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ABSTRACT 
 
 

With the upgrades in technology, the number of functionalities is escalating on advanced 

integrated chips. In this trend, the number of global interconnects that helps to join these circuit 

chips is also increasing. Global interconnects are long interconnects that run globally across the 

chip and help to associate global signals like a clock, power, and round to all modules. In this way, 

the parasite associated with longer interconnects increases, and ultimately the performance of 

interconnects is degraded at scaled nodes. So, an indispensable need of the hour demands a suitable 

material that can be employed for interconnect applications in the coming times. Carbon nanotubes 

have been advised as the best alternative to copper interconnects, which suffered from 

electromigration, grain boundary scattering, and surface roughness after 45nm technology node. 

Because carbon nanotubes possess notably good electrical, mechanical, and thermal properties, 

they can easily oust copper for interconnect applications. Formed with the layer of carbon in the 

form of graphite and rolled up in a cylindrical shape, carbon nanotubes are classified into single-

walled carbon nanotubes (single layer of graphite), multi-walled carbon nanotubes (multiple layers 

of graphite rolled concentrically) and double-walled carbon nanotube (two layers of graphite rolled 

concentrically). Since a single carbon nanotube offers a high value of resistance, the bundle of 

interconnect is made by placing nanotubes parallelly in the bundle.  

Interconnects can be well presented by transmission lines with distributed impedance 

parameters and are driven by CMOS transistors (using the alpha-power law model). A quick and 

concise comparative analysis has been done between copper and carbon nanotubes to determine 

impedance parameters, propagation delay, power dissipation, and power-delay product. It has been 

analyzed that carbon nanotubes offer better performance than copper at global lengths. The present 

work focuses on a new mixed class of carbon nanotubes which are formed by changing different 



  

positions of multi-walled and double-walled carbon nanotubes. The equivalent circuit parameters 

of mixed carbon nanotubes are extracted with the help of single conductor models of multi-walled 

and double-walled carbon nanotubes. Their impedance parameters are determined to obtain the 

output waveform analytically and to study the effect of delay, power, and power-delay product.  

The simulated results of various mixed carbon nanotubes comprising multi-walled and 

double-walled carbon nanotubes are then compared with existing carbon nanotubes and copper. 

The results in the present work present that concerning delay at the final output, the power 

dissipated and power-delay product, multi and double-walled carbon nanotube bundled structure 

in which double-walled carbon nanotubes are located in the center and multi-walled carbon 

nanotubes are placed along the periphery of the bundle yield the best performance among all other 

interconnect materials. The presence of double-walled carbon nanotubes in the center helps in good 

conductivity and multi-walled carbon nanotubes along the periphery help in the decreasing 

coupling, thus these two properties of the bundle come up together to perform better than other 

counterparts. A brief analysis of crosstalk’s effect (both dynamic and functional crosstalk) is also 

performed for mixed carbon nanotube bundled structures at 32nm, 22nm, and 16nm technology 

nodes. The stability also helps in determining the performance of the circuit. The stability of multi-

walled and double-walled carbon nanotube bundled structures is also determined with the help of 

rise time, peak overshoot, and Nyquist plots.  

The effect of temperature is also added up to analyze the performance of interconnect 

materials. The temperature is varied from 200 Kelvin to 500 Kelvin. Different types of electron-

phonons scattering phenomena (acoustic scattering till 300K and optical scattering at 300K and 

beyond) are encountered with the increase in temperature which tends to lower the effective mean 

free path of the conducting electrons. Results also demonstrate that with the inclusion of the effect 

of temperature, the delay of global interconnects increases and degrades their performance. The 



 

result of the proposed models is also compared with the mixed CNT models existing in the 

literature. Analytical formulations are done to obtain delay readings and are compared with 

simulated delay readings.  

Based on the results presented, it is found that the mixed carbon nanotube bundle structure 

(with multi-walled carbon nanotubes in the center and double-walled carbon nanotubes along the 

periphery of the bundle) outperforms all carbon nanotube bundles (MWCNTs, SWCNTs, 

DWCNTs) and copper at scaled technology nodes in terms of delay, power and power-delay 

product. The results emphasize that the study of mixed carbon nanotube bundled structures for 

interconnects shall be important and useful good-performance integrated chips at advanced nano-

regime nodes.  
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1.  INTRODUCTION 

The electronics industry has exhibited a wonderful rise in recent years. After the introduction 

of VLSI circuits in the 1970s, plentiful functionalities can be performed with single IC chips 

[1,2]. The high computational speed and proficient processing power are the driving strength 

for technology upgrades. And with moving years, the electronic market, and advanced 

technology demand high-performance and high-density VLSI chips. The number of complex 

operations is multiplying in small packages, so there has been a very steady rise in the level of 

integration as well [3-5]. Scaling (shrinkage of dimensions) in VLSI circuits is done to reduce 

the dimensions of the device systematically, keeping the geometric ratios preserved at the same 

time. It is crucial for improving performance, reducing power consumption, enhancing density, 

maintaining signal integrity, reducing costs, and enabling technological advancements in the 

semiconductor industry. A VLSI integrated circuit is made by assembling thousands of 

transistors or devices or modules onto a single chip. A thin conducting material, which helps 

in giving an electrical connection among various nodes of an electrical circuit as shown in 

Figure 1.1, is called interconnect.  

Interconnect 1

Interconnect 2

R1

R2

L1 C1

L2
C2

Interconnect 1

Interconnect 2
 

Figure 1.1 Schematic of Interconnects employed in a circuit. 

In this manner dimensions of both the devices and interconnects need to be scaled down. At 

the local lengths, the conduction of the circuit is mainly dependent upon the devices. However, 

longer lines' performance overrules the circuit's net performance due to large values of 

impedance parameters at the global level [6-8]. So, interconnect issues need to be addressed at 

scaled technology nodes. The exquisiteness of integrated circuits lies in the total performance 

concerning parameters like total area, net cost, high speed, and less power of interconnected 
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modules [9-10]. If the technology somehow slips to have a good interconnect, then the overall 

performance of the IC will be corrupted due to high parasitic (resistance, inductance, and 

capacitance) leading to more delay than transistors or logic gates. To determine the 

performance of the circuit, interconnects can be represented by equivalent RLC models as 

demonstrated above in Figure 1.1. 

 

1.1 Classification of Interconnects based on Length and Cross-section 

Interconnects are broadly categorized into three groups depending upon the length and cross-

section area local, intermediate/semi-global, and global interconnects as shown in Figure 1.2. 

 

Figure 1.2 Representation of Interconnect layers [2] 

• Local interconnects can regularly obtain a length of a few nanometres to connect nearby 

nodes on the chip. They are used for linking gates and transistors within a module. For these 

short-length and high-resistance wires, the maximum delay is given by the device 

themselves and they should be able to operate in an elevated temperature range. 

• Intermediate interconnects are bigger than localized interconnects and are also termed semi-

global interconnects. Intermediate wiring can help in giving timers and other signals within 

or nearby functional blocks with lengths of a few hundred micrometers. They help to deal 

with both short and long-length interconnections.  

• The longest in length on the chip, i.e., Global interconnects help in providing bus, power, 

and clock signals to all modules and devices [11-14]. Global interconnects can extend from 

~500µm to 1 mm and even more in length. The power dissipation and propagation delay 

play a pivotal role in deciding the performance of global interconnects.  
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1.2 Interconnect Models 

In integrated circuits, interconnect wires can be modeled with the help of transmission lines. 

The performance of interconnects is determined from their equivalent electrical models by 

studying their parasitic in detail. Interconnect modeling can be done in diverse ways depending 

on how impedance parameters are arranged [12-16]. Analyse their performance, and the 

lumped and distributed models of interconnect lines are elucidated in the upcoming sub-

sections.  

 

1.2.1 Lumped Model Designing 

The electrical parameters i.e., resistance (R), inductance (L), and capacitance (C) of 

interconnect lines are concentrated into ideal electrical components for lumped designed 

models [14,15]. Various lumped model designs are exhibited in Figure 1.3 relying upon the 

arrangement and the way parameters are placed forming the shape they are connected, like L-

model lumped design, T-model lumped design, and 𝜋-model lumped design.  

C

R L

C

R/2 L/2 R/2
L/2

T ModelL Model

  

R L

C1 C2

𝜋 Model
 

Figure 1.3 L, T and 𝜋 Lumped Model Designs [13] 

1.2.2 Distributed Model Designing 

The distributed model is designed with the help of repeaters to increase the driving capacity of 

the circuit by overcoming large impedance values at long/global lengths and thereby decreasing 

the overall delay of the circuit for long wires [14]. The distributed models are like multi-stage 

lumped circuits. The same lumped sub-sections are repeated across the total global length of 

the interconnect line thereby distributing the total effect of parasitic into smaller regions 

forming a multi-stage distributed network as presented in Figure 1.4.  
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Figure 1.4 Distributed Model Design [14] 

 

1.3 Need of Repeaters for Long Interconnects 

The impedance parameters of interconnect wires possess a direct relationship with the length 

of interconnects. The impedance value of interconnect increases with the lengthiness of the 

line; therefore, the delay of the circuit shows an acceleration with the length. With scaling at 

leading-edge technology nodes, the large impedance values of semi-global and global 

interconnect affect the net performance of the ICs [17,18]. Their high impedance values are 

well compensated by introducing repeaters to decrease the net delay of the circuit.  

Transmiter/

Input Side

Receiver/

Output Side

Repeaters

Stage 1 Stage n

Interconnect divided 

into ‘n’ sub-sections

 

Figure 1.5 Interconnect distributed among n-sections through repeaters technique [12] 

Repeaters help in dividing the long interconnect length into certain segments and each sub-

section is driven by a buffer (CMOS inverter) as advertised in Figure 1.5. So, the large 

impedance value is divided among sub-sections and helps in achieving desirable performance 

concerning factors like delay and PDP [18-20]. The performance concerning propagation 

delay, and power dissipation, and PDP is attained by using the optimum number and optimum-

sized repeaters [21-24] using the distributed model approach.  

 

1.4 Classification of Interconnects based on the Type of Materials. 

Several types of interconnect materials like copper, silver, gold, aluminium, and tungsten have 

also been introduced and comparisons of their properties like resistivity, thermal conductance, 
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melting point temperature, corrosion, and adhesion to SiO2 have been listed in Table 1.1. Silver 

exhibits the least resistivity and best thermal conductivity, and Tungsten shows the highest 

melting point (3387 Kelvin) of all other materials listed in Table 1.1. The melting point of 

aluminium is the lowest, but it provides better adhesion with ploy-silicon than copper, silver, 

gold, and tungsten.  

Table 1.1 Comparison of various materials based on different properties. 

Properties 
Resistivity 

(µΩ.cm) 

Thermal Conductivity 

(103 .W/mK) 

Melting 

 Point (K) 

Corrosion 

in air 

Adhesion to 

SiO2 

Copper (Cu) 1.67 0.398 1085 Poor Not good 

Silver (Ag) 1.59 0.425 962 Poor Not good 

Gold (Au) 2.35 0.315 1064 Excellent Not good 

Aluminum (Al) 2.66 0.238 660 Good Good 

Tungsten (W) 5.65 0.174 3387 Good Not good 

Metals like aluminium and copper have been extensively used as interconnect materials for 

VLSI circuits [25, 26]. Their strengths and weakness are summarised in Table 1.2. Aluminium 

yields good conductivity, better adherence to the dielectric, and forms good ohmic contacts. 

When compared between the two, the copper shows a better result as interconnect material in 

terms of conductivity and delay than aluminium. 

Table 1.2 Comparison of different properties of Aluminum and Copper 

Interconnect 

Material 

Advantages Disadvantages 

Aluminum • Good conductivity 

• Good adherence to the dielectric 

material 

• Forms good ohmic contacts 

• Electromigration  

• Pure aluminum (2.66 µΩ.cm) has more 

resistivity than copper (1.67 µΩ.cm). So, it is 

used as an alloy comprising aluminum with 

copper and silicon to minimize its resistivity. 

• Offers short MFP of the order of a few 

nanometers at nano-scaled technology nodes 

Copper • Higher conductivity and delay than 

aluminum. 

• High Melting point than Aluminum 

• More bearable to electromigration 

than Aluminum; copper can bear 

(x5) more current density at deep 

submicron technologies 

• Electromigration at high current densities 

beyond 45nm technology 

• Surface roughness and grain boundary 

scattering  

• High resistivity leads to further high increases 

in the delay of the circuit and leads to more 

power dissipation of the circuit 
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The melting point of silver (962 K) is far more than aluminium (660 K). Though with 

technological advancement, electromigration problems are faced in both materials. As 

technology advances and is scaled beyond the 45 nm technology node, the conducting 

electrons of copper suffer collisions and have shorter mean free paths. As a result of reduced 

MFP, the resistance of copper increases and conductance decreases and as a result, CNTs are 

introduced. [27-29].  Also, in a polycrystalline material, the grains which are developed at the 

interface layer between two crystallites increase scattering and reduce the MFP of electrons. 

This effect increases with scaling and is termed grain boundary scattering. Due to increased 

reflections and collisions of electrons, they undergo surface scattering and introduce surface 

roughness into the material. Deviated and scattered electrons emit and absorb different 

phonons [30,31]. The thermal resistivity and surface-related impurity defects of material also 

increase [32].  

The transport of momentum takes place among the conducting electrons and diffused metal 

atoms leading to the gradual displacement of ions. As a result, the mobility of electrons further 

decreases, and the transport of material takes place leading to electromigration. Such fatal 

issues in copper beyond the 45 nm technology node, led to its failure as an interconnect 

material in ICs [28,29]. Due to the increase in the resistance of copper, the delay of the circuit 

increases and degrades the overall performance of high-speed VLSI circuits. An alarming 

situation is seen and the need for an interconnect material is observed at deep submicron 

technology nodes which can perform well under area, speed, and power. So, carbon nanotube 

interconnects materials emerged as an indispensable need of the VLSI market.  

 

1.5     Carbon nanotubes (CNT) as VLSI Interconnect  

Carbon atoms in CNTs placed in sp2 configuration form the strongest and stiffest structure. 

These CNTs have provided the best alternative to conventional interconnect materials because 

of their properties like large current carrying ability (1014A/m2), high thermal conductance 

(5800 W/mK), and high mechanical strength [33-44]. The most popular techniques to form 

CNTs are arc discharge (with high current), laser ablation (with a high-intensity laser), and 

chemical vapor deposition (CVD) (utilizing heat). Commonly, the CVD method at elevated 

temperatures (850 °C to 1000 °C) in the presence of carbon source gas like methane and iron 

oxide acting as the catalyst is used to develop high-quality CNTs.  

CNT tube is a material made up of an atomic layer of carbon (graphite) and rolled up in the 

form of a long and hollow cylindrical tube having a diameter in the nanometer range. The 
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number of graphene sheets rolled up, leads to broadly two types of CNTs [45-48] as shown in 

Figures 1.6 and 1.7. 

• Single-wall CNT (SWCNT) – formed with only one wall of graphene material (diameter 

ranges from 1-2 nm) [49-57]. 

 

Figure 1.6 Single-wall carbon nanotube structure [56] 

• Multiwall CNT (MWCNT) - with many concentric SWCNT-like graphene tubes (diameter 

ranges from 2-25nm) [58-60]. 

 

Figure 1.7 Multi-wall carbon nanotube structure [59] 

• Double-wall CNT (DWCNT) is formed by rolling two graphene sheets with a common 

center in the shape of a hollow cylinder as shown in Figure 1.8.  

 

Figure 1.8 Double-wall carbon nanotube structure [76] 

According to the values of the chiral index (n, m) represented in Figure 1.9, CNTs can be either 

armchair or zigzag type as shown in Figure 1.10 [61-66].  For interconnect applications in 

integrated circuits, metallic CNTs are the suitable choice [67-70]. 
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(n,n) Armchair

(n,0) Zigzag

(n,m) Chiral

Nanotube Axis

a1

a2

Chiral Factor,  Ch= na1 + ma2

 

Figure 1.9 Chirality based on the direction of the nanotube axis [55] 

• If n or m =0, then zigzag structure is formed.  

• For the same value of chiral indices, i.e., n=m, the armchair structure is formed. 

Chirality decides the conductivity of CNTs, whether they will have metallic (conducting) or 

semiconductor nature [71,72]. With ‘i’ as an integer, for n-m=3i, armchair structures will 

always be metallic and zigzag structures can be of metallic or semiconducting nature as 

represented in Figure 1.10.    

 

Figure 1.10 Configurations of CNT depending on chirality. 

(a) Zigzag configuration (b) Armchair configuration 

In SWCNT interconnect bundle, some CNTs are metallic while some are also semiconducting 

in nature (do not support current conduction) based on the chirality. Multi-walled CNTs are 
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metallic in electrical behavior [59,60]. Due to their larger diameter and easiness of fabrication, 

MWCNT bundles also provide satisfactory results as interconnect materials. SWCNT having 

a single shell of nanotube has the simplest structure with an electron mean free path of around 

1 micron and thus, has good conductivity. However, due to the large resistance of isolated 

CNTs, they are packed in the bundle. CNTs are implanted in a parallel way to develop a bundle.  

 

1.6 Aim of Thesis  

Mixed structures are modeled by picking the best properties of constituent CNTs. Though a lot 

of study and research has been done on mixed bundled interconnects having SWCNTs and 

MWCNTs or structures with different diameters of MWCNTs [73-79]. With a long mean free 

path and good conductance, metallic SWCNTs are yet difficult to fabricate due to a lack of 

control of chirality. Double-wall CNT can easily outperform SWCNT by showing lesser values 

of parasitic resistances and capacitances. DWCNTs are comparatively easier to fabricate than 

SWCNTs, metallic in nature with two concentric shells and reduced resistivity can provide 

equally good conductivity as that of SWCNT; so more improvement can be attained by 

replacing SWCNTs with DWCNTs. With the upgradation in technology nodes, it is very 

important to keep in mind the concept of fringing capacitances, temperature, low power 

designs, and crosstalk [80-83]. Several related studies in the literature have also been done to 

determine the performance of MEMs (microelectromechanical systems) and NEMs 

(nanoelectromechanical systems) [84,85]. The performance of multi-wall and double-wall 

CNTs bundle structure is presented and explored in detail. It has been observed that these mixed 

models of carbon nanotubes can become a promising candidate for future interconnect 

applications for future beyond 32nm technology nodes than the isolated counterparts taking all 

related parameters into account.  

These effects have also been considered for global interconnect lengths at nano-regime nodes 

in this thesis report. The propagation delay and PDP readings estimated from SPICE 

simulations of mixed CNT bundles are then correlated with the values of conventional 

materials like copper, SWCNTs, MWCNTs, and DWCNTs mentioned in the literature. The 

analytical expressions to evaluate the performance of MDCB interconnects are also presented. 

Later, it is evident from the results presented in this report that MDCB (multi and double-wall 

carbon nanotube bundle) interconnects undoubtedly show outstanding performance than 

isolated bundled carbon nanotube counterparts concerning delay and power-delay products. 

For desirable functioning and to keep output under controllable limits, the stability of circuits 

is determined. The stability of four MDCB structures is also determined in this report, and it 
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has been noticed that all structures show good stability response, thus making them appropriate 

candidates for interconnects.  

 

1.7 Organization of Thesis 

A detailed study of the topic is organized in the chapters listed below.  

Chapter 1‘Introduction’ gives a glimpse of topics related to interconnect. It presents the need 

to study carbon nanotubes as interconnect material for VLSI circuits in detail and comprises 

basic interconnect models, categorization of interconnects depending on the length (local, 

intermediate, and global), need for repeaters, lumped and distributed modeling, classification 

of interconnects on the type of material (with their advantages and disadvantages) and issues 

in copper interconnect and types of CNTs (SWCNTs, MWCNTs, and DWCNTs).  

Chapter 2 ‘Literature Survey’ provides a quick review of topics like Interconnect models, 

problems to be addressed in interconnect models, copper interconnects and their problems, 

carbon nanotubes- single wall, multi-wall, double-wall and various mixed bundled CNTs 

(formed with different diameter MWCNTs or with SWCNTs and MWCNTs) and their 

performance analysis, the importance of temperature and crosstalk in the conduction of 

integrated circuits and stability analysis of interconnects. The problems in copper beyond 45 

nm technology are studied in detail. The need for CNTs is highlighted. The excellent properties 

of carbon nanotubes are mentioned and articles demonstrating the performance of SWCNTs 

and MWCNTs better than copper are listed. The thermally aware models and various electron-

phonon scatterings at high temperature and their impact on the conduction path of electrons are 

also indexed. The influence of crosstalk on long-coupled CNTs is also studied. Due to some 

gaps found in the literature, the objectives of the thesis are proposed.  

Chapter 3 ‘Circuit Analysis of Mixed CNTs’ presents a brief study on interconnect materials 

like copper, single-walled, multi-walled, and double-walled carbon nanotube bundles with 

their physical structures, electrical equivalent diagrams, and impedance equations at global 

interconnect length. Expressions for different kinds of resistance, inductance, and capacitance 

of CNTs are mentioned. Different mixed CNT bundles are proposed and developed by 

changing the position of MWCNTs of DWCNTs. The RLC parameters of different mixed 

bundled structures are determined. Performance and comparison of all these CNTs based on 

delay and PDP at 32 nm, 22 nm, and 16 nm technology nodes at different global lengths with 

copper are also demonstrated.  It is shown that mixed CNTs can potentially oust copper and 

their counterparts like MWCNTs and DWCNTs as interconnect materials.  

Chapter 4 ‘Temperature Dependent Modeling of Mixed CNTs’ highlights thermally aware 
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proposed modeling of multi-wall and double-wall CNT bundles structures and analyzes the 

temperature-dependent performance of various MDCB interconnects at various global lengths. 

Different types of electron and phonon scatterings affecting the conduction path of electrons 

of SWCNTs, MWCNTs, and DWCNTs at a wide thermal range from 200 K to 500 K are 

determined. Temperature-dependent delay and PDP comparisons are made for all interconnect 

materials, and it can be concluded that the MDCB structure with MWCNTs at the outer edges 

and DWCNTs in the center of bundle performs the best than all other interconnect materials at 

nano-regime nodes (32nm, 22nm, and 16nm technology).  

Chapter 5 ‘Impact of Crosstalk and Stability in Mixed Bundle CNTs’ states that long 

interconnects in integrated circuits face capacitive and inductive couplings. Their performance 

is affected due to the presence of a closely laid interconnect line on the chip. Functional and 

dynamic crosstalk are determined to affect the performance of the circuit. The effect of 

crosstalk (increase in delay or change in functionality) on various MDCB structures is also 

studied in detail and it is observed that this effect can’t be neglected while determining the 

performance of global interconnects at scaled nodes. The stability analysis with the help of 

expressions of rise time, peak overshoot voltage (%Mp), transient response waveform, and 

Nyquist plots is performed on mixed CNT interconnects. It has been observed that MDCB 

structures gave good stability responses at all nanotechnology nodes. 

Chapter 6 ‘Comparative Analysis with Literature and Analytical Modeling of MDCB 

Structures’ presents mathematical modeling of mixed bundled CNT interconnects. The 

comparison is drawn between the other type of mixed CNT bundles formed with MWCNTs 

and SWCNTs with proposed MDCB structures formed with MWCNTs and DWCNTs. 

Analytical delay values are also obtained for MDCB structures. The expressions for the T90 

delay are given and compared with the simulated data. The readings of simulation and 

analytical modeling lie in proximity with each other.  

Chapter 7 ‘Conclusion’ states that MDCB structures can outperform not just copper, but all 

other CNT materials and it is found that they can be used as interconnect material for future 

interconnect applications.  The outcome of the thesis is presented with the future capacity of 

CNT interconnects.  
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2.  LITERATURE SURVEY 

This chapter provides a brief review based on literature to understand the topic of the thesis. It 

gives background information required to know and highlights the importance of related topics 

like various interconnect models, issues in copper interconnect, CNT interconnects, the need 

for mixed CNT bundles, the impact of temperature, crosstalk, and the stability of interconnects. 

 

2.1 Interconnect Models 

The study of delay models of various types of interconnects, scaling, need, and optimization of 

repeaters, power dissipation issues, and related parameters are as follows: 

Saraswat and Mohammadi [12] presented the importance and effect of scaling dimensions 

with the compression in feature size and expansion in chip size. Further, its effect on the time 

delay of the circuit is also studied in detail with the help of analytical expressions. With the 

betterment in technology nodes and scaling, the delay of interconnects also becomes important 

and further this delay may dominate the net performance of the circuit. So, the delay of 

interconnects must be analyzed at nanotechnology nodes. Interconnect material should have 

low resistivity, be mechanically strong, have good conductance, and can withstand high 

temperatures and electromigration during operation.   

 

Bakoglu and Meindl [14] stated that as device dimensions were reduced, the propagation 

delay of interconnects line played a very essential part in judging the electrical conduction of 

integrated circuits. With the decrease in cross-sections of interconnects, RC time delays 

increase significantly. For an ideal scaling factor 1/S, the output response time of short/local 

interconnects remains the same, but the problem arises for global interconnects as their delay 

shows an increase by S2Sc
2, where Sc is the scaling parameter for chip size. The delays of 

aluminum, polysilicon lines, and WSiO2 are compared. As a result, repeaters were introduced 

in long conductor lines by dividing long global interconnect lines into smaller equal sub-

sections and helped in reducing the propagation delay over the line. Other different methods 

for improving delay like multilayer connections, properly selected and uniform-sized repeaters, 

and cascaded drivers are also analyzed which helps in optimizing the driving capability as 

shown in Figure 2.1. A multilayer connection helps in occupying less area and improves signal 

delay by using low-resistivity aluminum wires. The cascaded driver technique helps in 

improving the driving ability of capacitive load. Optimal-sized and optimal numbered repeaters 
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transform interconnect lines into distributed parameters efficiently and show a drastic decrease 

in propagation delay.  

 

Figure 2.1 Propagation delay-based comparison of different interconnection techniques concerning values.  

of interconnect parasitic [14] 

 

Sakurai [16] determined a formula for voltage slope and the transit time from waveforms of 

resistive-capacitive lines with boundary conditions. The future direction of delay of 

interconnects is also postulated. It has been stated that RC delay plays an imperative role in 

judging the execution of high-speed VLSI circuits. To minimize delays optimum linewidth is 

calculated. Also, the mathematical expressions for delay are given. The analytical graphs are 

accurate and are in close relation with the simulated results. It has been observed that the effect 

of capacitive coupling is indispensable, and it reduces errors in calculating signal delay. 

 

Adler and Friedman [17] presented the α-power law model of CMOS inverter driving large 

RC load over global interconnect length. The distributed parameters are driven by the CMOS 

gate and all four regions of operation of CMOS need to be considered. The voltage waveform 

is studied in detail for all the regions of operations to determine the delay of the circuit 

accurately. Various analytical expressions are also presented to validate results. The optimum 

repeater technique outperforms all other techniques. There is a significant decrease in delay 

using uniform optimum-sized repeaters. The simulated SPICE values match very closely to the 

proposed analytical results and analytical readings show a maximum deviation of 15% with 

SPICE simulated results for different RC loads at global interconnect.  
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Chandel et al. [18] analyzed that with technology advancements, interconnect of global 

lengths had more propagation delay. It was not a good solution to drive with the help of a single 

buffer; instead, several buffers were introduced at regular intervals. The other issue was power 

dissipation due to long interconnects and large loads. For high-speed integrated circuits, both 

power and delay should be kept to a minimum. Repeaters can be made using minimum-sized, 

tapered, optimum-sized, or cascaded ways. Depending upon the application and compromising 

between delay and power and considering all the factors; optimum sized voltage scaled 

repeaters were inserted for high pace and low power interconnect applications.  

 

Ismail and Friedman [21] stated that inductance also plays an important role in determining 

circuit delay at scaled technologies and higher frequencies. The delay is calculated for CMOS-

driven RC and RLC circuits. With the increase in the value of inductance, the LC time constant 

dictates the RC time constant, and the delay of the line alters its behavior from quadratic 

behavior to linear. It has also been concluded that if the effect of inductance is ignored, it 

introduces 35% more delay in RC circuits. So, while estimating delay in repeater circuits, the 

inductance parameter cannot be neglected, and this percentage error also increases with the 

scaling of technology.  

 

Banerjee and Mehrotra [22] stated that power dissipation was becoming an issue in scaled 

circuits. The leakage power because of sub-threshold and gate leakage was also increasing 

exponentially with the scaling of devices. The short-circuit power steps up further as the rise 

time of signal delays increases. Also, the dynamic power dissipation due to the increased 

number of devices, repeaters, and wires and their global interconnect lengths would increase. 

The chip temperature would also rise thereby degrading the reliability of the circuit. So, a 

power delay trade-off was faced. It is shown that with the optimum number of equally sized 

repeaters, there was a 25% reduction in delay as well as an 80% reduction in power. 

 

Khursheed et al. [23] stated that the performance of on-chip copper interconnects wires is 

degraded due to the shrinkage of device dimensions beyond certain nodes. To provide high-

speed circuitry, buffers are inserted in the circuit. The number of buffers needs to be optimum 

keeping the importance of the power parameter in mind. To settle the trade-off between power 

and speed, various techniques like variable diameter and multi-threshold voltage can be used. 

The performance comparison between copper and CNTs is determined at various lengths using 

proposed and existing buffer methods. As compared to existing buffer techniques, buffer 
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techniques using variable diameters saved dynamic power (89.96%), and leakage power (89%) 

and offered less delay (77.5%). Also as compared to the conventional buffer method, the 

buffering technique using multi-threshold methods saved dynamic power (99.94%), and 

leakage power (97.53%) but offers more delay. All simulations are shown using the SPICE 

tool at 32nm technology.  

 

Liu et al. [24] presented the concept of adding an optimum number and optimally sized 

repeaters to reduce the propagation delay of MWCNTs which is much lesser than the copper 

counterpart. It was required to add repeaters at intermediate and global interconnect levels for 

proper message propagation from the input node to the output node with the least delay. The 

effect of inductance and contact resistance are also included. For a specified delay MWCNTs 

require a lower number of repeaters than copper, thereby it cuts down the area and power 

dissipation at the same time.  

 

2.2 Copper and CNT as Interconnects  

Research articles related to copper and carbon nanotubes as interconnect material for scaled 

technology nodes have been listed below which concludes that CNTs perform better than 

copper.  

2.2.1 Problems Faced by Copper Interconnect. 

Copper interconnect faces several issues like breakthroughs in resistivity, electromigration, 

surface scattering, and grain boundary scattering beyond 45 nm technology nodes at global 

levels of interconnect. 

 

Li et al. [35] stated that copper interconnects are fabricated by the damascene technique for 

interconnect applications in integrated circuits. Due to better conductivity, copper has replaced 

its predecessor aluminium successfully by giving improvised results based on power and delay 

of the circuit. But copper too faces some serious reliability issues like impurity defects, surface 

scattering, grain boundary scattering, increased resistivity, and electromigration beyond the 

45nm technology node. It contributes to devise failure in terms of breakdown, delay, thermal 

and packaging ability. These fatal issues demand special attention to improve the working of 

interconnect in the operating environment.  

 

Steinhogl et al. [39] studied and analysed the resistivity of copper for 100 nm technology and 

beyond. The impact of variation in width, height, and aspect ratios are determined. Surface 
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scattering and grain boundary scatterings in copper are observed beyond 100 nm nodes as the 

technology is scaled down. Due to the mentioned scattering processes, it leads to an upsurge in 

the resistivity of material and electromigration. The temperature-sensitive resistance of copper 

is employed in circuits to determine their performance beyond 100 nm technology. The 

performance of copper wires degrades concerning the delay of the circuit.  

 

Maffucci and Miano [42] addressed the issues of interconnects with the scaling of devices. 

The electrical performance of metallic carbon nanotubes is simulated and compared with copper 

with the help of a transmission line model. Due to problems faced by copper, the value of 

attained current density, and good thermal and mechanical strength by CNTs help them take 

their place in the VLSI market. The resistance of a single CNT is too huge, so a stack of CNTs 

is packed in a bundle to scale down the net value of resistance. The physical model and 

mathematical equations are present for CNTs to understand their structure and behavior. At the 

local level, the performance of CNTs is equal to that of copper and it can only give better results 

if all CNTs are densely packed and metallic. However, at the intermediate and global level, due 

to longer MFP in CNTs than copper, CNTs achieve superior results than copper in terms of 

impedances and delays.  

 

Xu et al. [43] observed that with increased scaling and complex circuitry, the circuits also need 

to maintain high speed and low power dissipation requirements. It is seen that with 

technological upgradations, copper interconnects reach their maximum current carrying limit, 

beyond these limits at very deep sub-micron technologies, the resistivity and reliability of the 

circuit are suffered. So, carbon nanotubes with good electrical, and thermal conductivities and 

process compatibilities are proposed to provide an excellent substitute for copper.   

2.2.2 Carbon Nanotube as Interconnect 

The excellent conductivity, high current density, and thermal and mechanical strength of CNTs 

have been extensively explored and suggested as future interconnects material. Work related to 

SWCNTs, MWCNTs, and DWCNTs is listed below. 

 

Burke [46] presented carbon nanotubes as nano-transmission lines with distributed parameters 

like resistances, (kinetic and magnetic) inductance, (and quantum and electrostatic) 

capacitances to determine their performance at gigahertz frequencies using Luttinger Liquid 

theory. The electrical circuit models of SWCNTs and MWCNTs are explained in detail. The 
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experimental formulations are in close relation with mathematical expressions. The dynamic 

circuit properties of SWCNTs are discussed in detail. For MWCNT interconnects all shells 

contribute to the conduction. CNTs due to extraordinary conducting properties, and good 

thermal and mechanical ability have the potential to replace all existing interconnect materials.  

 

Srivastava et al. [49] presented the application of SWCNTs and MWCNTs with low resistance 

contacts for next-generation technology nodes at 22 nm nodes using one-dimensional fluid 

theory. The structures, their electrical equivalents, and impedance equations are explained. 

Mathematical modeling and simulations are performed for determining delay and power at local 

and global levels of interconnects. The performance of CNTs is improved by decreasing the 

resistance and increasing the number of tubes in a bundle. The resistance of copper increases 

more sharply than CNTs with the increment in the length of interconnect. With superior 

transmission proficiency, reduced losses, high bandwidth, fewer delays and lower power 

dissipation, metallic carbon nanotubes with more conducting channels per shell can replace 

copper as VLSI interconnects. 

 

Banerjee et al. [52] suggested that after the discovery of nanotubes with excellent conducting, 

electrical, mechanical, and thermal properties as mentioned in Table 2.1 by Ijima in 1991, they 

had been suggested for their use as interconnects in electronic circuits. CNTs are formed with 

a sheet of graphite arched up in the form of a hollow cylinder. Since copper interconnect was 

badly affected by issues like electromigration and grain boundary effects and other reliability 

issues, their resistivity increased at high temperatures and scaled technology nodes and in that 

case, metallic carbon nanotubes provided a suitable alternative to copper. Dense CNT bundles 

with low contact resistance attain improvised results at long lengths of interconnect lines. 

Table 2.1 Comparison of different properties of CNT and Copper 

Properties CNT Copper 

Mean free path (nm) at room temperature 
>1000 

40 

Maximum current density (A/cm2) 
>1x1010 ~1x106 

Thermal conductivity (W/mk) 
5800 

385 

 

• Single-wall carbon nanotube as Interconnect 

Articles presenting the interconnect performance of SWCNT based interconnect are indexed 

below.  
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McEuen et al. [54] stated that both metallic and semi-conducting graphitic nanotubes are 

excellent members for VLSI applications. By good conductance and high current densities 

metallic CNTs or zero band gap semiconductors have beaten the best existing metals. On the 

other hand, semi-conducting CNTs possess good mobility and transconductance values. Both 

types of CNTs can withstand high mechanical and thermal conditions. For interconnect 

applications, metallic CNTs having longer MFP are an appropriate choice. During the 

manufacturing of CNTs, the diameter needs to be controlled properly as this helps in 

determining the chirality and nature of CNTs.  

CNTs are manufactured using CVD (chemical vapor deposition) technique at an extremely 

elevated temperature of around 9000C in the presence of catalysts. To eliminate elevated 

temperatures, the other technique employs the deposition of tubes on the substrate. But in this 

method, chirality cannot be controlled. Though there is no accurate method yet developed, to 

control the chirality of SWCNTs, research is going on other techniques as well like wet 

processing, deposition using electric fields, etc. SWCNTs are good alternatives to copper at 

intermediate and global levels. Studies are going on to discover a method that would control 

the metallic nature and position and diameter of nanotubes during manufacturing.  

 

Naeemi and Meindl et al. [55] presented the performance of interconnect using physical circuit 

models. Different expressions to determine conducting channels, resistances, inductances, and 

capacitances of CNTs and copper is given at local and global levels. The RLC of both copper 

and CNTs rises with the increase in a stretch of interconnects. The other process parameters 

like the number of metallic CNTs in a bundle, diameter, temperature, distance between 

nanotubes, contact resistance, and technology parameters play relevant factors in deciding the 

net electrical conduct of interconnect.  

For short lengths, CNTs have a large value of resistances because of quantum and contact 

resistances. So, copper can be successfully used as interconnect material at the local level. 

However, as the length increases, and with technology scaling, copper faces severe problems 

like grain boundary, surface scattering, and electromigration. So, SWCNTs can replace copper 

if densely packed and chirality is controlled or large-diameter MWCNTs can easily replace 

copper at the global level.  

 

Srivastava et al. [56] demonstrated the performance of single-walled CNT interconnects in 

nanocircuits. The physical and electrical model of SWCNT and its associated parasitic 

(resistance, inductance, and capacitance) are studied thoroughly. The performance of SWCNT 
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is then compared with copper interconnect. Due to surface scattering and electromigration 

concerns of copper beyond 40 nm technology nodes, SWCNTs give better results than copper.  

 

Figure 2.2 Normalized delay (𝜞CNT/ 𝜞Cu) at (a) intermediate length (b) global length of interconnect [56] 

The results clearly show that there is a 30%-40% decrease in delay while using SWCNTs than 

copper at the global level as shown in Figure 2.2. Also, considerate power savings is achieved 

by employing dense SWCNTs at 22nm (4 times) and at 14nm (8 times) technology node. 

SWCNTs provide an excellent substitute as interconnect in high-paced VLSI circuits to copper 

at nanotechnology nodes. 

 

Rai and Sarkar [57] presented the impact of the diameter of a single-walled nanotube on the 

delay and power of the circuit. The diameter of a carbon nanotube is a crucial parameter that 

plays an extremely critical role in deciding the values of its related electrical parameters like 

the resistance of nanotubes, inductance, and capacitance of nanotubes.  

Also, with the preferment of technology, the resistance of both copper and SWCNT increases, 

and this increase is more for copper than SWCNT due to grain boundary and surface scatterings. 

It has been observed that the resistance and inductance of nanotube increases with the increment 

in diameter of the nanotube which may increase the delay of the circuit. However, the 

capacitance of the nanotube shows an inverse relationship with the diameter as shown in Figure. 

For low-power applications, large-diameter SWCNTs can be used. So, to overcome this trade-

off between delay and power as demonstrated in Figure 2.3, an optimum diameter of SWCNT 

must be chosen.  
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Figure 2.3 Variation in normalized delay and power dissipation with variation in diameter at 32 nm and 22 nm 

technology node [57] 

 

Liu et al. [58] analyzed equivalent electrical circuits of SWCNTs. It has been seen that those 

thermal issues play an extensive role in deciding the electrical conduction of ICs. Various 

parameters like crosstalk event, length of interconnect, the diameter of the nanotube, metallic 

ratio, technology node, and temperature help in deciding the performance of the circuit. The 

crosstalk peak voltage and peak width of SWCNT reduce by ~23% and ~8% respectively to 

that of copper line. For larger diameters, the metallic proportion in SWCNT increases. The 

impact of crosstalk shows an increase with the increment in interconnect length. Also, the pulse 

width of the crosstalk is more vulnerable to the temperature for a longer length. On the contrary, 

the pulse voltage of crosstalk is more prone to temperature effects for shorter interconnect 

lengths.  

 

• Multi-wall carbon nanotube as Interconnect 

Due to ease in fabrication and high current carrying capability, multi-shell CNTs have gained 

lots of attention. Below listed work below presents the study of MWCNT interconnects.  

 

Li et al. [59] presented the detailed performance of multi-walled CNT and its comparison is 

made with copper and SWCNT. With larger diameters and different conducting shells, 

MWCNTs have a complex structure that requires deep knowledge of each shell parameter and 

couplings between these shells. The equivalent model of MWCNT and its parametric equations 

are well presented. MWCNTs have larger diameters and longer MFPs.  
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Figure 2.4 Resistivity comparison of copper, SWCNT, and MWCNT over length varied from 1µm to 1000µm at 

32 nm tech, 22 nm tech, and 14 nm tech. node [59] 

At the local level, MWCNTs show a larger value of delay than copper by 1%-6% because of 

the presence of quantum and contact resistances in it. For semi-global and global levels, large-

diameter MWCNTs show lesser delay and power dissipation than copper counterparts and these 

results get better with technology advancements. At 1000µm the delay of MWCNT is just 15% 

that of copper interconnect. For interconnect applications SWCNTs must take care of the 

chirality index (metallic nature) and should be densely populated in the bundle. MWCNTs are 

easy to fabricate and are metallic in nature. For global lengths, the electrostatic capacitance 

value of MWCNT is lesser than SWCNT. At global lengths, MWCNTs have less value of delay 

than SWCNTs too as can be viewed in Figure 2.4. Large-diameter MWCNT shows promising 

results as interconnect material for local, intermediate, and global levels at nanometre 

technology nodes. 

 

D’Amore et al. [62] proposed two models to check the electrical performance of CNTs at 22 

nm and 14 nm technology nodes. CNTs have captured the interest of the VLSI market due to 

their high current density and thermal conductivity, and good mechanical, and thermal strength. 

MTL (multi-conductor transmission line) and MESC (multi-equivalent single conductor) are 

also presented. The transient response is determined for both interconnects and is in good 

agreement with simulated results. The MESC model is extremely easy, and simple and saves 

time in determining a 50%-time delay. Also, the MESC model gives less % error than the MTL 

model for calculating the delay-based performance of CNT interconnects. Due to the large value 

of capacitance in SWCNTs, MWCNTs give better results than SWCNTs at global lengths.  
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Gholipur and Masoumi [65] proposed multi-walled carbon nanotubes for VLSI interconnect 

material. Physical and circuit modeling along with simulation and analytical expressions are 

mentioned to decide and compare the performance of MWCNTs and copper. The simulated 

results are in good accordance with analytical results. MWCNTs possess high current densities 

and good mechanical, and thermal strength. Copper suffers from grain boundary scattering and 

electromigration issues beyond the 40 nm technology node. Along the length of interconnect, 

and with the scaling of dimensions at advanced technology nodes, MWCNTs exhibit a lower 

value of delay than copper. Analytical expressions also reveal that MWCNTs require a lesser 

number of buffers than copper.  

 

Singh and Raj [66] analysed the temperature-dependent electrical performance of multi-walled 

carbon nanotubes, single-walled carbon nanotubes, and copper. Temperature-sensitive 

electrical models and parasitic equations of MWCNTs are presented. The detailed comparative 

analysis based on power, signal delay, and PDP is done between MWCNTs, SWCNTs, and 

copper at 32, 22, and 16nm technology nodes for the wide temperature range varying from 200- 

450K. The delay of copper rises drastically due to issues like surface scattering and increased 

resistivity at scaled technology nodes. Large-diameter MWCNTs have lesser values of 

capacitance than SWCNTs. It is concluded from the results that MWCNTs show the least value 

of delay, power, and PDP than copper and SWCNT at all technology nodes for a 1mm global 

interconnect length and prove them the most suitable material for interconnect applications.  

 

• Double-wall carbon nanotube as Interconnect 

With two concentric graphene sheets coiled in the shape of a cylinder, these double-wall carbon 

nanotubes offer reduced resistance and thus better conductance than SWCNTs. Research 

papers analyzing the performance of DWCNTs are mentioned below.  

 

Pu et al. [76] proposed some modifications in equivalent electrical models of SWCNTs and 

DWCNTs. The effect of capacitive couplings between the adjacent nanotubes was considered. 

The performance of DWCNTs is then compared with copper and SWCNTs (with metallic 

ratios s 33% and 100%) at the global level and the simulated delay results can be viewed in 

Figure 2.5. Undoubtedly, both CNTs exhibit improved results than copper concerning the 

signal delay.  



23 
 

 

Figure 2.5 Comparison of delay time versus years between copper, SWCNT, and DWCNT interconnect [76] 

Also, it is seen that DWCNTs offer lesser delay and capacitive coupling than SWCNTs. Due 

to such improved results, it has been confirmed that DWCNT bundles can replace SWCNTs 

and has a bright future in the field of VLSI interconnects. 

 

Kordrostami et al. [77] proposed DWCNTs as an interconnect material for integrated circuits. 

The physical structure has two concentric shells of graphene, and the impedance equations are 

well presented. Good ohmic contacts are provided at both the ends of nanotube. The time 

domain response and dynamic behavior of DWCNTs are studied. Experimental results are 

validated with the simulated data. With two conducting shells and reduced resistance, DWCNTs 

show a lesser value of resistance and delay than SWCNTs. With faster operations and high 

current value, DWCNTs became an ideal interconnect material for large-scale integrated chips.  

 

Yin et al. [78] investigated the performance of metallic carbon nanotubes. The circuit model 

and impedance equations of DWCNT are expressed in detail. The equivalent models and 

performance of SWCNTs and DWCNTs are determined concerning crosstalk-induced signal 

propagation delay and then it is also compared with copper. CNTs have a long conduction path 

(around 40 nm) and lower resistivity than copper. The delay of CNT is bigger than copper at 

the local level but at the semi-global and global levels, the delay of CNT is much smaller than 

copper. The effect of self-heating and crosstalk including inductive and capacitive coupling are 

also included. For longer lengths of interconnect, DWCNTs show the least value of delay than 

copper and even SWCNTs. This special case of CNTs i.e., DWCNTs formed with two shells 

becomes a potential interconnect material for semiconductor circuits. 
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Loumi et al. [79] analyzed the performance of various carbon nanotube bundles like SWCNTs 

and DWCNTs. The number of nanotubes available in the interconnect bundle plays a significant 

role in deciding the amplitude and speed performance of the circuit. It has been observed that 

as the count of nanotubes in the bunch increases, it increases the electrical conductivity of the 

bundle and by decreasing the resistance, the signal delay of the circuit improves. On the 

contrary, increasing the count of nanotubes in the bundle enhances coupling with adjacent 

nanotubes. With the scaling, results show that for all the cases beyond the 45 nm technology 

node, CNTs give improvised results than copper and can be successfully implanted as 

interconnects in miniaturized circuits.  

 

2.3 Effect of Temperature on Interconnects 

Temperature variations play a very critical role in determining the electrical conduction of 

interconnects based on signal delay and power dissipation by affecting the MFP of electrons. 

Several electron and phonon scattering mechanisms are observed at high temperatures and can 

also introduce surface roughness and grain boundary defects in copper and graphitic-based 

CNT interconnects [86-97]. Below listed research papers have analyzed the performance of 

interconnects based on thermally aware models. 

 

Park et al. [86] addressed different electron-phonon scattering phenomena for CNTs. The 

effective mean free paths are determined for low and high-temperature ranges. The results in 

the article show that the scattering length at very high voltage is reduced to 100x than the 

scattering length at low voltage. Acoustic phonon scattering plays a major role at low voltage 

while optical phonon scattering decides the value of MFP of electrons at high voltages. 

Different case studies for varying temperatures are observed for experiments and are validated 

with the proposed model.  

 

Pop et al. [87] considered the impact of temperature and different electron-phonon scattering 

mechanisms in detail for metallic SWCNTs over a wide temperature range from 100-450K and 

different biasing conditions. The electro-thermal model represented plays an indispensable role 

in high current-carrying nanotubes as interconnects. The model has also been validated 

experimentally. It has been observed that as temperature increases, the resistance also shows 

an increment because of the decrease in effective MFP of conducting electrons of SWCNTs as 

shown in Figure 2.6. 
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Figure 2.6 Temperature-dependent resistance of SWCNT at varying interconnect lengths [87] 

Figure 2.7 Temperature-dependent mean free paths of SWCNT at different bias conditions [87] 

For low and high-bias regions, different types of temperature-dependent scattering like 

acoustic, optical absorption, and optical emission play vital roles in deciding effective value of 

the mean free path of electrons as shown in Figure 2.7. The results depict that effect of 

temperature must be included for judging performance of interconnects for future applications.  

 

Naeemi et al. [90] analysed temperature-dependent scattering mechanisms for both SWCNTs 

and MWCNTs. It has been observed that the thermal coefficient of resistance is positive for 

SWCNTs and is in direct relationship with length too. For larger diameter (~6 nm) MWCNTs, 

as the conducting channels increase with the increase in temperature, it decreases the impact of 

the increase of the electron-phonon scattering phenomenon. In small-diameter MWCNTs 

because of the dictation of quantum resistance, resistance decreases with the temperature rise. 

However, for long lengths, resistance again upsurges with the temperature due to shortened 

MFP of electrons. CNTs can be used as VLSI interconnects material for technology nodes 

beyond 22nm.  
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Hosseini et al. [92] proposed a thermally aware model to decide the performance of graphitic-

based interconnects like SWCNTs and MWCNTs. Temperature and different scatterings-

dependent impedance expressions for a single shell of the nanotube are also presented and 

explained in detail and are compared with experimental data. Temperature variations play a 

very important role in deciding the performance of interconnects. It takes both the effect of 

self-heating and heat conduction phenomenon into consideration to determine the effective 

mean free path of the conducting particles of nanotubes. The results obtained give 5x reductions 

in delay for metallic SWCNTs (for 27-1270C temperature range) at the local level and prove 

them as a good alternative to classic copper interconnects beyond the 22nm node. By 

considering the thermally aware model in determining the signal delay, SWCNT proves itself 

an appropriate nominee for interconnect applications.  

 

Chiariello et al. [94] presented the role of size and temperature in determining the performance 

of interconnects at nano-scaled technology nodes. Temperature-dependent simulation-based 

results are compared for copper and single-wall graphitic nano interconnects. The electrical 

resistance including the impact of temperature and cross-sectional area of copper and SWCNT 

is determined and compared. For both copper and CNT, the resistance increases with the 

increment in temperature, therefore introducing unwanted delay and degrading the circuit 

performance. Beyond the 22nm node, SWCNTs have less value of delay and can easily replace 

copper as interconnects.  

 

Wen Chao Chen et al. [96] reflected the impact of self-heating, thermal voltage, power 

handling capability, temperature-dependent delay, and transient performance of metallic CNT 

arrays. The role of temperature is observed at low and high voltages, and it is concluded that 

for local interconnects at high voltages, the effect of self-heating needs to be taken care of while 

examining crosstalk-induced noise and signal delay. Moreover, the power handling ability and 

the breakdown also need to be handled. Beyond 300K, the heat generated due to scattering is 

primarily decided by forces like acoustic electron scattering, optical phonon emission 

scattering, and optical absorption scattering.  

 

Gautreau et al. [97] stated that the scattering increases with the increase in temperature. The 

possibility of emission rates is more than absorption scattering rates at higher temperatures. It 

results in the transfer of energy to the lattice, thereby also increasing joule-heating with 

temperature.  The hot phonons contribute to joule-heating only at 300K as a function of the 
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electric field. At higher temperature ranges, different non-equilibrium phonons decide the 

conduction of electrons. The acoustic, optical emission scattering, and optical phonon 

absorption scatterings are observed.  Also, the non-linear behavior of the scattering of phonons 

is observed at higher temperatures. So, it is advisable to employ cooling mechanisms for 

devices needed to operate at high temperatures. 

 

2.4 Mixed CNT Bundle as Interconnect 

Various types of mixed carbon nanotube bundle interconnects are proposed in the literature. 

These mixed CNTs have shown better performance concerning delay, power, PDP, crosstalk, 

etc. than their counterparts. Mixed CNT bundles can become promising candidates for the 

VLSI industry at future nodes. 

 

Majumder et al. [98] studied the application of mixed CNTs as interconnect for large-density 

and high-speed circuits. Varieties of mixed CNT bundle structures are developed by altering 

the locations of SWCNTs and MWCNTs. The count of CNTs in a bundle is examined which 

helps to determine the net associated resistance, inductance, and capacitance of the bundle. The 

distributed parameter technique is employed with repeaters at a global length to evaluate delay 

and crosstalk (in-phase and out-phase) in the circuit. Analytical results are also shown in good 

conformation with simulated results at lengths varying from 100µm to 1000µm. The structure 

with MWCNTs at the edges provides the least coupling with neighboring nanotubes. The 

structure with MWCNTs along the sides and SWCNTs in the center gives less delay with and 

without crosstalk than other mixed bundle structures. Some structures of mixed CNT bundles 

also tend to give better responses than SWCNT and MWCNT counterparts. 

 

Subash and Chowdhury [99] stated that due to the increase in the resistivity of copper, 

metallic CNTs have proved to be an excellent alternative as interconnect at nanotechnology 

nodes. When a mixed bundle is formed, the combination of SWCNTs and MWCNTs yields 

the best results by adding the best properties of the two. The length of graphitic nanotubes and 

the metallic proportion of nanotubes highly influence the performance of CNTs. The circuit 

and electrical parameters of the single, bundle, and mixed CNTs are explained with the help of 

equations. The analytical results mentioned are in good relationship with the simulated data. 

MWCNTs which are less conductive than SWCNTs can be used at the four sides of the bundle 

to reduce the effect of capacitance coupling and SWCNTs are the main source of conduction 
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in the bundle. The results show that mixed CNT bundles can become the future candidate for 

VLSI interconnects.  

 

Sathyakam and Mallick [100] stated that carbon nanotubes due to their high current densities 

at elevated temperatures have become an obvious choice over copper as interconnect material 

for integrated circuits. The modeling of electrical equivalent circuits of SWCNTs and 

MWCNTs and copper is explained. Transient analysis simulation is performed for lengths 

varying from 1 µm to 1000 µm. A mixed CNT bundle is developed with large-diameter 

MWCNTs and SWCNTs. Due to the increased densities of nanotubes and metallic ratios, the 

conductance and immunity to crosstalk of mixed bundles are increased significantly. It is 

concluded that if the fabrication of mixed CNT bundles is done precisely, they can perform 

better than existing materials. 

 

Majumder et al. [101] presented mixed CNT bundles to determine their performance in high-

density circuits. The mixed CNT bundles comprise randomly distributed SWCNTs and 

MWCNTs with different diameters. The distributed transmission line modeling with a CMOS 

inverter as the driver is employed to find the delay of mixed, SWCNT, and MWCNT bundles.  

 

Figure 2.8 Delay comparison of SWCNT, MWCNT, and Mixed bundle interconnect [101] 

Various parameters like metallic ratio, contact resistance, bundle area, and temperature and 

their effect on the performance of CNTs are also examined. Due to uncontrollability during 

fabrication, the change in metallic ratio impacts the count of channels in nanotubes. By varying 

the contact resistance from 0 to 100 of kilo Ω, the densely packed structure of mixed CNT 

bundle performs better than single and multi-walled CNTs. With larger height, width, and 

bundle area, the resistance and inductance of the bundle decrease by increasing the count of 
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CNTs in a bundle. The MFP of CNTs reduces with the increase in temperature. The 

temperature-dependent results show that mixed CNT bundle interconnects have lesser delay 

than SWCNT and MWCNT counterparts as shown in Figure 2.8.  

 

Kumbhare et al. [102] presented crosstalk dependent performance of densely packed mixed 

carbon nanotube bundle interconnects. Two classes of structures are presented, one having 

spatially arranged CNTs and the other structure having randomly distributed CNTs. The 

distributed parameters are determined, and the transient analysis is performed using SPICE 

simulations. Randomly distributed mixed bundles are easier to fabricate than spatially arranged 

ones. A mixed CNT bundle with randomly distributed CNT shows better results than arranged 

mixed CNT bundle in terms of coupling effects. Results show that mixed CNT bundles with 

randomly distributed CNTs exhibit significantly less delay and power dissipation than spatially 

arranged mixed CNT bundles at global levels and can be used for high-speed chips.   

 

Sandha and Thakur [103] proposed a mixed CNT bundle structure in which SWCNTs are 

inserted in an MWCNT interconnect. By inserting SWCNTs in the dead space around 

MWCNTs in a bunch, it increases the density of graphitic nanotubes and the net resistance and 

inductance of the bundle decrease. MTL model with CMOS technology is used to examine the 

electrical conductance of mixed CNT bundle interconnect concerning delay and PDP (power-

delay product) at global length. The response of the circuit is determined based on delay for 

mixed and MWCNT bundle interconnects at 32 nm, 22 nm, and 16 nm technology nodes. By 

introducing SWCNTs and increasing the conductivity of the bundle, it is observed that this 

mixed carbon nanotube bundle interconnect attains less value of delay, power, and PDP than 

MWCNT for lengths varied from 100 µm to 2500 µm and can be employed in future ICs.  

 

2.5 Crosstalk and Stability of CNT Interconnects 

• Crosstalk Analysis of Interconnects 

Global interconnects face capacitive and inductive couplings with adjacent lines which affect 

their performance on integrated ICs. The below-mentioned research papers include the impact 

and significance of crosstalk in the performance of interconnection wires [104-115].  

 

Sathyakam et al. [104] Proposed a new triangular-shaped geometry for CNT bundles. The 

paper presents the ESC model of CNTs to determine crosstalk and delay.  The spice simulated 

results show that triangle bundles suffer 29% less capacitive coupling as compared to 
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conventional square-packed CNT bundles. This capacitive coupling affects the crosstalk of 

adjacent interconnect lines, and it also increases as the count of lines on the chip increases. The 

author has proposed that these triangular-packed CNT bundles can replace conventional 

squarely packed bundles by offering 30% less crosstalk delay. So, triangular-packed CNT 

bundles can also be used as VLSI interconnect material.  

 

Kaushik et al. [105] presented the role of driver width and line resistance on crosstalk coupled 

interconnects. To increase the driving capability, generally, driver width is increased, and 

resistance is decreased, but this lowers the performance of the circuit by increasing the 

crosstalk.  The crosstalk noise reduces as the resistance increases since high resistance 

suppresses the unwanted signals and vice-versa. Also, as the width of the driver transistor 

increases, the crosstalk effect is enhanced. Nanotubes are highly affected by inductive and 

capacitive couplings of the adjacent tubes which in turn degrade their performance. So, 

crosstalk plays a very indispensable role in evaluating the performance of global interconnects.   

 

Rossi et al. [106] presented CNTs for interconnect applications at very deep sub-micron 

technologies. Due to excellent conducting properties, CNTs have replaced all existing 

interconnect materials. The effect of capacitive and inductive couplings in parallel lying 

SWCNTs and MWCNTs in a bunch is examined in detail with the support of diagrams. 

Different cases of dynamic and functional crosstalk switching are explored in detail. Among 

MWCNT and SWCNT double line architectures, MWCNT performs worse than SWCNT due 

to the working of complicated shell structures, lesser noise margins, more delay, and more 

power consumption. Double-wall nanotube bus architectures have also been proposed. Results 

reveal reductions in crosstalk-induced delay (59%) and crosstalk noise (81%) using three-line 

DWCNT bus architecture than MWCNT and SWCNT bus structures.  

 

Pu et al. [108] showed the role of crosstalk in SWCNT and DWCNT bundle interconnects. 

Equivalent electrical models incorporating the impact of inductive and capacitive couplings are 

used to determine and compare the time-based performance of SWCNT, DWCNT, and copper. 

Both SWCNT and DWCN show better results than copper in terms of crosstalk-induced 

glitches. It is seen that the value of crosstalk-induced time delay for DWCNT is lesser than 

SWCNTs at different lengths and technology nodes. DWCNT provides a good replacement to 

single-wall graphitic nanotubes as interconnects in high-speed integrated circuits at semi-

global and global lengths.  
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Kaushik et al. [110] stated that though repeaters are used to decrease delays for long 

interconnect lines, they can also be efficiently used to decrease the crosstalk effect for coupled 

lines and proposed a new PDCP (Power Delay Crosstalk Product) parameter as a figure of merit 

parameter to determine the performance of the circuit.  

PDCP=Power Diss. * Avg. 90% Prop. Delay *Normalized Crosstalk             (2.1) 

This PDCP parameter proves itself as the best parameter as compared to minimum delay and 

minimum PDP to determine the count of repeaters for long interconnect.  

 

Das and Rahaman [112] presented the effect of crosstalk on device-related parameters i.e., 

gate oxide reliability. The equivalent models and impedance expressions of SWCNT and 

MWCNT are presented. To study the impact of crosstalk, it is assumed that nanotubes are lying 

adjacent to each other and affect each other’s performance. Various cases of crosstalk like 

overshoot and undershoot have been reported for different lengths and technologies. Its net 

impact on the failure in terms of time is also determined. The crosstalk-based simulated results 

of CNTs are compared with copper. The results in the journal show that the crosstalk-induced 

delay of CNT based interconnect is less than copper. CNTs become an obvious choice as VLSI 

interconnects for future generations. It has also been reported that the crosstalk of copper shows 

an increase with length, while it remains constant in the case of CNTs. Sparsely populated 

SWCNTs with a minimum value of resistance don’t have much influence on gate-oxide 

reliability because it is less affected by crosstalk-induced issues than copper and MWCNTs. 

 

Majumder et al. [113] presented a crosstalk-affected performance in terms of the propagation 

delay of multi-wall and single-wall CNT bundles at the global length of interconnect. 

Interconnects are modeled using equivalent electrical parameters to determine delay. It is very 

important to address crosstalk issues in MWCNTs and SWCNTs because it depends on several 

factors like inductive and capacitive couplings, and the value of voltage transitions in adjacent 

lines. Dynamic crosstalk is noticed when nearby line switches simultaneously (in-phase or out-

phase) thus inducing dynamic crosstalk-induced delay. Comparison between SWCNTs and 

MWCNTs is performed for area and delay. For the same value of delay, it has been observed 

that MWCNTs require an appreciating lesser (97.8% less) area than SWCNTs. Also, with an 

area constant for both interconnects, it has been concluded that MWCNTs show less crosstalk-

induced delay (52.4% less) than SWCNT bundles. Multi-wall carbon nanotubes can be used as 

crosstalk immune and compact interconnect material for integrated applications.  
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Rai et al. [114] demonstrated crosstalk reliable electrical performance of various mixed CNTs 

structures at 22 nm technology nodes. The equivalent models of mixed CNT bundles 

comprising SWCNTs and MWCNTs are proposed along their parasitic. Various mixed CNTs 

are developed by altering the position of multi and single-wall nanotubes. The temperature 

(varying from 300 K to 500 K) based simulations are done to determine crosstalk-dependent 

delay. The effect of inter-shell coupling is also included, and it is observed that the structure 

with non-conducting tubes in the center and conducting tubes along the edges offer larger 

resistance, therefore giving low crosstalk-induced noise voltage.  On the other hand, a mixed 

bundle structure with conducting tubes in the center and non-conducting along the edges gives 

minimum signal delay time. Depending upon the priority of usage, mixed carbon nanotube 

bundle structures provide excellent material for interconnects.  

 

• Stability Analysis of Interconnects 

The frequency, bandwidth, time-response, stability, etc. of interconnects are determined to 

evaluate their reliability. The following research papers focus on stability-related issues of 

CNTs.  

 

Majumder et al. [115] compared the electrical behavior of MWCNT and MLGNR (multi-

layer graphene nanoribbon) in terms of frequency response and bandwidth as shown in Figure 

2.9. Interconnects are modeled using a driver-interconnect-load system to determine 

performance at local and global levels of interconnect. Both interconnects are easy to fabricate 

and offer high current densities and long MFP of up to 5µm. The electrical parameters like 

resistance, inductance and capacitance of both interconnects are determined by calculating the 

count of conducting channels present in each shell.  

 

Figure 2.9 Gain versus frequency plot of MLGNR and MWCNT interconnects at varying lengths [115] 
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The frequency responses form an RC low pass filter. The cut-off frequency is obtained from 

the absolute frequency responses and then the comparison of bandwidths between the two 

interconnects is obtained. The frequency response results are compared with HSPICE results. 

The results are in good relationship with each other. Frequency versus gain plots clearly shows 

that the bandwidth of MWCNT is 10x smaller than MLGNR at the local level and 4x smaller 

than MLGNR at the global level.  

 

Kumar et al. [116] modeled interconnects using distributed transmission lines and determined 

the electrical performance of MWCNTs and MLGNR based on signal delay and relative 

stability for different interconnect lengths. Analytical values of delay of MWCNT and MLGNR 

are by less than 10% with spice simulated results. It is noticed that for similar delay MWCNTs 

require 54.5% lesser area than MLGNRs for global levels of interconnect. The relative stability 

is determined with the response of the transfer function by observing the values of peak 

overshoots and switching delay, and by drawing Nyquist plots. It is observed that both 

MWCNT and MLGNR show good stability characteristics. For local interconnect, MLGNR is 

less stable than MWCNTs; however, at the intermediate and global levels, the stability of multi-

layer GNR is more than MWCNTs.  

 

2.6 Identified gaps in the literature. 

It is suggested that the resistance of copper rises and the mean free path of electrons decreases 

beyond the 45 nm technology node. Because of electromigration, surface roughness, and grain 

boundary scatterings, CNTs have the potential to replace them [117-122]. The performance of 

SWCNTs is restricted due to fabrication and chirality issues. Multi and double-wall carbon 

nanotubes have shown reliable results based on delay and power dissipation.  

It has also been reported that temperature and crosstalk-dependent mixed carbon nanotube 

bundles (formed with MWCNTs and SWCNTs and different diameter MWCNTs) have shown 

outstanding performance as interconnects. These mixed structures also have the potential to 

replace traditional nanotube materials at global levels. The work presented in this report focuses 

on temperature-dependent modeling of mixed carbon nanotube bundles formed from 

MWCNTs and DWCNTs, which have proven themselves better than individual SWCNT, 

MWCNT, and DWCNT bundles. They can capture the VLSI market at deep submicron 

technology nodes.  
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Some of the related domains of CNT that need attention and exploration in detail for the future 

are mentioned below: 

• Studies have compared the performance of copper, SWCNT bundles, MWCNT bundles, 

and mixed CNTs (bundles formed with different diameter MWCNTs or with SWCNTs 

and MWCNTs). Yet no work is done on the mixed structure having DWCNTs and 

MWCNTs. A comparison can be made between the delay and the Power-delay product. 

• The effect of temperature can be analyzed for various MDCB structures at different nano-

technology nodes.   

• The impact of dynamic and functional crosstalk can also be studied on mixed bundle 

structures having MWCNTs and DWCNTs. 

• Stability analysis for MDCB interconnects is also not reported. 

• The fabrication of graphitic-based CNT interconnects remains a big challenge. Some new 

techniques need to be proposed and issues related to it need to be taken off.  

 

2.7 Objectives of the Study 

Based on the work done and understanding established from the literature, the listed objectives 

are proposed: 

1. To develop the thermally aware impedance equivalent circuit model for Mixed-CNT 

bundle as VLSI interconnects. 

2. To analyze the impact of temperature variation on the parasitic of different structures of 

Mixed-CNT bundle for nano-scaled technology nodes. 

3. To evaluate the temperature-dependent performance of the Mixed CNT model of proposed 

structures in terms of delay and PDP at different nano-scaled technology nodes. 

4. To compare the results obtained from the above analysis with SWCNT and the copper 

interconnect. 

 

2.8 Research Methodology 

To reach the objectives defined, the following research methodology is opted. 

• Problems associated with copper interconnect at scaled technology nodes are recognized.  

• Carbon nanotubes and their types- SWCNTs, MWCNTs, and DWCNTs are studied in 

detail. Their physical structures, electrical equivalents, and parasitic equations are 

analyzed thoroughly.  
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• Different structures of mixed CNT bundle (MDCB) interconnect constituting DWCNTs 

and MWCNTs are developed. The related impedance (R, L, and C) parameters are 

calculated using mathematical equations. 

• The thermally aware models of proposed mixed CNT (MDCB) structures are configured 

and the effective MFP of conducting electrons is evaluated by considering the influence 

of various scattering phenomena at high temperatures. 

• The schematic diagrams for the thermally dependent models at different nanotechnology 

nodes and global lengths are formed and simulations are performed with the help of the 

Tanner tool.  

• Delay and PDP-based comparisons are done for all interconnect materials. It has been 

reported that MDCB structures outperform all existing materials for interconnect 

applications.  

• Global lines face inductive and capacitive coupling effects. So, being an indispensable 

factor, crosstalk analysis (functional and dynamic) is also done for mixed bundle CNT 

interconnects.  

• Stability analysis in terms of rise time, maximum overshoot, and Nyquist plots of MDCB 

structures are also performed. 

• The mathematical expression of delay (T90) is presented, and the analytical results are also 

determined. The results lie close to one another and thus validate each other.  

• Thus, the obtained results in the report in terms of delay and PDP helps to compare and 

conclude the performance of mixed CNT with copper and bundled SWCNTs, bundled 

MWCNTs, and bundled DWCNTs at various technologies. MDCB structures have great 

potential as VLSI interconnect material for upcoming generations.  
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3. CIRCUIT ANALYSIS OF MIXED CNTS 

The chapter provides insight into the structural and electrical modeling of interconnect materials 

used for integrated circuit applications at nano-scale nodes. A brief study on copper, single-wall 

CNT, multi-wall CNT and double-wall CNT, and mixed bundle CNTs is performed to evaluate 

their performance as global interconnects in terms of delay and PDP [123-135]. 

 

3.1 Electrical equivalent circuit modeling of interconnects 

The section focuses on physical diagrams, electrical equivalents, and impedance equations of 

interconnects. Mathematical calculations are performed to determine their values at different 

lengths and technologies. 

3.1.1 Copper as an Interconnect Material 

Previously copper has been extensively employed as interconnection material in ICs due to its 

large melting point temperature and good conductivity. To estimate their delay-based 

performance the electrical circuit of an interconnecting material is displayed in Figure 3.1. 

Interconnects are modeled with equivalent parasitic, and their values are determined from 

respective impedance equations [29,30]. Input pulse is given to the circuitry and transient 

analysis is performed with CMOS transistor as a driver and is loaded by the capacitor.  

Ground

Rinterconnect

Driver

Input pulse
Load

Capacitor

Linterconnect

Cinterconnect

 

Figure 3.1 Electrical model of an interconnection material 

The copper resistance (𝑅𝐶𝑜𝑝𝑝𝑒𝑟) with ‘ρ0’ as the technology-reliable resistivity, ‘l’ as length, ‘w’ 

as width, and ‘t’ as the thickness of interconnect (technology parameters, as defined by ITRS) 

[121,122] is determined from equation (3.1) [35,94]. 

                                                            𝑅𝐶𝑜𝑝𝑝𝑒𝑟 = 𝜌0(
𝑙

𝑤𝑡
)                                                        (3.1) 

The schematic diagram of copper wires placed at height ‘ht’ from the ground plane and separated 

by distance ‘s’ from each other is shown in Figure 3.2. 
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Copper

Ground

ht

t

w

s

 

Figure 3.2 Cross-section of copper wires 

Copper capacitance (Cground) due to the area covered above the ground plane and fringing flux 

associated with nearby copper wires is given by equation (3.2).  

(3.2) 

 

The inductance (𝐿𝐶𝑜𝑝𝑝𝑒𝑟) is determined by equation (3.3) [42]. 

𝐿𝐶𝑜𝑝𝑝𝑒𝑟 =
𝜇0

2𝜋
[𝑙𝑛(

2𝑙

𝑤+𝑡
) +

1

2
+ 0.22(

𝑤+𝑡

𝑙
)]

                                   
(3.3) 

The values of impedance parameters are determined from equations (3.1), (3.2), and (3.3) by 

varying lengths of interconnect from 100 µm to 1000µm and are indexed below in Table (3.1). 

Table 3.1 RLC values of copper at different lengths for various nanotechnology nodes 

 Resistance (kΩ) Inductance (nH) Capacitance (pF) 

Length (µm) 32nm 22nm 16nm 32nm 22nm 16nm 32nm 22nm 16nm 

100 0.76 1.79 5.85 0.15 0.16 0.17 0.02 0.02 0.02 

200 1.53 3.57 11.71 0.33 0.35 0.36 0.05 0.05 0.04 

300 2.29 5.36 17.56 0.52 0.55 0.57 0.07 0.07 0.06 

400 3.05 7.14 23.42 0.72 0.75 0.79 0.10 0.09 0.08 

500 3.81 8.93 29.27 0.92 0.96 1.00 0.12 0.11 0.10 

600 4.58 10.71 35.12 1.13 1.17 1.23 0.15 0.14 0.12 

700 5.34 12.50 40.98 1.34 1.39 1.45 0.17 0.16 0.14 

800 6.10 14.29 46.83 1.55 1.61 1.68 0.19 0.18 0.16 

900 6.86 16.07 52.69 1.77 1.83 1.91 0.22 0.20 0.18 

1000 7.63 17.86 58.54 1.99 2.06 2.15 0.24 0.23 0.20 

Impedance values listed above are also plotted against different lengths and technologies as 

displayed in Figure 3.3 (a)-(c). Figure 3.3 (a) reflects the resistance values of copper for different 
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technology nodes. Figure 3.3 (b) shows inductance at three technologies for a wide range of 

lengths and similarly,  Figure  3.3 (c) compares the value of capacitance of copper for different 

technologies. It can be seen from the line graphs that the impedance values of a copper surge in 

the length of interconnect.  

    

 

Figure 3.3 Impedance values of copper at different nanotechnology nodes for length varied from 100µm-

1000µm (a) Resistance (b) Inductance (c) Capacitance  

Copper shows a sudden increase in resistance as shown in Figure 3.3 (a) due to fatal concerns 

like the migration of electrons, surface roughness, and grain-boundary scattering at the global 

length of interconnect as we scale down the technology from 32nm to 22nm to 14nm node 

[29,30]. The trend is true for inductance parameters also but with advancement in technology 

nodes and reduced dimensions, the capacitance decreases due to decreased capacitive coupling 

with the ground plane and neighboring interconnect wires. Thus, increased collisions and 

decreased MFP of electrons in copper lead to its failure by as VLSI interconnect material beyond 

32nm technology node for global lengths [39,42].  
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3.1.2 Single-walled CNT as an Interconnect Material 

SWCNT is developed by rolling a single sheet of graphene in a cylindrical shape. With the 

diameter of the nanotube as ‘dsw’ and length from the center of the nanotube to the ground plane 

as ‘y1’, the physical structure of an isolated SWCNT is presented in Figure 3.4 [54]. 

Ground

SWCNT

dsw

y1

 

Figure 3.4 Structure of single-walled CNT placed above ground plane [55] 

The identical/RLC circuit of SWCNT is presented in Figure 3.5. The four conducting channels 

in the nanotube are the result of spin and sub-lattice degeneracies of its conducting electrons.  

Contact 

Resistance

Quantum 

Resistance

Scattering 

Resistance

Kinetic 

Inductance

Magnetic 

Inductance

Quantum

Capacitance

Electrostatic

Capacitance

Rcont/2         Rfund /2     Rscatter Lks  Lms

Cqs

Ces

Rcont/2         Rfund /2     
Driver

circuit

Figure 3.5 Electrical model of SWCNT [55] 

The resistance comprises three components. The unavoidable resistance that exists due to 

incomplete metal-CNT contact greatly relies on the manufacturing procedure (here, Rcont is taken 

as 2KΩ). With ‘h’ as the Planck’s constant (6.62x10-34Js) and e as the electron charge (1.6x10-

19 C), the distributed fundamental resistance (Rfund) exists at the endpoint on both sides of the 

nanotube is expressed by equation (3.4) [55,56]. 

𝑅𝑓𝑢𝑛𝑑 =
ℎ

4𝑒2         (3.4) 

Scattering resistance (𝑅𝑠𝑐𝑎𝑡𝑡𝑒𝑟) is seen when the length (L) of the nanotube exceeds MFP (𝜆0) of 

conducting electrons and collisions are faced by electrons. It is given by equation (3.5). 
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𝑅𝑠𝑐𝑎𝑡𝑡𝑒𝑟 =
ℎ

4𝑒2
(

𝐿

𝜆0
)

                                                         

(3.5) 

As the nanotube is placed over the ground plane, a certain charge is accumulated in the nanotube, 

and it results in electrostatic capacitance (Ces) given by equation (3.6) [57]. 

𝐶𝑒𝑠 =
2𝜋ℇ

𝑙𝑛(
𝑦1

𝑑𝑠𝑤
)
                                                          (3.6) 

The quantum capacitance (CqSWCNT) in the current-carrying nanotube is expressed by equation 

(3.7). 

 𝐶𝑞𝑆𝑊𝐶𝑁𝑇 =
2𝑒2

ℎ𝑣𝑓
                                                              (3.7) 

The net quantum capacitance because of four parallel conducting channels in the nanotube is 

estimated by equation (3.8). 

𝐶𝑞𝑠 = 4𝐶𝑞𝑆𝑊𝐶𝑁𝑇                                                       (3.8) 

The associated magnetic inductance (𝐿𝑚𝑠) of SWCNT is given by equation (3.9). 

𝐿𝑚𝑠 =
𝜇

2
(𝑙𝑛

𝑦1

𝑑𝑠𝑤
)
                                                       (3.9) 

The accumulated kinetic energy in the channel of the nanotube gives kinetic inductance (𝐿𝑘𝑠) 

which is calculated by equation (3.10).  

𝐿𝑘𝑠 =
ℎ

2𝑒2𝑣𝑓                                                           (3.10) 

The large value of isolated SWCNT resistance is overcome by packing and placing nanotubes in 

a bundle as shown in Figure 3.6. Thus, the parallel addition of CNT resistances packed in a 

bundle helps in decreasing the initial high value of isolated CNT.  

dsw

y1

Single-wall 

carbon nanotube 

bundle

ht

w

Ground Plane

 

Figure 3.6 Bundled SWCNT placed over the ground plane. 
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Figure 3.6 shows a batch of SWCNTs. Phrases to determine the count of rows (nr) and count of 

columns (nc) of CNTs in a batch with width ‘w’ and height ‘ht’ are given by equation (3.11) and 

equation (3.12) [56,57]. 

𝑛𝑟 = {
𝑤−𝑑𝑠𝑤

𝑥
}                                                             (3.11)  

               

𝑛𝑐 = {
ℎ𝑡−𝑑𝑠𝑤

(√3/2)𝑥
} + 1

                                                     

(3.12) 

Depending upon the count of rows, the number of CNTs (nSWCNT) placed in a nanotube batch is 

given by equation (3.13) or equation (3.14) [52].   

If nr is even, 𝑛𝑆𝐶𝑁𝑇 = 𝑛𝑟𝑛𝑐 − (
𝑛𝑐

2
)
                                       

(3.13) 

If nr is odd, 𝑛𝑆𝐶𝑁𝑇 = 𝑛𝑟𝑛𝑐 − (
𝑛𝑐−1

2
)
                                     

(3.14) 

The electrical resistance of the Single-Walled CNT bundle is given by equation (3.15). 

𝑅𝑆𝑊𝐶𝑁𝑇(𝐵𝑢𝑛𝑑𝑙𝑒) =
ℎ

4𝑒2(
𝐿

𝜆
)

𝑛𝑆𝐶𝑁𝑇
                                               (3.15) 

The series addition of the quantum and the electrostatic capacitance gives the resultant 

capacitance (CBundle)the  of bundle, and it is expressed by equation (3.16) [53].  

𝐶𝐵𝑢𝑛𝑑𝑙𝑒 =
𝐶𝑒𝑠

𝐵𝑢𝑛𝑑𝑙𝑒𝐶𝑞𝑠
𝐵𝑢𝑛𝑑𝑙𝑒

𝐶𝑒𝑠
𝐵𝑢𝑛𝑑𝑙𝑒+𝐶𝑞𝑠

𝐵𝑢𝑛𝑑𝑙𝑒                                             (3.16) 

The inductance of the nanotubes is estimated by equation (3.17). 

𝐿𝐶𝑁𝑇 =
𝐿𝑚𝑠+𝐿𝑘𝑠

𝑛𝑆𝐶𝑁𝑇
                                                      (3.17) 

The impedance values of single-shell CNT are indexed below in Table 3.2. 

Table 3.2 RLC values of SWCNT at variable lengths for various nanotechnology nodes 

 Resistance (kΩ) Inductance (nH) Capacitance (pF) 

Length (µm) 32nm 22nm 16nm 32nm 22nm 16nm 32nm 22nm 16nm 

100 0.14 0.28 0.67 0.08 0.16 0.39 0.35 0.25 0.17 

200 0.27 0.55 1.34 0.16 0.32 0.78 0.70 0.51 0.33 

300 0.41 0.83 2.00 0.24 0.49 1.17 1.06 0.76 0.50 

400 0.54 1.10 2.67 0.32 0.65 1.57 1.41 1.02 0.66 

500 0.67 1.38 3.33 0.40 0.81 1.96 1.76 1.27 0.83 

600 0.81 1.65 4.00 0.48 0.97 2.35 2.11 1.53 1.00 

700 0.94 1.93 4.66 0.55 1.13 2.74 2.47 1.78 1.16 

800 1.08 2.20 5.33 0.63 1.29 3.13 2.82 2.04 1.33 

900 1.21 2.48 5.99 0.71 1.46 3.52 3.17 2.29 1.49 

1000 1.35 2.75 6.66 0.79 1.62 3.91 3.52 2.54 1.66 
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Figure 3.7 Impedance values of SWCNT at different technology nodes for length varied from 100µm-1000µm 

(a) Resistance (b) Inductance (c) Capacitance  

Figure 3.7 (a)-(c) displays the change of resistance, inductance, and capacitance of single-wall 

carbon nanotube over variable lengths for various nano-technology nodes. As seen in Figure 3.7 

resistance and inductance of nanotube rises with the scaling of technology; however, capacitance 

shows vice-versa results. This is because as we scale down the technology, the number of 

nanotubes that can be placed in a technology batch reduces, thereby increasing the dominance 

of resistance. So, with the decrease in the count of nanotubes with technological advancement, 

lesser tubes of a far less capacitive effect. It is concluded that all impedance (R, L, C) values of 

SWCNT show a rise with the rise in the length of interconnect. So, impedance values of 

interconnect need to be examined carefully for global lengths beyond 500µm.  

 

3.1.3 Multi-walled CNT as an Interconnect Material 

MWCNT is formed by rolling more than two graphite sheets concentrically in the shape of a 

cylinder. The hollow shells are placed at a Vander Wal (δ) distance of 0.34 nm from each other 

and the width of the innermost and the outermost shells are indicated as ‘Dmax’ and ‘Dmin’ 
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respectively [136-145]. It is situated at a distance of ‘hm’ from the ground plane as presented in 

Figure 3.8 [59]. The electrical equivalent model of the multi-wall CNT design is displayed in 

Figure 3.9. The number of shells (p) in the MWCNT design is expressed by equation (3.18). 

𝑝 = 1 +
(𝐷𝑚𝑎𝑥−

𝐷𝑚𝑎𝑥
2

)

2𝛿
                                                 (3.18) 

There are multiple shells in MWCNT and the diameter (Di) of the ith shell can be calculated by 

equation (3.19) [60]. 

𝐷𝑖 = 𝐷𝑚𝑎𝑥 − (2𝛿[i − 1])      (3.19) 

The count of i for shells varies from 1 to ‘p’. With a= 0.0612 nm–1 and b=0.425 the number of 

conducting channels in shells of MWCNT is expressed by equation (3.20).  

𝑁𝑖 = 𝑎𝐷𝑖 + 𝑏                                                      (3.20) 

The resistance of Multi-Walled CNTs is determined by the addition of three components i.e., 

contact resistance (Rc) (taken around 2 KΩ) , quantum resistance (Rqi), and scattering resistance 

(Rsi). With nMWCNT as the total number of multi-shelled CNTs in a bundle, h as Planck's constant, 

‘e’ is the electron charge, and ‘L’ is the length of interconnect line, the resistance of MWCNT 

bundle is given below by equation (3.21) [61-63].  

𝑅𝑀𝑊𝐶𝑁𝑇 = 𝑅𝑐 + 𝑅𝑞𝑖 + 𝑅𝑠𝑖 =
𝑅𝑐+

ℎ

2𝑁𝑖𝑒2(1+
𝐿

𝜆
)

𝑛𝑀𝑊𝐶𝑁𝑇
                                     (3.21) 
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Figure 3.8 Physical structure of MWCNT placed over the ground plane. 
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Two inductances occur in multi-walled CNT design and the related magnetic inductance 

parameter of each shell with ‘µ’ as magnetic permeability can be determined by equation (3.22). 

𝐿𝑚𝑖 =
µ

2𝜋
𝑐𝑜𝑠ℎ−1(

2ℎ𝑚

𝐷𝑖
)
     

(3.22) 

The kinetic inductance associated with each shell of multiwall CNT with ‘vf’ as the fermi 

velocity of moving electrons can be computed from equation (3.23) [59]. 

𝐿𝑘𝑖 =
ℎ

2(𝑁𝑖𝑒2𝑣𝑓)
                                                             (3.23) 

The net inductance is given by the parallel sum of kinetic and magnetic inductance in equation 

(3.24) 

𝐿𝑀𝑊𝐶𝑁𝑇 =
𝐿𝑚𝑖+𝐿𝑘𝑖

𝑛𝑀𝑊𝐶𝑁𝑇
                                                        (3.24) 

The quantum capacitance of MWCNT is estimated by equation (3.25).  

𝐶𝑞𝑖 =
2(𝑁𝑖𝑒2)

ℎ𝑣𝑓
                                                                    (3.25) 

The electrostatic capacitance of the MWCNT spaced at the distance hm above the ground 

plane is expressed by equation (3.26) [65]. 

𝐶𝑒𝑖 =
2𝜋ℇ

𝑐𝑜𝑠ℎ
−1(

2ℎ𝑚
𝐷𝑚𝑎𝑥

)
                                                        (3.26) 

The capacitive pairing among different shells of MWCNT is shown by equation (3.27) [59]. 

𝐶𝑠𝑖 =
2𝜋ℇ

𝑙𝑛(
𝐷𝑖+1

𝐷𝑖
)
                            (3.27) 
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Figure 3.9 Electrical equivalent model of MWCNT [59] 



45 
 

The impedance parameters i.e., resistance, inductance, and capacitance of many-shell CNT 

called multi-wall CNT are calculated from equations listed in section 3.3 for three technology 

nodes by varying lengths of interconnect from 100 µm to 1000 µm and are mentioned below in 

Table 3.3. Different technological comparisons of electrical parameters at variable lengths of 

multi-wall carbon nanotubes are shown in Figure 3.10 (a)-(c). 

Table 3.3 RLC values of MWCNT at different lengths for various nanotechnology nodes 

 Resistance (kΩ) Inductance (nH) Capacitance (pF) 

Length 

(µm) 
32nm 22nm 16nm 32nm 22nm 16nm 32nm 22nm 16nm 

100 0.22 0.59 1.49 0.77 2.06 5.25 0.02 0.01 0.01 

200 0.43 1.14 2.90 1.54 4.12 10.50 0.04 0.02 0.02 

300 0.63 1.69 4.30 2.31 6.19 15.74 0.06 0.04 0.03 

400 0.84 2.24 5.71 3.08 8.25 20.99 0.08 0.05 0.03 

500 1.04 2.80 7.12 3.85 10.31 26.24 0.10 0.06 0.04 

600 1.25 3.35 8.52 4.62 12.37 31.49 0.12 0.07 0.05 

700 1.46 3.90 9.93 5.39 14.43 36.74 0.14 0.09 0.06 

800 1.66 4.45 11.33 6.16 16.49 41.98 0.16 0.10 0.07 

900 1.87 5.00 12.74 6.93 18.56 47.23 0.18 0.11 0.08 

1000 2.07 5.56 14.14 7.70 20.62 52.48 0.20 0.12 0.08 

   

 

Figure 3.10 Impedance values of Multi-Walled CNT at various technology nodes for length varied from 100µm-

1000µm (a) Resistance (b) Inductance (c) Capacitance  
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The amount of resistance and inductance offered by MWCNTs is less at the 32nm technology 

node than at the 14 nm node. The values of capacitance sa how vice-versa relation. Large-

diameter MWCNTs are easier to fabricate than SWCNTs and have been commonly used to 

interconnect different nodes in integrated circuits.   

 

3.1.4 Double-walled CNT as an Interconnect material 

DWCNT is a unique case of MWCNT and is formed by rolling specifically two sheets of 

graphene concentrically as shown in Figure 3.11 [76,77]. SWCNTs, due to their simple 

structure are widely used as interconnect material but faces chirality issues which determine 

the metallic or semiconducting nature of nanotube. The double-shell CNT structure helps in 

reducing resistance because of the parallel sum of shells. It also results in more conductance in 

DWCNTs than in SWCNTs.  

ht

w

Ground Plane

Double-wall 

carbon nanotube 

bundle

Douter

Dinner

hd

 

 Figure 3.11 Physical structure of DWCNT 

With two (inner and outer) shells placed concentrically, the electrical circuit of double wall 

CNT is shown in Figure 3.12. 

Cqu 

LKinRouter Router

Ce

Cqu 

Ccoupling

Rinner RinnerLKin

Outer shell
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Figure 3.12 Electrical equivalent model of DWCNT interconnect [76] 
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The resistance of the inner (Rinner) and the outer (Router) shell of the Double Walled CNT design 

with their respective mean free paths (𝛌inner.eff and 𝛌outer.eff) can be formulated from equation 

(3.28) and equation (3.29). The effective resistance of DWCNT (RDWCNT) in a bundle with 

nDWCNT nanotubes is figured out by the parallel sum of both shell resistances as shown in 

equation (3.30). 

𝑅𝑖𝑛𝑛𝑒𝑟 =
ℎ

4𝑒2
(1 +

𝐿

𝜆𝑖𝑛𝑛𝑒𝑟.𝑒𝑓𝑓
)                                           (3.28) 

𝑅𝑜𝑢𝑡𝑒𝑟 =
ℎ

4𝑒2 (1 +
𝐿

𝜆𝑜𝑢𝑡𝑒𝑟.𝑒𝑓𝑓
)                                           (3.29) 

𝑅𝐷𝑊𝐶𝑁𝑇 =
𝑅𝑜𝑢𝑡𝑒𝑟+𝑅𝑖𝑛𝑛𝑒𝑟

𝑛𝐷𝑊𝐶𝑁𝑇
                                                     (3.30) 

The coupling capacitance (Ccoupling), the quantum capacitance (Cqu), and the electrostatic 

capacitance (Ce) of DWCNT can be given by equations (3.31), (3.32), (3.33) [79]. 

𝐶𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 =
2𝜋ℇ

𝑙𝑛(
𝐷𝑜𝑢𝑡𝑒𝑟
𝐷𝑖𝑛𝑛𝑒𝑟

)
                                                          (3.31) 

𝐶𝑞𝑢 =
2(2𝑒2)

ℎ𝑣𝑓
                                                               (3.32) 

𝐶𝑒 =
2𝜋ℇ

𝑐𝑜𝑠ℎ
−1(

2ℎ𝑑
𝐷𝑜𝑢𝑡𝑒𝑟

)
                                                       (3.33) 

The net kinetic inductance of the DWCNT bundle is determined by equation (3.34). 

𝐿𝐷𝑊𝐶𝑁𝑇 =
𝐿𝑘𝑖𝑛

𝑛𝐷𝑊𝐶𝑁𝑇
=

ℎ

2(2𝑒2𝑣𝑓)

𝑛𝐷𝑊𝐶𝑁𝑇
                                           (3.34) 

Resistance, inductance, and capacitance of double-wall CNT are formulated from the equations 

shown above and are mentioned below in Table 3.4. These values are plotted against length and 

compared technology-wise as shown in Figure 3.13 (a)-(c). 

Table 3.4 RLC values of DWCNT at different lengths for various nanotechnology nodes 

 Resistance (kΩ) Inductance (nH) Capacitance (pF) 

Length (µm) 32nm 22nm 16nm 32nm 22nm 16nm 32nm 22nm 16nm 

100 0.13 0.28 0.70 0.11 0.23 0.57 0.07 0.05 0.03 

200 0.26 0.55 1.38 0.22 0.46 1.15 0.13 0.10 0.07 

300 0.39 0.82 2.07 0.33 0.69 1.72 0.20 0.15 0.10 

400 0.52 1.10 2.75 0.44 0.91 2.30 0.26 0.20 0.13 

500 0.66 1.37 3.44 0.55 1.14 2.87 0.33 0.24 0.17 

600 0.79 1.64 4.12 0.66 1.37 3.44 0.39 0.29 0.20 

700 0.92 1.91 4.81 0.77 1.60 4.02 0.46 0.34 0.24 

800 1.05 2.19 5.49 0.88 1.83 4.59 0.52 0.39 0.27 

900 1.18 2.46 6.18 0.99 2.06 5.17 0.59 0.44 0.30 

1000 1.31 2.73 6.86 1.10 2.29 5.74 0.65 0.49 0.34 
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Figure 3.13 Impedance values of DWCNT at various technology nodes for length varied from 100µm-1000µm 

(a) Resistance (b) Inductance (c) Capacitance  

 

3.2 Performance comparison between copper, SWCNT, MWCNT, and DWCNT 

The section presents delay and PDP for copper, SWCNT, MWCNT, and DWCNT at different 

interconnect lengths (500μm and 1000μm) for 32 nm, 22 nm, and 16 nm technology nodes. 

Figure 3.14 shows the distributed element diagram employed for simulation using a CMOS 

driver to determine performance specifications for longer interconnect lines with a pulse-

shaped input waveform [121,122].  

The approach assumes equal and sectional distribution of attributes along the length. The aspect 

ratio of transistors is taken as 60. And the size of the PMOS transistor is 3 times the NMOS 

transistor. The surge time is determined as the time consumed by the resultant waveform to 

achieve 90% of its amplitude from 10% of the amplitude value, while the fall time is the time 

at which the waveform drops to 10% value from 90% of the amplitude. The net delay of the 

circuit is determined by an average of both (rise and fall times). The performance of the circuit 

is determined by T-spice analysis. 
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Figure 3.14 Distributed element approach setup used for determining signal delay using T-spice [14] 

 

3.2.1 Delay-based simulation results. 

Values of RLCs for interconnect materials are determined by applying equations mentioned in 

previous sections. The SWCNT diameter is simulated as 1 nm, the MWCNT outer diameter is 

simulated as 8 nm and the DWCNT outer diameter is simulated as 1.68 nm for 500µm and 

1000µm interconnect lengths. Figure 3.15 (a) and (b) demonstrate delay comparison of copper, 

SWCNT, MWCNT, and DWCNT for 500µm and 1000µm interconnect length respectively.  

Due to serious issues in copper like high resistance and elevated delay due to electromigration 

and other surface scatterings, it shows maximum delay than nanotube structures. The delays of 

all interconnect materials increase with interconnect length and show a tremendous increase 

when we move from 32nm technology to 16nm technology. This is because resistance shows 

a direct relationship with the length and technology scaling.  

   

Figure 3.15 Analysis of delay between copper, Single Walled CNT, Multi Walled CNT, Double Walled CNT at 

different technology nodes.  
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3.2.2 PDP-based simulation results. 

Carbon nanotubes display superior results as compared to copper in delay and figure of merit 

parameter i.e., PDP at and beyond 32 nm technology node as shown in Figure 3.15 and Figure 

3.16 because of their excellent conducting properties at elevated temperatures. DWCNTs offer 

a lower amount of resistance than SWCNTs due to their double shell structure. The net 

resistance of DWCNTs is obtained by parallel addition of inner and outer layers and so results 

in a lesser delay of DWCNTs. MWCNTs and DWCNTs yield the best comparable results 

concerning delay and PDP than copper and SWCNTs. It is concluded from graphs that 

nanotubes can undoubtedly replace copper at global length by yielding less delay and PDP at 

various technology nodes.  

    

Figure 3.16 Analysis of PDP among copper, SWCNT, MWCNT, and DWCNT at various technology nodes 

3.3 Mixed bundle CNT as an Interconnect material 

Mixed CNTs are formed by more than one type of CNT like MWCNTs and SWCNTs or 

different diameter MWCNTs [98-103]. These mixed CNTs are formed to form a dense bundle 

for increasing the conductivity by efficiently using the space in bundles. The fabrication of 

metallic SWCNTs is greatly dependent on the chirality factor. So, DWCNTs (always metallic 

in nature) are comparatively easy to manufacture and have better conductivity due to two shells 

than SWCNTs are suggested to be used in mixed bundles with MWCNTs.  

 In this report, four types of new mixed bundle designs are developed by altering the placements 

of constituent CNTs as shown in Figure 3.17. In the MDCB-1 structure, DWCNTs are planted 

in the center and all MWCNTs are positioned along the peripheral edges of the bundle. The 

second MDCB design is developed by positioning Double Walled CNTs along the periphery 

and all Multi-Walled CNTs in the center of the structure. The third design is designed by 

positioning all Multi-Walled CNTs in the upper half and Double Walled CNTs in the lower 
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horizontal half of the bundle. MDCB-4 interconnect design is formed in which all DWCNTs 

and all MWCNTs are put vertically in the right and left half of the structure.  

 

3.3.1 Development of MDCB structures 

Four mixed structures are developed by positioning MWCNTs and DWCNTs at different 

locations to determine how the count of CNTs and their characteristic properties influence their 

electrical conduction and coupling. The comparison is drawn among four MDCB structures 

and isolated counterparts like MWCNTs and DWCNTs. Depending upon the design with the 

specific width and height of nanotube bundles as depicted in Figure 3.17, the count of 

nanotubes in a particular bundle is estimated by determining the count of rows and columns in 

a bundle.  

(a) MDCB-1 (b) MDCB-2

(c) MDCB-3 (d) MDCB-4

MWCNT DWCNT
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Figure 3.17 Different types of MDCB structures 

The outer-most diameter of MWCNT (Dmax) is assumed as 8 nm and for Double Walled CNT 

(Douter) is assumed as 1.68 nm. The generalized expressions are derived and used to calculate 

any number and type of CNTs in a bundle. For any kind of nanotube having a diameter say ‘D’ 
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(for MWCNT, Dmax=8nm, and DWCNT Douter=1.68nm) and with width ‘Width’ and height 

‘Height’ of bundle blocks (width and height are technology parameters [121,122]) as shown in 

figure 3.17, the count of nanotubes in a row (𝑁𝑅𝑜𝑤𝑠) is calculated by the expression given in 

equation (3.35). 

𝑁𝑅𝑜𝑤𝑠 = 𝑓𝑙𝑜𝑜𝑟 (
𝑊𝑖𝑑𝑡ℎ−𝐷

𝐷+𝛿
+ 1)                                            (3.35) 

The column number (Ncolumn) in a mixed CNT bundle can be estimated through equation 

(3.36). 

𝑁𝐶𝑜𝑙𝑢𝑚𝑛 = 𝑓𝑙𝑜𝑜𝑟(
𝐻𝑒𝑖𝑔ℎ𝑡−𝐷

√3

2
𝐷+𝛿

+ 1)                                        (3.36) 

If Ncolumn is even, then the count is given by equation (3.37). 

 

(3.37) 

If Ncolumn is odd, then the count is given by equation (3.38). 

 

 (3.38) 

After obtaining the number of multi-walled CNTs and double-walled CNTs in a bundle, 

MDCB designs can be designed. Mixed bundle CNT interconnect structure is a little more 

complex than individual counterparts [73-75,80,82]. The hierarchical structure of the MDCB 

interconnect is shown in Figure 3.18 and is thus designed with the help of MWCNTs and 

DWCNTs.  

 

Figure 3.18 Hierarchical model of MDCB Interconnect 

The electrical circuit of mixed CNT bundles is studied by analyzing electrical models of 

MWCNTs and DWCNTs. The electrical models of MWCNTs and DWCNTs have been 

covered in the previous section of this chapter. In this way, many MWCNTs and DWCNTs are 
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put and combined to form the MDCB structure. The detailed circuit of MDCB interconnects 

with multiple MWCNTs and DWCNTs placed in parallel is presented in Figure 3.19.  
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Figure 3.19 MTL model of MDCB interconnects 

The total number of nanotubes in the MDCB structure (NMDCB) is given by the sum of multi-

wall CNTs (NMWCNT) and double-wall (NDWCNT) nanotubes as expressed by equation 3.39.  

𝑁𝑀𝐷𝐶𝐵 = 𝑁𝑀𝑊𝐶𝑁𝑇 + 𝑁𝐷𝑊𝐶𝑁𝑇                                      (3.39) 

The number of MWCNTs and DWCNTs in the bundle is determined by equations (3.40-3.41). 

𝑁𝑀𝑊𝐶𝑁𝑇 = 𝑁𝑅𝑜𝑤𝑠(𝑀𝑊𝐶𝑁𝑇).𝑁𝐶𝑜𝑙𝑢𝑚𝑛(𝑀𝑊𝐶𝑁𝑇)                         (3.40) 

𝑁𝐷𝑊𝐶𝑁𝑇 = 𝑁𝑅𝑜𝑤𝑠(𝐷𝑊𝐶𝑁𝑇).𝑁𝐶𝑜𝑙𝑢𝑚𝑛(𝐷𝑊𝐶𝑁𝑇)                       (3.41)  

The generalized expression to determine the number of MWCNTs and DWCNTs in a bundle 

is expressed in equation (3.33) -(3.36). The structural description and formulas to find the 

number of conducting channels, shells, resistances, inductances, and capacitances of MWCNTs 

and DWCNTs in a bundle are explained in sections 3.1.3 and 3.1.4 respectively of this chapter. 

Further, the electrical model of the MDCB structure is simplified from MTL (by the parallel 

sum of all MWCNTs and the separate parallel sum of all DWCNTs) to ESC models of 

MWCNTs and DWCNTs and is shown in Figure 3.20. 

Crosstalk coupling 
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Figure 3.20 Simplified electrical structure of MDCB interconnects (stage 1) 

The circuit shown in Figure 3.20 is further simplified to form an ESC model of MDCB 

interconnect by parallel addition of net MWCNT and DWCNT parasitic as shown in Figure 

3.21.  

The equivalent single conductor resistance (RMDCB), inductance (LMDCB), and capacitance 

(CMDCB) of MDCB structures are calculated from the parallel sum of RLC of MWCNTs and 

DWCNTs as shown in equations (3.42-3.44). 

𝑅𝑀𝐷𝐶𝐵 = (𝑅𝑀𝑊𝐶𝑁𝑇
−1 + 𝑅𝐷𝑊𝐶𝑁𝑇

−1 )−1 + 𝑅𝑐                                           (3.42) 

𝐿𝑀𝐷𝐶𝐵 = (𝐿𝑀𝑊𝐶𝑁𝑇
−1 + 𝐿𝐷𝑊𝐶𝑁𝑇

−1 )−1                                                    (3.43) 

𝐶𝑀𝐷𝐶𝐵 = 𝐶𝑀𝑊𝐶𝑁𝑇 + 𝐶𝐷𝑊𝐶𝑁𝑇                                                          (3.44) 
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Input

Driver
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Driver

 

 Figure 3.21 ESC model of MDCB interconnects (final stage) 

Since the parasitic of long lines is a very big value. So, repeaters are used to model global 

interconnects at scaled technology nodes. Figure 3.22 shows distributed element model 

diagram for MDCB interconnects used for simulation in the Tanner tool and determining the 

delay-dependent performances.  
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Figure 3.22 Distributed element model used for simulation of MDCB interconnects. 

 

3.3.2 Determination of RLC values of MDCB structures 

Based on equations (3.33) -(3.36), the values of resistance, inductance, and capacitance of four 

MDCB structures are estimated. The outer diameter of Multi-Walled CNT is taken as 8nm 

and the outer shell diameter of DWCNT is taken as 1.68nm.  

The RLC calculated values for 500µm, 1000µm, 1500µm, and 2000µm interconnect lengths 

at different nanotechnology nodes are formulated with the help of MATLAB tool and are 

listed in Table 3.5.  

Table 3.5 RLC values of Mixed CNT bundle structures at variable lengths (500µm, 1000µm, 1500µm, and 

2000µm)  for different nanotechnology nodes 

  Resistance (kΩ) Inductance (nH) Capacitance (pF) 

 
Length 

(µm) 
32nm 22nm 16nm 32nm 22nm 16nm 32nm 22nm 16nm 

MDCB 1 500 0.80 1.82 4.61 0.93 2.58 14.03 0.11 0.08 0.06 

 1000 1.59 3.62 9.17 1.86 5.15 28.06 0.23 0.15 0.11 

 1500 2.38 5.43 16.72 2.79 7.73 42.10 0.33 0.22 0.17 

 2000 3.18 7.23 22.27 3.72 10.31 56.13 0.44 0.30 0.23 

MDCB 2 500 1.15 2.16 6.84 2.66 4.47 8.53 0.35 0.24 0.16 

 1000 2.29 4.29 9.63 5.32 8.94 17.05 0.69 0.48 0.33 

 1500 3.43 6.43 20.90 7.98 13.41 30.01 0.88 0.67 0.49 

 2000 4.57 8.56 27.84 10.63 17.88 40.01 1.18 0.90 0.65 

MDCB 3 500 0.83 1.85 5.78 0.97 2.08 5.26 0.43 0.28 0.18 

 1000 1.65 3.68 9.56 1.93 4.15 10.52 0.85 0.56 0.37 

 1500 2.47 5.51 18.70 2.90 6.23 15.79 1.12 0.80 0.55 

 2000 3.29 7.34 25.26 3.87 8.31 21.05 1.50 1.06 0.73 
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MDCB 4 500 0.91 2.08 4.66 1.05 2.18 5.37 0.20 0.13 0.09 

 1000 1.82 4.14 9.29 2.09 4.36 10.75 0.39 0.26 0.18 

 1500 2.73 6.21 17.91 3.14 6.55 16.12 0.51 0.37 0.28 

 2000 3.64 8.27 24.54 4.18 8.73 21.50 0.69 0.49 0.37 

Figure 3.23, figure 3.24, and Figure 3.25 present the results of resistance, inductance, and 

capacitance values of multi-wall and double-wall CNT bundle structures. The graphs are 

plotted to compare and develop an understanding of the electrical parasitic of different mixed 

CNT bundles with different lengths (500µm, 1000µm, 1500µm, and 2000µm) and 

technologies (32nm, 22nm, and 16nm).   

    

 

Figure 3.23 Resistance values of MDCB structures for variable global interconnect lengths at different 

nanotechnology nodes 
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Figure 3.24 Inductance values of MDCB structures for variable global interconnect lengths at different 

nanotechnology nodes 

     

 

Figure 3.25 Capacitance (pF) values of MDCB structures for variable global interconnect lengths at different 

nanotechnology nodes 

For the variable length of interconnect from 500µm to 2000µm, impedance parameters show 

a linear relationship. It is revealed from the charts that the MDCB 1 design yields the least 

value of resistance, inductance, and capacitance at all global lengths and for all technologies 

than the other three structures. The impedances of MDCB 1 are reduced due to the presence 

of double shell nanotubes (offer reduced resistance and inductance) in the center and large 

diameter MWCNTs (offer good conductivity and isolated coupling) at the outer side of the 

nanotube bundle. 
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3.4 Delay and PDP-based comparison between MDCB interconnects. 

The values of electrical parameters shown in the previous section are put in schematic diagrams 

and simulations are done to find propagation delay and PDP of the circuits using MDCB 

(MWCNTs and DWCNTs bundle) material as interconnects. Figure 3.26 and Figure 3.27 

present delay and PDP-based performance comparison of four MDCB structures at variable 

lengths and different technology nodes.  

    

 

Figure 3.26 Comparison of delay (ns) between different MDCB structures at variable lengths for different 

nanotechnology nodes 

    

 

Figure 3.27 Comparison of PDP between different MDCB structures at variable lengths for different 

nanotechnology nodes 
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It can be seen from Figure 3.26 (a)-(c) that delay of all mixed CNT bundles upsurges with the 

rise in length. The delay offered by MDCB 1 structure remains the lowest against all structures 

at all lengths. The dual shell carbon nanotubes present in the middle of the MDCB 1 design 

help in attaining minimum resistance and good conductance due to net decreased resistance 

offered by the parallel addition of inner and outer layer resistances of DWCNTs. This decreased 

resistance reduces delay, and it helps MDCB 1 structure to become the highest-speed 

interconnect material with the least PDP among the other three structures at all lengths. Figure 

3.28 and Figure 3.29 shows the delay-based performance of four different MDCB interconnects 

technology-wise at 500µm and 1000µm interconnect lengths.  

    

Figure 3.28 Comparison of delay between different MDCB structures at different nanotechnology nodes for (a) 

500µm (b) 1000µm 

   

Figure 3.29 Comparison of PDP between different MDCB structures at different nanotechnology nodes for (a) 

500µm (b) 1000µm 
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The presence of multi-wall CNTs and double-layer CNTs in the middle yields minimum delay 

and PDP than other mixed CNTs. The ratio of delay of CNT increases due to a sharp increase 

in resistances with scaling at advanced technologies. The performance is also determined by 

the PDP parameter. MDCB 1 attains the lowest PDP and best results at all lengths than the rest 

three mixed bundle structures.  

 

3.5 Performance comparison between copper, Single Walled CNT, Multi Walled CNT, 

Double Walled CNT, and MDCB structures. 

The concluding section of the chapter presents the results of the transient analysis performed 

on interconnect materials like copper, SWCNT, MWCNT, DWCNT, and different MDCB 

designs. The performance of these materials is decided based on parameters like delay and 

PDP. Different global interconnect lengths (500µm, 1000µm, 1500µm, and 2000µm) are 

considered at 32nm, 22nm, and 16nm technology nodes.  

 

3.5.1 Delay-based evaluation.  

The corresponding delay readings (T90%) of varied materials are mentioned in Table 3.6. Also, 

the comparison of this rise time and fall time readings is well plotted in column graphs as 

shown in Figure 3.30 (a)-(c).  

Table 3.6 Delay-based comparison of copper, SWCNT, MWCNT, DWCNT, and MDCB structures at various 

lengths for different nanotechnology nodes. 

Propagation delay (ns) for mixed CNT bundle structures 

 Length 

(µm) 
Copper SWCNT MWCNT DWCNT MDCB 1 MDCB 2 MDCB 3 MDCB 4 

32nm 

500 1.06 0.92 0.49 0.50 0.11 0.41 0.36 0.17 

1000 1.95 1.75 0.74 0.73 0.55 0.81 0.66 0.65 

1500 2.96 2.26 0.97 0.99 0.82 1.02 0.92 0.94 

2000 3.99 3.52 1.25 1.27 0.99 1.48 1.27 1.06 

22nm 

500 2.23 1.18 0.74 0.93 0.56 0.90 0.83 0.71 

1000 4.18 2.08 1.17 1.55 1.22 1.72 1.53 1.45 

1500 6.40 3.32 1.57 2.21 1.36 1.85 1.70 1.51 

2000 8.86 4.98 2.07 2.84 1.73 2.62 2.46 2.07 

16nm 

500 6.47 1.72 1.31 1.96 1.21 2.40 2.09 1.43 

1000 12.90 3.41 2.20 3.46 2.13 2.87 2.57 2.49 

1500 19.46 5.15 3.02 5.03 3.12 5.40 3.68 3.31 

2000 27.26 7.59 3.94 6.33 4.18 7.26 5.21 4.36 
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Figure 3.30 Delay comparisons between copper, SWCNT, MWCNT, DWCNT, and different MDCB structures 

at different global lengths for different nanotechnology nodes  
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The delay readings of MDCB structures are compared with their isolated counterparts 

(MWCNT and DWCNT bundles) at different lengths. Due to high resistance and other serious 

issues in copper, it exhibits maximum delay than carbon nanotube structures. Out of all CNT 

materials, MDCB 1 structure shows minimum delay. It is developed by joining the finest 

properties of its constituent CNTs. As evident from Figure 3.30 large diameter MWCNTs at 

the outer boundary and double-shell CNTs in the middle of the design when put together results 

in the best conductance and high-speed VLSI circuit at nano-regime nodes.  

 

3.5.2 PDP-based results.  

The efficiency of the integrated circuit is also decided by the figure of the merit parameter. The 

PDP-based results of various interconnect materials are listed in Table 3.7 and are plotted with 

the help of column charts shown in Figure 3.31. 

Table 3.7 PDP-based comparison of copper, SWCNT, MWCNT, DWCNT, and MDCB structures at various 

lengths for different nanotechnology nodes. 

PDP (µW.ns) for mixed CNT bundle structures 

 Length (µm) Copper SWCNT MWCNT DWCNT 
MDCB 

1 

MDCB 

2 

MDCB 

3 

MDCB 

4 

32nm 

500 23.59409 13.07976 6.84713 5.945553 1.94 7.86 7.25 3.17 

1000 71.14997 26.33124 12.41767 9.485986 10.19 16.82 14.83 12.62 

1500 123.765 44.05091 17.54784 13.67231 14.09 20.70 20.25 17.34 

2000 245.5967 65.79427 25.75867 18.65962 17.85 33.71 32.12 20.57 

22nm 

500 25.45187 22.22038 9.017303 10.13462 7.63 13.33 12.41 9.86 

1000 52.123 41.10257 16.08079 17.67617 17.35 27.02 24.60 20.83 

1500 88.45688 60.04276 23.15439 26.21517 19.57 29.91 28.74 22.79 

2000 137.5294 102.2731 33.50753 35.21091 25.58 47.20 46.66 31.17 

16nm 

500 100.3493 32.70867 20.24146 29.18035 20.45 41.67 36.66 24.65 

1000 222.4143 80.31821 36.28857 52.48643 36.62 50.52 47.09 43.57 

1500 384.934 148.4248 51.57219 78.23784 53.21 102.24 69.86 57.94 

2000 626.1674 258.1239 71.32207 100.9782 72.65 148.43 105.76 78.51 

Carbon nanotubes prove themselves as an excellent substitute for copper for 32nm technology 

and beyond. SWCNTs face chirality and fabrication problems. MDCB 1 design with large 

diameter multi-shell CNTs at edges of the design faces the least coupling effects and therefore 

with minimum delay, it also gives minimum power. So, MDCB 1 interconnect achieves the 

least value of the power-delay product parameter resulting in the best results than all other 
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interconnects as shown in Figure 3.31. The results are even better than only MWCNT and only 

DWCNT bundle structures.  

 

Figure 3.31 PDP comparison between copper, SWCNT, MWCNT, DWCNT, and different MDCB structures at 

different global lengths for different nanotechnology nodes  
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3.6 Chapter Summary and Contribution 

The chapter presents an overview of various materials employed as VLSI interconnects. Their 

structures, electrical schematics, and RLC equations are well presented with proper 

explanations. Using these mathematical computations, the values of impedance are used to 

determine the transient behavior of interconnects at various global lengths and technology 

nodes. Results displayed in the chapter indicate that for global interconnect lengths delay and 

PDP plays an important role in deciding circuit performance. The delay shows a direct 

relationship with the length of interconnects. When the length of interconnect rises, the delay 

rises significantly, and the ratio of increased delay increases sharply at scaled nodes. This is 

because of technology scaling and surged resistance of interconnects. Copper encounters fatal 

issues at and beyond 32nm. So, the VLSI interconnect market moves to CNTs (with excellent 

conductance, and good thermal and mechanical stability) for promising results. Thus, 

SWCNTs, MWCNTs, and DWCNTs show better results than copper. Metallic SWCNTs are 

only useful as interconnects and face issues during fabrication. DWCNTs with double layers 

and reduced resistance give less resistance and delay than SWCNTs. Various mixed CNT 

bundle structures are developed by combining good properties of MWCNTs and DWCNTs. 

Their comparison is made with existing materials concerning delay and PDP. It is concluded 

that MDCB 1 structure outperforms all other types of interconnect materials. The least 

resistance, good conductance, and less delay of DWCNTs in the center and reduced coupling 

of MWCNTs at edges combine to yield the best results at semi-global and global lengths. 

MDCB 1 structure becomes a promising interconnect material candidate for coming 

generations. 
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4.  TEMPERATURE-DEPENDENT MODELING 

OF MIXED CNTS 

It is essential to know the electrical behavior of high-performance integrated circuits from the 

thermal issues point of view. With the thermal variations in the working condition of ICs, the 

performance of IC deviates due to temperature-dependent phenomena eased scaling and rise in 

temperature plays an indispensable role in evaluating the performance of circuits. Several 

scatterings are seen in devices that tend to hit their performance by decreasing their mean free 

paths. The upcoming sections present various electron scattering phenomena that help in 

deciding the actual MFP of electrons in nanotubes [66,86-97]. In this chapter, temperature-

dependent simulations are performed to find out temperature-sensitive delay and PDP results 

for various interconnect materials.  

 

4.1 Temperature-dependent MFP of CNTs  

The optical absorption and optical emission endow scattering which acts as an indispensable 

factor in deciding (MFP) (𝜆) of graphitic-based nanotubes [87]. At lower temperatures, 

primarily acoustic scattering (λAC) (due to the vibrational sound of phonons) in CNTs help in 

determining MFPs and is expressed by equation (4.1) where graphitic-based, D0=1.8nm, Di is 

the diameter of ith shell, T0=300K and T is operating temperature in kelvin. 

𝜆𝐴𝐶 = 890. 𝐷𝑖(
𝑇0

𝑇
)
                                                       

(4.1) 

At higher temperatures, electrons are influenced under an electric field and attain enough 

energy to climb up to the optical phonon state (NOP(T)). The expression for optical phonon state 

(energy state of phonon) is given by equation (4.2).   

𝑁𝑂𝑃(𝑇) =
1

[𝑒𝑥𝑝(ℎ𝛺/𝐾𝐵𝑇)−1]
                                              (4.2) 

Where KB is the Boltzmann constant and the value of hΩ is taken as 0.16eV. The optical 

absorption length (𝜆)OP,abs with (𝜆)OP,300=15nm is given by expression (4.3) [92]. 

(𝜆)𝑂𝑃,𝑎𝑏𝑠(𝑇) = (𝜆)𝑂𝑃,300
𝐷𝑖

𝐷0

𝑁𝑂𝑃(300)+1

𝑁𝑂𝑃(𝑇)
                                          

(4.3) 

After crossing the threshold optical energy level, electrons suffer inelastic emission. So, the 

optical field emission (𝜆)OP,emsfld (related to the emission of phonon) is given by expression 

(4.4).  
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(𝜆)𝑂𝑃,𝑒𝑚𝑠𝑓𝑙𝑑(𝑇) =
(ℎ𝛺𝑂𝑃−𝐾𝐵𝑇)

𝑞𝑉/𝐿
+ (𝜆)𝑂𝑃,300

𝐷𝑖

𝐷0

𝑁𝑂𝑃(300)+1

𝑁𝑂𝑃(𝑇)+1
                            (4.4) 

Electrons also travel a specific distance after attaining optical energy and before the emission 

of phonons and lead to optical field absorption scattering and are expressed by equation (4.5).  

(𝜆)𝑂𝑃,𝑒𝑚𝑠𝑎𝑏𝑠(𝑇) = (𝜆)𝑂𝑃,𝑎𝑏𝑠(𝑇) + (𝜆)𝑂𝑃,300
𝐷𝑖

𝐷0

𝑁𝑂𝑃(300)+1

𝑁𝑂𝑃(𝑇)
                                 (4.5) 

Both optical field emission and optical field absorption scattering adds to give the resultant 

optical inelastic emission mean free path (𝜆)OP, ems and is calculated by equation (4.6) [94].  

(𝜆)𝑂𝑃,𝑒𝑚𝑠 = (
1

(𝜆)𝑂𝑃,𝑒𝑚𝑠𝑓𝑙𝑑
+

1

(𝜆)𝑂𝑃,𝑒𝑚𝑠𝑎𝑏𝑠
)−1                                      (4.6) 

The cumulative sum of elastic acoustic scattering, inelastic optical emission scattering, and 

inelastic absorption scattering helps in yielding the final thermally aware effective MFP (λeff) 

and is calculated by equation (4.7) and represented in Figure 4.1 [87]. 

(𝜆)𝑒𝑓𝑓 = ((𝜆)𝐴𝐶
−1 + (𝜆)𝑂𝑃,𝑒𝑚𝑠

−1 + (𝜆)𝑂𝑃,𝑎𝑏𝑠
−1 )−1                                   (4.7) 

    

Figure 4.1 Temperature-dependent acoustic, optical absorption, emission, and effective MFP of electrons  

for (a) d=1nm (b) d=8nm 

MFP of electrons depends upon the diameter and temperature. It can be seen from Figure 4.1 

that acoustic MFPs play a significant role at lower temperatures, and it predominantly reduces 

net MFP. With further temperature rise, both optical emission and optical absorption MFP also 

decrease gradually and can’t be ignored and then plays an important role in deciding MFP. As 

mentioned in equation (4.7), all these factors sum up to decide net the value of the MFP of 
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CNTs. Further, MFPs are also dependent upon the diameter of nanotubes. For reference, it can 

be studied from the plot obtained in MATLAB from Figure 4.1 that with a larger diameter 

(assumed 8nm, for MWCNT), the MFP of conducting electrons is more than that smaller 

diameter (assumed 1nm, DWCNT) at 22nm technology node. But with the increase in 

temperature, the trend of decreasing MFP holds. Since the resistance of carbon nanotube 

bundles shows an increase with temperature. The effect of temperature and effective MFP 

becomes important to determine the performance of interconnects [92].  

 

4.2 Temperature-based delay and PDP results  

This section focuses on the transient analysis of various interconnect materials at three nano-

technology nodes. The effective mean free path determined from equation (4.7) helps to find 

the exact temperature-dependent resistance of carbon nanotubes. The simulation is done to find 

out the propagation delay and PDP readings of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structures including the effect of temperature.  

 

4.2.1 Performance of copper, SWCNT, DWCNT, and MWCNT at 500µm and 1000µm 

length 

As learned from the previous section, different types of scattering contribute to deciding the 

final MFP of conducting electrons at different thermal points. The table lists temperature-

dependent values of copper, single-wall CNT bundle, double-wall CNT bundle and, multi-wall 

carbon nanotube bundle for 500µm and 1000µm interconnect lengths at 32nm, 22nm and, 

16nm technologies. For better comparison between copper and basic types of carbon nanotube 

bundles these values are plotted as line charts and presented in Figure 4.2-4.4.  

Table 4.1 Temperature sensitive delay (ns) of copper, SWCNT, DWCNT, and MWCNT for 500µm and 

1000µm interconnect lengths at various nanotechnology nodes 

Temp 

(K) 
200 250 300 350 400 450 500 200 250 300 350 400 450 500 

At 500µm At 1000µm 

At 32nm technology 

COPPER 0.89 0.95 1.07 1.26 1.41 1.56 1.72 1.60 1.78 2.00 2.31 2.61 2.90 3.19 

SWCNT 0.85 0.90 0.98 1.04 1.19 1.36 1.60 1.48 1.61 1.87 2.08 2.48 2.79 3.08 

DWCNT 0.43 0.44 0.48 0.51 0.52 0.55 0.58 0.61 0.63 0.68 0.75 0.80 0.85 0.90 

MWCNT 0.48 0.48 0.51 0.56 0.59 0.64 0.74 0.68 0.70 0.82 0.89 0.96 1.09 1.27 

At 22nm technology 

COPPER 1.54 1.82 2.22 2.65 2.98 3.38 3.70 2.75 3.51 4.18 5.07 5.74 6.40 7.23 

SWCNT 1.11 1.17 1.30 1.44 1.68 2.03 2.46 2.05 2.24 2.49 2.93 3.51 4.13 5.28 

DWCNT 0.64 0.65 0.69 0.76 0.76 0.83 0.87 0.89 0.96 1.14 1.25 1.42 1.58 1.65 

MWCNT 0.83 0.88 1.03 1.12 1.20 1.37 1.59 1.36 1.47 1.75 1.95 2.10 2.45 2.91 
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At 16nm technology 

COPPER 4.29 5.41 6.48 7.89 9.09 10.08 11.07 8.19 10.83 12.90 15.61 17.28 18.93 21.62 

SWCNT 1.48 1.68 1.98 2.37 2.83 3.54 4.52 3.02 3.32 3.96 4.50 5.53 7.60 10.03 

DWCNT 1.02 1.06 1.18 1.33 1.35 1.57 1.66 1.58 1.78 1.99 2.19 2.47 2.73 3.04 

MWCNT 1.28 1.52 1.88 2.22 2.63 3.08 3.58 2.83 3.02 3.56 4.04 4.82 5.66 6.72 

 

Figure 4.2 Temperature sensitive delay (ns) of copper, SWCNT, DWCNT, and MWCNT for 500µm and 

1000µm interconnect length at 32nm technology node 

 

Figure 4.3 Temperature sensitive delay (ns) of copper, SWCNT, DWCNT, and MWCNT for 500µm and 

1000µm interconnect length at 22nm technology node 

 

Figure 4.4 Temperature sensitive delay (ns) of copper, SWCNT, DWCNT, and MWCNT for 500µm and 

1000µm interconnect length at 16 nm technology node 
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As concluded in the last chapter delay shows a direct relationship with the length of 

interconnect and scaling of technology nodes. The values in the table indicate that with the rise 

in temperature from 200K-500K for global lengths the delay of the circuit increases. It can be 

well read from figures that beyond the 32nm technology node, the delay of copper increases 

drastically because of its increased resistance (due to electromigration and surface scattering 

effects). The delay of interconnect material for larger length i.e., 1000µm is more than that at 

500µm. This is because the parasitic increases with the interconnect lengths. CNTs possess 

very good conduction properties with excellent mechanical and thermal strength. However, 

with scaling, the count of tubes in a bundle decreases, so it can be said that both scaling and 

other scatterings due to temperature contribute to increasing the resistance of nanotubes as well. 

This ultimately led to an increase in propagation delay.  

DWCNTs (outermost diameter taken as 1.68nm) show the least delay than copper and other 

CNTs. This is due to the presence of a double shell structure and its reduced resistance. Large-

diameter MWCNTs (Dmax ~8nm) also show better results than copper and SWCNTs. This holds 

for all lengths, temperature points, and technology nodes. Table 4.2 indicates temperature-

dependent PDP values of various technology nodes. Figure 4.5-4.7 presents a line chart 

comparison of temperature-dependent values of interconnects at different technology nodes.  

Table 4.2 Temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT, and MWCNT for 500µm and 

1000µm interconnect lengths at various nanotechnology nodes 

Temp 

(K) 
200 250 300 350 400 450 500 200 250 300 350 400 450 500 

At 500µm At 1000µm 

At 32nm technology 

COPPER 11.01 11.76 13.29 15.64 17.59 19.47 21.53 23.67 25.16 27.20 31.55 35.95 40.10 44.38 

SWCNT 9.91 10.96 11.99 13.64 16.09 17.47 19.53 21.50 22.96 25.17 26.82 30.77 35.40 41.76 

DWCNT 6.04 6.12 6.61 7.11 7.24 7.67 8.08 7.15 7.70 9.31 10.58 11.28 11.75 13.44 

MWCNT 6.77 6.98 7.15 7.80 8.14 8.73 8.98 9.78 10.09 11.56 12.54 13.37 14.14 16.59 

At 22nm technology 

COPPER 20.98 23.68 27.95 33.31 38.11 42.60 47.75 34.50 44.16 52.59 63.80 72.22 80.49 91.21 

SWCNT 17.54 20.86 25.43 30.46 34.42 39.12 42.86 33.13 42.41 50.49 61.27 69.35 77.94 87.60 

DWCNT 7.69 7.89 8.36 9.22 9.26 10.06 10.55 12.14 13.14 15.72 17.18 19.62 21.90 22.87 

MWCNT 9.14 9.65 11.30 12.31 13.16 15.05 17.52 15.47 16.70 19.97 22.21 23.96 28.11 33.51 

At 16nm technology 

COPPER 65.97 83.65 100.88 123.67 143.35 159.97 177.05 
128.3

7 
169.38 201.82 244.64 271.11 297.05 338.01 

SWCNT 28.04 31.91 37.56 45.05 54.19 68.74 89.00 70.71 78.17 93.72 108.45 137.04 165.86 194.69 

DWCNT 15.70 16.47 18.27 20.54 20.84 24.39 25.80 26.38 29.67 33.22 36.68 41.48 45.69 50.98 

MWCNT 19.15 22.70 28.01 33.06 39.22 45.91 53.44 42.27 45.25 53.12 59.85 72.02 83.83 99.55 
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Figure 4.5 Temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT and MWCNT for 500µm and 

1000µm interconnect length at 32nm technology node 

 

Figure 4.6 Temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT and MWCNT for 500µm and 

1000µm interconnect length at 22nm technology node 

 

Figure 4.7 Temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT and MWCNT for 500µm and 

1000µm interconnect length at 16nm technology node 
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Signal delay and power are incorporated with the variation in temperature and length in the 

figures above to determine their overall performance. Carbon nanotubes can successfully 

replace copper interconnect material beyond 32nm nodes at the global length of interconnects. 

It can also be concluded from the graphs of the figure of merit parameter i.e., PDP values of 

double-wall perform the best than the other three interconnect materials (copper, SWCNT, and 

MWCNT) by attaining minimum value at all VLSI technology nodes and can be utilized as 

interconnection material for future nodes.  

 

4.2.2 Performance of various MDCB structures at 500µm and 1000µm length 

The simulated temperature-dependent delay and PDP values for MDCB (1-4) at various nano-

regime nodes are mentioned in Table 4.3 and Table 4.4 respectively.  

As listed in Table this increase in delay with temperature due to various scatterings can 

significantly impact the performance of integrated circuits [114]. The closed comparison in 

terms of temperature-dependent delays between four MDCB structures is made and is also 

presented with the help of line charts in Figure 4.8-4.10. 

Table 4.3 Temperature sensitive delay (ns) of MDCB structures for 500µm and 1000µm interconnect lengths at 

various nanotechnology nodes 

Temp (K) 200 250 300 350 400 450 500 200 250 300 350 400 450 500 

At 500µm At 1000µm 

At 32nm technology 

MDCB1 0.07 0.07 0.10 0.11 0.16 0.21 0.28 0.37 0.39 0.43 0.53 0.64 0.75 0.79 

MDCB2 0.32 0.37 0.41 0.51 0.58 0.63 0.73 0.70 0.74 0.77 0.85 0.94 1.02 1.20 

MDCB3 0.19 0.24 0.30 0.40 0.46 0.52 0.59 0.56 0.60 0.64 0.67 0.72 0.82 0.90 

MDCB4 0.10 0.13 0.18 0.21 0.30 0.37 0.45 0.51 0.51 0.61 0.72 0.81 0.90 1.02 

At 22nm technology 

MDCB1 0.51 0.66 0.72 0.77 0.85 0.94 1.13 0.58 0.78 0.96 1.05 1.20 1.37 1.43 

MDCB2 0.74 0.83 0.96 1.09 1.18 1.29 1.43 1.14 1.24 1.33 1.43 1.57 1.79 2.21 

MDCB3 0.69 0.72 0.77 0.88 0.99 1.15 1.29 0.96 1.07 1.19 1.25 1.38 1.52 1.70 

MDCB4 0.64 0.68 0.74 0.82 0.92 1.00 1.17 1.06 1.15 1.23 1.37 1.45 1.60 1.85 

At 16nm technology 

MDCB1 1.16 1.24 1.46 1.74 1.87 2.04 2.13 1.33 1.47 1.61 1.81 2.11 2.23 2.63 

MDCB2 1.55 2.00 2.12 2.31 2.46 2.57 2.85 2.51 2.76 3.36 3.91 4.38 5.28 6.15 

MDCB3 1.48 1.56 1.74 1.90 1.98 2.16 2.36 1.77 1.80 2.15 2.58 2.96 3.47 3.98 

MDCB4 1.32 1.36 1.55 1.94 2.15 2.36 2.59 1.86 2.07 2.23 2.38 2.61 3.09 3.78 
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Figure 4.8 Temperature sensitive delay (ns) of MDCB structures for 500µm and 1000µm interconnect length at 

32nm technology node 

 

Figure 4.9 Temperature sensitive delay (ns) of MDCB structures for 500µm and 1000µm interconnect length at 

22nm technology node 

 

Figure 4.10 Temperature sensitive delay (ns) of MDCB structures for 500µm and 1000µm interconnect length at 

16nm technology node 
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It is viewed from the figures that the MDCB 1 structure gives a minimum value of delay and 

MDCB 2 attains a maximum value of delay at all technology nodes for all levels of interconnect 

length at all temperature points. MDCB 1 structure (formed by positioning excellent 

conducting double-wall CNTs in the center and crosstalk aware large diameter multi-wall 

CNTs at edges) achieves the least and the best thermally aware propagation delay results than 

the other three possible mixed CNTs developed from multi and double-wall nanotubes for 

32nm technology and Temperature-sensitive PDP values of MDCB structures for 500µm and 

1000µm interconnect length is mentioned in Table 4.4.  

Table 4.4 Temperature sensitive PDP (µW.ns) of MDCB structures for 500µm and 1000µm interconnect lengths 

at various nanotechnology nodes 

Temp (K) 200 250 300 350 400 450 500 200 250 300 350 400 450 500 

At 500µm At 1000µm 

At 32nm technology 

MDCB1 1.04 1.17 1.53 1.83 2.61 3.40 4.45 5.20 6.09 7.76 8.29 9.25 10.28 11.23 

MDCB2 5.62 6.91 7.81 9.02 10.00 11.09 12.88 13.81 14.55 15.10 16.69 18.31 19.77 22.50 

MDCB3 3.55 4.34 5.55 7.36 8.46 9.46 10.78 11.85 12.63 13.38 13.82 14.99 16.58 18.05 

MDCB4 1.67 2.24 2.96 3.58 4.95 6.22 7.57 8.94 9.08 10.55 12.63 14.25 15.58 17.22 

At 22nm technology 

MDCB1 8.08 9.04 9.84 10.54 11.76 13.10 15.43 8.90 10.24 12.63 13.74 15.69 17.90 18.65 

MDCB2 10.92 11.89 13.83 15.27 17.18 18.66 20.95 18.22 18.76 20.21 22.49 25.05 28.44 34.86 

MDCB3 10.39 10.98 11.73 13.45 15.11 17.43 19.28 16.64 17.85 19.32 21.20 22.54 24.36 28.91 

MDCB4 9.00 9.65 10.53 11.63 13.10 14.12 16.28 15.36 16.88 18.10 20.10 21.26 23.44 27.39 

At 16nm technology 

MDCB1 19.44 20.90 24.67 29.22 31.46 34.35 35.79 21.43 23.74 26.02 29.25 34.10 35.90 42.36 

MDCB2 27.02 34.91 37.01 40.34 42.81 44.72 49.81 44.45 48.84 59.48 69.35 77.92 93.64 109.05 

MDCB3 26.00 27.41 30.67 33.28 34.71 37.86 41.42 32.21 32.58 38.84 46.65 53.53 62.63 71.90 

MDCB4 22.81 23.40 26.74 33.34 36.98 40.34 44.28 32.56 36.26 39.00 41.70 45.78 53.93 65.95 

As temperature varies, there is an ignorable change in the value of capacitance due to the 

influence of inter-shell capacitance over quantum capacitance. The power of the first structure 

with MWCNTs the on outer edges remains the lowest. The impact of power is also added, and 

values of PDP are mentioned in Table 4.4. These values are compared and shown in Figure 

4.11-4.13. 
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Figure 4.11 Temperature sensitive PDP (µW.ns) of MDCB structures for 500µm and 1000µm interconnect 

length at 32nm technology node 

 

Figure 4.12 Temperature sensitive PDP (µW.ns) of MDCB structures for 500µm and 1000µm interconnect 

length at 22nm technology node 

 

Figure 4.13 Temperature sensitive PDP (µW.ns) of MDCB structures for 500µm and 1000µm interconnect 

length at 16nm technology node 
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It is concluded from the figures above that MDCB 1 has the lowest value of the temperature-

dependent power-delay product than another MDCB interconnects. This remains constant for 

all technology nodes and lengths. So, putting double-layered CNTs with less resistance and 

good conductance in the center and MWCNTs at the boundary of the bundle to overcome 

coupling capacitance can provide us with a thermally reliable and high-speed global 

interconnect material at advanced nodes.  

4.3 Comparison of temperature sensitive delay and PDP of copper, SWCNT, DWCNT, 

MWCNT, and MDCB structures  

The thermally reliable result in the section compares delay and PDP values of copper with basic 

CNT materials (SWCNTs, MWCNTs, and DWCNTs) and mixed CNT different at global 

interconnect lengths.  Delay readings are mentioned in Table 4.5 and are plotted for 1500µm 

and 2000µm lengths at different technologies against varying temperature ranges as shown in 

Figure 4.14(a)-(c) and Figure 4.15(a)-(c) respectively. 

Table 4.5 Comparison of temperature sensitive delay (ns) of copper, SWCNT, DWCNT, MWCNT, and MDCB 

structures for 1500µm and 2000µm interconnect lengths  

Temp 

(K) 200 250 300 350 400 450 500 200 250 300 350 400 450 500 

 1500µm 2000µm 

 At 32 nm Technology  

COPPER 1.96 2.46 2.96 3.42 3.98 4.44 4.94 2.60 3.31 3.99 4.67 5.38 6.03 6.77 

SWCNT 1.24 2.11 2.55 3.01 3.75 4.23 4.57 2.33 2.96 3.52 3.91 4.26 4.95 6.02 

DWCNT 0.76 0.78 0.89 1.01 1.04 1.10 1.26 0.96 1.00 1.14 1.32 1.35 1.48 1.65 

MWCNT 0.85 0.92 1.13 1.31 1.39 1.67 2.01 1.23 1.34 1.56 1.87 2.04 2.46 2.89 

MDCB1 0.59 0.63 0.75 0.95 0.99 1.04 1.15 0.77 0.82 0.87 0.97 1.02 1.16 1.39 

MDCB2 0.89 0.97 1.13 1.24 1.34 1.56 1.83 1.07 1.16 1.41 1.56 1.69 1.96 2.30 

MDCB3 0.67 0.74 0.85 1.01 1.09 1.25 1.41 1.00 1.05 1.27 1.47 1.57 1.89 2.09 

MDCB4 0.73 0.79 0.82 0.87 0.93 1.01 1.20 0.76 0.77 0.99 1.15 1.23 1.35 1.62 

 At 22 nm Technology  

COPPER 4.19 5.25 6.40 7.48 8.59 9.65 11.28 5.65 7.27 8.86 10.24 12.21 12.98 14.54 

SWCNT 2.69 3.08 3.71 4.50 5.73 7.18 9.43 4.16 4.75 5.70 6.86 8.85 11.38 13.22 

DWCNT 1.21 1.27 1.58 1.75 1.83 1.92 2.20 1.38 1.48 1.74 2.16 2.32 2.85 3.12 

MWCNT 1.90 1.99 2.50 2.75 3.00 3.59 4.28 2.40 2.62 3.28 3.47 3.85 4.49 5.58 

MDCB1 1.10 1.18 1.35 1.65 1.69 1.90 2.09 1.36 1.45 1.69 2.11 2.19 2.64 2.81 

MDCB2 1.48 1.55 1.65 2.24 2.49 2.90 3.53 2.12 2.36 2.76 3.29 3.54 4.15 4.88 

MDCB3 1.22 1.31 1.63 1.93 2.07 2.30 2.69 1.71 1.90 2.33 2.77 2.96 3.44 3.98 

MDCB4 1.12 1.23 1.41 1.73 1.79 2.17 2.56 1.46 1.59 1.99 2.46 2.56 2.83 3.50 

 At 16 nm Technology  

COPPER 12.31 16.10 19.46 23.90 26.54 30.59 34.87 16.25 21.82 27.26 32.87 37.97 41.98 46.03 

SWCNT 4.09 5.07 6.17 7.52 9.62 13.06 17.52 6.04 7.32 8.97 11.09 14.49 18.37 26.45 

DWCNT 2.92 3.37 4.12 4.56 5.27 6.04 6.24 4.08 4.60 5.68 6.54 6.90 8.38 10.33 
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MWCNT 4.14 4.76 5.76 6.46 7.01 8.47 10.22 5.97 6.87 7.83 9.27 10.12 12.24 14.40 

MDCB1 2.02 2.20 2.66 3.10 3.43 3.92 4.37 2.68 2.86 3.43 4.36 4.52 5.31 5.95 

MDCB2 3.82 4.19 5.23 6.39 6.46 7.59 9.60 5.37 5.95 7.13 8.54 9.45 11.07 13.09 

MDCB3 2.53 2.93 3.53 4.05 4.40 5.40 5.94 3.56 4.00 4.89 5.82 6.35 7.44 8.63 

MDCB4 2.31 2.54 3.19 3.68 4.07 4.54 5.69 3.07 3.31 4.12 5.27 5.42 6.29 7.61 

 

  

 

Figure 4.14 Comparison of temperature sensitive delay (ns) of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structures for1500µm interconnect length at (a) 32nm (b) 22 nm (c) 16nm technology node 
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Figure 4.15 Comparison of temperature sensitive delay (ns) of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structures for 2000µm interconnect length at (a) 32nm (b) 22nm (c) 16nm technology node 

It is observed from the figures above that the MDCB 1 structure continues to give the lowest 

readings in terms of delay as a function of length and temperature and possibly provides a good 
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different technologies against varying temperature ranges as shown in Figure 4.16(a)-(c) and 

Figure 4.17(a)-(c) respectively. 

Table 4.6 Comparison of temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structures for 1500µm and 2000µm interconnect lengths  

Temp (K) 200 250 300 350 400 450 500 200 250 300 350 400 450 500 

 1500µm 2000µm 

 At 32 nm Technology  

COPPER 28.63 36.16 44.00 51.38 60.94 68.65 77.35 
41.21 53.58 65.79 78.26 92.27 105.44 121.29 

SWCNT 22.63 30.16 39.00 45.38 55.94 61.65 71.35 
38.73 46.91 55.21 69.36 86.82 96.70 104.42 

DWCNT 13.68 14.17 16.08 18.42 18.98 20.06 23.02 19.61 20.35 23.45 27.35 27.92 30.75 34.41 

MWCNT 12.23 13.37 15.66 17.13 18.55 21.77 25.50 14.82 16.12 19.54 21.77 23.60 27.46 32.46 

MDCB1 10.23 10.95 13.08 16.29 16.99 17.77 19.46 13.81 14.76 15.65 17.27 18.10 20.72 24.69 

MDCB2 17.23 18.55 22.90 26.54 28.22 34.22 41.49 27.91 30.58 35.65 43.33 48.30 59.41 72.14 

MDCB3 14.86 16.38 18.79 22.24 24.02 27.83 31.46 25.12 26.45 31.88 37.46 40.17 49.41 56.31 

MDCB4 13.68 14.77 15.19 16.07 17.10 18.54 22.00 15.03 15.10 19.15 21.57 23.05 25.27 30.45 

 At 22 nm Technology  

COPPER 55.78 71.11 88.46 105.50 124.26 142.18 170.26 
82.10 109.51 137.53 164.78 203.93 224.85 260.07 

SWCNT 44.09 58.95 72.38 84.61 98.27 108.93 143.33 
64.61 81.45 102.49 120.91 158.06 184.32 211.17 

DWCNT 17.39 18.12 22.84 24.98 26.24 27.74 31.73 23.40 24.84 28.98 34.87 35.65 43.27 46.35 

MWCNT 22.46 23.58 29.85 32.86 35.91 43.28 51.84 29.52 32.48 40.81 43.39 48.28 56.87 71.64 

MDCB1 15.70 16.99 18.82 23.31 24.94 28.03 31.05 20.15 22.11 25.81 31.76 33.72 39.75 43.60 

MDCB2 23.90 25.03 26.64 36.60 40.73 48.50 59.56 37.74 42.08 49.87 59.71 64.59 76.58 91.63 

MDCB3 20.55 21.98 27.63 32.74 35.15 39.79 46.87 31.97 35.70 44.13 52.84 56.66 66.62 78.03 

MDCB4 16.97 18.90 21.37 25.99 26.74 31.19 36.69 22.03 23.87 30.05 37.07 38.72 42.82 54.45 

 At 16 nm Technology  

COPPER 222.55 306.25 384.93 491.86 566.32 674.62 794.53 
329.90 472.90 626.24 798.41 972.53 1134.1 1299.6 

SWCNT 115.24 145.74 181.38 229.24 309.20 452.34 670.23 
198.53 248.10 314.83 410.07 581.06 817.77 1139.9 

DWCNT 50.68 58.62 70.77 77.74 90.25 103.78 107.21 70.55 79.91 98.58 114.27 120.94 148.07 187.03 

MWCNT 64.01 73.95 89.89 101.26 110.21 134.12 163.71 88.38 96.68 116.08 140.53 145.24 185.80 225.86 

MDCB1 34.15 37.21 45.26 53.08 58.88 67.69 75.81 47.56 51.09 61.55 79.21 82.19 97.43 110.45 

MDCB2 71.01 78.53 99.00 122.33 124.69 147.55 252.01 106.71 119.00 145.18 178.13 199.36 238.67 418.51 

MDCB3 47.08 54.73 66.72 77.53 84.26 104.17 116.01 70.72 79.84 99.03 119.46 130.85 156.34 185.46 

MDCB4 41.29 44.71 55.60 64.55 71.43 79.59 100.48 54.93 59.13 74.27 95.45 98.46 116.42 142.23 
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Figure 4.16 Comparison of temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structuresfor1500µminterconnect length at (a) 32nm (b) 22nm (c) 16nm technology node 
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Figure 4.17 Comparison of temperature sensitive PDP (µW.ns) of copper, SWCNT, DWCNT, MWCNT, and 

MDCB structures for 2000µminterconnect length at (a) 32nm (b) 22nm (c) 16nm technology node 

Various mixed CNT bundle structures are proposed and developed by combining the best 

properties and changing positions of double-wall and multi-wall carbon nanotubes. MDCB 1 
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offers the lowest value of PDP as shown in Figure 4.16 and Figure 4.17. The presence of 

DWCNTs helps in yielding good conduction due to decreased resistance offered by the addition 

of two shells in a parallel way. Large-diameter MWCNTs help in lowering the effect of 

coupling capacitance. It has been noticed that CNTs can undoubtedly oust copper at larger 

lengths. It is also analyzed that MDCB 1 structure is even giving better results than MWCNTs 

and DWCNTs and can continue to replace them as VLSI interconnect material.  

 

4.4 Chapter Summary and Contribution 

The effect of the temperature change is reflected in this chapter. It has been studied that above 

room temperature various electron-phonon scatterings occur in CNTs. So, the role of 

temperature can’t be ignored while determining the performance of global interconnects. Due 

to the increase in scattering at high temperatures, the MFP of CNTs is affected which changes 

their net resistance thereby degrading the overall speed and PDP performance of the circuit. 

Temperature-dependent resistances are determined and used in simulations to determine the 

delay and PDP-based performance of copper, SWCNT, DWCNT, MWCNT, and various 

MDCB structures. The temperature varies from 200 Kelvin to 500 Kelvin.  

The simulation is performed for various nano-technology nodes for four interconnect lengths 

(500µm, 1000µm, 1500µm, and 2000µm). Due to increased resistivity and electromigration in 

copper, it fails as a nano interconnect material for circuits. This degraded impact of copper is 

enhanced at further scaled nodes. Temperature-dependent delay and PDP-based comparisons 

are done and it has been noticed from the results shown in this chapter that the MDCB 1 

structure (DWCNTs in the center and MWCNTs at the periphery of bundle) performs better 

than other MDCB structures.  MDCB 1 structure also can replace MWCNTs and DWCNTs. 

This class of mixed CNT bundles gives extraordinarily good results concerning global delay 

and PDP at scaled nodes. Since the performance of interconnects is influenced by temperature. 

So, the effect of temperature can’t be neglected, and it must be included to determine the 

accurate performance of circuits.  

 

Related Publication: 

1. Gurleen Dhillon and Karmjit Singh Sandha, “Mixed CNT bundles as VLSI 

interconnects for nanoscale technology nodes,” Journal of Computational Electronics, 

vol. 20, no.1, pp. 248-258, 2021. (Impact Factor- 1.983) (SCI indexed) 
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5.  Impact of Crosstalk and Stability in Mixed 

Bundle CNTs 

At nano-scale technology nodes, global interconnects are cast as distributed transmission lines. 

These interconnect wires are situated parallel to each other on tiny chips and suffer from 

various capacitive and inductive coupling effects as shown in Figure 5.1. So, in this manner, 

unwanted crosstalk influences the performance of long connecting lines [16,76,79]. The work 

presented in this chapter also examines the stability of MDCB structures employed as global 

interconnect material for various nanotechnologies.  

The undesirable coupling effects faced by interconnect lines under the influence of nearby lines 

are called crosstalk. In this manner, crosstalk acts as a supreme factor in judging the overall 

performance of integrated circuits. Crosstalk noise may lead to fatal complications like changes 

in signal delay, logic failure, and more which alter the operation of the designed circuit [80-83, 

146-152].  

 

Figure 5.1 Equivalent circuit of crosstalk affected coupled global mixed CNT interconnects. 

The coupling capacitance (Ccoupled) between coupled interconnect wires which are separated by 

distance ‘s’ is expressed by equation (5.1) where ‘d’ is calculated from the average sum of both 

interconnects. 
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𝐶𝑐𝑜𝑢𝑝𝑙𝑒𝑑 =
𝜋ɛ

𝑙𝑛 (
2𝑠

𝑑
)
                                                           (5.1) 

The inductive coupling or mutual inductance (Lmutual) between interconnects can be determined 

by equation (5.2) [110]. 

𝐿𝑚𝑢𝑡𝑢𝑎𝑙 =
µ0𝑙

2𝜋
[𝑙𝑛 (

2𝑙

𝑠
) − 1 +

𝑠

𝑙
]                                                (5.2) 

 

5.1 Crosstalk in mixed bundle CNTs 

In this section, the consequences of crosstalk are analyzed in detail for mixed bundle CNT 

structures over a large temperature range at three technology nodes for a global length 

(1000µm).  

Two types of crosstalk can occur depending upon the type of switching in nearby lying 

interconnect lines [98,104,147-149].   

• If one interconnect line is silent or inactive or in an idle state (victim line and), and 

encounters a voltage spike/glitch due to some switching in a nearby line (aggressor line), it is 

termed as functional crosstalk.  

• When the nearest interconnect lines experience an activity simultaneously, then dynamic 

crosstalk exists. Here, the signal delay is affected. Further in this, if the switching occurs in 

the same direction (0->1,0->1 or 1->0,1->0) for coupled interconnect lines, they tend to 

affect each other’s delay and are termed to be in in-phase or even mode. When they switch 

in opposite directions (0->1,1->0 or 1->0,0->1), they are termed odd modes of dynamic 

crosstalk.  

 

5.1.1 Dynamic Crosstalk  

Such crosstalk exists when two interconnect lines undergo some activity and are in the vicinity 

of each other on an integrated chip. This sub-section focuses on different cases of switching of 

victim and aggressor lines for global length [98].  

The simulated results of crosstalk-induced MDCB structures (MDCB 1C, MDCB 2C, MDCB 

3C, MDCB 4C) are compared with structures without crosstalk at different technologies. The 

block diagram and values of delay are presented through charts in Figure 5.2-5.5. The structures 

without considering the effect of crosstalk are represented as MDCB 1, MDCB 2, MDCB 3, 

and MDCB 4. 

1. In-phase switching i) Aggressor: 0 → 1 and Victim:  0 → 1.       
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  d)     

Figure 5.2 a) Block diagram representation of even/in-phase mode of dynamic crosstalk i) Aggressor: 0 → 1 

and Victim: 0 → 1. Comparison of temperature sensitive delay of mixed CNTs with and without crosstalk 

effect b) at 32nm c) at 22nm and d) at 16nm technology node  

In-phase switching ii) Aggressor: 1 → 0 and Victim:  1 → 0. 
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c)   

d)   

Figure 5.3 a) Block diagram representation of even/in-phase mode of dynamic crosstalk i) Aggressor: 1 → 0 

and Victim: 1 → 0. Comparison of temperature sensitive delay of mixed CNT structures with and without 

crosstalk effect b) at 32nm c) at 22nm and d) at 16nm technology node  

2. Out-phase switching i) Aggressor: 0 → 1 and Victim:  1 → 0                      
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          b)   

   c)   

   d)   

Figure 5.4 a) Block diagram representation of odd/out-phase mode of dynamic crosstalk i) Aggressor: 0 → 1 

and Victim: 1 → 0. Comparison of temperature sensitive delay of mixed CNT structures with and without 

crosstalk effect b) at 32nm c) at 22nm and d) at 16nm technology node  
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ii) Aggressor: 1 → 0 and Victim:  0 → 1     
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d)   

Figure 5.5 a) Block diagram representation of odd/out-phase mode of dynamic crosstalk ii) Aggressor: 1 → 

0 and Victim: 0 → 1. Comparison of temperature sensitive delay of mixed CNT structures with and without 

crosstalk effect b) at 32nm c) at 22nm and d) at 16nm technology node  

As observed from the figures above, temperature-dependent delay of all mixed CNT structures 

(MDCB 1C, MDCB 2C, MDCB 3C, MDCB 4C) increases with the inclusion of crosstalk effect 

than crosstalk unaware structures. Crosstalk is an important factor and can’t be ignored while 

determining the performance of global interconnects at nanotechnologies. Evident from the 

results that the signal delay of the circuit upsurges with the rise in temperature as the MFP of 

the conducting electrons degrades.  

The mean free path of conducting electrons is lowered and therefore, it leads to an upsurge in 

resistance due to scattering at high temperatures. Different parameters like length, technology, 

temperature, crosstalk, etc. play their role and impact the performance of interconnect. 

However, MDCB 1 structure with and without crosstalk continues to yield the lowest delay 

than all other structures and this trend remains constant for all technology nodes.  

Table 5.1 lists the value without crosstalk affected (MDCB 1, MDCB 2, MDCB 3, MDCB 4) 

and with dynamic crosstalk induced delay for in-phase (MDCB 1C_E, MDCB 2C_E, MDCB 

3C_E, MDCB 4C_E) and out-phase switching (MDCB 1C_O, MDCB 2C_O, MDCB 3C_O, 

MDCB 4C_O) for various MDCB (multi-wall and double-wall CNT bundle) structures. The 

dynamic crosstalk adds up to an unwanted delay in the circuit. It can be read that the crosstalk-

aware structure shows more delay than without the crosstalk effect. 

 Also, the MDCB-1 structure with in-phase/even switching has less dynamic crosstalk-induced 

delay than the corresponding structure with out-phase/odd switching over 200-500K 

temperature at all three technology nodes. This holds for the other three mixed structures as 

1

2

3

4

5

6

7

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

c) 16nm tech.MDCB 1C MDCB 1

MDCB 2C MDCB 2

MDCB 3C MDCB 3

MDCB 4C MDCB 4



90 
 

well. For the best comparison, Figure 5.6 (a)-(c) shows the value of delay of crosstalk affected 

(even and odd mode) and crosstalk unaware all mixed CNT bundles i.e., MDCB structures. 

Table.5.1 Propagation delay (ns) values for without and with (out-phase and in-phase mode) crosstalk 

influenced mixed CNT structures at 1000µm interconnect length at 32nm, 22nm, and 16nm technology.  

Delay (ns) at 32nm Tech. 

 Out-phase mode of switching Crosstalk unaware In-phase mode of switching 

Temp 

(K) 

MDCB 

1C_O 

MDCB 

2C_O 

MDCB 

3C_O 

MDCB 

4C_O 

MDCB 

1 

MDCB 

2 

MDCB 

3 

MDCB 

4 

MDCB 

1C_E 

MDCB  

2C_E 

MDCB  

3C_E 

MDCB 

4C_E 

200 0.39 0.75 0.60 0.53 0.37 0.70 0.56 0.51 0.38 0.72 0.58 0.50 

250 0.43 0.79 0.63 0.55 0.39 0.74 0.60 0.51 0.40 0.77 0.62 0.52 

300 0.46 0.82 0.69 0.66 0.43 0.77 0.64 0.61 0.44 0.79 0.65 0.63 

350 0.55 0.90 0.73 0.76 0.53 0.85 0.67 0.72 0.53 0.88 0.69 0.74 

400 0.68 1.02 0.77 0.86 0.64 0.94 0.72 0.81 0.66 0.95 0.73 0.83 

450 0.79 1.09 0.87 0.96 0.75 1.02 0.82 0.90 0.78 1.07 0.84 0.92 

500 0.88 1.29 0.96 1.09 0.83 1.20 0.90 1.02 0.86 1.25 0.93 1.04 

Delay (ns) at 22nm Tech. 

Temp 

(K) 

MDCB 

1C_O 

MDCB 

2C_O 

MDCB 

3C_O 

MDCB 

4C_O 

MDCB 

1 

MDCB 

2 

MDCB 

3 

MDCB 

4 

MDCB 

1C_E 

MDCB  

2C_E 

MDCB  

3C_E 

MDCB 

4C_E 

200 0.99 1.24 1.04 1.15 0.92 1.14 0.96 1.06 0.95 1.17 0.97 1.10 

250 1.11 1.35 1.14 1.22 1.02 1.24 1.07 1.15 1.04 1.25 1.10 1.19 

300 1.22 1.37 1.28 1.32 1.14 1.29 1.19 1.23 1.18 1.32 1.22 1.25 

350 1.28 1.51 1.36 1.49 1.20 1.43 1.25 1.37 1.25 1.47 1.31 1.43 

400 1.40 1.69 1.47 1.57 1.30 1.57 1.38 1.45 1.32 1.62 1.39 1.48 

450 1.58 1.94 1.64 1.75 1.47 1.79 1.52 1.60 1.53 1.84 1.54 1.67 

500 1.72 2.32 1.83 2.02 1.63 2.21 1.70 1.85 1.67 2.26 1.72 1.89 

Delay (ns) at 16nm Tech. 

Temp 

(K) 

MDCB 

1C_O 

MDCB 

2C_O 

MDCB 

3C_O 

MDCB 

4C_O 

MDCB 

1 

MDCB 

2 

MDCB 

3 

MDCB 

4 

MDCB 

1C_E 

MDCB  

2C_E 

MDCB  

3C_E 

MDCB 

4C_E 

200 1.77 2.72 1.91 1.98 1.63 2.51 1.77 1.86 1.71 2.62 1.85 1.92 

250 1.91 2.99 1.94 2.25 1.57 2.76 1.80 2.07 1.85 2.89 1.87 2.11 

300 2.10 3.62 2.33 2.40 1.93 3.36 2.15 2.23 1.98 3.41 2.22 2.35 

350 2.38 4.22 2.78 2.55 2.17 3.91 2.58 2.38 2.20 4.08 2.59 2.42 

400 2.51 4.74 3.21 2.84 2.35 4.38 2.96 2.61 2.46 4.58 3.12 2.72 

450 3.09 5.69 3.77 3.38 2.83 5.28 3.47 3.09 2.95 5.41 3.61 3.21 

500 3.83 6.53 4.28 4.05 3.53 6.15 3.98 3.78 3.71 6.37 4.15 3.95 



91 
 

(a)  

(b)  

(c)  

Figure 5.6 Dynamic crosstalk induced delay comparison of four MDCB structures excluding crosstalk, with 

even mode and with the odd mode of dynamic crosstalk switching a) at 32nm b) at 22nm and c) at 16nm 

technology.  
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Table 5.2 below indicates the percentage increase in values of propagation delay during in-

phase and out-phase switching of crosstalk for mixed structures over 200K to 500K. As written 

in the table, the in-phase mode adds up to approximately ~3-5% more propagation delay and 

the out-phase mode of dynamic crosstalk switching introduces ~7-9% more delay than 

corresponding structures unaffected by crosstalk.  

Table 5.2 Increase in delay (%) of mixed CNT structures during out-phase and in-phase mode of  

crosstalk switching 

 

 

Out-phase mode of switching In-phase mode of switching 

Temp 
MDCB 

1C_O 

MDCB 

2C_O 

MDCB 

3C_O 

MDCB 

4C_O 

MDCB 

1C_E 

MDCB 

2C_E 

MDCB 

3C_E 

MDCB 

4C_E 

32nm 

200K 6.09% 6.91% 7.13% 3.23% 3.70% 2.51% 3.11% 2.62% 

250K 8.24% 6.09% 5.36% 7.94% 1.76% 3.27% 3.38% 1.73% 

300K 7.13% 6.33% 7.65% 7.01% 1.38% 2.90% 1.23% 3.48% 

350K 3.99% 5.56% 7.71% 5.26% 0.38% 3.63% 2.19% 2.44% 

400K 6.02% 7.84% 6.13% 5.70% 2.59% 1.26% 1.91% 2.06% 

450K 5.54% 6.42% 6.07% 6.15% 3.23% 4.67% 1.91% 2.65% 

500K 6.11% 6.98% 6.25% 6.42% 3.60% 4.00% 2.81% 1.65% 

22nm 

200K 6.88% 8.06% 7.69% 7.83% 3.54% 5.65% 6.54% 4.35% 

250K 8.11% 8.15% 6.14% 5.74% 6.31% 7.41% 3.51% 2.46% 

300K 6.56% 5.84% 7.03% 6.82% 3.28% 3.65% 4.69% 5.30% 

350K 6.25% 5.30% 8.09% 8.05% 2.34% 2.65% 3.68% 4.03% 

400K 7.14% 7.10% 6.12% 7.64% 5.71% 4.14% 5.44% 5.73% 

450K 6.96% 7.73% 7.32% 8.57% 3.16% 5.15% 6.10% 4.57% 

500K 5.23% 4.74% 7.10% 8.42% 2.91% 2.59% 6.01% 6.44% 

16nm 

200K 7.91% 7.72% 7.33% 6.06% 3.39% 3.68% 3.14% 3.03% 

250K 17.80% 7.69% 7.22% 8.00% 3.14% 3.34% 3.61% 6.22% 

300K 8.10% 7.18% 7.73% 7.08% 5.71% 5.80% 4.72% 2.08% 

350K 8.82% 7.35% 7.19% 6.67% 7.56% 3.32% 6.83% 5.10% 

400K 6.37% 7.59% 7.79% 8.10% 1.99% 3.38% 2.80% 4.23% 

450K 8.41% 7.21% 7.96% 8.58% 4.53% 4.92% 4.24% 5.03% 

500K 7.83% 5.82% 7.01% 6.67% 3.13% 2.45% 3.04% 2.47% 

Figure 5.6 represents a detailed delay comparison of mixed (multi and double-walled) CNT 

structures excluding crosstalk, with even and out-phase modes of dynamic crosstalk switching 

at 32nm, 22nm, and 16nm technology nodes. It has been noticed that the delay for the even 

mode of dynamic crosstalk switching is lower than the odd mode of switching and it remains 

valid for four structures. It is because the time of flight in even mode ( 𝑡𝑒 = 𝑙√𝐶𝐿 ) is less as 
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compared to the time of flight estimated during the odd mode (𝑡𝑜 = 𝑙√(𝐶 + 𝐶𝑐𝑜𝑢𝑝𝑙𝑒𝑑)𝐿 ). As 

a result, the output voltage is reached a little early for in-phase mode. So, the delay for in-phase 

is comparably less than odd modes over the whole temperature range at all technologies.   

 

5.1.2 Functional Crosstalk  

Block diagrams representing four cases of functional crosstalk are shown in Figure 5.7. 

Functional crosstalk exists when victim and aggressor lines switch differently and thus impacts 

the performance by introducing unwanted glitches in the output voltage waveform [110]. The 

values of glitches for various cases at different technologies and temperature points are 

mentioned in Table 5.3. 

 

Figure 5.7 Four cases of functional crosstalk of MDCB coupled interconnects.  

Table 5.3 Glitch values of mixed CNT coupled interconnects.  

 Switching activity       

 
Aggressor 

line 

Victim 

line 
Impact 

MDCB

1 

MDCB

2 

MDCB

3 

MDCB

4 
Glitch 

32nm 

0 to 1 0 Functionality 51 89 80 74 Positive Glitch (mv) 

0 to 1 1 Reliability 684 714 704 693 Overshoot (mv) 

1 to 0 0 Reliability 36 65 58 55 Undershoot (mv) 

1 to 0 1 Functionality 680 722 693 669 Negative Glitch (mv) 



94 
 

22nm 

0 to 1 0 Functionality 37 79 69 64 Positive Glitch (mv) 

0 to 1 1 Reliability 661 697 686 675 Overshoot (mv) 

1 to 0 0 Reliability 25 59 47 43 Undershoot (mv) 

1 to 0 1 Functionality 674 706 682 667 Negative Glitch (mv) 

16nm 

0 to 1 0 Functionality 22 64 49 45 Positive Glitch (mv) 

0 to 1 1 Reliability 592 632 618 612 Overshoot (mv) 

1 to 0 0 Reliability 11 40 24 21 Undershoot (mv) 

1 to 0 1 functionality 536 574 548 543 Negative Glitch (mv) 

Functional crosstalk induces an undesirable voltage glitch at the output side of the victim to 

interconnect as listed in Table 5.3. It is also observed that MDCB-1 attains the lowest value of 

glitch for all transitions when compared to the other MDCB structures. The difference in 

percentage in glitch values of MDCB 2-4 with relation to MDCB 1 at 32nm, 22nm, and 16nm 

technologies are also mentioned in Table 5.4 below.   

Table 5.4 Functional crosstalk noise values (percentage difference) of MDCB-1 structure with other structures. 

 Aggressor line Victim 

line 
w.r.t. MDCB-2 w.r.t. MDCB-3 w.r.t. MDCB-4 

 

 

32nm 

0 to 1 0 42.72% 36.26% 31.09% 

0 to 1 1 4.21% 2.85% 1.31% 

1 to 0 0 44.63% 37.94% 34.56% 

1 to 0 1 5.83% 1.89% 1.65% 

 

 

22nm 

0 to 1 0 53.18% 46.39% 42.19% 

0 to 1 1 5.17% 3.65% 2.08% 

1 to 0 0 57.64% 46.82% 41.87% 

1 to 0 1 4.543% 1.18% 1.06% 

 

 

16nm 

0 to 1 0 65.61% 55.11% 51.12% 

0 to 1 1 6.34% 4.22% 3.28% 

1 to 0 0 72.6% 54.18% 47.63% 

1 to 0 1 6.63% 2.19% 1.29% 

• Aggressor: 0 → 1 and Victim: 0    

In this case of a positive glitch, there is a 42.72%, 53.18%, and 65.61% reduction for crosstalk 

noise values of MDCB 1 structure w.r.t mixed 2 structure, there is 36.26%, 46.39%, and 

55.11% reduction for noise values of MDCB 1 structure w.r.t 3rd structure and there is 31.09%, 

42.19% and 51.12% reduction for noise values of MDCB 1 structure concerning 4th structure 

at 32nm, 22nm, and 16nm technology respectively.  

• Aggressor: 0 → 1 and Victim:  1    

In this case of overshoot, there is a 4.21%, 5.17%, and 6.34% reduction of crosstalk values of 

MDCB 1 structure w.r.t 2nd mixed structure, there is 2.85%, 3.65%, and 4.22% reduction of 
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crosstalk values of MDCB 1 structure w.r.t 3rd MDCB and there is 1.31%, 2.08% and 3.28% 

reduction of crosstalk values of MDCB 1structure w.r.t 4th at 32nm, 22nm, and 16nm 

technology respectively.  

• Aggressor: 1 → 0 and Victim:  0    

Here for undershoot, there is 44.63%, 57.64%, and 72.6% reduction of noise values of MDCB 

1 structure w.r.t 2nd MDCB structure, there is 37.94%, 46.82% and 54.18% reduction of values 

of MDCB 1 structure w.r.t 3rd MDCB structure and there is 34.56%, 41.87% and 47.632% 

reduction of noise values of MDCB 1 structure w.r.t MDCB 4 at 32nm, 22nm, and 16nm 

technology respectively.  

• Aggressor: 1 → 0 and Victim:  1    

There is a 5.83%, 4.54%, and 6.63% reduction for crosstalk noise of MDCB 1 structure w.r.t 

MDCB 2, there is a 1.89%, 1.18%, and 2.19% reduction for crosstalk noise of MDCB 1 

structure w.r.t MDCB 3 and there is 1.65%, 1.06% and 1.29% reduction for crosstalk noise of 

MDCB 1 structure w.r.t MDCB 4 at 32nm, 22nm, and 16nm technology respectively.  

In this manner, functional crosstalk deteriorates the working of the integrated circuit. The 

positive and negative glitches influence the functioning of the circuit and overshoot and 

undershoot impact the reliability of the circuit. 

 

5.2 Role of Temperature  

It is evident from the results shared in the previous section that the global interconnect delay 

of the circuit increases due to dynamic crosstalk. To observe the effect of temperature on 

crosstalk, simulations are performed for variable temperature points at 32nm, 22nm, and 16nm 

nodes [114]. Figure 5.8 demonstrates crosstalk-induced output waveforms of MDCB 1 

interconnect at a wide temperature range for 1000µm interconnect length.  
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               b)  

              c)  

Figure 5.8 Dynamic crosstalk influenced the transient response of MDCB 1 structure for 1000µm length a) at 

32nm tech. b) at 22nm tech. c) 16nm tech. the node at 200K-500K. 

The dynamic crosstalk-influenced transient response at the output end of the victim is shown 

in Figure 5.8. Both aggressor and victim lines are assumed to be switching from 0 to 1 for 

different technologies. Operating temperature and resistance of material show a direct 

relationship. Also, as the scattering in material increases, MFP decreases, and vice versa. So, 

with a decrease in MFP and an increase in line resistance, the signal delay increases. It is seen 

from Figure 5.8 that the waveform for temperature 500 K gives a delayed response than others 

and the waveform with less temperature gives a comparatively quicker response. This is 

because the more the temperature, the more resistance due to increased scatterings and 

therefore more delays.  
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5.3 Stability analysis  

Stability is also an important component that helps in examining the electrical performance of 

interconnects [115,116,123]. In this section, the time domain output waveform for 

interconnects is analyzed. Also, parameters like maximum overshot in percentage and rise time 

are evaluated. The relative stability study of mixed CNTs is also analyzed with Nyquist plots 

for a wide temperature range.  

 

5.3.1 Transient response of mixed CNTs 

The expression to find out the output voltage of a distributed transmission interconnect line can 

be given by equation (5.3) [116]. 

𝑉𝑜𝑢𝑡(𝑠) =
1

𝐴+𝑠𝐶𝐿𝐵
. 𝑉𝑖𝑛(𝑠)                                                    (5.3) 

Coefficients A and B are given in equations (5.4) and (5.5) respectively. The parameters resc, 

lesc, and cesc are the equivalent resistance, inductance, and capacitance of interconnect 

respectively. Also, Rdr, Cdr, n, x, and CL represent driver resistance, driver capacitance, number, 

length of segments of interconnect, and the load capacitance respectively.  

𝐴 =  𝑠2 [
𝑙𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
+  

𝑟𝑒𝑠𝑐
2 𝑐𝑒𝑠𝑐

2 (𝑛𝑥)4

4!
+

𝑟𝑒𝑠𝑐𝑅𝑑𝑟𝑐𝑒𝑠𝑐𝐶𝑑𝑟(𝑛𝑥)2

2
+

𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐
2 (𝑛𝑥)3(𝑅1+𝑅𝑑𝑟)

3!
+

 𝑅1𝑅𝑑𝑟𝐶𝑑𝑟𝑐𝑒𝑠𝑐(𝑛𝑥)] +  𝑠 [
𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
+  𝑅𝑑𝑟𝐶𝑑𝑟 + 𝑐𝑒𝑠𝑐(𝑛𝑥)(𝑅1 + 𝑅𝑑𝑟)] +  1                  (5.4) 

The time-domain output waveforms of mixed bundle CNT structures (MD 1, MD 2, MD 3, 

and MD 4) modeled as distributed transmission lines at 1000µm length for temperatures 

ranging from 200 Kelvin to 500 Kelvin at various technology nodes are shown in the Figures 

5.9-5.11 below. 

𝐵 = 𝑠2 [ (2𝑅1 + 𝑅𝑑𝑟) (
𝑙𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
+

𝑟𝑒𝑠𝑐
2 𝑐𝑒𝑠𝑐

2 (𝑛𝑥)4

4!
) + 𝑅1𝑅𝑑𝑟𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐𝐶𝑑𝑟(𝑛𝑥)2

+
2𝑟𝑒𝑠𝑐𝑙𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)3

3!
+  

𝑟𝑒𝑠𝑐
3 𝑐𝑒𝑠𝑐

2 (𝑛𝑥)5

5!
+

𝑅1
2𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐

2 (𝑛𝑥)3

3!

+  
𝑟𝑒𝑠𝑐

2 𝑅𝑑𝑟𝐶𝑑𝑟𝑐𝑒𝑠𝑐(𝑛𝑥)3

3!
+  𝑅𝑑𝑟𝐶𝑑𝑟(𝑙𝑒𝑠𝑐 + 𝑅1

2𝑐𝑒𝑠𝑐)(𝑛𝑥)]

+   𝑠 [ 𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2(2𝑅1 + 𝑅𝑑𝑟) +  2𝑅1𝑅𝑑𝑟𝐶𝑑𝑟 +  
𝑟𝑒𝑠𝑐

2 𝑐𝑒𝑠𝑐(𝑛𝑥)3

3!
+ 𝑙𝑒𝑠𝑐(𝑛𝑥)

+  𝑅1
2𝑐𝑒𝑠𝑐(𝑛𝑥) + 𝑟𝑒𝑠𝑐𝑅𝑑𝑟𝐶𝑑𝑟(𝑛𝑥) + 𝑅1𝑅𝑑𝑟𝑐𝑒𝑠𝑐(𝑛𝑥)]

+  (2𝑅1 + 𝑅𝑑𝑟 + 𝑟𝑒𝑠𝑐(𝑛𝑥))   

(5.5) 
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Figure 5.9 Transient response for four MDCB structures operating at temperatures ranging from 200K-500K for 

32nm technology node 

 

Figure 5.10 Transient response for four MDCB structures operating at temperatures ranging from 200K-500K 

for 22nm technology node 
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The values extracted from equations (5.3-5.5) are then used to plot their responses in MATLAB 

software. And it is seen in figures 5.9-5.11 that no overshoot exists for any mixed CNT bundle 

interconnect at all nodes and temperature points. They all tend to move towards equilibrium 

gradually. Or it can be read as that for 1000µm length, their output response tends to damp 

rapidly. 

 

Figure 5.11 Transient response for four MDCB structures operating at temperatures ranging from 200K-500K 

for 16nm technology node 

Of all structures again MDCB 1 interconnect shows a minimum delay to reach the final position 

than the rest three mixed bundles. The damping also tends to rise with the temperature rise. It 

is also noticed that the response waveform for 500K shows a delayed response than 450K and 

so on due to the obvious fact that the increased temperature delays the response due to increases 

scatterings and resistance. However, after studying the response graphs of four mixed 

structures at various nanotechnology nodes it is stated that within a span of nanoseconds, they 

are all reaching their final state successfully. 
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5.3.2 Maximum overshoot and rise-time.  

This part of the chapter primarily focuses on the values of maximum overshot voltage (Mp) and 

rise time (Tr) of mixed CNT interconnects [116,123]. Their exact definitions and mathematical 

equations to determine these parameters are mentioned below.  

• Peak overshoot or maximum overshoot voltage (%𝑀𝑝)  

It is said to exist in response waveform when the value of the output signal shoots or exceeds 

the final/steady value. So, it is calculated by taking the difference between the first peak value 

of the output and the final stage value of the response. And the time of occurrence of this first 

peak when overshoot occurs is called peak time. With 𝜉 as the damping coefficient, 𝜔n as the 

natural frequency of the signal, and n as the number of cycles respectively [116], the expression 

to calculate maximum overshoot voltage is given by equation (5.6). 

%𝑀𝑝 = 𝑒

−(2𝑛−1)𝜋𝜉

√1−𝜉2
. 100%                                                (5.6) 

• Rise Time (Tr) 

It is the time consumed by the output waveform to reach from 10% value to 90% of the final 

output value and is expressed by equation (5.7). 

𝑇𝑟 =
𝜋−𝑐𝑜𝑠−1𝜉

𝜔𝑛√1−𝜉2
                                                              (5.7)  

𝜉 denotes the damping factor of the signal. The values of the damping factor are determined 

from equation (5.8) given below.  

𝜉 =
𝑟𝑡

2
√

𝑐𝑡

𝑙𝑡
.

𝑟𝑇+𝑐𝑇+𝑟𝑇𝑐𝑇+0.5

(1+𝑐𝑇)
                                                  (5.8) 

With l as the length of interconnect, rt=resc.l, ct=cesc.l and lt=lesc.l. Also, 𝑐𝑇 =
𝐶𝐿

𝑐𝑡
  and 𝑟𝑇 =

𝑅𝑑𝑟

𝑟𝑡
.   

The natural frequency is expressed by equation (5.9) below. 

𝜔𝑛 =
1

√𝑙𝑡(𝑐𝑡+𝐶𝐿)
                                                      (5.9) 

The values of driver resistance (Rdr) are taken as 12.13 KΩ (at 32nm), 16.67 KΩ (at 22nm), 

and 18.33KΩ (at 16nm) for nano-regime nodes. Similarly, the values of driver capacitance 

(Cdr) are taken as 0.081fF, 0.049fF, and 0.030fF for different nodes respectively. Equations 

(5.6-5.9) help to determine the maximum overshoot and rise time for MDCB structures at 

variable temperature points.   

Table 5.5 lists the value of peak overshoot and delay time of mixed CNT bundles at various 

technology nodes.   
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Table 5.5 Maximum percentage overshoot and switching delay for MDCB structures at 32nm, 22nm, and 16nm 

technology nodes 

   32nm tech.  22nm tech.  16nm tech. 

 
 𝜉 %Mp  Tr (ns) 𝜉  %Mp 

 Tr 

(ns) 
𝜉  %Mp 

 Tr 

(ns) 

  (200K) 0.44 0 0.10 0.64 0 0.20 1.19 0 0.80 

  (250K) 0.49 0 0.11 0.72 0 0.22 1.33 0 1.39 

  (300K) 0.59 0 0.12 0.90 0 0.31 1.66 0 1.62 

MDCB 1  (350K) 0.73 0 0.15 1.13 0 0.49 2.03 0 1.86 

  (400K) 0.78 0 0.17 1.21 0 0.65 2.19 0 2.08 

  (450K) 0.98 0 0.25 1.35 0 0.89 2.67 0 2.47 

  (500K) 1.11 0 0.37 1.68 0 0.97 3.11 0 2.84 

  (200K) 0.39 0 0.20 0.55 0 0.29 0.83 0 1.44 

  (250K) 0.44 0 0.21 0.62 0 0.33 0.94 0 1.69 

  (300K) 0.54 0 0.24 0.77 0 0.58 1.16 0 1.83 

MDCB 2  (350K) 0.63 0 0.28 0.90 0 0.73 1.35 0 2.35 

  (400K) 0.69 0 0.31 0.99 0 2.02 1.48 0 2.79 

  (450K) 0.83 0 0.43 1.17 0 2.56 1.78 0 3.12 

  (500K) 1.01 0 0.70 1.43 0 2.89 2.16 0 3.46 

  (200K) 0.40 0 0.13 0.57 0 0.22 0.93 0 0.94 

  (250K) 0.44 0 0.14 0.64 0 0.25 1.05 0 1.54 

  (300K) 0.55 0 0.17 0.79 0 0.36 1.31 0 1.76 

MDCB 3  (350K) 0.69 0 0.20 0.97 0 0.57 1.63 0 1.98 

  (400K) 0.74 0 0.23 1.05 0 0.83 1.75 0 2.39 

  (450K) 0.92 0 0.42 1.24 0 0.95 2.09 0 2.84 

  (500K) 1.04 0 0.61 1.48 0 1.48 2.46 0 3.09 

  (200K) 0.42 0 0.12 0.59 0 0.21 0.94 0 0.93 

  (250K) 0.47 0 0.13 0.66 0 0.23 1.05 0 1.47 

  (300K) 0.58 0 0.16 0.82 0 0.35 1.32 0 1.71 

MDCB 4  (350K) 0.72 0 0.19 1.03 0 0.56 1.64 0 1.95 

  (400K) 0.76 0 0.21 1.10 0 0.81 1.76 0 2.21 

  (450K) 0.95 0 0.40 1.24 0 0.92 2.02 0 2.66 

  (500K) 1.10 0 0.59 1.55 0 1.37 2.47 0 2.98 
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MDCB structures have no value of maximum overshoot voltage at all technologies. It can also 

be visualized from response waveforms shown in section 5.3.1.  The higher value of 𝜉 i.e., the 

damping factor will tend to dampen the response waveform to the final state rapidly. It is 

observed from the values noted in Table 5.5 that the first mixed CNT structure has the highest 

value of damping factor than the rest of the three mixed structures. Also, it has been seen that 

the system with the least value of switching delay (thus taking minimum time to reach final 

output) and zero value of overshoot will damp the waveform more quickly and thus, will be 

comparatively more stable.  As mentioned in the table it is also observed that the rise time of 

structures increases with the increase in temperature. MDCB 1 structure with no maximum 

percentage overshoot and minimum rise time yields the best results than the rest to obtain the 

final value. It is also relatively quicker than others, making such interconnect material highly 

recommendable for high-speed applications.   

 

5.3.3 Nyquist Plots  

These are plots in which the real parts are plotted on the horizontal (x) axis and the imaginary 

parts are plotted on the vertical (y) axis respectively [115,116]. Stability is found by calculating 

the number of encircles around the crucial point (-1,j0).  

 

Figure 5.12 Nyquist plot of four MDCB structures for 1000µm interconnect length at 32nm technology node  
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Figure 5.13 Nyquist plot of four MDCB structures for 1000µm interconnect length at 22nm technology node  

To examine relative stability, Nyquist plots are plotted for various multi and double-CNT 

bundle structures using equation (5.3) with temperatures ranging from 200-500K and at 

different technology nodes and are displayed in Figure 5.12-5.14.  

At advanced technology nodes and high temperatures, electrons in the material undergo many 

elastic and inelastic collisions, as a result, their mean free path is reduced. Due to their 

decreased MFP the resistance of interconnect increases which also increases circuit delay. As 

shown in plots for different technology nodes at global length and wide temperature range all 

MDCB structures tend to slip away from the final point (-1,j0). This makes all mixed structures 

stable.  
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Figure 5.14 Nyquist plot of four MDCB structures for 1000µm interconnect length at 16 nm technology node  

For a better understanding of mixed structures at different temperature points, the sections of 

the Nyquist plot are shown clearly through the zoom window provided along with each of 

them. The line for 200K lies outside and as the temperature increases the line lies in the inner 

side. So, as the temperature rises, the resistance upsurges which further enhances the stability 

of the interconnect structure. 

 

5.4 Chapter Summary and Contribution 

At nano-regime technology nodes, long interconnect wires lie close to each other. While 

operating at high frequencies, they influence the working of each other. Interconnect lines face 
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capacitive and inductive couplings. This unwanted crosstalk effect plays a critical role in 

estimating the performance of interconnects and it can’t be left out. Based on the kind of 

activity in interconnect lines, two types of crosstalk effects can exist. If coupled lines switch 

synchronously, then dynamic crosstalk exists, and it introduces an additional delay in the 

circuit. If one line remains passive and the other line shows some activity, then a functional 

crosstalk effect is encountered. In this scenario, an unwanted spike is observed in the output 

waveform which affects the reliability of interconnects. As the temperature increases, the 

crosstalk-induced waveform shows more delay. Crosstalk among interconnect lines disturbs 

the operation of the circuit either by increasing delay, changing functionality, or hitting the 

reliability of the circuit. This undesirable effect must be considered for the better design of 

interconnects.  

A stability analysis of multi and double-wall CNT bundle interconnects is presented. The 

transient output waveforms for mixed interconnects are plotted and studied and it is observed 

that all waveforms tend to damp quickly with the increase in temperature and reach their final 

value. Also, mathematical expressions for determining output waveform, maximum overshoot 

in percentage, and rise time are given. For all mixed CNTs, the value of overshoot remains 

zero, and rise time lies within permissible limits. To study stability, different Nyquist plots are 

also plotted for MDCB structures at three technologies.  
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6.  Comparative Analysis and Analytical Modeling 

of MDCB structures 

This chapter presents a comparative analysis of MDCB structures with mixed structures 

mentioned in the literature. The comparison concludes the performance of MDCB structures 

was better than the existing ones. Also, it focuses on analytical formulations and calculations 

to determine the T90% delay of mixed CNT interconnects. 

 

6.1 Comparison of proposed MDCB structures with literature  

Figure 6.1 shows a different variety of mixed bundle structures. As displayed in Figure 6.1, the 

above structures are developed by changing the locations of MWCNTs and DWCNTs, and the 

bottom four structures are formed with MWCNTs and SWCNTs (MSCB). The impedance 

parameters and performance of MSCB structures are presented in existing literature [98]. 

(i) MDCB I (ii) MDCB II (iii) MDCB III (iv) MDCB IV

(v) MSCB I (vi) MSCB II (vii) MSCB III (viii) MSCB IV

MWCNT DWCNT SWCNT

 

Figure 6.1 Various types of Mixed CNT structures (multi and double-wall CNT bundles (MDCB) and multi and 

single-wall CNT bundles (MSCB)) 
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Tanner simulations are performed to determine the delay of all eight mixed CNTs at 22nm 

technology nodes for 1000µm interconnect length. Table 6.1 depicts the values of delay of all 

eight structures. The graphical representation of these values is plotted in Figure 6.2.  

Table 6.1 Values of delay for mixed CNT structures 

Delay (ns) at 22nm Tech. 

MSCB I 1.312 MDCB I 1.1912 

MSCB II 2.263 MDCB II 1.2852 

MSCB III 1.994 MDCB III 1.2404 

MSCB IV 1.53 MDCB IV 1.2626 

 

Figure 6.2 Propagation delay for various mixed CNT bundle structures at 22nm technology node for 1000µm 

interconnect length  

It has been concluded in the literature for MSCBs, the structure with MWCNTs on the 

periphery and SWCNTs in the middle of the bundle performs the best by giving minimum 

delay than the other three structures. A similar trend has been observed for the MDCB 1 

structure (with large diameter MWCNTs on edges and conductive DWCNTs in the center of 

the bundle) and concluded in previous chapters. From Figure 6.2 on comparing all eight mixed 

CNT structures, further, it has been recognized that structures formed with MWCNTs and 

DWCNTs i.e., MDCB structures give lesser delay than MSCB structures.  

The delay of the MDCB 1 structure continues to be the minimum value and thus becomes the 

most efficient interconnect material in terms of delay for global interconnect length. The 

comparison between MSCB and MDCB structures has been further extended in the next figures 

to determine temperature-dependent delay, power, and PDP comparisons at different VLSI 

nodes. Figure 6.3 presents temperature-dependent delays of different MDCB and MSCB 

structures over a wide temperature range for three nanotechnology nodes. Similarly, figure 6.4 

marks the values of power dissipated for mixed CNT structures.  
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Figure 6.3 Temperature sensitive delay (ns) for various mixed CNT bundle structures (MDCBs and MSCBs) at 

 (a) 32nm (b) 22nm and (c) 16nm technology node  
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Figure 6.4 Temperature sensitive power for various mixed CNT bundle structures (MDCBs and MSCBs) at (a) 

32nm (b) 22nm and (c) 16nm technology node  

Figure 6.4 (a)-(c) demonstrates power dissipated for MDCB and MSCB structures for three 

nanotechnology nodes at global length. The structure formed by placing MWCNTs on the 

periphery gives the least capacitive effect. So, it (MDCB 1) offers minimum power dissipation 

than other structures.  
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Figure 6.5 Temperature sensitive PDP for various mixed CNT bundle structures (MDCBs and MSCBs) at (a) 

32nm (b) 22nm and (c) 16nm technology node  

It can be viewed from Figure 6.5 (a)-(c) that the PDP values of MSCB structures are more than 

that of MDCB structures. The lower the value of the figure of the merit parameter i.e., the PDP 

(power-delay product) parameter; the better the interconnect performance. So, it can be stated 

that MDCB structures tend to perform better than a variety of mixed CNTs (multi and single-

wall CNT bundles) existing in the literature.  
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6.2 Analytical delay modeling of mixed CNT bundle interconnects 

This section presents the performance of interconnects modeled as distributed transmission 

lines based on the time response analysis of CMOS repeater circuits. The time consumed by 

the output waveform moving from 10% of the steady value to 90% of the final value is termed 

as T90% [116] or vice-versa. The formulae to determine T90% is given by equation (6.1).  

𝑇90% =

2𝑇2ln [
0.2√4𝑇2−𝑇1

2

𝑇1+√4𝑇2−𝑇1
2

]

(√4𝑇2−𝑇1
2−𝑇1)

                                                  (6.1) 

The coefficients T1 and T2 used in equation (6.1) are expressed below in equations (6.2) and 

(6.3) respectively.  

           𝑇1 = [
𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
+ 𝑅𝑑𝑟𝐶𝑑𝑟 + 𝑐𝑒𝑠𝑐(𝑛𝑥)(𝑅1 + 𝑅𝑑𝑟)] + 𝐶𝐿(2𝑅1 + 𝑅𝑑𝑟 + 𝑟𝑒𝑠𝑐(𝑛𝑥))        

(6.2) 

                      𝑇2   =  [
𝑙𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
+

𝑟𝑒𝑠𝑐
2 𝑐𝑒𝑠𝑐

2 (𝑛𝑥)4

4!
+

𝑟𝑒𝑠𝑐𝑅𝑑𝑟𝑐𝑒𝑠𝑐𝐶𝑑𝑟(𝑛𝑥)2

2
+

𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐
2 (𝑛𝑥)3(𝑅1+𝑅𝑑𝑟)

3!
+

𝑅1𝑅𝑑𝑟𝐶𝑑𝑟𝑐𝑒𝑠𝑐(𝑛𝑥)] +  + 𝐶𝐿 [
𝑟𝑒𝑠𝑐𝑐𝑒𝑠𝑐(𝑛𝑥)2

2
(2𝑅1 + 𝑅𝑑𝑟) + 2𝑅1𝑅𝑑𝑟𝐶𝑑𝑟 +

𝑟𝑒𝑠𝑐
2 𝑐𝑒𝑠𝑐(𝑛𝑥)3

3!
+

𝑙𝑒𝑠𝑐(𝑛𝑥) +                                   𝑅1
2𝑐𝑒𝑠𝑐(𝑛𝑥) + 𝑟𝑒𝑠𝑐𝑅𝑑𝑟𝐶𝑑𝑟(𝑛𝑥) + 𝑅1𝑅𝑑𝑟𝑐𝑒𝑠𝑐(𝑛𝑥)]                                     

(6.3) 

The analytical delay obtained from the equations above is compared with the simulated delay 

of mixed bundle CNTs. Table 6.2 lists the analytical and simulated delay of all four MDCB 

interconnects at the 22nm technology node and is presented graphically in Figure 6.6. Figure 

6.7 presents the comparison of simulated and analytical delays of mixed structures separately. 

Table 6.2 Simulated and analytical delays for various MDCB structures at 22 nm node 

Temperature  

(K) 

MDCB 1 

Simulated 

Delay 

(ns) 

MDCB 1 

Analytical 

Delay 

(ns) 

MDCB 2 

Simulated 

Delay 

(ns) 

MDCB 2 

Analytical 

Delay 

(ns) 

MDCB 3 

Simulated 

Delay 

(ns) 

MDCB 3 

Analytical 

Delay 

(ns) 

MDCB 4 

Simulated 

Delay 

(ns) 

MDCB 4 

Analytical 

Delay 

(ns) 

200 0.58 0.49 1.14 1.06 0.96 0.80 1.06 1.02 

250 0.78 0.65 1.24 1.17 1.07 1.01 1.15 1.07 

300 0.96 0.91 1.33 1.29 1.19 1.13 1.23 1.09 

350 1.05 1.02 1.43 1.31 1.25 1.22 1.37 1.21 

400 1.20 1.14 1.57 1.42 1.38 1.30 1.45 1.32 

450 1.37 1.25 1.79 1.55 1.52 1.37 1.60 1.44 

500 1.43 1.37 2.21 1.89 1.70 1.42 1.85 1.67 
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Figure 6.6 Simulated and analytical delay comparison of four mixed CNTs for 1000µm interconnect length at 

22nm technology node  

   

   
Figure 6.7 Delay comparisons of four mixed CNTs (MDCB 1, MDCB 2, MDCB 3and MDCB 4) for 1000µm 

interconnect length at 22nm technology node  

0.0

0.5

1.0

1.5

2.0

2.5

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

At 22nm Tech.MDCB1 simulated MDCB1 analytical

MDCB2 simulated MDCB2 analytical

MDCB3 simulated MDCB3 analytical

MDCB4 simulated MDCB4 analytical

0.4

0.6

0.8

1

1.2

1.4

1.6

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

MDCB1 simulated

MDCB1 analytical

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

MDCB2 simulated

MDCB2 analytical

0.6

0.8

1

1.2

1.4

1.6

1.8

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

MDCB3 simulated

MDCB3 analytical
0.8

1

1.2

1.4

1.6

1.8

2

200 250 300 350 400 450 500

D
el

ay
 (

n
s)

Temperature (K)

MDCB4

simulated



113 
 

Both simulated and analytical delay tends to increase with the increase in temperature. For 

better comparison, the graphs of individual structures of four mixed CNTs are plotted 

separately to view the difference between simulated and analytical data. As seen in Figure 6.7 

simulated delay lines have more value and are lying above the analytical delay lines. However, 

the delay in analytical results lies near the simulated data for all MDCB structures.  

Similarly, Table 6.3 reflects simulated and analytical delays for MDCB interconnects at 16nm 

technology. Figure 6.8 demonstrates the mixed interconnect delay results for 16nm technology.  

Table 6.3 Simulated and analytical delays for various MDCB structures at 16 nm technology node 

Temperature  

(K) 

MDCB 1 

Simulated 

Delay 

(ns) 

MDCB 1 

Analytical 

Delay 

(ns) 

MDCB 2 

Simulated 

Delay 

(ns) 

MDCB 2 

Analytical 

Delay 

(ns) 

MDCB 3 

Simulated 

Delay 

(ns) 

MDCB 3 

Analytical 

Delay 

(ns) 

MDCB 4 

Simulated 

Delay 

(ns) 

MDCB 4 

Analytical 

Delay 

(ns) 

200 1.33 1.20 2.51 2.22 1.77 1.48 1.86 1.56 

250 1.47 1.36 2.76 2.55 1.80 1.70 2.07 1.68 

300 1.61 1.42 3.36 2.92 2.15 1.84 2.23 1.89 

350 1.81 1.56 3.91 3.27 2.58 1.95 2.38 1.97 

400 2.11 1.70 4.38 3.63 2.96 2.41 2.61 2.39 

450 2.23 1.87 5.28 4.13 3.47 2.97 3.09 2.73 

500 2.63 1.99 6.15 5.22 3.98 3.13 3.78 3.40 

 

 
Figure 6.8 Simulated and analytical delay comparison of four mixed for 1000µm interconnect length at 16nm 

technology node  
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Figure 6.9 Delay comparisons of four mixed CNTs for 1000µm interconnect length at 16nm technology 

Figure 6.9 focuses on and compares analytical and simulated readings of four MDCB structures 

separately at the 16nm technology node. The delay behaves in the same fashion. MDCB 2 

interconnect structure shows a maximum delay than the other three structures. MDCB 1 

structure developed with DWCNTs in the center and MWCNTs along the periphery of the 

bundle attains the lowest value of delay (both simulated and analytical) than all existing 

interconnect materials for 22nm and 16nm technology nodes.  

For the MDCB structure at the 22nm technology node, the error percentage between the 

simulated and analytical data is ~7-8%. However, the difference/gap between the results 

increases to ~13-14% at the 16nm technology node.  For all structures, both delays follow the 

same trend and lie in close relationship with each other thus validating the results.   
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6.3 Chapter Summary and Contribution 

From the simulated delay readings mentioned in the chapter, it has been noted that MDCB 

structures give improved performance based on delay and PDP than existing mixed CNT 

structures (multi and single-wall CNT bundles) considering the impact of temperature at nano-

regime nodes. This is due to the existence of DWCNTs instead of SWCNTs in considered 

structures which comprises two conducting shells, therefore helping in offering better 

conductivity than SWCNTs. So, the proposed structures have a great potential to replace them 

and can be used as interconnecting material for future nodes.   

The closed-form expression for the T90% delay is also mentioned. The analytical results are 

compared with the simulated data. The comparison is made for four mixed structures, and it is 

concluded that the error percentage between the two is bearable. Thus, both simulated and 

analytical readings help in validating each other. MDCB interconnects prove themselves stable 

and can be potentially employed as VLSI global interconnect material at nanotechnology 

nodes.  

 

Related Publication: 

1. Gurleen Dhillon and Karmjit Singh Sandha, “Delay Analysis of Mixed CNT Bundles 

as Global Interconnect for Nanotechnology Nodes,” Journal of Electrical Engineering, 

vol. 74, no.1, pp.57-63, 2023. (Impact Factor- 0.840) (SCI indexed) 
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7.  CONCLUSION AND FUTURE SCOPE 

As technology scales down, delays related to global interconnect overcome transistor delays 

and the performance of interconnect plays an imperative role in determining the electrical 

performance of the circuit. So, interconnect material must be picked wisely for integrated 

circuits. Aluminum and copper have been used as interconnecting materials. However, there 

are several problems that occurred with an increase in scaling. Problems like electromigration 

and surface scattering give rise to collisions and thereby their conductivity is decreased. So, 

there is a dire need to replace them.   

As a result, carbon nanotubes were introduced to provide an alternative to copper interconnect. 

Carbon nanotubes have revolutionized the domain of VLSI interconnects by showing their best 

performance based on electrical conductivity, mechanical strength, and thermal stability at 

future nanotechnology nodes. Formed with sp2 hybridization, these graphitic hollow tubes have 

gained the attention of VLSI engineers.  Single-wall CNTs have excellent conductivity but face 

chirality and manufacturing issues. Multi-wall CNTs are comparatively easy to fabricate and 

metallic in nature. These large-diameter nanotubes have also shown good simulation results as 

interconnect material. Literature reflects upon several papers indicating that these CNTs have 

shown good results concerning delay and PDP than copper as VLSI interconnect material at 

intermediate and global levels. Several types of mixed structures are developed. One is formed 

with SWCNTs and MWCNTs. The other is formed with different diameter MWCNTs.  

 

7.1 CONCLUSION 

The results and work in this thesis report develop and determine the performance of four mixed 

bundles formed with MWCNTs and DWCNTs (MDCB structures). DWCNTs are a special 

case of MWCNTs with only two shells. DWCNTs are metallic in nature and easier to fabricate 

than SWCNTs. It has been concluded that these mixed bundle CNTs also show good results 

concerning delay and PDP.  

Different circuit simulation comparisons are drawn among copper, SWCNT, MWCNT, 

DWCNT, and MDCB interconnects at different interconnect lengths, technologies, and 

temperature points. It has been perceived that these mixed bundle CNT structures show 

minimum delay and PDP and can replace all existing materials soon. Among the comparison 

between these four MDCB structures, the structure formed by putting MWCNTs along the 

outer periphery and DWCNTs in the middle of the bundle gives superior performance than all 
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and can even compete better than MWCNTs and DWCNTs, i.e., individual counterparts. This 

is attained by placing MWCNTs on the outer edges which helped in overcoming coupling 

effects and DWCNTs in the center helped in providing good conductivity.  

Various electron and phonon scattering phenomena are also studied in detail and the impact of 

temperature-affected mean free paths are also considered. The global interconnect lines 

undergo coupling effects when placed on integrated chips. The unwanted inductive and 

capacitive couplings are also studied. The impact of crosstalk on interconnects can’t be ignored. 

Different cases of functional (when one line is idle and the other is active) and dynamic (when 

activity is taking place in both neighboring lines) are also studied and the results are presented 

for 1000µm interconnect line. Crosstalk either increases delay or changes the functionality of 

the circuit. The stability of MDCB structures is also determined. The parameters like overshoot 

and rise time are examined. Also, the Nyquist and response plots of these structures are 

analyzed.  

The proposed MDCB structures are compared based on delay, power, and PDP with mixed 

CNT structures (multi-wall and single-wall CNT bundles) existing in the literature. MDCB 

structures show lesser value and perform better than existing mixed CNTs. The analytical 

expression for delay time (T90) is used and the mathematical values are compared with SPICE 

simulated readings. They validate each other. It has been reported that MDCB structures 

(formed with MWCNTs and DWCNTs) show outstanding performance based on delay, power-

delay product, and power-crosstalk induced delay product at 32nm, 22nm, and 16nm 

technologies for global lengths at a wide temperature range. With good stability response, these 

MDCB structures have proven themselves as an appropriate material for interconnect 

applications in circuits for future nodes.  

 

7.2 Future Work 

These mixed bundle CNT structures have the potential to replace traditional CNT materials like 

single-wall, multi-wall, and double-wall CNT bundles at global levels. The work presented in 

this report focuses on the temperature-dependent modeling of four mixed carbon nanotube 

bundle structures formed with MWCNTs and DWCNTs. These mixed bundle CNTs tend to 

capture the VLSI market at and beyond the 32nm technology node.  

Some of the related topics that need detailed study for overcoming big challenges and can be 

looked over in the future are listed below: 
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• The fabrication of CNT interconnects remains a big issue in the real world. Although few 

existing methods exist. Yet some new, feasible, and implementable techniques need to be 

proposed and problems related to existing ones must be taken care of.  

• With further advancement in the VLSI technology market the electrical performance of 

carbon nanotubes as an interconnect material based on delay and PDP can be analyzed for 

technology nodes like 10nm and 7nm.  

• The mathematical expressions and analytical study of crosstalk coupled mixed interconnects 

still need to be explored in depth.  

• For low-power circuit applications, sub-threshold voltage plays an important role, and such 

operations need to be addressed to determine the actual performance of circuits in that 

scenario. 
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