.22 8.3016 
1000 960.22 457.02 310,88 179.05 13.22 1031.1 492.75 332,17 188.45 12,659 

4.1.1 Temperature 

Interconnects in VLSI circuits are prone to temperature variation due to on chip heat 

generation. It deviates the output voltage from its mean which causes an abnormal behaviour 

of logic circuits. Therefore, it is preferred to choose the interconnect bundle having minimum 
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average deviation. Fig. 4.1 presents the average deviation in delay for different CNT bundles 

at interconnect lengths ranging from lOO[im to IOOOim. 

It is observed that the average deviation in delay is significantly reduced for MCB as 

compared to the other CNT bundles. The mean free paths of CNTs are mainly affected by the 

temperature variation. The higher room temperature significantly reduces the mean free path 

that in turn increases the scattering resistance. Therefore, the delay deviation is mainly 

influenced by the variation of scattering resistance as presented in Table 4.3. Further 

observation reveals that using a densely packed MCB having CNTs with different diameters, 

one can obtain the minimum value of scattering resistance. Therefore, an MCB exhibits least 

deviation in delay as compared to other CNT bundles. 
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.240 
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Figure 4.1 Average deviation in delay with different interconnect lengths for process induced temperature 
variation 

Table 4.3 Interconnect parasitics for Process Induced Temperature variation 

Parasitic 
SWCNT 

Bundle 

MWCNT bundle 
MCB 

3 Shell 5 Shell 10 Shell 

[0.37, 0.33] [0.41, 0.351 [0.47, 0.39] [0.57, 0.46] [0.48, 0.40] 

RsrP/jim) [0.89, 1.7] [0.56, 0.99] [0.44, 0.75] [0.29, 0.48] [0.26, 0.441 

LKT (p1-I/ji111) [0.6, 0.53] [0.66, 0.56] [0.75, 0.63] [1.02, 0.831 [0.77, 0.641 

Ld,T (pHljim) [1.29, 1.29] [1.11, 1.11] [1.02, 1.02] [0.9,0.9] [1.02, 1.02] 

CQT(pF/Jim) [2.59, 2.9] [2.34, 2.741 [2.1, 2.5] [1.7, 2.11 [2.01, 2.421 

C(aF/jim) [1272, 1272] [718.8, 71.88] [521.4, 521.4] [322.6, 322.6] [10.9, 10.9] 

4.1.2 Metallic ratio 

In general, the metallic to semiconducting ratio for a CNT bundle is one-third. Depending 

on several fabrication limitations, it is quite difficult to achieve the exact ratio. Therefore, this 

research work takes into accounts the 30% deviation in the ratio as shown in Table 4.4. Using 
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different CNT bundles, the impact of metallic ratio on the average deviation in delay is 

shown in Fig. 4.2. It is observed that the impact of metallic ration on average deviation is 

almost 50% lesser in comparison to the process induced temperature variation. Variation in 

temperature has a major impact on mean free path and number of conducting channels while 

the metallic ration significantly affects the total number of conducting channels of a CNT 

bundle. The conducting channels considerably affects all the interconnect parasitics except 

magnetic inductance and electrostatic capacitance as seen in Table 4.4. Furthermore, it is 

observed that the variation in interconnect parasitics is minimum for MCB in comparison to 

the other CNT bundles. Therefore, an MCB exhibits lesser deviation in delay at different 

interconnect lengths. 

CO 
a-) 

0 200 400 600 800 1000 
Interconnect length (kim) 

Figure 4.2 Average deviation in delay with different interconnect lengths for process induced metallic ration 
variation 

Table 4.4 Interconnect Parasitics for Process Induced Metallic Ration variation 

Parasitic 
SWCNT 

bundle 

MWCNT bundle 

_______________ 
MCB 

3 Shell 5 Shell 10 Shell 

R-(fZ) [0.53, 0.28] [0.58, 0.31] [0.66, 0.36] [0.80, 0.43] [0.68, 0.36] 

RrrWJiiin) [1.36, 0.73] [0.85, 0.46] [0.66, 0.35] [0.44, 0.24] [0.39, 0.21] 

LAT (pH/tm) [0.85, 0.46] [0.93, 0.501 [1.06, 0.57] [1.44, 0.77] [1.1, 0.58] 

L, J (pH/tm) [1.29, 1.28] [1.11, 1.11] [1.02, 1.02] [0.90, 0.90] [1.02, 1.02] 

Cr(pF/im) [1.83, 3.40] [1.66, 0.31] [1.46, 2.7] [1,20, 2.23] [1.43, 2.65] 

CE (fF71m) [1.27, 1.27] [0.72, 0.72] [0.52, 0.52] [0.32, 0.32] [0.001, 0.0011 

4.1.3 Contact resistance 

Depending on the fabrication process, ambient temperature and technological parameters, 

contact resistance (Re) of a CNT bundle varies in the range of 0 to 1 00k. This research 
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work considers 50%variation in Rc as presented in Table 4.5. Using the process induced Rc 

variations, it is observed that the average deviation in delay is significantly reduced for MCB 

in comparison to the bundled SWCNT and bundled MWCNT as shown in Fig. 4.3. The 

densely packed arrangements of MCB are the primary reason behind this effect. The highly 

dense MCB consists of SWCNTs and MWCNTs of different diameters. The fabrication of Rc 

primarily controlled by the diameter of CNTs in a bundle. Therefore, different CNT 

diameters in MCB considerably reduces the delay performance at different interconnect 

lengths. 

35 —*— SWCNT bundle 
: 3 Shell MWCNT bundle 

30 A 5 Shell MWCNT bundle 
-'y- 10 Shell MWCNT bundle 

25 —4--- MCB 

•20 

15 

ca~ 10 

< 0  

0 200 400 600 800 1000 

Interconnect length (tm) 

Figure 4,3 Average deviation in delay with different interconnect lengths for process induced contact resistance 
variation 

Table 4.5 Interconnect parasitics for Process Induced contact resistance variation 

Parasitics 
SWCNT 

bundle 

MWCNT bundle 

 MCB 

3 Shell 5 Shell 10 Shell 

Rc(n) [0.18, [0.20, 0,61] [0.23, 0.69] [0.28, 0.84] [0.24, 0.71] 

0.95 0.59 0.46 0.31 0.27 

LKT (pFI4lm) 0.59 0.65 0.74 1.00 0.75 

Ll,T(pH!xrn) 1.29 1.11 1.02 0.90 1.02 

CQr(pF/lm) 0.26 2.4 2.1 1.72 2.0 

CE (fF/1lnl) 1.27 0.72 0.52 0.32 1.09 

4.1.4 Bundle Area 

The area of a CNT bundle primarily depends on the bundle height and width. This research 

work considers a bundle area of 2p.m2  (sparsely packed) and 0.077.tm2  (densely packed) with 

10% variation in bundle height and width (Table 4.1). Using the process induced bundle area 
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variations, the average deviation in delay with interconnect lengths is shown in Fig. 4.4. The 

higher bundle area significantly increases the number of CNTs that in turn reduces the 

interconnect parasitics. The variation of parasitics for different bundle area is presented in 

fable 4.6. It is observed that an MCB exhibits lesser variation in overall interconnect 

parasitics as compared to the other CNT bundles. Thus, MCB has lesser impact on the 

average deviation in delay in comparison to SWCNT and MWCNT bundles. 

18 

16 

'- 14 

.I2 

10 
C'S 

'1) 
-ci 
'1) 

1) 

< 2  
0 

—e— SWCNT bundle 
---3 Shell MWCNT bundle 
—'--5 Shell MWCNT bundle 
-y--  10 Shell MWCNT bundle 
—4--MCB I 

0 200 400 600 800 1000 
Interconnect length (j.tm) 

Figure 4.4 Average deviation in delay with different interconnect lengths for process induced bundle area 
variation 

1'able 4.6 Interconnect parasitics for Process Induced Bundle Area variation 

Parasitics 
SWCNT 

bundle 

MWCNT bundle 

MCB 
3 Shell 5 Shell 10 Shell 

Rc() [0.46, 0.31] [0.50, 0.33] [0.58, 0.38] [0.70, 0.46] [0.60, 0.39] 

R.ST(f241m) [1.18, 0.79] [0.73, 0.49] [0.58, 0.38] [0.40, 0.25] [0.35, 0.23] 

LKT (pH4im) [0.73, 0.49] [0.81, 0.53] [0.92, 0.611 [1.26, 0.82] [0.96, 0.63] 

Ljr(pH!p.m) [1.28, 1.29] [1.11, 1.11] [1 .02, 1.02] [0.90, 0.90] [1.02, 1.02] 

CQT(pFIl.Lrn) [2.11,3.14] [1.92,2.9] [1.7,2.55] [1.37,2.11] [1.6,2.5] 

CE(fF/Jim) [1.143, 1.39] [0.65, 0.8] [0.47, 0.581 [0.29, 0.36] [1.09, 1.09] 
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5 Conclusion and Future work 

5.1 Conclusion 

In this dissertation report different aspect of interconnect parameters have been studied for 

different CNT bundles. Different modelling style has been proposed for MCB having 

different arrangements of CNTs so that performances parameters can be evaluated efficiently. 

These parameters involve delay, crosstalk and power dissipation that are compared for 

different CNT bundle to find the noble one. Model-I and Model-Il is specifically designed to 

analyse the MCB with specific arranged CNTs whereas Model-Ill takes into account the 

MCB in which outer diameter of CNTs follows Gaussian distribution. 

For specific arranged MCB, Model-I is implemented on bundled SWCNT, bundled 

MWCNT, MCB-I and MCB-II respectively. It is observed that MCB bundle are better as 

compared to others. MCB-II shows a significant improvement in crosstalk over bundled 

SWCNT, bundled MWCT and MCB-1 with a maximum %age improvement of 89.36, 63.39 

and 54.01 respectively whereas maximum improvement in power dissipation is recorded as 

62.56, 59.88 and 57.10 respectively. On the other hand Model-Il is implemented on MCB-IIl 

and MCB-lV. MCB-IlI is observed to be better than MCB-Ill with an average %age 

improvement in delay of 64.7%. 

In order to analyse the performance of randomly arrangement of CNTs inside the bundle 

Model-Ill is used. It has been observed that MCB with higher tube density shows great 

improvement over the MCB with lower tube density in terms of delay and crosstalk. On the 

other hand due to increase in number of tubes for higher tube density power dissipation is 

increased but increment is not alarming. 

Process induced variation such as temperature, bundle area, contact resistance and metallic 

ratio have been studied for MCB with randomly arranged bundle, MWCNT bundle with 5-, 

10- and 15-shell and SWCNT respectively. Model-Ill is used for MCB and Model-I1 is used 

or other CNT bundles. It has been observed that MCB with random arrangement show a 

significant improvement in delay over other bundles. MCB is proved to be more tolerant to 

process induced variation as compared to others making MCB the best bundle to be used as 

VLSI interconnects. 
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5.2 Future work 

The Model-I is designed to incorporate the bundle having specific arrangement of CNTs. 

This model is not general in the sense that it does not account for the different arrangement of jo 
CNTs within the bundle. So this model can be modified accordingly. On the other hand, 

Model-LI is good enough to incorporate the CNTs arrangement inside the bundle but for this, 

arrangement of each CNT should be known beforehand which is a difficult task. This model 

has to be simplified as calculation in calculating equivalent capacitance is quite cumbersome. 

Model-ILl as discussed efficiently models the randomly arranged MCB. This model does 

not account for the different distribution of CNTs within the bundle. This model can be 

modified to take the effect of distribution of CNTs. 

hm 
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