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ABSTRACT 

 

With advanced technology nodes, large number of functionalities is integrated in a Very 

Large Scale Integration (VLSI) chip. Thus, the density of long interconnects is increased 

exponentially that connect millions of active devices on a chip, is posing a serious bottleneck in 

terms of substantial capacitive and inductive couplings. Hence there appears a dire need to 

search a potential material for future generation of VLSI interconnects that will be capable of 

exhibiting minimized propagation delay, power dissipation and crosstalk effects. 

The present work explores the possibilities of alternative interconnect material for future 

VLSI interconnects. The most promising alternative for copper interconnects turns out to be 

Carbon Nanotube (CNT).A comparative analysis of the propagation delay, power dissipation, 

cross-talk induced noise voltage and its frequency spectrum in CMOS inverter driven global 

interconnects of SWCNT bundle and copper has been presented. The single interconnect as well 

as capacitively coupled interconnects are represented by the π-equivalent circuit of distributed 

RLC-model. The Driver-Interconnect-Load (DIL) model [15] of distributed RLC circuit is used 

for the mutually coupled interconnects. An Alpha power law model [129] is used for 

representing the transistor in the CMOS inverter (driver). 

Influence of separation between adjacent tubes of various lengths and tube diameters, on 

delay and power dissipation in Single Walled Carbon Nanotube (SWCNT) bundle interconnect 

has been analyzed at 32nm and 22nm technology nodes. The main aim of this investigation is to 

optimize separation distance(x) between adjacent SWCNT and tube diameter (d) for better 
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performance. The output waveform is analytically determined using CMOS inverter driven π-

equivalent RLC circuit of SWCNT bundle and copper interconnect. The results are compared 

with SPICE simulation results at same technology nodes. There appears good agreement 

between the analytical and simulation results obtained.  SPICE simulation result reveals that, in 

terms of delay, SWCNT bundle interconnect performs better than copper interconnect if the 

separation between the tubes is less than a certain critical value. It has also been noted that a 

SWCNT bundle composed of tubes of 1nm diameter is of lower delay than copper interconnect 

at various interconnect lengths and higher power dissipation due to dominance of larger 

capacitance of SWCNT bundle. 

Here an analytical model is developed to extract the transient response of victim output 

using CMOS inverter driven π-equivalent RLC circuit of capacitively coupled interconnects of 

SWCNT bundle. It is observed that at 32nm and 22nm technology nodes, for capacitively 

coupled interconnects, the piecewise analytical results replicate the SPICE waveforms very well.  

Crosstalk induced, noise voltage waveform and its frequency spectrum in capacitively 

coupled and mutually coupled SWCNT bundle interconnects, at the far end of victim line, at 

32nm and 22nm technology nodes respectively have been analyzed. The diameter dependent 

crosstalk induced noise voltage levels have also been evaluated for the same technology nodes. 

The waveform of victim output analytically determined and compared with SPICE simulation 

results. A similar analysis has been performed for copper interconnects and a comparison made 

between the results of these two analyses. The analytical and simulation results have shown 

good agreement, for both CNT and copper.  

Based on these results it is found that, compared to copper, crosstalk noise voltage levels 

in capacitive coupled SWCNT bundles, at the far end of victim line, are significantly low. In 
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mutually coupled copper interconnects, width of the noise waveform is wider compared to CNT 

at the far end of victim line.  These results have further revealed that, compared to copper 

interconnects, capacitively coupled interconnects of SWCNT bundle filter more noise frequency 

components at both 32nm and 22nm technology nodes. In addition, compared to copper, 

mutually coupled interconnects of SWCNT bundles suppress comparable noise components in 

the higher frequency range for the same technology nodes. Based on these comparative results, 

an improved model for extracting inter-bundle, real life, coupling capacitances between SWCNT 

bundles has been proposed in this present work. 

An investigation of the control of crosstalk induced noise voltage (functional crosstalk 

noise) in capacitively coupled interconnects of SWCNT bundle, at the far-end of victim line, for 

fixed pitch and varying interconnect dimensions, for the proposed inter coupling capacitance 

model and the conventional model, at 22nm technology node, have been carried out. Results 

reveal that, in comparison to the latter, the former provides better reduction in crosstalk induced 

noise voltage. A similar analysis is performed for copper interconnects. Result reveals that, 

compared to SWCNT bundle interconnects, copper interconnects has higher coupled noise 

voltage levels. 

Finally, an analysis of the effect of temperature, varying over a range from 300K to 

500K, on the crosstalk induced noise voltage waveform and its frequency spectrum both in 

capacitively coupled interconnects of SWCNT bundle using an improved inter bundle coupling 

capacitive model and in the copper interconnects at the far end of victim line, at 22 nm 

technology node is carried out. Result shows that, as temperature rises from 300K to 500K, 

compared to copper interconnects, the crosstalk induced voltage levels at the far end of victim 

line in SWCNT bundle interconnect are significantly low. With rise in temperature, the coupled 



v 

 

SWCNT bundle interconnects suppresses more frequency components of the noise voltage than 

the conventional metal (copper) interconnects.  

The result of present research emphasizes that the comparative study of crosstalk analysis 

in CNT and copper interconnects shall be particularly important for the deep submicron high 

density, high performance chips. 
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Chapter 1 

INTRODUCTION AND STATEMENT OF THE 

PROBLEMS

 

1. INTRODUCTION 

A VLSI interconnect is a thin film of conducting material that provides electrical 

connection between two or more nodes of the circuit/system formed in the silicon chip. Earlier 

the most commonly used material was aluminum.  The choice was based on its good 

conductivity and adherence on silicon dioxide. Another useful property of aluminum is that it 

forms good ohmic contact with silicon. As device density increased with technology scaling, 

interconnect current density also increased. A disadvantage with aluminum is that at high current 

densities considerable electromigration takes place, causing increase in resistance of the wire. 

Later it was realized that copper a material of higher conductivity is several times more resistant 

to electro migration than aluminum. In comparison with aluminum, copper can withstand about 

five times more current density with equal reliability for IC-applications. Due to the advantages 

that it offers copper became the preferred interconnect material, especially for submicron and 

deep submicron high density, high performance chips. 

  As the aggressive technology scaling continues, a new problem is started. With decrease 

in cross-section copper interconnect resistivity increases due to surface roughness and grain 

boundary scattering, causing increase in propagation delay, power dissipation and electro-

migration. To alleviate this problem, for interconnects of future generation chips alternative 
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solutions are under consideration. The most promising alternative for copper interconnects turns 

out to be Carbon Nanotube (CNT).  CNT considered here is graphene sheet, rolled up to form 

cylinder, depending on its chirality, can be either metallic or semiconductor. CNT is also 

classified into single-walled and multi-walled nanotube. Two parallel SWCNTs (Single walled 

nanotubes) on ground plane are shown in Fig.1. 

                            

Figure 1.1 Two parallel SWCNT, of diameter ‘d’, separation between tubes ‘x’, length ‘L’ 

distance from ground  ‘y. 

 

This work includes a comparative analysis of the propagation delay, power dissipation, 

crosstalk induced noise waveform and its frequency spectrum in CMOS inverter driven global 

interconnects of SWCNT bundle and copper. An analytical timing model is developed   to 

extract the transient response for the far end of victim line in capacitively coupled interconnects 

of SWCNT bundle. SPICE simulations have been used for verification of the validity of the 

analytical methods. 

Several researchers have reported the crosstalk effect in coupled interconnects of CNT by 

representing the driving CMOS gate by a simple linear resistor [1]-[13]. However, some 

researchers have considered the CMOS gate instead of linear resistor [14]-[16].It is observed that 
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the replacement of the driver equivalent linear resistor by CMOS gate can improve both delay 

and crosstalk analysis.  

A number of analyses have been reported in coupled CNT interconnects, assuming the 

value of coupling capacitance between bundles as equivalent to that of the coupling effect 

between metal interconnects (copper material based interconnects) of the same dimensions 

(e.g.[1]-[6],[59]). There is need for some more realistic estimation of coupling capacitance 

values. Hence, an improved model of inter bundle coupling capacitance [118], based on this idea, 

has been proposed in the present work. Here the effect of (a) tube diameter, (b) pitch and 

temperature variations on crosstalk induced noise voltages in capacitive coupled interconnects 

have also been investigated. 

1.2 STATEMENT OF THE PROBLEMS 

A detail literature survey carried out in the area of crosstalk analysis in coupled CNT 

interconnects for advanced technology nodes, clearly establishes that it is essential to study the 

crosstalk effect in CNT interconnects for future generation of VLSI design. To meet this end, the 

influence of the parasitics of metallic CNT as interconnect is to be considered. As this would 

require an analytical modeling and SPICE simulation, the problem is oriented to meet the 

following objectives: 

• Effect of tube parameters on Carbon Nanotube (CNT) performance. 

• Analysis of cross talk effect in Carbon Nanotube (CNT) interconnects. 

• Analysis of pitch effect variation on coupled CNT-lines. 

• Timing analysis with application of DIL (driver-interconnect-load) model to coupled 

CNT-lines.  

• Technology dependence of crosstalk in CNT-interconnect to be analyzed. 



4 

 

• Comparison of the results obtained from the above analyses with results for copper (Cu) 

interconnects. 

• Temperature dependent crosstalk analysis in CNT and copper interconnects. 

1.3 ORGANIZATION OF THE THESIS 

The main aim of the present research work provides a detailed investigation of the 

influence of tube parameters viz. tube separation(x), diameter (d) and length (L) on propagation 

delay and power dissipation, and comparative crosstalk analysis in coupled CNT and copper 

interconnects. The contributions and important developments are presented in this thesis in the 

following sequences. 

• The present chapter 1 introduces the subject of the thesis topic. The objectives of the 

problems are identified. 

• Chapter 2 reviews the past research works carried out on delay, power dissipation and 

crosstalk analysis in Carbon Nanotube (CNT) based VLSI interconnects and their control 

by tube parameters viz. tube separation (x), tube diameter (d) and length (L). Various 

aspects of crosstalk in coupled interconnects of CNT have been discussed. The role of 

interconnect parasitic on performances is examined. 

• Chapter 3 presents the effect of tube parameters viz. tube separation (x), diameter (d) and 

length (L) on delay and power dissipation in single walled carbon nanotube (SWCNT) 

bundle interconnect. Output waveforms have been analytically determined using CMOS 

inverter driven π-model [16] of interconnect, for both SWCNT bundle and copper. The 

results are compared with SPICE simulation results at 32nm and 22nm technology 

nodes.  There is good agreement between the analytical and simulation results obtained. 
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This chapter also presents a comparative study of interconnect performance in terms of 

delay and power dissipation between CNT and copper.  

• Chapter 4 presents an analytical model of victim output in capacitive coupled 

interconnects using CMOS inverter driven π-equivalent RLC circuit. This model takes 

into consideration, the dependence of MOSFET behavior on input waveform. Crosstalk 

induced transient responses of victim output are extracted, for both SWCNT bundle and 

copper. The results are verified by SPICE simulations at 32nm and 22nm technology 

nodes. A diameter dependent crosstalk analysis at the same technology nodes has been 

analyzed and results discussed. This chapter also investigates, (i) a detailed comparative 

analysis of  analytically extracted, capacitively and mutually coupled dependent transient 

responses and simulated transient responses, for both SWCNT bundle with an improved 

coupling capacitive model and copper interconnects and (ii) its frequency spectrum, at 

the far end of victim output.  

• Chapter 5 compares, the control of crosstalk induced noise voltage (functional crosstalk 

noise) in capacitively coupled interconnects of SWCNT bundle using an improved inter 

bundle coupling capacitive  model [118] and the conventional model with copper, at the 

far-end of victim line, for fixed pitch and varying interconnect dimensions under three 

different cases, at 22nm technology node. Furthermore, a comparative analysis of the 

effect of interconnect resistance, inductance and ground capacitance on coupled positive 

peaks at the far end of victim line in capacitively coupled interconnects of SWCNT 

bundle and copper has also been discussed. 

• Chapter 6 analyzes, the effect of temperature, varying over a range from 300K to 500K, 

on the crosstalk induced noise voltage waveform and its frequency spectrum both in 
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capacitively coupled interconnects of SWCNT bundle using an improved inter bundle 

coupling capacitive model and in copper interconnects, at the far end of victim line, at 22 

nm technology node. 

• Finally, chapter 7 summarizes the work and draws conclusions on the basis of the results 

presented in the preceding chapters. Some suggestions for future works are also given in 

the thesis. 
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Chapter 2 

CROSSTALK ANALYSIS – A REVIEW

 

2.1 INTRODUCTION 

Crosstalk effect between coupled interconnects becomes increasingly valuable in a VLSI 

chip as technology advances to Giga Scale Integration (GSI) level.  This is due to the fact that 

the interconnect density has grown and dimensions have shrunk, as the chip size increases in 

scaled Deep submicron (DSM) CMOS technologies. These wires do not scale in length with 

technology scaling and parasitic impedance parameters of these wires increase with the length of 

interconnects. The parasitic impedance parameters of interconnect and device depend on 

materials, geometry and technology. Hence, the long interconnects pose severe challenges viz. 

crosstalk , delay and power dissipation for high performance VLSI design.  

As the aggressive technology scaling continues a new problem is surfacing. With 

decrease in cross-section copper interconnect, resistivity increases due to surface roughness and 

grain boundary scattering, causing increase in propagation delay, power dissipation and 

electromigration [17],[18].  

On the other hand, as the integration density of interconnects increases, crosstalk effects 

will become a very challenging issue, directly affecting the reliability of circuit performance. 

Therefore, many researchers are now exploring new and high-performance interconnects in order 

to meet the critical requirements of future ICs. To alleviate this problem, for interconnects of 

future generation chips, alternative solutions are under consideration [17]-[30]. The most 

promising alternative for copper interconnects turns out to be Carbon Nanotube (CNT).  
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Crosstalk effect, propagation delay and power dissipation have become a core research 

problem in deep submicron technology. Therefore, a lot of work is being carried out to address 

these problems. The present chapter reviews in detail the various research aspects of the 

crosstalk analysis in mutually coupled interconnects of copper and SWCNT bundles in DSM 

technology nodes and other associated problems. 

2.2 PROBLEMS WITH EXISTING INTERCONNECT MATERIALS 

Along with a continuous reduction in the feature size of the interconnect, there has been a 

parallel increase in the die size. As technology scaling continues, the length of some of the chip 

interconnects keeps increasing. Interconnects are categorized as global, local and semi-global 

according to their length.  While a global interconnect is very long and connected to several 

nodes across the chip, as for example, clock lines, ground lines etc., the local ones, of shorter 

lengths, connect nearby nodes while the semi-global ones, of intermediate lengths, connect 

intermediate nodes of  blocks and their delay is mainly determined by their RC product.. 

  

   Figure 2.1 Lumped RLC-equivalent of interconnect. 

A lumped RLC circuit is equivalent to an interconnect (Fig. 2.1). Any increase in the 

length of the interconnect causes R, L and C to increase. This in turn results in an increase in the 

interconnect signal propagation delay. Thus, with the scaling of technology, compared to the 
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delay caused by the gate, signal delay caused by the interconnect became increasingly more 

significant and thereby affects the circuit’s reliability. As per ITRS predictions [31], for 

nanometer size gate lengths, the interconnect delay is mostly affected by resistive and capacitive 

parasitics. Since the early 1990s, in an effort to decrease the resistive  part of the RC delay, 

various alternatives to aluminum have been considered.  

Presently, amongst the various materials having well developed VLSI-interconnect 

technology, copper is the most preferred interconnect material. This is because of its far better 

electrical resistivity and electro migration than those of aluminum. Table 2.1 compares the 

resistivity and melting point of these two metals. With a melting point higher than that of 

aluminum, copper provides more thermal stability. The increase in resistivity of aluminum, will 

limit the performance of on chip interconnection in terms of delay. Therefore copper have been 

used as a suitable material in submicron technology nodes.  

Table 2.1 Resistivities of aluminum and copper 

Metal Bulk resistivity (µΩ.cm) Melting point(K) 

Al 2.67 933 

Cu 1.70 1,357 
 

With the advancement of VLSI technology, the number of chip interconnects is on the 

rise. To accommodate the increasing number of interconnects the cross-sectional dimensions are 

reduced rapidly resulting in dimensions of the order of Mean Free Path (MFP) of electrons in 

copper (~ 40 nm at room temperature). As the dimension approaches that of the electron MFP 

grain boundary, the surface scattering is enhanced [32]-[35] and consequently interconnect 

resistivity is increased.  

Another effect of dimension scaling is increase in current density. Thus, as technology 

scales, these effects on resistivity together with increase in interconnect resistance with length 



10 

 

enhances delay. Besides increase in delay, interconnect power dissipation increases because of 

the increased current density and increase in the frequency of operation. The increased heating, 

due to the rise in power dissipation, assists electro migration. These scaling dependent 

limitations of copper interconnect will become further severe for future generation VLSI chips. 

Hence it seems appropriate to look for an alternative material.  

Considering the various advantages mentioned below, CNT appears to be a good 

alternative [36],[37]. The CNT possesses a resistivity much smaller than copper. This is due to 

the fact that, compared to the MFP of copper, which is only a few tens of a nanometer, the MFP 

of CNT is several micrometers long [36],[37],[118]. Moreover, a CNT wire is capable of 

carrying current densities of the order of 10
14 

A/m
2
 or more, without carrying any damage at 

elevated temperature of 250
0
C [62], has a thermal conductivity as high as 5800W/mK  and high 

thermal and mechanical stability[38] ,[62] (Table2.2). 

Table 2.2 Electrical and thermal properties 

of SWCNT and copper  [36]-[38],[62],[118] 

Properties CNT Cu 

Mean free path(nm) at room 

temperature 

>1000 40 

Max current density (A/cm
2
) >1x10

10 
∼1x10

6
 

Thermal conductivity(W/mK) 5800 385 

 

2.3 CARBON NANOTUBE THEORY 

To explain the electrical characteristics of CNTs, it is worthwhile to first explain the 

electrical behavior of graphene and its two dimensional analogue. Graphene sheet is a single 

planar sheet of sp² bonded carbon atoms arranged in a honeycomb pattern, as shown in Fig.2.2. 

Due to strong sp
2
 bonding (like graphite), carbon nanotubes are much less susceptible to 



11 

 

electromigration (EM) problems that plague copper interconnects and can carry very high current 

densities [36]. 

A unit cell of graphene with its basis vectors is shown in Fig.2.3. This primitive unit cell 

contains two carbon atoms, each of which contributes one electron to the valence band. 

Therefore, there are two valence electrons per unit cell. So graphene has a filled valence band, 

thereby making it a semiconductor. However, because of symmetric effects, the valence and 

conduction bands meet at the edge of the Brillouin zone at the K point as shown in Fig.2.4, 

making graphene a zero band-gap semiconductor that behaves metallically [39].  

                           

     

Figure 2.2 Graphene sheet .                             Figure 2.3  Graphene Unit Cell. 

 

The CNTs considered here are graphene sheets, rolled up to form cylinders, each with a 

specific chirality, with diameters of the order of a few nanometers. CNTs are broadly classified 

in two categories, viz., Single walled carbon nanotubes (SWCNTs) and Multi-walled carbon 

nanotubes (MWCNTs). SWCNTs are those CNTs that are constituted by only one thin wall of 

graphene sheet. Those CNTs which consist of a multiple of concentric SWCNT like graphene 

tubes are termed MWCNTs. 

A SWCNT is constructed from a section of a graphene sheet, as shown in Fig.2.5. In the 

figure, the shaded section represents that portion of the graphene sheet that can be rolled up to 

make the nanotube. The vector C = na+mb, called the chiral vector, forms the nanotube’s 
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circumference. In this description, a and b are primitive vectors for the graphene sheet and n and 

m are integers [40]. When the nanotube is rolled up, the chiral vector will originate and terminate 

on the same carbon atom. Therefore, when the nanotube is formed, the cylinder will be 

completely seamless. The nanotube unit cell is enclosed in the box formed by the vectors C and 

T. Once the nanotube has been rolled up, it is essentially a 1-D crystal with a spacing T between 

unit cells. Theoretical calculations have demonstrated that electronic properties of CNTs are very 

sensitive to their geometric structure [42]-[44].  

Further, although graphene is a zero-gap semiconductor, theory predicts that CNTs can 

be either metallic or semiconducting, with different energy gaps, depending very sensitively on 

the indices (n,m). For (n,n) or (n,3j–n), where j is an integer, the nanotube will be metallic. For 

all other (n,m), the nanotube will exhibit semiconducting characteristics.  

                                                                                                          
 

Figure2.4 Graphene band structure [41].                     Figure 2.5 SWCNT from graphene sheet. 

 
 

2.3.1 Fabrication Challenges in CNT 

The process of growing on-chip CNT bundle for commercial purposes is very 

challenging [45]. Of the two types of CNTs viz. SWCNT and MWCNT, SWCNT has 

conductivity relatively much higher than that of MWCNT and hence is more preferable as 
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interconnect material. The difference in conductivity is because the MFP of SWCNT is much 

longer (about 1µm) compared to that of MWCNT (a few nm).  

The process of CNT growth generally involves some catalyst particles (Fe, Ni, Co or 

their compound with Mo) that assist the growth process and control the tube diameter. To fill via 

with CNT, the catalyst particles are placed on the metal-1 at the bottom of via. CNT is then 

grown by chemical vapor deposition (CVD), at 450-800
o
C, in presence of a carbon containing 

gas [46]. So far, it has been easier to grow MWCNT. 

Li et al. [37] proposed a bottom-up approach for growing MWCNT via on metal-1. The 

carbon fibers grow from the Ni catalysts deposited at predefined locations. By means of Plasma 

enhanced chemical vapor deposition (PE-CVD) and an applied bias voltage, the fibers are 

aligned perpendicular to the wafer surface. Finally SiO2 is deposited and the wafer is planarized. 

The planarization process exposes the CNT ends for contact with the metal-2 layer. However, 

this method yields high interconnect resistance, of the order of a few hundred kilo ohms, 

possibly due to imperfections in the structure of the MWCNTs thus grown, cannot achieve high 

density growth and appears more suitable for growing single MWCNT fillings. A different 

approach for growing MWCNT is etching via down to metal 1 layer and growing the CNTs in 

these vias [46],[47]. In [47], dry etching stops at a film of the catalyst (Ni or Co). Arrays of 

MWCNTs are formed by hot-filament CVD (HF-CVD). The resistance achieved by this method 

is about 30% of that achieved by Li et al. [37]’s method. Instead of HF-CVD, Kreupl et al.[46] 

adopted a pure CVD approach and took care to ensure that via etching stops exactly on the 

catalyst layer so that highly reliable MWCNTs are grown with density varying between 100 and 

10000/µm
2
. This method produced tubes of resistance of nearly 10Ω.  
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Earlier, arc discharge and laser ablation methods were used for growing SWCNT 

[48],[49]. These processes involved evaporation of carbon from its solid form at temperatures as 

high as 3000
0
C or more. Such a high temperature requirement is not desirable. Another 

limitation of these approaches is that the nanotubes formed were twisted around each other, 

making it difficult to purify and arrange the CNTs suitably for application purposes. More 

recently CVD with methane as carbon source and iron oxide nano particles as catalyst have been 

used to grow high quality SWCNT where the desired result is achieved in the temperature range 

850-1000
0
C. 

2.3.2 SWCNT as VLSI Interconnect  

Metallic SWCNTs, in their applicability as VLSI interconnects of the future 

[36],[37],[50], have aroused a lot of research interest. As has already been mentioned in Section 

2.2, this is because, compared to copper interconnects, SWCNTs exhibit several desirable 

properties at highly scaled VLSI technology nodes [38],[51]-[53]. To investigate their 

potentiality as interconnect material, an equivalent circuit for CNT interconnects needs to be 

developed. For this, a one- dimensional fluid model for electron transport has generally been 

used [54], [55] ,[119]. 

However, the high resistance (greater than 6.45 KΩ) associated with an isolated SWCNT 

[56] necessitates the use of a bundle (rope) of CNTs conducting current in parallel to form an 

interconnection [36],[37]. Further, due to its lack of control on chirality, any bundle of SWCNTs 

consists of both metallic as well as semi-conducting nanotubes, in which the latter do not 

contribute to current conduction in the interconnect. 
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2.4 INTERCONNECT PERFORMANCE   

The exponential growth of interconnect density, which connects millions of active 

devices on a chip, are posing a serious bottleneck in VLSI design. Thus there is a need to 

minimize delay, power dissipation and crosstalk if a high performance VLSI circuit is to be 

achieved. An overview of interconnect performance in terms of delay, power dissipation, 

crosstalk between CNT and conventional material (copper) based interconnects have been given 

in subsequent sub-sections. 

2.4.1 Interconnect Performance in terms of Delay and Power Dissipation 

Raychowdhury et al. [57], presented an efficient circuit compatible RLC model for 

metallic single walled carbon nanotubes (SWCNTs) and analyzed the impact of SWCNTs on the 

performance of ultra scaled digital VLSI design. It has been shown that CNT interconnects suffer 

from lack of vertical scalability but provide reliable interconnect solution for the future 

technology. 

More importantly, interconnects dissipate more than 70% of the total power in a digital 

chip, a large portion of which corresponds to short local interconnects [58]. Lowering the 

capacitance of local interconnects, therefore, has a major impact on power-limited Giga Scale 

Integration (GSI) chips. For short lengths, performance of copper interconnects and nanotube 

interconnects with different configurations have been compared and presented [20]. It has been 

observed that mono- or bi-layer SWCNT interconnects above thick dielectric layers are 

promising candidates for short local interconnects because of their significantly smaller lateral 

capacitances compared to conventional copper wires even though they have larger resistances 

and time-of-flights. Mono-layer nanotube interconnects can have 50% smaller capacitance 

compared to copper wires, and can hence save significantly in terms of power as local 
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interconnects are the major source of power dissipation[20],[59]. Also, dynamic delay variation 

due to different switching patterns decreases significantly as the maximum variation in 

interconnect capacitance is 73% in contrast to 216% for copper interconnects. 

Many researches[60]-[63]  have  been carried out to investigate the prospects of  carbon 

nanotube performance in terms of power dissipation and  reliability for future VLSI applications. 

Srivastava  and Banerjee [60] addressed the critical issue of scaling limits of local interconnects, 

contact plugs and local vias made of metal. In this work, they analyzed the impact of small 

dimensions (and high resistance) of metallic local interconnects, contacts and vias on circuit 

performance and reliability. It has been shown that the current carrying capacity of copper 

vias/contacts fails to meet ITRS current density requirements beyond the 45 nm technology 

node.  

A comprehensive evaluation of carbon nanotube bundle interconnects from all aspects 

critical to VLSI circuits - performance, power dissipation and thermal management and 

reliability perspectives have been presented in [61]. As shown in this work, CNT bundle vias can 

greatly reduce interconnect temperature rise and thus, when integrated with copper (Cu) 

interconnects, tremendously improve Cu interconnect performance (about 30%) and lifetime (by 

at least two orders of magnitude) due to lower temperatures. It has also been found that CNT 

bundles can significantly improve the performance of long global interconnects by as much as 

80% with minimal additional power dissipation (for maximum metallic CNT density). 

Banerjee and Srivastava [62] examined the applicability of CNTs in future VLSI 

interconnect applications. They compared the performance of CNT interconnect to scaled copper 

interconnects, in terms of power dissipation and thermal reliability aspects at different 

technology nodes viz. 22nm, 32,nm and 45nm. Also highlighted is the concept of hybrid CNT/Cu 
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interconnects employing CNT vias in tandem with copper interconnects. While the outstanding 

intrinsic properties of metallic single-walled CNTs in conjunction with encouraging 

performance, power and thermal/reliability analysis results of CNT bundles provide strong 

impetus for further investments in CNT interconnect research. Several challenges remain to be 

overcome in the areas of fabrication and process integration.  

In the work [63], an exhaustive comparison in terms of representative performance, 

energy and density metrics has been carried out among the different options for global 

interconnects viz. carbon-nanotube (CNT) interconnects, wafer-level package (WLP) 

interconnects, 3D interconnects, RF microwave interconnects and optical interconnects. 

Outcome reveals that 3D interconnects offer an attractive option to reduce the energy dissipation 

and propagation delay of long on-chip wires (51% and 54% reduction in latency and energy 

dissipation respectively at 45nm node).  

This analysis also shows that optical interconnects offer reduced latency compared to 

scaled Cu/Low-k technologies but they do not offer significant improvement compared to other 

technologies like WLP interconnects. It also follows from the analysis that CNT interconnects 

compare favorably to scaled Cu/Low-k interconnects in terms of latency with a 42% reduction in 

delay. Bamal et al.[64] analyzed and compared the performance of Interconnect Technology and 

Architecture Options for Deep Submicron Technology Nodes. 

 

Koo et al. [65] and Cho et al. [66], analyzed and compared the performance of  both CNT 

and optical  options  with copper(Cu)/low-κ wires of all three categories viz. local, intermediate 

and global, for future high-performance integrated circuits. They presented these comparisons in 

terms of both commonly used metrics, such as latency, energy per bit (power dissipation) and  

bandwidth density.  
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Koo et al. [65] reported that for a local wire, a CNT bundle exhibits a smaller latency 

than Cu for a given geometry. In addition, by leveraging the superior electromigration properties 

of CNT and optimizing its geometry, the latency advantage can be further amplified. For 

semiglobal and global wires with advance technology nodes, optical wires have the lowest 

latency and the highest possible bandwidth density using wavelength division multiplexing, 

whereas a CNT bundle has a lower latency than copper.  

The work in [66], reported that for long wires (∼10 mm) both carbon nanotubes and 

optical interconnects outperform future Cu wires with optical interconnects having lower energy 

per bit and latency. For short wires (∼1 mm), carbon-nanotube wires outperform both Cu and 

optical interconnects. The power density comparison is highly switching activity (SA) 

dependent. Because of a fundamental difference in the nature of power dissipation (static for 

optics versus dynamic for CNT/Cu) and “where” this power is dissipated (end devices for optics 

versus medium itself for Cu/CNT), optical interconnects are more power efficient for higher SA 

circuits and longer lengths. However, for lower SA at low bandwidth per linear cross section 

length (φBW), CNT and Cu exhibit lower power density. These observation show that CNT and 

optical interconnects are the promising option in advanced technology nodes. 

In [67] Li et al., discussed various carbon nanomaterials, along with their prospects for 

next-generation interconnects and passive devices. They also provide a comparative analysis of 

these nanomaterials vis-à-vis optical and RF interconnects, and illustrate why carbon 

nanomaterials constitute the ideal interconnect technology choice for next-generation ICs. 

An equivalent transmission line model for CNT has been reported [68]-[71].The work in 

[68], proposed an equivalent transmission line model of CNT interconnect. The performance of 

CNT interconnects is examined based on modified model and compared with conventional 
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copper counterpart, at different interconnect levels. It was observed that the propagation delay of 

CNT interconnect is still larger than Cu interconnect at local interconnect level. However, at 

intermediate and global level, CNT interconnects have advantages of having even non-zero 

metal-nanotube contact resistances. These advantages are enlarged as the technology advanced. 

They also find that the pitches of bundle have significant impact on the performance of CNT 

interconnect. In order to achieve the best performance of CNT interconnect, the pitches of bundle 

should be reduced as much as possible. 

A new model was presented to describe the propagation of electric signals along carbon 

nanotube (CNT) bundles, in the framework of the classical transmission line theory [69]. A 

possible implementation of a future scaled microstrip based on CNT bundle is analyzed and 

compared to a conventional microstrip. In this work, the equivalent transmission line (TL) is 

derived from a fluid-model description of the nanotube, so that all the parameters are associated 

in a clear and meaningful way to the physics of the considered system. Taking into account the 

predicted behavior of copper at nanometric scale, a performance comparison between SWCNT 

and Cu interconnects has been performed, in terms of study of latency.  

The obtained results suggest that SWCNT interconnects at intermediate level show better 

or equivalent performances with respect to copper. The performances at local level may be 

equivalent to copper only if the fabrication process ends with a high percentage of metallic 

SWCNTs in the bundle and good quality terminal contacts are realized. In any case, the 

reduction in power dissipation and the increase of current density allowed may suggest using 

SWCNTs bundles even for the local level case.  

First time, a new method for stability analysis of carbon nanotube (CNT) interconnects 

based on transmission line (TL) modeling and using the Nyquist stability criterion has been 
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addressed [70]. The obtained results show that with increasing the length of the CNT bundle and 

the diameter of each individual CNT interconnect, the relative stability increases and the system 

becomes more stable. A new sixth-order linear parametric expression for the transfer function of 

transmission line (TL) based interconnects  has been presented to analyze the time-domain 

response of carbon nanotube (CNT) interconnects [71].This transmission line based model takes 

the effects of both contact and fundamental (quantum) resistances on the step response, 

especially the propagation delay has been studied. The obtained results show that for the length 

of a CNT bundle equal to 50 mm with the diameter equals to 1 nm of each individual CNT, the 

propagation delay changes from 0.138 to 5.58 ns for the contact resistance values ranging from 1 

to 50 kΩ, i.e. a variation range of 39.43 times the minimum value. The related delay variations 

for the length values 200 mm, 500 mm and 1000 mm, are 31.37, 22.61 and 15.42 times the 

minimum value, respectively. 

The propagation of electric signals has been modeled using the fluid model along 

SWCNT interconnects, both in the case of isolated and bundled CNTs [72]. Some preliminary 

results have been presented in [73]. Here, the fluid model is enhanced to account correctly for the 

influence of the CNT radius on its electrical behavior. The work in [74], presented the modeling 

of diameter dependent nanotube bundle resistance for on-chip interconnect applications. The 

obtained results indicate that neglecting the diameter-dependent nature of ohmic and contact 

resistances can produce errors as high as 120%. Using the resistance model, it is shown that 

SWCNT bundles can provide up to one order of magnitude reduction in resistance when 

compared with traditional copper interconnects depending on bundle geometry and individual 

nanotube diameter. Furthermore, for local interconnect applications, an optimum nanotube 

diameter exists to minimize the resistance of the carbon nanotube 
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Nieuwoudt et al.[75] evaluated the performance and reliability of nanotube bundles for 

future VLSI applications. The results indicate that SWCNT interconnect bundles can provide 

significant improvement in delay over that in traditional copper interconnect. It is also 

demonstrated that the magnetic inductance will have a significantly larger impact on SWCNT 

bundle performance than kinetic inductance for predicted SWCNT bundle geometries. 

 

Several researchers [76]-[79], compared the performance of Multi walled carbon 

nanotube(MWCNT) with SWCNT and copper interconnects at deep submicron technology 

nodes. Naeemi et al.[76] demonstrated  that a hybrid system of copper/SWNT/MWNT offers the 

highest performance enhancement for interconnects. The results of this paper indicate that 

copper wires, SWCNTs, and MWCNTs have distinct advantages and disadvantages, and a 

hybrid system made out of Cu/SWNT/MWNT interconnects would be the optimal multilevel 

interconnect network. At the global levels, it was observed that SWCNT-bundles can outperform 

copper wires in terms of resistance and delay only if they are densely packed, the fraction of 

metallic nanotubes is larger than 40%.Outcomes of this work also indicate that large diameter 

MWNTs are promising for global signal interconnects since they can offer substantial reduction 

in resistance. 

Li et al. [77] presented a compact equivalent circuit model of MWCNT based 

interconnect and the performance of such interconnects is evaluated and compared against 

traditional Cu interconnects, as well as Single-Walled CNT (SWCNT)-based interconnects, at 

different interconnect levels (local, intermediate, and global) for future technology nodes. This 

work presented, a detailed investigation of MWCNT-based interconnect performance. It has 

been seen that at the intermediate and global levels, MWCNT interconnects can achieve smaller 

signal delay than that of Cu interconnects, and the improvements become more significant with 
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technology scaling and increasing wire lengths. At 1000-µm global or 500-µm intermediate level 

interconnects, the delay of MWCNT interconnects can reach as low as 15% of Cu interconnect 

delay. It was also shown that in order for SWCNT bundles to outperform MWCNT 

interconnects, dense and high metallic-fraction SWCNT bundles are necessary. On the other 

hand, since MWCNTs are easier to fabricate with less concern about the chirality and density 

control, they can be attractive for immediate use as horizontal wires in VLSI, including local, 

intermediate, and global level interconnects. 

The current status of research on CNT and GNR interconnects, both from fabrication and 

modeling perspectives has been reviewed in [78]. From modeling perspective, SWCNT, 

DWCNT, and MWCNT interconnects can provide better delay performance than that of Cu, 

particularly for long global wires. However, on the fabrication front, most of the reported 

progress has been focused on MWCNT-based vertical interconnects (vias). Electrothermal 

analysis of CNT vias has shown that although CNT vias are both electrically and thermally 

ballistic, smaller diameter densely packed SWCNTs with good contacts are needed to have better 

thermal and reliability performance compared to that of the Cu vias. Moreover, taller CNT vias 

will have better advantages than shorter CNT vias as compared to their metal (Cu or W) 

counterparts. However, a thermal conductivity model for long-length CNT is still lacking.  

Outcomes show that single-walled, double-walled and multiwalled CNTs can provide better 

performance than that of Cu. However, in order to make GNR interconnects comparable with Cu 

or CNT interconnects, both intercalation doping and high edge-specularity must be achieved. 

Thermal analysis of CNTs shows significant advantages in tall vias, indicating their promising 

application as through silicon vias in 3-D ICs. However, it has been shown that in order for GNR 

interconnects to be comparable with CNT and Cu interconnects, intercalation-doped multilayer 
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GNRs with high edge-specularity are needed. High-frequency analysis of CNT interconnects 

reveals that due to the presence of large kinetic inductance, the skin effect is reduced in a CNT 

bundle.  

This unique characteristic of CNT bundle is very important and promising for future high 

frequency circuit applications. CNT-based on-chip inductors could offer more than three times 

quality factor enhancement over Cu-based inductors without using any magnetic material or 

design optimization. Close et al. [79], experimentally investigated the local interconnect wires 

made of single MWCNTs with 30-nm diameter, geometrically suitable for the 22-nm node and 

beyond. Sub second delay of theses wires has been experimentally extracted and compared with 

an existing MWCNT interconnect model, as well as with the expected performances of scaled 

copper wires. 

A review work has been carried out in [80] to explore optical fiber and carbon nanotube 

(CNT) as prospective alternatives to copper in VLSI interconnections. Although, the theoretical 

aspects proves CNTs and optical interconnects to be better alternative against copper on the 

ground of performance parameters such as power dissipation, switching delay and crosstalk. But 

copper would last for coming decades on integration basis. 

An existing work in the literature proposed using an “equivalent dc conductivity” to 

calculate the inductance of CNT bundles [81]. In this method, a realistic CNT bundle consisting 

of discrete conductors is replaced by a single solid conductor of identical dimension with an 

equivalent dc conductivity. Subsequently, the inductance of the CNT bundle is extracted by 

employing a widely used field solver, Fast Henry [82], on that single “equivalent dc 

conductivity” solid conductor. However, such an approach has several fundamental issues that 

need to be justified.  
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First, the treatment of discrete conductors as a single solid conductor is not valid for all 

cases. While the behavior of a very large number of discrete solid conductors may approach that 

of a single solid conductor, a significant difference could be induced by this treatment for small 

number of discrete conductors, as has been shown in [83]. Second, the realistic CNTs hollow 

cylindrical structure cannot be captured by the approach in [81]. Most importantly, the 

“equivalent dc conductivity” method in [81] does not take into account the large kinetic 

inductance of CNTs when calculating the magnetic inductance. Without considering kinetic 

inductance, the impedance of CNT bundles cannot be correctly extracted in the high-frequency 

regime. This indicates that the inductance extraction method outlined in [81] is flawed.  

Since understanding the high-frequency effects in CNT interconnects is critical to further 

explore their applicability in high-frequency circuit design, a correct frequency-dependent 

impedance extraction method for CNT interconnects is highly desirable. From an application 

perspective, CNT-based inductors have been proposed in several works [84], [85], although 

these structures cannot be easily fabricated as part of the VLSI back-end process. In [86], an 

SWCNT-based on-chip inductor has been analyzed based on a modified inductance extraction 

procedure presented in [81]. However, since the employed inductance extraction method is 

flawed as discussed earlier, the inductor analysis in [86] would lead to dubious quantitative 

results and conclusions. 

Banerjee et al. [87], not only developed a frequency-dependent impedance extraction 

method but also present a rigorous investigation of high-frequency effects in CNT bundle 

structures. The analysis in this paper has illustrated for the first time that  because of the presence 

of large kinetic inductance (due to large momentum relaxation time) in each CNT, the skin effect 

in CNT bundles is significantly reduced compared to that in conventional conductors. 
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Particularly, MWCNTs could offer significant advantages in high-frequency applications, since 

they exhibit much reduced skin effect in comparison to SWCNTs and are also known to offer 

comparable circuit performance with that of SWCNTs due to low dc resistivity. This preferable 

high-frequency property of CNTs is then explored in the design and analysis of high-

performance on-chip inductors. This analysis quells existing misunderstandings and provides 

insights that could potentially open up new vistas in RF/mixed-signal and off-chip applications 

for CNT interconnects. 

The works in [88]-[90] analyzed process variations in CNT based interconnect. Despite 

the fact that high performance integrated circuits have a great variance in temperature (300–450 

K), only a few prior studies have investigated the effect of temperature variations on the 

electrical transport of CNTs [91]-[95]. These temperature variations have a significant effect on 

the delay of the signal propagating along CNT-based interconnects, and hence, will affect the 

performance of the CNT-based integrated circuits. 

Hosseini and shabro [95], presented an accurate thermally-aware model for single-walled 

carbon-nanotube (SWCNT) based interconnects. They verified the accuracy of electro-thermal 

model against recently reported experimental measurements. It has been observed that the 

thermally aware model of SWCNT-based interconnects offer more than 5 times reduction in 

delay at dimensions of about 10–20 nm for 27– 127 
0
C temperature range. 

The voltage dependency was modeled to examine the electrical equivalent circuit of CNT 

based interconnects [74],[96],[97]. The work in [98] analyzed the electrical properties of 

SWCNT bundle with respect to three important circuit operating conditions: process, 

temperature, and voltage (PTV) for 32 nm technology node. The equivalent circuit model for 

CNT based interconnect has been developed. It is found that CNT based interconnect performs 
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better for long interconnects as compared to Cu wire. The performance varies by more than 50% 

with process variation where as with voltage and temperature the delay variations are ~3% and 

~13−23% from the nominal voltage and room temperature, respectively. 

The transmission line (TL) based propagation equations of a large-diameter MWCNT has 

been formulated in the frequency domain [99]. Recently, the circuit model of an MWCNT has 

been presented on the basis of qualitative considerations and used to compare the performance of 

MWCNT and scaled copper interconnects [77]. Sarto et al. [100] presented the rigorous 

analytical derivation of the multi conductor TL model of an MWCNT, in any configuration, 

including the effects of all mutual inductances and capacitances among the shells. It has also 

been proposed a new equivalent single conductor (ESC) model of an MWCNT excited in 

common mode configuration, which is very accurate up to several tens of gigahertz and at any 

distance from the ground plane. 

Sathyakam et al.[101]  presented for the first time an accurate modelling hierarchy for 

mixed CNT bundle interconnects. In this work, SWCNTs and MWCNTs have been modelled as 

equivalent single conductor transmission lines and then combined to form a mixed CNT bundle 

interconnect, which is basically a multiple equivalent single conductor model. The delays from 

transient analysis for both models for a unit bundle have been compared with the corresponding 

ones for SWCNT bundles and MWCNTs that exist in the literature. It is found that mixed CNT 

bundle interconnects are superior to both SWCNT bundle and MWCNT interconnects in terms 

of delay. 

Alam et al.[102], investigated the prospects of mixed bundle of Carbon Nanotubes (CNT) 

as low-power high-speed interconnects for future VLSI applications. The power dissipation and 

delay of CNT bundle interconnects are examined and compared with that of the Cu interconnects 
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at the 32-nm technology node. The power dissipation analysis of interconnects has been 

performed for the first time and it is observed that for intermediate and global interconnects, 

mixed bundle of CNTs consumes smaller power than its copper counterpart. This paper also 

analyzed the effect of CMOS and CNFET driver where it is clear from the results that CNFET 

driver drives interconnects more efficiently. It is concluded that mixed bundle of CNTs can 

replace copper interconnects in future low-power high-speed VLSI systems.  

In the recent, a hierarchical modeling approach has been proposed for mixed carbon 

nanotube (CNT) bundle (MCB) interconnects [103]. Based on the arrangements of single-walled 

CNTs (SWCNT) and multi-walled CNTs (MWCNTs), three different MCB structures were 

proposed. It was observed that the delay and power dissipation are significantly improved for the 

proposed MCB structures as compared to bundled SWCNT and bundled MWCNT at different 

global interconnect lengths.  

2.4.2 Crosstalk between coupled interconnects 

With the continuous increase in signal switching speed and higher density of 

interconnects, these parallel running long interconnects interfere with each other and have 

substantial capacitive and inductive couplings.  Such coupling between adjacent interconnects 

signal propagating down one (aggressor) affects signal propagating down the other (victim). This 

is commonly referred to as crosstalk. Capacitive-coupling noise has positive polarity while 

inductive coupling noise has negative polarity. Crosstalk affects the signal integrity and degrades 

the performance of the circuit. A mutually coupled interconnects is shown  

in Fig.2.6.These coupling effects are dependent on the length of interconnects, distance between 

them, input transition time and waveform.  
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Figure 2.6 Mutually coupled interconnects. Rd and CL are the driver resistance and load 

capacitance. 

 

2.4.3 Control of Physical Parameters on Crosstalk Noise Voltage 

One way to manage coupling noise is by controlling line parasitic viz. Resistance (R), 

inductance (L) and capacitance (C), which in turn can be controlled by wire sizing and spacing as 

well as shield line insertion. 

2.4.4 Effect of Line Width on Resistance (R), Ground Capacitance (Cg) and  

         Self Inductance (LS)  

For physical design tool, line width is an important parameter during wire optimization 

because it has a significant effect on both line resistance and ground capacitance. Line resistance 

increases with decrease in line width in coupled structure of interconnects (see Fig.2.1), the 

crosstalk noise voltage peak reduces. This is due to the fact that, with resistance, the voltage 

steps traveling along the line undergo attenuation and dispersion. Hence, the voltage steps 

arriving at the far end of the line are smaller and have larger rise times.  
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Ground capacitance increases with decrease in line width, which causes capacitive 

coupled crosstalk noise voltage peak to reduce. This is due to the fact that the difference between 

even and odd mode times of flight reduces. Even mode and odd mode time of flight are given in 

eqns. (2.1) and (2.2).  

�������� � 	
��
�           (2.1), 

������� � 	
���
� � �
�            (2.2), 

where �	 is the length, �� is the self inductance, 
� is the ground capacitance of interconnect and 

CC is the coupling capacitance between coupled interconnects. 

For inductive coupling, the difference between even-mode time of flight and odd mode 

time of flight increases with rise in ground capacitance. Hence, contrary to capacitive coupling, 

inductive-coupling noise voltage peak increases with line width. So increasing line width is 

traditionally considered as a useful noise avoidance technique. 

Unlike capacitance, inductance is only a weak function of line geometry and is primarily 

controlled by location of current return paths. Self inductance can be controlled by varying shield 

insertion and power-grid design during physical-design optimization. As self inductance 

increases, crosstalk noise voltage peak due to capacitive coupling increases significantly. This is 

due to the fact that the difference between even and odd mode time of flight increases. However, 

in inductive coupling, noise peak increases slightly due to reduction in difference between even 

and odd mode time of flight. 

2.4.5 Effect of Spacing on Crosstalk Induced Noise Voltage 

Spacing between two coupled interconnects is an important factor that influence the 

crosstalk noise voltage. As spacing increases, crosstalk noise voltage, due to both capacitive and 

inductive coupling reduces. This reduction in inductive noise voltage is not as significant as that 
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in the capacitive nose. This is due to the fact that with spacing, the coupling capacitance reduces 

more rapidly as compared to mutual inductance. 

There are several effects of crosstalk. For example, false switching occurs when the 

magnitude of overshoot or undershoot is beyond the threshold voltage of a gate. The peak 

overshoot and undershoot generated at a noise-site can wear out a thin gate oxide layer resulting 

in permanent failure of the chip. In modern interconnect design, to reduce crosstalk the 

interconnects in adjacent metal layers are laid orthogonal to each other. But with growing 

interconnect density and reduced chip size, even the non-adjacent interconnects exhibit 

considerable coupling effects. This problem will be more and more significant as the feature size 

of transistor reduces with advancement of technology.  

Therefore, it is important to investigate the effects of coupling in advanced technology 

nodes. In this section an overview on crosstalk analysis in coupled carbon nanotube(CNT) based 

interconnects has been  reviewed. Crosstalk in copper and aluminum interconnects are 

extensively studied [104]-[112],[115]. However, very little work has been done in the area of 

crosstalk in CNT interconnect. 

Previously, many researchers [104]–[112], have modeled crosstalk noise in copper based 

distributed capacitively and inductively coupled RLC-interconnect line by representing the 

driving CMOS gate by a simple resistor. Agarwal et al. [104], analytically showed that a signal 

traveling in a coupled line system is equivalent to the superposition of two distinct modes of 

propagation. These modes have different propagation constants and characteristic impedances 

for the interconnect lines. For one of the modes (even mode) both lines switch in the same 

direction, while for the other (odd mode) the lines switch in opposite directions. Like other 

authors, Agarwal et al. [104], assumed the driver impedance to be a linear resistance. 
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In estimating the crosstalk effect when an equivalent linear resistor is used to model the 

non-linear CMOS transistors, it leads to discrepancy in results. This can be understood by noting 

that a transistor in a CMOS gate operates partially in the linear region and partially in the 

saturation region during switching. It is only in the linear region that a transistor can be 

accurately approximated by a resistor, where as in the saturation region, the transistor is more 

accurately modeled as a current source with a parallel high resistance.  

Kausik and Sarkar [14],[15], analyzed that  the linearization of the transistor results in an 

erroneous estimation of crosstalk noise and their time of occurrence. They have developed a 

composite model combined with a transmission line-based coupled RLC model of interconnect 

to  analytical purpose. Comparison of the analytical results with SPICE extracted results showed 

that the average error involved in estimating noise peak and their time of occurrence was less 

than 7%. It has also been seen that the proposed model is useful for accurate noise estimation in 

the presence of inductive effects, and would be extremely effective in guiding noise aware 

physical design optimizations.  

In the current scenario, with growing importance of inductive effects, optimal repeaters 

are inserted effectively in RLC-model of long interconnects. Uniform repeater insertion is an 

effective technique for driving long interconnects. This technique divides the interconnect into 

equal sections and employs equal size repeaters to drive each sections 

[113],[114].Conventionally, The primary objective of uniform repeater insertion is to minimize 

the Power Delay Product(PDP)  in  long interconnect. 

In recently a new criterion, the Power Delay Crosstalk Product(PDCP), was introduced 

by Kaushik et al.[115], as an efficient condition to insert repeaters into long coupled 

interconnect. It was observed that instead of PDP criterion, PDCP criterion is best suited for the 
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determination of optimum number of repeaters for overall minimization of delay, power and 

crosstalk. 

Rossi et al. [1] was the first to study crosstalk in CNT interconnect. They analyzed 

crosstalk in CNT interconnect implemented bus architectures. Both SWCNT and MWCNT 

interconnects were considered. It was shown that delay and voltage noise margins in MWCNT 

busses were much better than SWCNT busses. The crosstalk delay is also lower in the SWCNT 

busses. In these busses cross delay can be improved by optimizing the spacing between the 

interacting interconnects. Furthermore, crosstalk induced logic error in the output device can be 

considerably large in case of MWCNT where as no such problem occurs in SWCNT 

architecture. Rossi et al. also proposed a crosstalk aware CNT bus architecture. This architecture 

is formed by double walled carbon nanotubes (DWCNT) in parallel. It is shown to be 

significantly less susceptible to cross talk produced delay and noise voltage peaks. 

First time in [91], Jia et al. studied the Performance and reliability of coupled CNT 

interconnects in terms of temperature variations over a range from 300K – 600K and indicates 

that the performance and reliability degrades with an increase in CNT interconnect temperature. 

They proposed two modified temperature-dependent equivalent circuit models for single- and 

double-walled carbon nanotube (SWCNT & DWCNT) interconnects at first and the temperature 

effect on crosstalk in SWCNT and DWCNT interconnects were investigated.  

The crosstalk-induced delay and noise of these novel interconnects are characterized 

numerically over a temperature range from 300 to 600K. The results obtained through simulation  

showed that the crosstalk-induced delay increases significantly and the noise increases slightly 

with rise in temperature.  
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The sensitivity analysis of the crosstalk effects was performed in SWCNT bundles using 

multi-conductor transmission line (MTL) model and equivalent single conductor (ESC)[2]. The 

results obtained by applying the MTL model and the simplified ESC approach are in good 

agreement. In any case, it should be noted that the ESC approach gives a worst case prediction of 

the crosstalk. Therefore, it is suitable for EMC design purposes of next generation nano 

interconnect. 

Pu et al. [3] developed and analyzed crosstalk effects in SWCNT and DWCNT 

interconnects. Their analysis included coupling inductance along with coupling capacitance. The 

analytical crosstalk models thus developed capture crosstalk delay, glitches etc. with good 

accuracy. Crosstalk induced delay in SWCNT and DWCNT bundle interconnects were compared 

with that of copper interconnect. It is observed that for semi-global and global interconnects 

CNT especially DWCNT results in much reduced crosstalk induced signal delay. For 

suppression of crosstalk induced glitch copper interconnect is better. 

In the work [4], impact of process variations on the crosstalk coupling of CNT-based 

buses was presented. Besides, unlike traditional SPICE-based estimation, Sun and Luo proposed 

a closed-form model to solve this problem. It was shown that the experimental results were  able 

to save the long computation time of SPICE-based tools and this approach yields little loss in 

accuracy. Also, it provides a compound result which provides more information, promising it to 

be much closer to the truth in real manufacturing process.   

The crosstalk induced voltage peaks produce stress in oxide layers underlying the victim 

interconnect. With technology scaling oxide thickness has drastically reduced. As a consequence 

of oxide thinning a small crosstalk produced overshoot or undershoot causes a prohibitively large 

electric field to generate across the oxide. With time such electric field weakens the oxide layer 
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and possibility of its damage increases. The possibilities of oxide damage due to crosstalk 

overshoot and undershoot was studied by Das and Rahaman [5], [6]. They observed that with 

scaling ratio of overshoot/undershoot voltages to power supply voltage does not vary with 

scaling in all types of interconnects. However, in case of copper interconnects overshoot and 

undershoot increases as interconnect length is increased. In case of CNT based interconnects on 

the other hand, neither scaling nor increase in length affect crosstalk induced voltage overshoot 

and undershoot. 

In [7], Hassanet et al. presented a method to use the negative capacitance technique to 

minimize crosstalk effects in carbon nanotube based interconnect, which has a potential future 

on-chip communication medium. Obtained results demonstrated that with careful synthesis and 

arrangement of CNT bundles, the capacitive coupling can be suppressed significantly. They 

mainly focused to prove the concept and the analysis was obtained through mathematical and 

qualitative perspective.  

A new compact coupled RC model for the coupled MWCNT bundles was proposed by 

Sheikhassadi et al. [7] and studied the crosstalk analysis between coupled MWCNT bundle 

interconnects. The models developed for two coupled MWCNTs and for bundles of MWCNTs 

were employed for simulations of the global interconnects at 14 nm technology. Results obtained 

through simulation were in good agreement with the rigorous distributed model considered as the 

reference, with an average error being less than 1% and 2.5% for the two MWCNTs and 

MWCNT bundles. 

The equivalent circuit has been developed to perform the crosstalk analysis by Zhang et 

al.[9] and the main influencing factors were discussed. Results obtained by simulation, showed 

that the crosstalk voltage can be decreased by increasing spacing between adjacent lines, setting 
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the appropriate position when the length is fixed, decreasing line length and selecting the 

appropriate frequency. 

As integration density of interconnects increases at every technology node, increased 

delay and crosstalk effects may become a more challenging design problem particularly for 

subthreshold interconnects. Nanometer subthreshold global interconnect faces subthreshold 

driver design challenges and problems due to increased interconnect capacitance. Pable et al.[10] 

examined and compared the effect of crosstalk on delay for mixed wall carbon nano tube and Cu 

interconnects. This work reports new aspect ratio for global interconnect to reduce the effect of 

crosstalk on interconnect performance under subthreshold conditions. This paper has 

successively reported that interconnect geometry parameters provided by ITRS for super 

threshold circuits will not give the optimum performance for subthreshold region. There is need 

to redesign the same to reduce the delay as well as crosstalk effects. 

In the work [11], Lu et al. presented an efficient method based on the equivalent single 

conductor (ESC) model and delay extraction technique to investigate the crosstalk effects of 

complex multi-walled carbon nanotube (MWCNT) interconnects. Each MWCNT interconnect is 

first characterized by the ESC model. A decoupling algorithm is then utilized to transform the 

coupled interconnects into a set of individual lines. After that, based on a modified Lie formula, 

a delay algebraic equation was derived to obtain the time domain response of each single 

interconnect. The validity and efficiency of the proposed method were demonstrated by the 

numerical example and compared with the original multi-conductor circuit (MCC) model. It was 

found that a good agreement was observed between ESC model and MCC model. 

In the work [12], the crosstalk analysis among MWCNTs in a complex bundle was 

performed in the frequency domain in the range up to 100 GHz. Numerical simulations were 
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performed by using both the multi-conductor transmission line (MTL) method and reduced-order 

equivalent models based on the equivalent single conductor (ESC) approach in order to reduce 

the complexity of the system. Each MWCNT of the bundle was first modeled as an ESC; Next, 

the parallel connected ESCs of the bundle were further represented by only one equivalent 

conductor. The accuracy of the proposed approximation was assessed and discussed. 

It was observed that the values of the total input and output currents of the bundle and  

the crosstalk currents induced in the victim were in good  agreement with the data obtained by 

the full MTL theory in the frequency range 100 MHz - 100 GHz . 

Crosstalk effects in MWCNT interconnect for future ICs were investigated [13] by virtue 

of the equivalent single conductor model and the finite-difference time-domain solution of 

transmission line equations. The worst case time delay and the peak crosstalk voltage on victim 

wire of multi-wire MWCNT interconnect configurations were derived and compared to those of 

the copper (Cu) wire counterparts for the intermediate and global interconnects at the 22- and 14-

nm technology nodes. The obtained results were illustrated that the crosstalk-induced time delays 

in the MWCNT interconnects were found to be much smaller than those in the Cu interconnects, 

in particular, for longer wires. Nevertheless, the MWCNT interconnects exhibited little 

improvement on the crosstalk-induced noises in comparison with their copper counterparts. 

In the recent work [116],[117], addressed the crosstalk-related issues (signal integrity) in 

CNT interconnect lines. In the work [116], different analytical models of SWCNT, double- 

(DWCNT), and MWCNT were studied to analyze the crosstalk delay at global interconnect 

lengths. A capacitively coupled three-line bus architecture employing CMOS driver was used for 

accurate estimation of crosstalk delay. Each line in bus architecture was represented with the 

equivalent RLC models of single and bundled SWCNT, DWCNT, and MWCNT interconnects. 
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Crosstalk delay was observed at middle line (victim) when it switches in opposite direction with 

respect to the other two lines (aggressors). Using the data predicted by ITRS 2012, a comparative 

analysis on the basis of crosstalk delay was performed for bundled SWCNT/DWCNT and single 

MWCNT interconnects. It was observed that the overall crosstalk delay improved by 40.92% 

and 21.37% for single MWCNT in comparison to bundled SWCNT and bundled DWCNT 

interconnects, respectively.  

Sathyakam et al. [117] presented a new method to reduce crosstalk of carbon nanotube 

(CNT)-based VLSI interconnects. For this, proper integration of semiconducting CNTs (s-CNTs) 

and a new contact geometry, where metallic CNTs are in the core and s-CNTs are in the 

periphery of the CNT bundle, was proposed. The coupling capacitance between adjacent 

interconnects was modeled and compared with and without s-CNTs in the CNT bundle 

periphery. Result through SPICE analysis and EM simulations showed that the coupling 

capacitance can be reduced by 82.5% and the resulting delay by 8.41%. They suggested that the 

crosstalk effect between neighboring wires can be reduced by using s-CNTs in the design. 
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2.5 CONCLUSION 

From the literature it is clear that, Single-walled carbon nanotubes (SWCNT) have been 

proposed as a possible replacement for copper (Cu) interconnect due to their large conductivity 

and current carrying capabilities in deep submicron (DSM) technology nodes. Some researchers 

have considered another possibilities for interconnects in DSM technology nodes viz. MWCNT, 

mixed CNT bundle, Graphene Nanoribbon( GNR) and optical interconnects to analyze the 

performance of interconnect in terms of delay, power dissipation and crosstalk analysis. In 

addition, some work has been carried out to investigate the prospects of mixed bundle of Carbon 

Nanotubes (CNT) as low-power high-speed interconnects for future VLSI applications. 

It is also seen from the literature that very little work has been published in crosstalk 

point of view in coupled CNT bundles. However, reported work in literature related with 

crosstalk are mostly based on the effect of length, power supply variations, input switching 

activity and oxide thickness in coupled  SWCNT, MWCNT and mixed CNT bundles.  

Despite the fact that high performance integrated circuits have a great variance in temperature, 

only a few prior studies have investigated the effect of temperature variations on the electrical 

transport of CNTs. These temperature variations have a significant effect on the delay of the 

signal propagating along CNT-based interconnects as well as crosstalk induced noise voltage 

between coupled interconnects, and hence, will affect the performance of the CNT-based 

integrated circuits. 

However, variations in signal frequency of input and variations of tube parameter on 

crosstalk induced noise voltage have not been carried out fully in coupled SWCNT bundle 

interconnects for DSM technology nodes. Analytical study of crosstalk in coupled SWCNT 

bundles with accurate coupling capacitance and mutual capacitance expressions is still a topic of 
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research. Most investigators of SWCNT bundle interconnects assume the value of coupling 

capacitance and mutual inductance as equivalent to that of the coupling effect between metal 

interconnects of the same dimensions. However, since material properties of copper vary widely 

from those of CNTs, perhaps there is need for some more realistic estimation of coupling 

capacitance as well as mutual inductance values.  

  In addition, no account of temperature dependent frequency spectrum analysis of 

crosstalk induced noise voltage in coupled SWCNT bundle interconnects has been reported. 

Hence, there is need for an analytical study on this subject. 

From the literature review it can be concluded that the study of temperature variations 

and tube parameter variations with accurate coupling capacitance and inductance model on 

crosstalk induced noise voltage in coupled SWCNT bundle interconnects, can be particularly 

useful for the future VLSI interconnect design.              
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Chapter 3 

INFLUENCE OF TUBE PARAMETERS ON 

SWCNT BUNDLE INTERCONNECT 

PERFORMANCE 

 

3.1    INTRODUCTION 

Good VLSI-interconnect designing demands minimization of line delay and power 

dissipation. Delay and power dissipation are influenced by resistance, inductance and 

capacitance of the interconnect. These impedance parameters depend on the Single Walled 

Carbon Nanotube (SWCNT) parameters viz. tube separation, diameter and length. So it is 

important to investigate the effects of these SWCNT parameters on delay and power dissipation. 

This chapter deals with a study of the dependence of SWCNT bundle interconnect delay and 

power dissipation on the separation between adjacent tubes of the bundle for the various 

interconnect lengths and SWCNT diameters. Separation implies the distance between the centers 

of adjacent CNT cross- sections of two immediately neighboring tubes [118]. 

Several researchers have, on the basis of circuit simulation, reported that a SWCNT-

bundle interconnect provides low-resistivity advantage over copper when the bundle length is 

semi-global or global [63],[118],[119]. These authors primarily focused on the influence of 

length and widths on bundle interconnect performance. They opined that the observed influences 

are due to the control of bundle length and width on equivalent circuit impedance parameters.  
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Massoud et al. [120] showed that the impedance parameters of the equivalent circuit also 

depend on CNT diameter in the bundle. An account of how delay and power dissipation in a 

SWCNT-bundle interconnect is controlled by the constituent tube diameter has been reported in 

[121]. Nieuwoudt et al.[122] developed a diameter-dependent RLC SWCNT model and predicted 

that optimized nanotube bundles can provide a significant delay reduction  over copper wires and 

non-optimized MWCNT and SWCNT bundles for intermediate and global interconnect 

application.  

Here, in this study, an alpha power law model has been used for representing transistors 

of CMOS-driver and output waveform and propagation delay analytically determined and 

compared with SPICE simulation results.  There is good agreement between the analytical and 

simulation results obtained. The SPICE simulation results reveal that delay increases with an 

increase in the separation between adjacent tubes for the entire range of length values and tube 

diameters whereas the reverse is true for power dissipation. Finally these results have been 

compared with those of currently used copper interconnects at 32 nm and 22nm technology node 

respectively.  

3.2 Equivalent Circuit and Impedance Parameters of SWCNT  

      Interconnect. 

 To analyze and understand the behavior of any interconnect (CNT or else) it is essential 

to first develop its equivalent circuit (Fig.3.1). The development of an equivalent circuit is 

complete only when the various impedance parameters like resistance, capacitance and 

inductance are fully defined by means of analytical expressions. Such an equivalent circuit can 

then be used in the analysis and simulation of interconnect performance. An isolated SWCNT on 
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ground plane is shown in Fig.3.1a. The separation between the nanotube and the ground is ‘y’ 

and the diameter of the SWCNT is ‘d’. Assuming cylindrical coordinates, on the basis of 

Luttinger Liquid Theory, Burke [91] developed an electrical equivalent of the structure as shown 

in Fig. 3.1b.The resistances, inductances and capacitances of a bundle can be obtained from 

expressions available in the Literature [87],[118],[121]. 

                   
            (a)                                                                               (b) 

Figure 3.1 (a) SWCNT, of diameter ‘d’, distance ‘y’ below it.(b) Electrical equivalent  circuit of 

SWCNT. 

 

     According to Drude model, an AC electric conductivity [123] is given by 

σ�ω� � ����τ
�	 
 �

��
ωτ                                                                  (3.1)        

where τ is the momentum relaxation time, n is the carrier density, ω is the angular frequency and 

�	 is the effective mass. For the DC case (ω � �), the conductivity expression reduces to 

σ� � ����τ
�	 
                                                         (3.2) 
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Eq.(3.1) can now be re-written as 

σ�ω� � σ�
��
ωτ                                                                                                                (3.3), 

and so ��ω� � ��
ωτ
σ� � �

σ� � 
ωτ
σ�                               (3.4),

 

where σ� is the frequency independent DC conductivity mentioned in Eq.(3.2) above. For the 1D 

conductivity case, Eq.(3.3) provides conductance per unit length. Considering the 1D conductor 

case here, with only one conductivity channel with two spin modes and length L, the interval of 

neighboring states in K space is given as 2π/L. So the number of carriers per unit length from (-

Kf to Kf) can be derived as [87]:   

��� � ��� ���
�π� � ���

π
                                 (3.5), 

where Kf is the Fermi wave vector .The first prefactor “2” represents the spin degeneracy, and the 

second prefactor “2” accounts for both negative and positive K space. So the DC conductance of 

the 1D conductor is given by  

σ��� � ���� ��τ   
�	 
 � ������τ   

�	π 
          (3.6), 

and   !"# � �	$          (3.7),    

so that  "# � �	%
!           (3.8). 

Substituting this value of "# in Eq.(3.6).  

σ��� � ��%��τ   
!π 
, where ! =h/2π        (3.9), 
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σ��� � �&��τ%   
' 
                                        (3.10) 

In a 1D conductor, the backscattering momentum relaxation time due to back scattering is 

given as Bτ = 2τ. 

Therefore , Eq.(3.10) can now be re-written as 

σ��� � ����τ ( % 
' 
                                           (3.11), 

)* σ��� � ����+ 
' 
, where , � τ ( $                                   (3.12) 

Hence, Eq.(3.4) can now be written in the impedance per unit length form as 

-./0/1 � � '
���+
 �2 � 345�                                                      (3.13),  

-./0/1 � � '
���+
 � 345 � '

���+
 � � '
���+
 � 34 6 '

&��7�8     (3.14), 

where 9# 
is the Fermi velocity = 8x10

5
m/s.  

The first term of Eq.(3.14)  is the per unit length scattering resistance (:;) 

:; � � '
���+
           (3.15), 

and the second term can be modeled as the inductive impedance(34<�),where <�  is the kinetic 

inductance per unit length and equal to 

<� � 6 '
&��7�8 � =�>?@�         (3.16) 
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The kinetic inductance is dependent on the net sum of kinetic energy of left and right 

moving electrons in the network, and as a result, it is a per unit length quantity[119]. 

In reality, besides scattering resistance, there is quantum contact resistance (RQ).This 

quantum contact resistance RQ is also equal to � '
���
 for each conducting channel. This resistance 

is length independent whereas scattering resistance RS, depends on both bias voltage and 

interconnect length. At higher bias, CNT does not show ohmic behavior. On the other hand, in 

the low bias regime, the CNTs show perfect ohmic behavior and are compatible with VLSI 

interconnect applications. The high bias resistance has much influence on the interconnect 

performance in the case where interconnect length is short (L≤λ). In this study here, 

interconnects are considered long to ignore high bias resistance [97]. There is another contact 

resistance (RC) due to imperfect contact condition between CNT and other materials. This 

resistance can range from zero to hundreds of kilo-ohms for different growth process [124]. For 

the sake of proper calculation of SWCNT resistance, RC is assumed 100 kilo-ohms. Due to spin 

and sub lattice degeneracy of electrons there are 4 parallel conducting channel in SWCNT 

(N=4). Hence, for CNT with N conducting channel and with length L, the total low bias 

resistance 

:ABC � �DE�DFG
B � :A
         (3.17) 

The total kinetic inductance of SWCNT is equal to: 

 <�ABC � 6 '
&��7�8 �G

B
          (3.18), 

where kinetic inductance scales down with the number of channels.  

CNT has another inductance viz. magnetic inductance (<H) given as: 
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<H � I
�J KL M

�                 (3.19) 

This is the traditional inductive component per unit length due to the electromagnetic 

(EM) field. In metallic SWCNT, the magnetic inductance depends on the current loop formed by 

the CNT and is therefore highly dependent on the geometry of the CNT interconnect and its 

associated ground return paths.  

CNT has two capacitances of different origins. One is electrostatic capacitance and the 

other is quantum capacitance. The electrostatic capacitance (CE) is due to charge stored by the 

CNT- ground plane system (Fig.3.1a) and is given by 

NO � �JP
QR�S

T
           (3.20) 

This is per unit length of the nanotube. The quantum capacitance (CQ) accounts for the 

quantum electrostatic energy stored in the nanotube when it carries current. Considering this 

energy, an effective capacitance (per unit length) may be obtained, expressed as:  

NU � ���
'%�           (3.21) 

Typically, NUis 100aF/µm [119]. The effective quantum capacitance is 4CQ , due to the 

four conducting channels in SWCNT. The per unit length electrostatic coupling capacitance 

between the two parallel CNTs is given by [121] 

NA � JP
QRVW

T�XYZ �[ \���]
            (3.22), 

If the diameter ^ _ �, Eq.(3.22),reduces to 

NA � JP
QR��W

T 
               (3.23) 
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3.3 Equivalent Circuit and Impedance Parameters of SWCNT Bundle and  

      copper Interconnect  

A SWCNT bundle consists of a large number of electrically parallel, isolated CNTs as 

shown in Fig.3.2. The result of the parallel connection is a considerable reduction of resistance 

between the ends of the bundle. Therefore, a CNT bundle makes a better interconnect than the 

isolated counterparts. For the densely packed bundle, the inter-CNT distance (x) is equivalent to 

tube diameter (d=1nm) as shown in Fig.3.2. 

 
 

Figure 3.2 Schematic of the interconnect structure using SWCNT bundle. H is thickness, 

w is the width of SWCNT bundle interconnect and y is the distance between SWCNT 

bundle interconnect and ground plane. 

 

A commonly used equivalent circuit of bundle SWCNT interconnect is a tandem of series 

RLC circuit segments [54], [55], [118]. The capacitance of each segment is across its output 

nodes. This equivalent circuit can be further reduced to a single π-RLC network  [123] as shown 

in Fig.3.3. The resistances, inductances and capacitances of the π-RLC equivalent circuit can be 

obtained by appropriate use of the expressions available in [54], [118]. 
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Figure 3.3 Equivalent π-RLC model for bundle SWCNT (length(L)> mean free path(λ)) [16]. 

 

The resistance of a CNT bundle of length L is given by Eq.(3.24) ,where `CNT is the total 

number of CNT tubes in the bundle as shown in Fig.3.2, d is the tube diameter, H is the 

thickness, w is the width of SWCNT bundle interconnect and � is the separation between the 

centers of two neighbouring tubes. 

:a0��1� � Dbcd
Bbcd            (3.24),   

ÀBC � �e Vfgh�
ij
� k l � 2] m �

� Vfgh�
ij
� k l � 2]       (3.25), 

if the number of rows in the bundle is even and is 

ÀBC � �e Vfgh�
ij
� k l � 2] m �

� Vfgh�
ij
� k l]       (3.26), 

if number of rows is odd. Here  �e � neh�
k o. The number of rows is given as   
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�g � Vfgh�
ij
� k l � 2]           (3.27) 

The total effective capacitance of bundle of SWCNT is given by Eq.(3.28), where 

NOa0��1� and   NUa0��1� are the total electrostatic capacitance and total quantum capacitance of 

SWCNT bundle and are calculated by Eqs.(3.29) and (3.30),  

Na0��1� � ApqrsTtu /AEqrsTtu
ApqrsTtu�AEqrsTtu         (3.28), 

NOa0��1� � � V�Jvwx
QR�F

T
 ] � VnyzT
W oh�

� ] V �Jvwx
QR�F{y

T 
]
 
� | ��}h��

~ V�Jvwx
QR�F

T
 ]    (3.29), 

NUa0��1� � 6���
'%�8 ÀBC          (3.30), 

where s is the separation between adjacent bundles. The inductance of a CNT bundle is given by 

the parallel combination of the inductances corresponding to each CNT forming the bundle, 

which is: 

<a0��1� � �G���G� B� �
Bbcd 
         (3.31), 

where LM and LK are the magnetic and kinetic inductances of an isolated CNT. These 

components of isolated CNT inductance are calculated by Eqs. (3.16) and (3.19). 

As such, for nanotube lengths L� λ (CNT), the kinetic inductance term is not valid [118]. 

Therefore, KL  is excluded from the calculations in this work. The analytical expressions used to 

calculate the impedance parameters of copper interconnect are recapitulated as follows 
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[6],[125],[126]:             
: � ��

eg           (3.32), 

<; � ���
�J �KL � ��

e�g
 � �
� � �/���e�g�

� �        (3.33), 

N� � � �e
M � �/�� � Z

Z��/�M
�/�� � 2/2� � Z
Z��/�~M
�/�� � Z

g�&/~�M
�/���     (3.34), 

                                                                

 

Here R is the resistance, LS is the self inductance, � is the mutual inductance and  N� is 

the capacitance with respect to ground. Also L = length, w = width , H =thickness, ρ=resistivity, 

y=height above ground, s=spacing, ε=dielectric constant and µ0=permeability of vacuum.

         

3.4 ANALYSIS OF EQUIVALENT IMPEDANCE PARAMETERS 

3.4.1 Influence of Technology Scaling on Interconnect Resistance  

Fig.3.4 exhibits the variation of resistance of long (1 mm) CNT and copper interconnects 

with technology scaling.  These resistance values have been calculated using the data given in 

[77], [125] and Eqs.(3.1)-(3.32), for different technology nodes. The figure shows that in 

advanced technology nodes, the resistance of such long (1 mm) CNT interconnect is several 

times lower than that of long (1 mm) copper based interconnects. This is due to the higher 

dominance of deep submicron technology effects in copper compared to CNT, as has already 

been mentioned in chapter 2. Thus, once again the merit of preferring CNT over copper as a 

better interconnect material, has been highlighted here. 
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Figure 3.4 Technology node dependence of resistances of long Cu and CNT interconnects. 

Interconnect length: 1mm. 

 

3.4.2 Influence of Center to Center Distance(x) between adjacent Tubes on  

         Impedance Parameters and Number of Tubes in SWCNT bundle 

The π-equivalent circuit impedance parameters of a SWCNT bundle, constituted by tubes 

of 1nm diameter [77],[127],[128], are now calculated as function of tube separation, tube 

diameter and tube length , from Eqs.(3.1)-(3.31) and the data given in Table 3.1. These have 

been tabulated in Tables 3.2 , 3.3 and 3.4 and their variations exhibited in Figs 3.5 and 3.6.   
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Table 3.1 Simulation parameters [77] 

Technology :22nm Technology:32nm 

Vdd=0.7V; 

 Mean free path (SWCNT)=1000nm;  

Oxide thickness=39.6nm;  

Oxide dielectric constant=2.05; ��A0�µΩ��� � �/� 

Vdd=0.9V;  

Mean free path 

(SWCNT)=1000nm;  

Oxide thickness=54.4nm;  

Oxide dielectric constant=2.25; ��A0�µΩ��� � |/�� 
 

Bundle parameter                    Local &  

Semi-

global                        

Global Local &  

Semi-global                        

Global 

Width(w) 

 

22n 32nm 32nm 48nm 

Aspect Ratio of 

interconnect 

2 3 2 3 

Interconnect 

thickness(H) 

44nm 96nm 64nm 144nm 

Separation between 

adjacent bundles(s) 

22nm 32nm 32nm 48nm 

SWCNT diameter(d) 1nm 1nm 1nm 1nm 

 

 

Table 3.2 Impedance Parameters of SWCNT bundle for global 

interconnect (∼1mm) 

32nm technology 22nm technology 

Center to center 

distance 

between 

adjacent 

SWCNT(x) R(Ω) L(pH) C(pF) R(Ω) L(pH) C(pF) 

1nm 848.56 0.122 3.845 1952 0.259 2.576 

1.5nm 1934.44 0.278 2.558 4539.15 0.602 1.714 

2nm 3506.42 0.504 1.905 8208.02 1.088 1.270 

2.5nm 5584 0.802 1.525 12944.66 1.716 1.011 

3nm 8066.5 1.159 1.271 18607.96 2.467 0.846 
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Table3.3 Impedance parameters SWCNT bundle for global 

interconnect (∼1mm) 

32nm technology 22nm technology 

Diameter(d) R(Ω) L(pH) C(pF) R(Ω) L(pH) C(pF) 

0.7nm 415.583 0.0642 5.04 952.866 0.1397 3.36 

0.8nm 550.281 0.0828 4.53 1265.46 0.1764 3.03 

0.9nm 691.22 0.1015 4.15 1589.42 0.2158 2.79 

1.0nm 867.205 0.1219 3.84 1951.73 0.2587 2.57 

1.1nm 1045.16 0.1471 3.57 2380.95 0.3086 2.4 

 

Table 3.4 Impedance parameters of  SWCNT bundle and 

copper (Cu) interconnect 

22nm technology 

Length of 

interconnect 

(µm) 

SWCNT bundle Copper(Cu) 

R(Ω) C(pF) L(pH) R(Ω) C(pF) L(pH) 

L=50 412.2 0.07 0.036 3104 0.00097 78.23 

L=100 222.06 0.25 0.072 1145.8 0.0014 170.33 

L=400 798.57 1.031 0.104 5468 0.0059 740 

L=700 1375 1.802 0.181 8020.83 0.01 1372 

L=1000 1951.73 2.57 0.259 13671.9 0.0148 2031.33 

32nm technology 

Length of 

interconnect 

(µm) 

SWCNT bundle Copper(Cu) 

R(Ω) C(pF) L(pH) R(Ω) C(pF) L(pH) 

L=50 110 0.32 0.011 890 0.0009 187.23 

L=100 230 0.98 0.021 1421 0.0021 350.3 

L=400 347.15 1.54 0.049 2037.04 0.006 706.79 

L=700 681.85 3.07 0.097 4074.07 0.014 1524.49 

L=1000 848.446 3.84 

 

0.122 5092.59 0.017 1950.24 

 

In Fig.3.5, the dependence of the impedance parameters viz., resistance, inductance and 

capacitance of a SWCNT bundle on the distance between the centers of adjacent tubes for four 

different interconnect lengths, with the parameters normalized by their respective values for a 

center to center separation equal to 1nm, have been illustrated in the case of   22 nm technology 

node. In this case, tube diameter is kept fixed by 1nm. The figure shows that a bundle, composed 
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of tubes of larger center to center distance, when used as interconnect, will have larger line 

resistance and inductance but lower capacitance. A similar variation pattern exists in the case of 

32 nm technology node. 

 

Figure 3.5 Normalized impedance parameters as functions of center to center distance (x) 

between SWCNT for different interconnect lengths at 22nm technology node. Tube diameter (d) 

=1nm.  

 

In Fig.3.6, the dependence of SWCNT impedance parameters on tube diameter is 

exhibited as in the case of 22 nm technology node for 1mm long interconnect.  Here the variation 

of the SWCNT bundle interconnect impedance parameters with center to center distance(x) of 

adjacent tubes for different tube diameters, where the parameters are normalized by their 

respective values for a center to center separation equal to 1nm , is shown. It is seen that for 
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increasing tube diameters, the resistance and inductance of the tube increases but the capacitance 

decreases.  A similar variation pattern exists for the 32 nm technology node. 

 

Figure 3.6 Dependence of normalized impedance parameters of center to center distance (x) 

between SWCNT for different tube diameters at 22nm technology node. Interconnect 

length=1mm. 

 

Thus a bundle composed of tubes of smaller diameters will have larger interconnect 

capacitance and lower interconnect resistance. Such a decrease in capacitance and increase in 

resistance with tube diameters indicates that using a SWCNT bundle composed of tubes of large 

diameter will produce the desirable effect of reduced power dissipation and interconnect delay.  

The impedance parameters of a bundle interconnect also depend on the total number of CNTs 

(NCNTs) that the bundle encloses [55], [118]. The number of NCNTs have been calculated for a 
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local, semi-global and global SWCNT bundle interconnects and exhibited in Fig.3.7. A nonlinear 

relationship between NCNT and tube to tube spacing in a bundle is observed for each of the three 

cases. As spacing between the tubes increases, NCNT decreases and the rate of change falls off 

sharply. Such a spacing dependence of the number of isolated CNT (NCNT) has a significant 

effect on the impedance parameters of a SWCNT bundle interconnect.  

 
 

Figure 3.7 Dependence of number of SWCNT (NCNT) as functions of center to center distance 

(x) between SWCNT. Global interconnect (∼1mm): H=96nm, w=32nm and for semi global 

(≤1mm) and  local(∼50µm): H=44nm,w=22nm,Technology:22nm. 

           

All tubes in a bundle are electrically connected in parallel. The metallic tubes are the 

major contributors to the current conduction process in a CNT bundle. Thus bundle resistance 

will rise as separation between the tubes is increased thereby causing a fall in NCNT. When 

several inductive elements are in parallel, the resultant inductance of the combination is inversely 
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proportional to the number of elements. This applies to CNTs as well. As capacitances of parallel 

capacitors add, decrease in NCNT will lead to decrease in bundle capacitance. Thus, as spacing 

between adjacent CNT is increased, the bundle capacitance will be decreased.  

3.5 ANALYSIS OF SWCNT BUNDLE INTERCONNECT PERFORMANCE 

      IN TERMS OF DELAY AND POWER DISSIPATION  

3.5.1 Voltage Waveform at Load Terminal 

 

Figure 3.8 CMOS inverter driven π -equivalent RLC circuit of SWCNT bundle interconnect[16]. 

 

For this part of the analysis, circuits comprising of a CMOS-inverter driving an SWCNT 

bundle interconnect, loaded by a capacitance of 1pF, as shown in Fig.3.8, has been considered. A 

0.1 GHz of input rising pulse with rise time of 1ns provides the input to the inverter. For time 

analysis of the output voltage across the load capacitance, transistors of the inverter are 

represented by the α-power law model [129]. A piece wise approach, as described in [16], is used 

to obtain analytical time dependent expressions for the output voltage over different ranges of the 
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input transition time. For simulation purposes, SWCNT bundle interconnect is represented by its 

π-RLC model. The Predictive technology model of 32nm and 22nm node [125] is used for the 

CMOS-driver. Simulation is also carried out for copper-interconnects of same technologies and 

clock speed. In this case, the circuit parameters are calculated by appropriate use of the 

expressions from Eqs. (3.32) – (3.34) and the data given in Table 3.1.  The performances of these 

setups are then investigated by comparing the graphical representation of these analytical results 

with SPICE simulation results (Fig. 3.9).  

 

Figure 3.9 Output voltage variation with time in case of 1mm long SWCNT bundle and copper 

interconnects for fast input ramp. 
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Fig.3.9 shows the time variation of the output voltage when a low to high transition takes 

place at the inverter input. The extremely good agreement between the time variation of the 

output voltage obtained from the piecewise timing analysis and from SPICE simulation results, 

in both cases of SWCNT bundle interconnects and copper interconnects, is well exhibited here. 

The figure shows that, for 32nm and 22nm technology nodes, SWCNT bundle interconnects are 

faster than their copper counterparts. This advantage is due to the low resistance and inductance 

of CNT interconnects as compared to its copper counterpart (see Table 3.4).  

 

3.5.2 Influence of Tube Diameter on SWCNT Bundle Performance 

  The impedance parameters of an interconnect is known to affect its delay and power 

dissipation [130],[131]. As the diameter of an isolated tube controls the impedance parameters of 

a CNT bundle, it is important to study the effect of the isolated tube diameter on delay and power 

dissipation. For this part of the analyses, circuits, as shown in Fig.3.8, are considered. For both 

SWCNT bundle and copper interconnects, 90% delay and average power dissipation are 

extracted from the SPICE simulation results at 32 and 22nm technology nodes. The size of driver 

transistor is set to be 40 times the minimum size of transistor. The copper interconnect delay and 

power dissipation are used as normalizing parameters for SWCNT bundle interconnect delay and 

power dissipation respectively. These normalized quantities are thus relative measures of CNT 

interconnect delay and power dissipation with respect to those of copper interconnect. In Fig 

3.10, the relative delay as a function of isolated tube diameter is shown. It may be noted here that 

the variations exhibited in the figure are simply reflections of the resultant effect of diameter 

variations on resistance and capacitance taken together.  
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Figure 3.10 Tube diameter dependence of normalized SWCNT bundle interconnect propagation 

delay at 32nm and 22nm technology nodes with interconnect length=1 mm. 

The normalized delay values are always far less than one implying that the CNT 

interconnect delay is far less than the copper interconnect delay for nearly all diameters. The 

relatively larger inductance of copper facilitates the lowering of this relative delay thereby 

placing SWCNT bundle as a more favorable candidate for future VLSI interconnects. In the 

figure, the gradual rise of relative delay in the case of 22 nm technology node indicates the 

dominance of CNT resistance over its capacitance. Further, for 32 nm technology node case, it is 

seen that as diameter is increased the capacitance dominates till a certain critical diameter 

(diameter ≈ 1 nm) is reached. Beyond this critical diameter, the resistance takes over. Thus for a 

good performance, if possible, this optimum tube diameter (≈ 1 nm) should be selected (as in the 
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32 nm technology node case). Otherwise tube diameter should be restricted (as in the 22 nm 

technology case).  

 

Figure 3.11 Relative power dissipations as function of tube diameter with length 1mm as 

parameter at 32 and 22 nm technology nodes. 

In Fig. 3.11, the ratio of SWCNT and copper interconnect power dissipation, at 32 and 22 

nm technology nodes, is illustrated. The pattern of variation of the relative power dissipation 

shows that, in general, SWCNT-interconnect dissipate more power than its copper counterpart. 

This is due to the higher tube capacitance values of the SWCNT-interconnect. As SWCNT 

interconnects have negligible inductance (see Table3.4), the decrease in CNT power dissipation 

with increase in tube diameter indicates that the effect of capacitance dominates over the effect 

of resistance. Thus it seems possible to reduce the power dissipation of SWCNT bundle 

interconnects by increasing the tube diameter. 
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3.5.3 Influence of Center To Center Distance between adjacent Tubes on  

         SWCNT Bundle Performance 

Fig.3.12 shows the variation of relative delay and power dissipation as a function of 

center to center distance (x) of adjacent SWCNT tubes for different interconnect lengths. For this 

analysis, the size of driver transistor is set to be 40 times the minimum size of transistor. These 

relative delay and average power dissipation values have been extracted from the SPICE 

simulation results at 22nm technology node. The variations are simply reflections of the 

combined effects of the variations of x on resistance and capacitance. The projected results show 

that as x increases, the delay increases rapidly but power dissipation falls nominally. An increase 

of relative delay indicates dominance of resistance of the CNT over its capacitance.  

The SWCNT bundle has negligible inductive effect, much less compared to that of 

copper interconnects. As the equivalent capacitance is a slowly varying function of x (see 

Fig.3.5), the fall in power dissipation is not much appreciable. It may be noted from Fig. 3.12 

that interconnect delay improves if the tubes are close to one another. This indicates that, 

compared to the sparse bundle, there will be better performance for a dense bundle. However, 

there is a critical x (≈ 2nm) beyond which the performance of the CNT interconnect is inferior to 

that of the copper interconnect.  
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Figure 3.12 Dependence of relative delay and power dissipation on tube separation for different 

interconnect   lengths at 22nm technology node. Tube diameter=1nm. 

 

In Fig.3.13, the variation of relative delay and power dissipation as a function of tube 

separation and tube diameter, at 22nm technology node, are illustrated. The resultant effect of the 

variation of both the tube separation and diameter on resistance and capacitance, taken together, 

are reflected here. The gradual rise in relative delay indicates dominance of CNT resistance over 

its capacitance, with negligible effect of inductance.  
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Figure 3.13 Dependence of relative delay and power dissipation on tube separation for different 

tube diameters at 22nm technology node. Interconnect length=1mm. 

 

For a fixed tube separation with x ≤ 2nm, the smallest possible diameter (d=0.7nm) 

provides a 46% delay reduction on an average, compared with x >2nm. It is observed that the 

relative power dissipation decreases with increase in tube separation as well as tube diameter. In 

addition, SWCNT bundle dissipate more power than its copper counterpart. This is due to the 

higher value of tube capacitance as shown in Table 3.4. The results also indicate that, on an 

average, the variation of relative power dissipation with tube separation is about 10% more than 

with tube diameter. Thus for interconnect applications, it is desirable to grow SWCNT bundles 

of lower x and optimum diameter (if available). Else a lower diameter should be chosen, of 

course, with due consideration to power dissipation. 
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3.6 CONCLUSION 

The influence of tube parameters viz. x, d and L on propagation delay and power 

dissipation using CMOS inverter driven π-equivalent circuit of SWCNT bundle interconnect at 

32nm and 22nm technology nodes has been analyzed. The alpha power law model is used for 

representing transistors of the CMOS-inverter and the output waveform analytically determined 

and compared with SPICE simulation results. Good agreement between analytical and SPICE 

simulation results is achieved at 32nm and 22 nm technology nodes.  

It has been observed that, for SWCNT bundle interconnects, delay is appreciably 

increased as tube separation is increased. Similarly, as tube diameter increases, delay increases 

appreciably. However, the effect of separation between adjacent tubes on power dissipation is 

much less. The variation of power dissipation with tube separation is observed 10% more on an 

average than of tube diameter. The results also indicate that how well the optimized tube 

separation and tube diameter can control the delay of SWCNT bundle and this can also be 

utilized to reduce the power dissipation in SWCNT interconnect.  

Further, a similar analysis was carried out with the currently used copper interconnects at 

the same 32nm and 22nm technology nodes and the results obtained are compared with those 

previously obtained for SWCNT bundle interconnects. On the basis of these, it has been 

observed that, in terms of delay, SWCNT bundle interconnect performs better than copper 

interconnect if the separation between the tubes is less than a certain critical value (viz. x=2nm). 

It has also been noted that a SWCNT bundle composed of tubes of 1nm diameter is of lower 

delay than copper interconnect at various interconnect lengths and higher power dissipation due 

to dominance of larger capacitance of SWCNT bundle. 
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Chapter 4 

CROSSTALK ANALYSIS IN COUPLED CARBON 

NANOTUBE BUNDLE INTERCONNECTS 

 

4.1 INTRODUCTION   

As discussed in Chapters 2 and 3, conductive (or metallic) Single Walled Carbon 

Nanotubes  (SWCNTs) are envisioned as ideal interconnect devices, not only for emerging 

technologies at nano scale but also for today’s very deep submicron (silicon-based) electronics. 

In scaled deep sub micron (DSM) CMOS Technology, the growing interconnect density and 

reduced chip size causes more capacitive and inductive coupling by parallel running 

interconnects, thereby affecting the reliability of the performance of the circuit. Thus issues 

related to crosstalk between coupled interconnects has emerged as a major challenge in the 

suitable designing of high performance integrated circuits. In recent times, accurate crosstalk 

analysis between coupled nanotubes has become a prime aspect of research for future nanoscale 

interconnects based on CNTs. Several researchers have investigated the various effects of 

crosstalk in CNT interconnects and reported their results in the literature [1]-[13]. 

As discussed in Chapter 2, crosstalk in coupled interconnects may induce delay, logic 

failure and noise on the victim line. Coupled voltage noise can, in general, be divided into two 

categories viz.1) functional crosstalk noise and 2) change in signal propagation delay. In 

functional crosstalk noise, a victim line experiences a voltage spike due to adjacent line 

switching. Change in signal propagation delay occurs in the coupled lines due to simultaneous 
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switching, either in phase or out of phase. In the present chapter, the focus is on the aspects of 

functional crosstalk noise voltage. 

This chapter investigates crosstalk induced, noise voltage waveform and its frequency 

spectrum in capacitively coupled and mutually coupled SWCNT bundle interconnects, at the far 

end of victim line, at 32nm and 22nm technology nodes respectively. In mutually coupled 

interconnects, a magnetic coupling is considered in addition to capacitive coupling. The diameter 

dependent crosstalk induced noise voltage levels have also been analyzed for the same 

technology nodes. An alpha power law model has been used for representing transistors of 

CMOS-driver and the waveform of victim output analytically determined and compared with 

SPICE simulation results. A similar analysis has been performed for copper interconnects and a 

comparison made between the results of these two analyses. The analytical and simulation results 

have shown good agreement.  

Based on these results it is found that, compared to copper, crosstalk noise voltage levels 

in capacitive coupled SWCNT bundles, at the far end of victim line, are significantly low. In 

mutually coupled copper interconnects, width of the noise waveform is wider compared to CNT 

at the far end of victim line.  These results have further revealed that, compared to copper 

interconnects, capacitively coupled interconnects of SWCNT bundle filter more noise frequency 

components at both 32nm and 22nm technology nodes. In addition, compared to copper, 

mutually coupled interconnects of SWCNT bundles suppress comparable noise components in 

the higher frequency range for the same technology nodes. Based on these comparative results, 

an improved model for extracting inter-bundle [118], real life, coupling capacitances between 

SWCNT bundles has been proposed in this chapter.  
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Most investigators of bundle interconnects assume the value of coupling capacitance as 

equivalent to that of the coupling effect between metal interconnects of the same dimensions 

(e.g.[1]-[6],[118]). However, since material properties of copper widely vary from those of 

CNTs, perhaps there is need for some more realistic estimation of coupling capacitance values. 

The present work is an effort in that direction. Here inter bundle capacitance values are estimated 

using validated empirical relationships for CNT interconnects [118] and both analytical and 

simulated values of crosstalk-induced noise voltage of this novel interconnects obtained, with a 

suitable crosstalk analysis. 

4.2 CROSSTALK ANALYSIS IN CAPACITIVELY COUPLED 

INTERCONNECTS 

4.2.1 Piece Wise Transient Analysis 

  In this part of the study, the approach of CRLC π-circuit (CMOS inverter driven 

distributed RLC interconnect load) [16] of single interconnect has been used in capacitively 

coupled SWCNT bundle interconnects for obtaining an accurate analytical expressions for the far 

end of victim line (victim output).  The equivalent capacitively coupled CMOS gate driven π-

equivalent distributed RLC circuit is shown in Fig.4.1. Here R, L, C1 and C2 represent equivalent 

RLC values of the π-model [131] and CC is the coupling capacitance. This circuit consists of two 

coupled interconnects where one line is switching (aggressor line) and the other is quiet (victim 

line). The aggressor line’s CMOS driver transistor can be represented by α- Power Law model 

[129]. The transistor current representation, using α-Power Law model under different regions of 

operation, is given in Eq. (4.1). 
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�� � � �����	
����
������ � ����� �� ���� ����� � �!���
������� � �������"�
	 �
���� �!���
#              (4.1), 

 

where �� ���$���  are the transconductance parameters in linear and saturation regions, 

respectively;�% is the velocity saturation index and VT0 is the zero bias threshold voltage.  

Instead of linear resistance, CMOS driver has been used here to overcome the 

discrepancy in results, as has earlier been discussed in Chapter 2. During switching, a transistor 

in a CMOS gate operates partially in the linear region and partially in the saturation region. In 

the linear region, the transistor can be accurately approximated by a resistor. However, in the 

saturation region, the transistor is more accurately modeled as a current source with a parallel 

high resistance. This high resistance in series with an interconnect line over-rides the series 

resistance and inductance of the line. Thus interconnect appears predominantly capacitive (RC) 

when the transistor operates in the saturation region and the effect of inductance and resistance is 

negligible. Therefore for accurate crosstalk analysis, the equivalent linear resistor needs to be 

replaced by nonlinear CMOS transistors in capacitive coupled interconnects. 

 The output waveform at the end of victim line is efficiently approximated by piecewise linear 

waveforms, thereby enabling calculation of the voltage waveform at each point of the 

interconnect line. In order to obtain the output voltage expression analytically, the input 

transition period can be divided into four regions for fast input ramp condition, on the basis of 

MOSFET operating condition. An input ramp is categorized as fast ramp depending on the state 

the nMOS device attains when the input voltage reaches its final value. If the nMOS continues to 

operate in saturation region when the input ramp has reached its final value, the ramp is called 

fast.  
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The parasitic capacitance due to long interconnect is large. As a result the gate to drain coupling 

capacitance has a negligible effect on output. So, in this analysis, gate to drain coupling 

capacitance has been assumed to be negligible. An input, in the form of rising and falling ramp, 

with transition time &
 is applied to the transistor gate. For calculation purposes, the value of % 

has been assumed to be 1. 

4.2.2 Rising Input Pulse:  

 

Figure 4.1 Capacitively coupled interconnects with rising input.' � (�() * '+,-.�/ 
����� � (�() *�+,-.�/ 
 0( � (1 * 0+,-.�/ 
���0� � 23)1 * 0+,-.�/4 5 0�67.8 
 �'′ � $ �9� � �:�:
����. 

 

  In order to derive the differential equation that describes the operation of the circuit in 

Fig.4.1, the parasitic current through the pMOS transistor is considered negligible. This is a 

reasonable assumption since long interconnects present a high capacitance thus reducing the 

maximum value of the short circuit current [129]. 

By applying KCL at drain of nMOS in Fig.4.1, we obtain 

�; � �- 5 �              (4.2) 
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Neglecting the pMOS current ��; � �� Eq.(4.2) reduces to 

�- 5 � � ���<���������������������������������� 
By applying KCL at Vd  (near-end voltage of the interconnect)    

� � �=( 5 �(�
�where  �( � �=� 5 �>= .  

Therefore � � �=( 5 �( � �=( 5 �=� 5 �>=                        (4.3) 

? � 0( .@A.B 5 0� .@C.B 5 0= .�@CD@E�.B ���������������������������������������������������������������                           (4.4) 

By applying KVL at Vd (near-end voltage of the interconnect) 

�. � �( 5 '�( 5 � .FC.B �������������������������������������������������������������������������������������                       (4.5) 

Substituting the value of �( in Eq.(4.5). 

�. � �( 5 ' 30� .@C.B 5 0= .�@CD@E�.B 4 5 � ..B 30� .@C.B 5 0= .�@CD@E�.B 4����������������              (4.6) 

Substituting the value of Vd  in Eq.(4.4) results in the following third-order differential 

equation: 

? � 0( $�($
 5 '0(0� $��($
� 5 '0(0= $���( � ���$
� 5 �0(0� $G�($
G 5 �0(0= $G��( � ���$
G 5 0� $�($

5 0= $��( � ���$
  

? � .H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �
.E@E.BE '0(0= � �0= .@E.B �������������������������������������������������           (4.7) 

By applying KCL at the far end of victim line 
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?I � ?) 5 ?1                       (4.8) 

?I � ?1 5 ?J 5 ?K             (4.9) 

0= .�@ED@C�.B � 0� .@E.B 5 0( .@E.B 5 @LML�����������������������������������                                                             (4.10), 

NO� ���P � �Q'�) 5 � $�)$
 5 ��R 

So Eq. (4.10) becomes 

0= $��� � �(�$
 � 0� $��$
 5 0( $��$
 � ''′
S0= $��� � �(�$
 � 0� $��$
 T

� �'′

$$
 S0= $��� � �(�$
 � 0� $��$
 T � ��'′
 

UEVCUWE 3XYZ[′
4 5 UVCUW 3�\] 5 [[′

\]4 � UEVEUWE 3� XYZ[′
5 X[′

\�4 5 UVEUW 3� [[′
\] 5 [[′

\� � \] 5 \� 5 \(4 5
VE[′
������������                (4.11) 

Region-I: (0<t<t1)    

During this interval of time, nMOS is in cutoff state ( �- � � ).From Eq.(4.2) 

�- 5 � � �������������������������������������NO� ���- � �. 

Therefore current reduces to�� � �. 

From Eq. (4.7), the differential equation describing this state of operation is given as 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � ��0= .@E.B � �                 (4.12) 
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Here initial conditions are 9(��� � ��� 
 .^C.B � �
 9���� � �
 .^E.B � �<�From Eqs. (4.12) 

and (4.11), the solution of V2 (t) can be expressed as V2(t)=0, implying that the value of V2(t) 

continues to be at the level of zero up to time t1 where Vin = Vt0 . 

Region-II:  (t1<t<τ)  

In this region of transition time, nMOS operates in saturation region. Therefore, from 

Eqn.(4.1):�
�- � _`���� � �B6��  and from Eq.(4.2),  � 5 �- � �
NO� ����� � @aab 
< Where Ks is the 

transconductance parameter. From Eqs.(4.1) and (4.12), the differential equation which defines 

this state is 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � 0= .@E.B � �_` 3@aab 
 � �B64�������������������������������������������������������������          (4.13), 

NO� ��c � �0(0� 5 �0(0= , � �'0(0� 5 '0(0= ,  d � 0( 5 0� 5 0=�
 e � ��0(0=�
  f �
'0(0=�
 g � 0= .The value Vdd  for different technology nodes are shown in Table 4.1.  

The current term _` 3@aab 
 � �B64�can be solved using a Taylor series expansion: 

_` 3@aab 
 � �B64� � c� 5 c(
                (4.14) 

For % � h,  c� � �_`�B6���$�c(=_` @aab .Therefore Eq.(4.13) can be expressed as 

.H@C.BH c 5 .E@C.BE i 5 .@C.B d � .H@E.BH �e � .E@E.BE f � g .@E.B � �c� � c(
      (4.15) 
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 The solution of the differential equations in Eqs.(4.11) and (4.15) can be obtained using 

Laplace Transform and expressed in the s- domain as : 

���:� � �Djk`DjC��l`mn�`Eo�L`pmq`Hmr`Ems`mtu               (4.16),    

where ���:� is the Laplace Transform of V2 (victim output). 

Table 4.1 Various parameters of the transistor 

used in the analysis 

Parameters Technology nodes 

32nm 22nm 

Ido(mA) 1.6 1.45 

Vdd(V) 0.9 0.7 % 1 1 �B6(nMOS) 0.3692 0.3558 �B6(pMOS) -0.25399 -0.24123 

τ (nano second) 1 1 

 

In Eq. (4.16), v � w>xM′
,y � �0= 5 MM′

0=,z � � w>xM′
5 wM′

0�,{ � � MM′
0= 5 MM′

0� � 0= 5
0� 5 0(,| � (M′

� ,�%P � zc � ve,  } � iz � vf � ye 5 {c, ~ � dz 5 {i 5 |c � vg �
yf, � � {d 5 |i � yg, � � |d .  

Taking the inverse Laplace Transform of  Eq.(4.16) we get the solution in the time 

domain as: 

 ���
� � |� * 
 5 |( ����:(
� 5 |� ����:�
� 5 |G ����:G
� 5 |I�� ��:I
� 5 |)    (4.17),  
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NO� ��|� � DjCn`C`E`H`p, |( � Djkl`CED�jClmjkn�`CDjCn`CE�`CD`E��`CD`H��`CD`p� , |� � Djkl`EED�jClmjkn�`EDjCn`EE�`ED`C��`ED`H��`ED`p� ,�|G �
Djkl`HED�jClmjkn�`HDjCn`HE�`HD`C��`HD`E��`HD`p� ,|I � Djkl`pED�jClmjkn�`pDjCn`pE�`pD`C��`pD`E��`pD`H�  ,  |) � ��|( 5 |� 5 |G 5 |I� and s1, s2, 

s3 and s4 are the roots of the equation:%P:I 5 }:G 5 ~:� 5 �: 5 � � �. 

Region III: (τ<t<t2)  

Over this region, nMOS is in saturation and the input ramp has reached its final value. 

Therefore  �- � _`���� � �B6�� , where ��� � �...From Eqs.(4.2) and (4.12),the differential 

equation which defines this state is: 

 .H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �
.E@E.BE '0(0= � �0= .@E.B � �_`��.. � �B6����������������������������������                 (4.18) 

Time point t2 is calculated by setting the drain to- source voltage equal to the drain 

saturation voltage of the nMOS device [129].The solution of the differential equations in 

Eqs.(4.11) and (4.18),  can be obtained using Laplace Transform and expressed  in the s-domain 

as : 

 ���:� � D���@AAD@�����l`mn�o�L`pmq`Hmr`Ems`mtu                              (4.19) 

where ���:� is the Laplace Transform of V2 (victim output). 

Taking the inverse Laplace Transform of  Eq.(4.19), the solution in the time domain is 

given as: 

���
� � �_`��.. � �B6��o�( ����:(
� 5 �� ����:�
� 5 �G ����:G
� 5 �I�����:I
�u    (4.20),  
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where  �( � ��Cm���CD�E���CD�H���CD�p�,��� � ��Em���ED�C���ED�H���ED�p�, �G � ��Hm���HD�C���HD�E���HD�p�,  

�I � ��pm���pD�C���pD�E���pD�H� . 
s1, s2, s3 and s4 are the roots of the equation: 

%P:I 5 }:G 5 ~:� 5 �: 5 � � � 

Region-IV: (t>t2)   

This region of input transition time has the nMOS operating in its linear region and from 

Eq.(4.1):�- � _���.. � �B6��E�. ,NO� ���. � �( 5 '�( 5 � .FC.B   and �( � 0� .@C.B 5 0= .�@CD@E�.B  . 

Here _� is calculated by measuring ID0 and VD0 through the device characteristic curves 

[129] and is given as �� � ��k@a��@AAD@����E  . The value of ?�� for different technology nodes are 

shown in Table 4.1. From Eqs.(4.2) , (4.6) and (4.12) ,the differential equation which defines this 

state is 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � �0= .@E.B 5_���.. � �B6��E�. � �                                          

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � ���0= .@E.B 5_���.. � �B6��E ��( 5 ' 30� .@C.B 5 0= .�@CD@E�.B 4 5 � ..B 30� .@C.B 5
0= .�@CD@E�.B 4� � �                                                        (4.21) 

 The solution of the differential equations from Eqs. (4.11) and (4.21) can be obtained using 

Laplace Transform and expressed in the s-domain as: 
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���:�
� vvh�$$:� 5�$$:��vv� 5yvh�5�$$< :��vv� 5yv� � vh�5�$$< :��yv� � v����$$v�: � �$$v�:o%(:) 5 %�:I 5 %G:G 5 %I:� 5 %): 5 %1u  

                                                                                                               (4.22),     

where  ���:�  is the Laplace Transform of V2 (victim output) and                                                                 

�v( � �0(0� 5 �0(0= 
 v� � '0(0� 5 '0(0= 5 _���.. � �B6��E��0� 5 �0=�
 ��vG � 0( 5 0� 5
0= 5 _���.. � �B6��E�'0� 5 '0=�
 vI � �0(0= 
 v) � '0(0= 5 �0=_���.. � �B6��E ,v1 � 0= 5
'0=_���.. � �B6��E ,  vJ � _���.. � �B6��E, %( � zv( � vvI,%� � zv� 5 {v( � vv) �
yvI,�%G � zvG 5 {v� � vv1 � yv) 5 |v(, %I � zvJ 5 {vG � yv1 5 |v�, %) � {vJ 5
|vG���$�%1 � |vJ. 

 Taking the inverse Laplace Transform of Eq.(4.22), the solution is obtained in the time 

domain as: 

���
� � �� 5 �( ����:(
� 5 �� ����:�
� 5 �G ����:G
� 5 �I ����:I
� 5 �) ����:)
�      (4.23), 

where �� � `CL`EL`HL`pL`�L`C`E`H`p`�,�( � �`CD`CL��`CD`EL��`CD`HL��`CD`pL��`CD`�L�`C�`CD`E��`CD`H��`CD`p��`CD`�� ,��� �
�`ED`CL��`ED`EL��`ED`HL��`ED`pL��`ED`�L�`E�`ED`C��`ED`H��`ED`p��`ED`�� ,�G � �`HD`CL��`HD`EL��`HD`HL��`HD`pL��`HD`�L�`H�`HD`C��`HD`E��`HD`p��`HD`�� ,��I �
�`pD`CL��`pD`EL��`pD`HL��`pD`pL��`pD`�L�`p�`pD`C��`pD`E��`pD`H��`pD`��  and ��) � �`�D`CL��`�D`EL��`�D`HL��`�D`pL��`�D`�L�`��`�D`C��`�D`E��`�D`H��`�D`p� . 

 Here s1, s2, s3, s4 and s5 are the roots of equation:  

%(:) 5 %�:I 5 %G:G 5 %I:� 5 %): 5 %1 � � and :(P , :�P , :GP , :IP  and :)P  are the roots of equation: 
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vv(�..:) 5 �..:I�vv� 5 yv(� 5 �..< :G�vvG 5 yv� � v(� 5 �..< :��yvG � v�� � �..vG: ��..vJ=0. 

4.2.3 Falling Input Pulse 

 

Figure 4.2 Capacitively coupled interconnects with falling input.' � (�() * '+,-.�/ 
 � � (�() *�+,-.�/ 
 ���0( � (1 * 0+,-.�/ 
����0� � 23)1 * 0+,-.�/4 5 0�67.8 
 �'′ � $ �9� � �:�:
����. 

 

A similar analysis, as in section 4.2.2, gives the output voltage at the far end of victim 

line. For this falling input pulse, following circuit as shown in Fig.4.2 is considered. In this case, 

the parasitic current through the nMOS transistor is considered negligible to derive the 

differential equation that describes the operation of the circuit in Fig.4.2 and it is assumed that 

 ��- � �.. � @aab 
. By applying KCL at drain of pMOS 

?� � ?� 5 ?                (4.24) 
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Neglecting the nMOS current ��- � �� Eq.(4.24) reduces to ?� � ?<������������������������������������          
  

Region-I: (0<t<t1) 

During this region, the  pMOS is in cutoff state and according to Eq.(4.24) 

�; � ������������������������������������O� ���; � �< 
So     � � �< 

Circuit differential equation which defines this state is similar to Eq. (4.7), as discussed in 

4.2.2. 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � �0= .@E.B � �               (4.25) 

The initial conditions are  �9(��� � �
 .^C.B � �
 9���� � �
 .^E.B � �. From above Eqs. 

(4.11 ) and (4.25) ,the solution of  V2(t) is given by V2(t)=0. 

Region-II:  (t1<t<τ) 

The pMOS device operates in saturation and the input signal is in transition, therefore 

according to Eqn.(4.1) drain current through pMOS expressed as �; � _` 3�.. � @aab 
 � �B64�. 

From  Eqs. (4.7)  and (4.24) , results in the following third-order differential equation: 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � 0= .@E.B � _` 3�.. � @AAb 
 � �B64�����������������������������������      (4.26) 
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The current term _` 3�.. ��@AAb 
 � �B64�can be solved using Taylor series expansion: 

_` 3�.. � @AAb 
 � �B64� � c� 5 c(
            (4.27) 

For  % � h,  c� � _`��.. � �B6������$�c(=�_` @AAb .Therefore, Eq.(4.26) can be expressed as: 

.H@C.BH c 5 .E@C.BE i 5 .@C.B d � .H@E.BH �e � .E@E.BE f � g .@E.B � c� 5 c(
        (4.28), 

NO� ��c � �0(0� 5 �0(0=,i � �'0(0� 5 '0(0=,d � 0( 5 0� 5 0= 
 e � ��0(0= 
 f �
'0(0=���$�g � �0= < 
 The Solution of differential equation expression from Eqs.(4.11) and (4.28)  in terms of s- 

domain using Laplace  Transform of V2(victim output), can be derived and expressed as : 

���:� � �jk`mjC��l`mn�`Eo�L`pmq`Hmr`Ems`mtu                            (4.29) 

 Taking the inverse Laplace Transform of Eq.(4.29), solution of V2 becomes in time domain: 

���
� � |� * 
 5 |( ����:(
� 5 |� ����:�
� 5 |G ����:G
� 5 |I�� ��:I
� 5 |)         (4.30), 

where v � w>xM′
,y � �0= 5 MM′

0=,z � � w>xM′
5 wM′

0�,{ � � MM′
0= 5 MM′

0� � 0= 5 0� 5 0(,| � (M′
� , 

��%P � zc � ve,} � iz � vf � ye 5 {c,~ � dz 5 {i 5 |c � vg � yf 

� � {d 5 |i � yg,� � |d,�|� � jCn`C`E`H`p,|( � jkl`CEm�jClmjkn�`CmjCn`CE�`CD`E��`CD`H��`CD`p� ,|� �
jkl`EEm�jClmjkn�`EmjCn`EE�`ED`C��`ED`H��`ED`p� ,|G � jkl`HEm�jClmjkn�`HmjCn`HE�`HD`C��`HD`E��`HD`p� ,|I � jkl`pEm�jClmjkn�`pmjCn`pE�`pD`C��`pD`E��`pD`H� ,|) �
��|( 5 |� 5 |G 5 |I�< 
 Here s1, s2, s3 and s4 are the roots of the expression: %P:I 5 }:G 5 ~:� 5 �: 5 � � �< 
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Region-III: (τ<t<t2) 

During this transition interval, the input has reached its final value and the pMOS 

transistor is still in saturation. Therefore �; � _`��.. � �B6�� . From the Eqs.(4.7) and (4.24), 

The differential equation which defines this state is 

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � ���0= .@E.B � _`��.. � �B6�����������������������������                                        (4.31) 

 The Solution of differential equation expression from Eqs.(4.11) and (4.31)  in terms of s- 

domain using Laplace  Transform of V2(victim output), can be derived and expressed as : 

���:� � ���@AAD@�����l`mn�o�L`pmq`Hmr`Ems`mtu                                                             (4.31) 

 Here v
 y
 %P
 }
 ~
 ����$���� ��same as previous one. Taking the inverse Laplace Transform 

of Eq.(4.31), solution of  V2 becomes in time domain: 

���
� � _`��.. � �B6��o�( ����:(
� 5 �� ����:�
� 5 �G ����:G
� 5 �I�����:I
�u   (4.32), 

where  �( � l`Cmn�`CD`E��`CD`H��`CD`p�,��� � l`Emn�`ED`C��`ED`H��`ED`p�,��G � l`Hmn�`HD`C��`HD`E��`HD`p�,��I �
l`pmn�`pD`C��`pD`E��`pD`H�   and s1, s2, s3 and s4 are the roots of the equation: 

%P:I 5 }:G 5 ~:� 5 �: 5 � � �< 
Region-IV: (t>t2) 

During this transition of time, the pMOS transistor operates in linear region. Therefore 

drain current through pMOS  from Eq.(4.2) becomes 
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�; � _���.. � �B6��E��.. � �.�               (4.33), 

where _� is  the transconductance parameter(Linear region). 

From Eqs.(4.7),(4.24) and (4.33), the differential equation describing this state of 

operation is given as  

.H@C.BH ��0(0� 5 �0(0=� 5 .E@C.BE �'0(0� 5 '0(0=� 5 .@C.B �0( 5 0� 5 0=� � .H@E.BH ��0(0= �

.E@E.BE '0(0= � ���0= .@E.B 5_���.. � �B6��E ��.. � �( � ' 30� .@C.B 5 0= .�@CD@E�.B 4 � � ..B 30� .@C.B 5
0= .�@CD@E�.B 4� � �                             (4.34) 

 The Solution of differential equation expression from Eqs.(4.11) and (4.34)  in terms of s- 

domain using Laplace Transform, of V2(victim output) can be derived and expressed as : 

���:� � D�l`Emn`�l¡`o�C`�m�E`pm�H`Hm�p`Em��`m�¢u                                       (4.35), 

NO� ��v( � �0(0� 5 �0(0= 
 v� � '0(0� 5 '0(0= � _���.. � �B6��E��0� 5 �0=�
 vG � 0( 5
0� 5 0= � _���.. � �B6��E�'0� 5 '0=�
 vI � �0(0= 
 v) � '0(0= � �0=_���.. � �B6��E 
 
v1 � 0= � '0=_���.. � �B6��E 
 vJ � �_���.. � �B6��E 
 vK � �..�_���.. � �B6��E < 
:(
 :�
 :G
 :I
 :)�are the root of  the equation:%(:) 5 %�:I 5 %G:G 5 %I:� 5 %): 5 %1 � � 

 Here %( � zv( � vvI
 %� � zv� 5 {v( � vv) � yvI
 %G � zvG 5 {v� � vv1 � yv) 5
|v(
 %I � zvJ 5 {vG � yv1 5 |v���£¤�%) � {vJ 5 |vG
 %1 � |vJ. 

 Taking the inverse Laplace Transform of Eq.(4.35), solution of V2 becomes in time domain: 

���
� � �( ����:(
� 5 �� ����:�
� 5 �G ����:G
� 5 �I ����:I
� 5 �) ����:)
�    (4.36), 
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where  

�( � D�l`CEmn`C�l¡`C�`CD`E��`CD`H��`CD`p��`CD`���,  �� � D�l`EEmn`E�l¡`E�`ED`C��`ED`H��`ED`p��`ED`�� ,  
�G � D�l`HEmn`H�l¡`H�`HD`C��`HD`E��`HD`p��`HD`���,���I � D�l`pEmn`p�l¡`p�`pD`C��`pD`E��`pD`H��`pD`��  and 

�) � D�l`�Emn`��l¡`��`�D`C��`�D`E��`�D`H��`�D`p� . 
4.2.4 Coupling Capacitance Model 

In this analysis, semi-conducting SWCNT is excluded and metallic SWCNT is 

considered due to its desirable properties as discussed in chapter 2. The coupling capacitance 

between number of metallic CNTs forming a bundle is of no consequence. This is because, when 

the CNT bundle carries, it is assumed that each CNT conducting current is held at the same 

potential, as any other. Hence the coupling capacitance of the bundle that appears as a load on 

the interconnect is expected to arise mainly from the CNTs lying at the edges of the bundle that 

are capacitively coupled with the adjacent interconnects [62], [118]. 

Thus, the model for extracting the coupling capacitance between adjacent bundles of 

SWCNTs can now be summarized by the following equation [118]. 

0>�¥�
N����¥	�$¦�:� � �0§- 5 -¨D�� 0§©� 5 � �-ªD��) 0§-�     (4.37), 

where 0§- � S�«¬­®¯�3°A4 T, 0§© � S �«¬­®¯�3°±¨A 4T  and �² � S³²D.´HE µ ¶ 5 hT< 
Here �² is the number of rows in the interconnect bundle and �· is the number of “columns”.  

CEn and CEf  are the near and far neighbor inter bundle capacitive effects that can be easily 

calculated for an isolated SWCNT over a ground plane. 
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4.2.5 Transient Response Analysis At The Far end Of victim  

         Line 

In this Section, a comparative study of the crosstalk analysis between (i) SWCNT bundle 

interconnects with coupling capacitance estimated (a) conventionally (conventional model) and 

(b) as proposed above, in  the present study (proposed model) and (ii) copper interconnects, is 

reported. Further, a detailed comparative investigation of  the analytically extracted capacitive 

coupled  dependent transient responses and simulated transient responses at the far end of victim 

output, for the proposed model of SWCNT bundle and copper interconnects has been performed 

and the ensuing results and inferences compared. To analyze the crosstalk voltage noise, a 

capacitively coupled CMOS inverter driven π-equivalent distributed RLC interconnects circuit, 

as shown in Figs. 4.1 and 4.2, has been considered. All the signal wires are driven by a CMOS 

driver at 32nm and 22nm technology node [125] with clock speed of 0.1 GHz, rise time=1ns, fall 

time=1ns and terminated with capacitive load of 0.14fF [77]. For crosstalk analysis, the victim 

net (i.e. the crosstalk affected net) is kept fixed at logic 0 and the aggressor net (i.e. the net that 

cause crosstalk on victim) is switched from logic 1→0 and 0→1 respectively.  The aggressor line 

CMOS driver has pMOS width (Wp) double than nMOS width (Wn) while the victim line is 

grounded at the input through a linear region equivalent driver resistance. 

For all calculation and simulation purposes for global(1mm long) interconnect of CNT 

and copper, all the equivalent various impedance parameters are calculated using Eqs.(3.17)-

(3.34) and the data shown in Table 3.1 have been used. The values of proposed coupling 

capacitance are calculated using the appropriate expression available in Eq.(4.37) and shown in 

Table 4.2.The coupling capacitance between adjacent bundles of SWCNT for the conventional 

model is calculated by Eq.(4.38) [6],[125]. For the conventional and proposed model, a densely 
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packed SWCNT bundle with tube diameter of 1nm has been considered. Table 4.2 shows that, 

for both technology nodes, compared to the conventional model of coupled SWCNT bundle 

interconnects with proposed and the copper based coupled interconnects, the coupling 

capacitance (CC) of the proposed model is much less, of the order of few a fF only. 

Table 4.2 Inter coupling capacitance value between 

adjacent interconnects 

Technology Impedance 

parameters 

SWCNT bundle Copper 

Conventional Proposed 75.17 

22nm Coupling 

capacitance   

(fF) 

75.17 2.6 

32nm Coupling 

capacitance   

(fF) 

82.199 3.89 82.199 

Fig.4.3 exhibits the crosstalk-induced transient response of the victim output for the 

SWCNT bundle interconnects with the proposed model and the conventional model of coupling 

capacitance at 22nm technology node. These observations are based on the simulated results. 

Compared to the waveform of the proposed model based SWCNT bundle, that based on the 

conventional shows higher positive and negative voltage peaks. These high positive and negative 

voltage peaks are due to the low reactance path between the two coupled SWCNT bundles. 

Figs.4.4 and 4.5 illustrate the analytical piecewise and simulated crosstalk-induced transient 

response of the victim output for the SWCNT bundle interconnects (proposed model) and the 

copper interconnects at 32nm and 22nm technology node respectively. There is good agreement 

between the analytical and simulation results obtained for both CNT and copper at 32nm and 

22nm technology nodes. 
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Figure 4.3 Crosstalk induced transient response of capacitively coupled interconnects for the 

proposed and conventional model of SWCNT bundle at the far end of victim line, at 22n 

technology node.  

Figure 4.4 Analytical piecewise and simulated crosstalk-induced transient response of the victim 

output for the SWCNT bundle interconnects (proposed model) and the copper interconnects at 

32nm.  
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Compared to the waveform of the proposed model based SWCNT bundle, that of the 

copper shows higher positive and negative voltage peaks in the both cases of technologies. The 

high voltage peaks are due to the comparatively higher self inductance (LS), coupling capacitance 

(CC) and lower  ground capacitance (Cg) values of copper (see Tables 3.4 and 4.2). Due to this 

higher CC value, compared to the SWCNT bundle, copper based coupled interconnects provide a 

lower reactance path. In addition, as self inductance is increased, the even and odd mode 

characteristic impedances increases, causing the positive coupled peak voltage to rise 

significantly [14],[15],[104]. When the ground capacitance increases, both even and odd mode 

characteristic impedance reduces and causes a large fall in coupled peak voltage.   

 

Figure 4.5 Analytical piecewise and simulated crosstalk-induced transient response of the victim 

output for the SWCNT bundle interconnects (proposed model) and the copper interconnects at 

22nm.  
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4.2.6 Frequency Spectrum Analysis  

  Figs. 4.6 and 4.7 illustrate the frequency spectrum of the crosstalk-induced transient 

response waveforms of the victim output, at 32nm and 22nm technology nodes, shown in Figs. 

4.4 and 4.5 respectively. The frequency components have been obtained using a script of Fast 

Fourier transform (FFT) technique written in C language, with transition period of the input and 

output waveforms divided into 64(2
6
) equal parts. The amplitudes of the frequency spectrum (y 

axis of Figs.4.6 and 4.7) are normalized by the amplitudes of input signal frequency; the 

frequencies (x axis of Figs.4.6 and 4.7) are normalized by the corresponding input signal 

frequency. Figs. 4.6 and 4.7  show that, for the entire normalized frequency range, compared to 

copper interconnects, coupled interconnects of SWCNT bundle have smaller amplitude levels of 

noise and filter more noise frequency components of victim output. Also, both for SWCNT 

bundle and copper interconnects, noise frequency components are more suppressed in the 

smaller frequency range. It may be noted that, compared to CNT, in copper, coupling is more 

dominant due to low reactance path between two parallel interconnects, a higher line resistance 

and inductance with smaller line capacitance.  

  In addition, it may be also noted that as compared to the results exhibited in Fig.4.7, in 

Fig.4.6 the difference between CNT and copper noise frequency components are more 

prominent. This is due to the fact that the normalized crosstalk induced noise obtained is more at 

22nm compared to 32nm technology node. Furthermore, there is a good agreement between the 

frequency spectrum of analytical and spice waveform for both CNT and copper at both 32nm 

and 22 nm technology nodes.  
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Figure 4.6 Variation of normalized crosstalk amplitude of frequency components for 

capacitively coupled interconnects at far end of the victim line with normalized signal frequency, 

at 32nm technology node. 

 

Figure 4.7 Variation of normalized crosstalk amplitude of frequency components for 

capacitively coupled interconnects at far end of the victim line with normalized signal frequency, 

at 22nm technology node. 
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4.2.7 Effect of SWCNT Diameter on Crosstalk Induced Noise Voltage 

 
Fig.4.8 illustrates the dependence of normalized crosstalk noise on the tube diameter (d) 

at 32nm and 22nm technology nodes. Normalized crosstalk noise is defined as the ratio between 

the terminal voltages at victim output and the input voltage (Vvictim out/Vin). These observations 

are based on the simulated results. It is observed that, for both technology nodes, the normalized 

crosstalk noise at the far end of victim line initially decreases with increase in tube diameter but 

then increases after a critical value of the tube diameter is reached. The variations are simply 

reflections of the combined effects of tube diameter (d) variations on resistance and capacitance. 

Initially, the gradual fall in normalized crosstalk with tube diameter indicates dominance of CNT 

resistance over its capacitance, with negligible effect of inductance. Further, it is seen that as 

diameter is increased, after a certain critical diameter, the capacitance dominates over CNT 

resistance. Thus for a good performance in terms of crosstalk, if possible, this optimum tube 

diameter should be selected.  

Also as discussed in chapter 3, SWCNT bundle resistance increases with increase in tube 

diameter whereas the reverse is true for tube bundle capacitance. Work reported in [14],[15], 

[104] show that as line resistance increases, the noise peak reduces. This is due to the fact that, 

with increasing in resistance, the voltage steps traveling along the line undergo attenuation and 

dispersion. Hence, the voltage steps arriving at far end of the line are smaller and have larger 

time duration. It may also be noted that the normalized crosstalk noise obtained at 22 nm 

technology is more compared to 32nm technology node for the entire range of tube diameter. 

This is due to the comparatively lower values of ground capacitance (Cg) and higher values of 

self inductance (LS) for the entire range of diameter variation, as is seen in Table 3.3.  



91 

 

 

Figure 4.8 Normalized crosstalk noise as a function of tube diameter with length 1mm. 
 

4.3 CROSSTALK ANALYSIS IN MUTUALLY COUPLED 

 INTERCONNECT  

4.3.1 Transient Response at the Far End of Victim Output 

 

Figure 4.9 Mutually coupled interconnects. Rd and CL are the driver resistance and load 

capacitance [15]. 
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Wide wires are frequently encountered in global interconnects in upper metal layers. 

These wires can exhibit significant inductive effects [15]. For this part of the analysis, circuits 

comprising of a CMOS-inverter driven, mutually coupled, distributed interconnects of SWCNT 

bundle, loaded by a capacitance of 0.14pF, as shown in Fig.4.9, has been considered. A 0.1 GHz 

of rising pulse provides the input to the inverter with rise time and fall time of 1ns. For a 

transient response analysis of the output voltage across the load capacitance at the far end of 

victim, transistors of the inverter are represented by the α-power law model [129]. A piecewise 

approach, as described in [15], is used to obtain analytical time dependent expressions for the 

output voltage over different ranges of the input transition time. For simulation purposes, the 

Predictive Technology Model (PTM) of 32nm and 22nm nodes [125] is used for the CMOS-

driver. For all calculation and simulation purposes for global(1mm long) interconnect of CNT 

and copper, the equivalent various impedance parameters are calculated using Eqs.(3.17)-(3.34) 

and the data shown in Table 3.3 have been used. 

Similar analysis is carried out for copper-interconnects of same technologies and clock 

speed.  For this part of the analysis, the victim net (i.e. the crosstalk affected net) is kept fixed at 

logic 0 and the aggressor net (i.e. the net that cause crosstalk on victim) is switched from logic 

1→0 and 0→1 respectively. The mutual inductance between interconnects of SWCNT is 

assumed to be same as that of copper based interconnect with same dimensions and calculated 

using Eq.(4.39)[6],[125],[126].The value of inter coupling capacitance  of  SWCNT bundles is 

calculated using Eq. (4.37) and for copper, is calculated by Eq.(4.38)[6],[125],[126]. 

0> � ¸ ¹h<h� ²̀ 3 ººm�<�1`4�<�» 5 �<�� 3 ··m(<)»`4(<(I5h<h¼ 3 ··m(<KJ`4�<(1 3 ººm�<»K`4(<(K ½         (4.38), 
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¾ � ¿kw�« �À£ 3�X�L4 � h 5 �LX �                  (4.39),           

Here 0> is the coupling capacitance between adjacent interconnects and �¾ is the mutual 

inductance. Also L = length, w = width, " ′ = center to center distance between rectangular 

interconnect, �H=thickness, y=height above ground, s=spacing between parallel interconnects, 

ε=dielectric constant and µ0=permeability of vacuum. 

Figs.4.10 and 4.11 exemplify the analytical piecewise and simulated crosstalk-induced 

transient response of the victim output for the mutually coupled SWCNT bundle interconnects 

and the copper interconnects at 32nm and 22nm technology nodes respectively.  

 
Figure 4.10 Analytical piecewise and simulated crosstalk-induced transient response of the 

victim output for the mutually coupled SWCNT bundle interconnects and the Copper 

interconnects at 32nm.  
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            There is good agreement between the analytical and simulation results obtained for both 

CNT and copper at 32nm and 22nm technology nodes. It is observed that, compared to the 

waveform of mutually coupled SWCNT bundles, that of copper interconnects shows wider 

crosstalk induced pulse at the far end of victim output in terms of time duration and higher 

positive peaks at both technology nodes. This is due to the comparatively higher R, LS, CC and 

lower Cg values of copper (see Tables 3.4 and 4.2). 

 

 
Figure 4.11 Analytical piecewise and simulated crosstalk-induced transient response of the 

victim output for the mutually coupled SWCNT bundle interconnects and the copper 

interconnects at 22nm. 

 

4.3.2 Frequency Spectrum Analysis 

             Figs. 4.12 and 4.13 illustrate the frequency spectrum of the crosstalk-induced transient 

response waveforms of the victim output, at 32nm and 22nm technology nodes, shown in Figs. 

4.10 and 4.11 respectively. The frequency components have been obtained using a script of Fast 
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Fourier transform (FFT) technique written in C language , with transition period of the input and 

output waveforms divided into 64(2
6
) equal parts.  The amplitudes of the frequency spectrum (y 

axis of Figs.4.12 and 4.13) are normalized by the amplitudes of input signal frequency; the 

frequencies (x axis of Figs.4.12 and 4.13) are normalized by the corresponding input signal 

frequency.  

 

Figure 4.12 Variation of normalized crosstalk amplitude of frequency components for mutually 

coupled interconnects at the far end of the victim line with normalized signal frequency, at 32nm 

technology node.  

            Figs. 4.12 and  4.13 show that, for the smaller normalized frequency range, compared to 

copper interconnects, mutually coupled interconnects of SWCNT bundle have smaller amplitude 

levels of noise and filter more noise frequency components of victim output. In addition, for both 

technology nodes,  for the higher frequency range, compared to mutually coupled interconnects 

of SWCNT bundle, copper interconnects have comparably suppressed frequency components. It 
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may also be noted that, compared to noise peaks at 32nm technology node, more noise peaks are 

observed at 22nm technology nodes. 

 

 

Figure 4.13 Variation of normalized crosstalk amplitude of frequency components for mutually 

coupled interconnects at the far end of the victim line with normalized signal frequency, at 22nm 

technology node. 

4.4 CONCLUSION 

In this chapter, (i) crosstalk induced, noise voltage waveform and its frequency spectrum, 

in capacitively coupled and mutually coupled interconnects of SWCNT bundle, at the far end of 

victim line, at 32nm and 22nm technology nodes respectively, (ii) a comparative study of 

crosstalk analysis between SWCNT bundle interconnects with coupling capacitance estimated 

(a) conventionally (conventional model) and (b) proposed model, (iii) diameter dependent 
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crosstalk induced noise voltage levels for the same technology nodes have been analyzed and 

results discussed.(iv) Further waveform of victim output have been analytically determined and 

compared with SPICE simulation results,(v) a similar analysis has been performed for copper 

interconnects and a comparison made between the results of these two analyses.   

Based on these analyses it was observed that compared to the waveform of the proposed 

model of inter bundle capacitance based SWCNT bundle that of the conventional model shows 

higher positive and negative voltage peaks at the far end of victim line. Further it was observed 

that the piecewise analytical results replicate the SPICE waveforms very well. Results of the 

analyses also reveal that, compared to copper, crosstalk noise voltage levels in capacitively 

coupled SWCNT bundles, at the far end of victim line, are significantly low. It was seen that, for 

both technology nodes, the normalized crosstalk noise at the far end of victim line, initially 

decreases with increase in tube diameter and then increases beyond a critical value of tube 

diameter. These variations are simply reflections of the combined effect of the tube diameter (d) 

variations on tube resistance and capacitance. 

In mutually coupled copper interconnects, width of noise waveform was wider compared 

to CNT at the far end of victim line. Further it was noted that, at both 32nm and 22nm 

technology nodes, compared to copper interconnects, capacitive coupled interconnects of 

SWCNT bundle filtered more noise frequency components. In contrast, for the same technology 

nodes, in mutually coupled interconnect of SWCNT bundles, compared to copper, comparable 

noise components in the higher frequency range were suppressed. 
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Chapter 5 

INFLUENCE OF INTERCONNECT DIMENSIONS 

IN COUPLED CARBON NANOTUBE BUNDLES 

 

. 

5.1 INTRODUCTION 

Coupling noise (or crosstalk) between adjacent interconnects is also a primary concern for 

present and future generations of CMOS VLSI circuits. Coupling effects become more 

significant as the feature size is decreased to deep sub micrometer dimensions[15], 

[104],[106].One way to manage coupling noise is by controlling line parasitics, which in turn can 

be controlled by wire sizing and spacing.  

In this chapter, we analyzes how crosstalk noise voltage (functional crosstalk noise) in 

capacitively coupled Single Walled Carbon Nanotube (SWCNT) bundle interconnects, at the far-

end of victim line, is controlled  under the influence of interconnect dimensions such as space(s) 

and width(w) for fixed pitch, using  proposed inter coupling capacitive model. A similar analysis 

is performed for copper based interconnect and comparison is made with result obtained for CNT 

based interconnect at 22nm technology. The SPICE simulation results reveal that  the crosstalk 

noise voltage level at the far end of victim line in CNT bundles is significantly low compared to 

that in conventional metal(copper) conductors in three different cases to keep the pitch (s+w) 

fixed but varying the value of interconnect spacing and width. 
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5.2 IMPEDANCE ANALYSIS OF CNT INTERCONNECTS  

It can be seen from Eqs.(3.24),(3.28), (3.31) and (4.37), the impedance parameters of  bundle 

SWCNT  are the  functions of  interconnect dimensions.  

 

Figure 5.1 Schematic of the parallel interconnects structure using SWCNT bundle. H is 

thickness, w is the width of SWCNT bundle interconnect and y is the distance between 

SWCNT bundle interconnect and ground plane. 

 

The parallel interconnects structure constituted with SWCNT bundles are shown in 

Fig.5.1. The equivalent circuit impedance parameters of CNT are calculated from Eqs. (3.15)–

(3.31) and for copper from Eqns.(3.32)-(3.34) and Eq.(4.38), under three different cases 

viz.,case-1,case-2 and case-3. 

Case-1: Space (s) between two interconnect equals to s + w/2 = (3w)/2=48nm and Width (w) = w 

- w /2=w/2=16nm.   

Case-2: Space (s) between two interconnect equals to 32nm and Width (w)=32nm. 

Case-3: Space (s) between two interconnect equals to s - (w /2) = w /2=16nm and Width (w) = 
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w + (w /2) = 3 w /2=48nm. In all three cases pitch (s + w) is kept fixed at 64nm but interconnect 

dimensions are varied. 

 Data given in Table-3.1 are used for the calculations. Fig.5.2 exemplifies how the 

resistance varies with interconnect length for three different dimensions. It can be seen that an 

interconnect of larger width in case-3, when used as interconnect will have smaller line 

resistance for both CNT and copper. It shows that in various length and width of interconnects 

the resistance of bundle SWCNT is several times lower than that of copper based interconnects. 

Variations in interconnect resistance has the effect on far end voltage magnitude of victim and 

time durations [15], [104]. Fig.5.3 shows the variation of total interconnect effective capacitance 

(equivalent ground capacitance) as a function of interconnect length for different adjacent 

interconnects dimension. Interconnect capacitance increases with decrease in space between 

adjacent interconnects and decreases with scaled down dimensions. 

 

Figure 5.2 Variation of resistance as a function of interconnect length at different dimension 

between adjacent interconnects for 22nm technology. 



101 
 

 

 

Figure 5.3 Variation of capacitance as a function of interconnect length at different dimension 

between adjacent interconnects for 22nm technology. 

 

 It is observed that a bundle composed of tubes has larger effective capacitance in all three 

cases compared to the copper based interconnect. Since, the cylindrical surface area of the CNTs 

at the edge of a bundle exposed to the surrounding interconnects is larger than the corresponding 

surface area for a copper (Cu) interconnect with straight edges [62]. Therefore SWCNT bundle 

has larger effective capacitance as compared to copper of equivalent dimension. Fig.5.4 

illustrates the dependence of inductance on interconnect dimensions as well as length. 

Inductance increases with increase in space between interconnects and decreases with increase in 

width of interconnects in all three cases. 

 Kinetic inductance LK is excluded from the calculations of SWCNT bundle for lengths L 

>> λ (mean free path of CNT)[118].Therefore, it has been observed that a bundle composed of 
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tubes has smaller inductance in all three cases as compared to copper . Results are obtained in 

Figs.5.2, 5.3 and 5.4 indicate that a densely packed interconnects have larger capacitance but 

reverse is true for inductance and resistance. In capacitively coupled interconnects, as self 

inductance is increased, the difference between even and odd mode time of flight increases [104]. 

The increase in time of flight with self inductance indicates the desirable effect on crosstalk 

induced noise  voltage levels at far end of victim line. 

 Fig.5.5 shows how inter coupling capacitance between adjacent interconnects vary as a 

function of interconnect length for three different dimensions. Inter coupling capacitance 

between adjacent interconnects of SWCNT bundle is extracted from the proposed model 

encapsulated in Eq.(4.37). Coupling capacitance increases with decrease in space between 

adjacent interconnects and decreases with scaled down the width of interconnects. Coupling 

capacitance increases significantly with increase in length of interconnect. Results also reveal 

that copper based interconnect has higher value of coupling capacitance than a CNT bundle 

counterpart in three different cases.  

 These variations in coupling capacitance, using scaling of interconnect dimensions, have 

the effect of voltage magnitude at far end of victim line. The conventional model based inter 

coupling capacitance [6],[132],[133] between adjacent interconnects of  SWCNT bundle has 

been also calculated under three different cases of interconnect dimensions. Comparison is made 

with result obtained from the proposed model under same cases and shown in Table 5.1, in which 

coupling capacitance (CC) value of the proposed model is less compared to conventional. It is of 

the order of few fF.   
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Figure5.4 Variation of Inductance as a function of interconnect length at different dimension 

between adjacent interconnects for 22nm technology.                

 

Figure 5.5 Variation of coupling capacitance as a function of interconnect length at different 

dimension between adjacent interconnects. 
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5.3 CROSSTALK ANALYSIS IN CAPACITIVELY COUPLED   

      INTERCONNECTS OF SWCNT BUNDLE 

In this sub-section, we study the effect of changing the dimension of capacitively coupled 

interconnects on coupled noise (functional crosstalk noise) voltage at the far-end of victim line. 

In order to analyze crosstalk noise voltage in terms of voltage spikes on adjacent nets, we 

consider capacitively coupled distributed interconnects circuit [86] as shown in Fig.5.6. All the 

signal wires are driven by a CMOS driver at 22nm technology [125] with clock speed of 0.1 

GHz, Vdd=0.7V, rise time=1ns, fall time=1ns and terminated with capacitive load of 0.14fF [77]. 

FO4 (fanout of four) is consider in this analysis [77]. For calculation and simulation purpose for 

interconnect of SWCNT bundle, the data shown in Table 3.1 have been used. A densely packed 

SWCNT bundle of diameter 1nm is considered. Simulation is also carried out for coupled 

interconnects of copper with same clock speed and technology node.  

 

Figure 5.6 CMOS gate driven capacitively coupled interconnects [86]. Rb is the SWCNT bundle 

resistance, Lb is the SWCNT bundle inductance, Cb is the SWCNT bundle capacitance and Cload 

is the load capacitance. 
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Circuit parameters and coupling capacitance of coupled interconnect of copper are 

calculated by appropriate use of the expressions from Eqs.(3.32)-(3.34)  and Eq.(3.38) and data 

obtained from Table 3.1. For overshoot and undershoot analysis, the victim net (i.e. the crosstalk 

affected net) is kept fixed at logic 1 and the aggressor net (i.e. the net that cause crosstalk on 

victim) is switched from logic 1→0. The aggressor line CMOS driver has pMOS width (Wp) 

double than nMOS width (Wn) while the victim line is grounded at the input through a linear 

region equivalent driver resistance and the size of CMOS driver nMOS is set to be 40 times the 

minimum size of transistor. In this analysis, the width (w) and thickness (H) of interconnect are 

assumed to be 32nm and 96 nm respectively, and space(s) between two interconnect is assumed 

to be 32nm.  

A comparative study of crosstalk analysis between (i) SWCNT bundle interconnects with 

coupling capacitance estimated using improved model, and (ii) conventional model, is reported 

and shown in Table 5.1.The value of conventional model of inter coupling capacitance is 

calculated from Eq.(4.38) under three different cases. It can be seen that the propose model 

provides lower value of coupled noise voltage as compared to conventional counterpart in all 

three cases. Furthermore, the table also provides an account of crosstalk noise voltage 

corresponding to three different cases of copper coupled interconnects. Fig.5.7 illustrates the 

dependence of normalized crosstalk noise voltage on interconnect dimensions at the far end of 

victim line for different interconnect lengths. 
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Table 5.1 Comparison between crosstalk noise voltage using conventional Cc and Proposed 

Cc. Length of interconnect=1mm,CLoad=0.14fF,Technology:22nm 

Interconnect 

dimensions 

Inter coupling capacitance 

(CC)  between adjacent 

SWCNT bundles 

Crosstalk noise voltage at 

the far end victim in 

coupled SWCNT bundle 

interconnects 

 

Crosstalk 

induced noise 

voltage 

(copper) 

 

Conventional Proposed 

model 

Conventional Proposed 

model 

Case-1 29.9fF 1.569fF 3.4mV 0.334mV 30.2mV 

Case-2 75.173fF 2.597fF 3.01mV 0.331mV 23.63mV 

Case-3 204.395fF 3.575fF 5.96mV 0.363mV 32.56mV 

 

 The normalized crosstalk noise voltage at the far end of victim line, defined as the ratio 

between the terminal voltage at victim output and the input voltage (Vout2/Vin). It is observed that, 

with increased spacing for both copper and CNT, noise voltage peaks due to capacitive coupling 

reduction in case-1 as compared to case-3.This is due to the fact that with increased spacing, the 

coupling capacitance reduces rapidly. On the other hand, case-2 has lower crosstalk noise voltage 

levels for different interconnect lengths as compared to case-1 due to the reduction in line width 

by a factor of w/2. Now consider case-3 where crosstalk noise voltage levels (in form of peaks) 

are more for different interconnect lengths as compared to case-1 and case-2 due to low 

reactance path. In addition, as compared to SWCNT bundle interconnect for all three cases, 

copper has higher coupled noise voltage levels due to larger value of coupling capacitance as 

shown in Fig.5.5. 
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Figure 5.7 Normalized crosstalk noise voltage as a function of length for different interconnect 

dimensions. 

 

Scaling of interconnect dimensions has a significant effect on both interconnect resistance, 

capacitance (ground capacitance) and self inductance as shown in Figs.5.8, 5.9 and 5.10. The 

effect of line resistance on noise peak voltages is shown in Fig.5.8 for both CNT and copper. It 

can be seen that positive coupled peak voltage (noise peak voltage) is a function of line 

resistance. Results are obtained by sweeping Interconnect resistance. Resistance is normalized by 

their respective values for 1mm length of interconnect. 
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Figure 5.8 Positive coupled peak voltage as a function of normalized interconnect resistance. 

 

The result resembles that as line resistance increases, the noise peak reduces. This is due 

to the fact that, with resistance, the voltage steps traveling along the line undergo attenuation and 

dispersion. Hence, the voltage steps arriving at far end of the line are smaller and have larger 

time duration. These results also illustrate that SWCNT bundle interconnects have lower positive 

peaks compared to copper based interconnect due to small value of coupling capacitance. 

Fig.5.9 shows absolute positive coupled peak voltage as a function of self inductance at 

the far end of victim line. In this setup, we consider 1mm long interconnects with same width 

and spacing between interconnects of 32nm. Instead of using extracted self inductance values, it 

is varied from 1 to 5 normalized ranges. Self inductance is normalized by their respective values 
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for 1mm length of interconnect. It is observed that coupled peak voltage increases with an 

increase in self inductance. This is due to the fact that, as self inductance is increased, the even 

and odd mode characteristic impedances increase, causing positive coupled peak voltage to rise 

significantly. For capacitive coupling, characteristic impedance (Z0) for even and odd mode of 

communication are  given by Eqs.(5.1) and (5.2) [104]: 

��� � ���
�	           (5.1), 

��
 � � ��
�	���
          (5.2),       

where Z0e and  Z0o are the characteristic impedance of even and odd mode transmission, LS is the 

self inductance, �� is the ground capacitance of interconnect and CC is the coupling capacitance.                      

In addition, as compared to coupled SWCNT bundle, copper coupled interconnects have higher 

positive coupled peaks.  

 Fig.5.10 shows the dependence of noise peak voltage on interconnect capacitance (ground 

capacitance). A similar setup is used as in Fig.5.9. For copper and SWCNT bundle, results are 

obtained by sweeping interconnect capacitance from 1 to 5 normalized ranges instead of 

extracting capacitance values from Eqs.(3.28) and (3.34) respectively. Capacitance is normalized 

by their respective values for 1mm length of interconnect. 
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Figure 5.9 Positive coupled peak voltage as a function of normalized self inductance. 

 

Figure 5.10 Positive coupled peak voltage as a function of normalized interconnect capacitance. 
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 The result resembles that as interconnect capacitance increases, the noise peak in terms of 

voltage reduces. This is due to the fact that with increased interconnect capacitance, both even 

and odd mode characteristic impedances reduces. This causes fall in coupled peak voltage. It is 

also observed that coupled SWCNT bundle interconnects have lowered positive peaks as 

compared to copper based interconnects for all normalized range of capacitances due to the 

lower value of coupling capacitance (Fig.5.5). Thus, scaling of interconnect dimensions is to be 

handled carefully in design of interconnects for future VLSI applications. 

5.4 CONCLUSION  

The control of crosstalk induced noise voltage (functional crosstalk noise) in capacitively 

coupled interconnects of SWCNT bundle, at the far-end of victim line, for fixed pitch and 

varying interconnect dimensions under three different cases, for the proposed inter coupling 

capacitance model and the conventional model, at 22nm technology node, have been analyzed. It 

has been observed that the proposed model of coupling capacitance provides better reduction in 

crosstalk noise voltage compared to conventional counterpart in all three different cases. 

A similar analysis performed for copper interconnects showed that, compared to coupled 

interconnects of SWCNT bundle, copper interconnects has higher coupled noise voltage levels 

due to larger coupling capacitance (see Fig.5.5). 

Furthermore, a comparative analysis of the effect of interconnect resistance, self 

inductance and ground capacitance of interconnect on positive coupled peaks at the far end of 

victim line in capacitively coupled interconnects of SWCNT bundle and copper has been studied. 

It is observed that, with increase in line resistance or ground capacitance, while the noise voltage 

peak reduces for both CNT and copper, there are more noise voltage peaks in the copper.   
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Also as the self inductance increases, in copper interconnects the victim line gets more 

prone to crosstalk noise. It has also been noted that with suitably optimized interconnect 

dimensions in deep submicron; the coupled noise voltage at the far end of victim line can be 

controlled quite well.  
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Chapter 6 

TEMPERATURE DEPENDENT CROSSTALK 

ANALYSIS IN COUPLED CARBON NANOTUBE 

BUNDLE INTERCONNECTS 

 

6.1 INTRODUCTION 

Thermal issues have now emerged as a major challenging factor in the possible usage of 

nanotubes for designing high performance integrated circuits, due to the present trends in device 

scaling. Integrated circuits often operate at temperatures much greater than room temperature. 

So, if SWCNTs are to be employed in integrated circuit applications, it is critical to understand 

how their electrical characteristics will vary at temperatures greater than room temperature.  A 

few researchers have investigated the performance of SWCNTs within integrated circuits from a 

thermal point of view [93]-[95], [134],[135]. Their analyses show that the low-bias resistance of 

micron scale SWCNTs is affected by optical phonon absorption (a scattering mechanism, 

previously neglected) at temperatures above 250K. Pop et al. [136] provide extrapolated values 

of thermal conductivity of single nanotubes, in the high-bias regime, at temperatures ranging 

from 300 K to 800 K.  

However, in such a regime, self heating occurs and interaction with optical 

phonons dominates the transport characteristics. In the present study, simulations have been 

performed in the low-bias regime, where CNTs show perfect ohmic behavior and are compatible 

with VLSI interconnect applications. In recent times, few  researchers have studied the effect of 

crosstalk in CNT interconnects [1]-[13,[137] as discussed in chapter1 and 2. However, Several 
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other researchers have investigated the applicability of CNT as VLSI interconnect [17]-

[30],[138]-[143].  

This chapter focuses on functional crosstalk noise voltage. Here the temperature 

dependent, crosstalk induced, noise voltage waveform and its frequency spectrum, in 

capacitively coupled Single Walled Carbon Nanotube (SWCNT) bundle interconnects, at the far 

end of victim line, have been analyzed first time, at 22nm technology node. A similar analysis is 

performed for copper interconnects and a comparison is made between the results of these two 

analyses. The SPICE simulation results reveal that at temperature variations ranging from 300K 

to 500K, compared to conventional metal (copper) conductors, crosstalk noise voltage levels in 

CNT, at the far end of victim line, are significantly low. Simulated results further reveal that, 

with rise in interconnect temperatures, compared to copper interconnects, coupled interconnects 

of SWCNT bundle filter more noise frequency components.  

  In this study, an improved inter bundle capacitance values are estimated as discussed in 

chapter 4, using validated empirical relationships for CNT interconnects [118] and simulated 

values of crosstalk-induced voltage noise of this novel interconnects obtained, with a suitable 

crosstalk analysis, over a temperature range from 300 K to 500K. 

6.2 TEMPERATURE -DEPENDENT CIRCUIT PARAMETERS OF SWCNT  

BUNDLE AND COPPER BASED INTERCONNECT 

The temperature dependence of the low bias resistance is obtained through temperature 

dependence of the electron scattering mean free paths (MFPs) with acoustic (AC) and optical  

phonons (OP) [93]-[95],[134]. The temperature dependent resistance of SWCNT is given as:          

���� � � �
�	
� ��
λ���λ��� � � ��������� � λ       (5.1), 
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where λ (T) is the temperature-dependent MFP. This includes electron scattering both by OP 

emission and by absorption.  Here λ (T) is given as: 

λ��� � � �
����λ������ �  λ!"���� #�$%�����
&�$%��� '()& � �λ!"	*+�)&,

)&
     (5.2), 

where  λ-.���� / 012234 is the AC scattering length at 300 K, 

5!"�622� � � #7 ��89:;���
<:; = 0')&         (5.3), 

5!"��� � � 7>�ω$%?@�A = 0()&          (5.4), 

λ!"	*+��� � B &
λ$%:CDEF ���� &

λ$%:CD�GD ���H
)&

        (5.5), 

λ!"	*+IJ ��� � #>�ω$%	�KFF � L' � #�$%�����
&�$%���
& ' � λ!"����       (5.6), 

λ!"	*+-M+ ��� � λ!"-M+��� � #�$%�����
&�$%���
& ' � λ!"����            (5.7), 

and  λ!"-M+��� � λ!"���� #�$%�����
&�$%��� '                           (5.8) 

Here λ!"	*+-M+ ��� is the OP emission MFP after an absorption,�λ!"	*+IJ ���  is the former 

OP emission MFP event and λ OP,300 ≈ 15 nm is the spontaneous optical emission length at 300 

K.RC is the contact resistance, due to imperfect contact condition between CNT and other 

materials, this resistance can range from zero to hundreds of kilo-ohms for different growth 

processes [124]. Here, for the sake of proper calculation of SWCNT resistance, RC value is 

assumed to be 100 kilo-ohms. 
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     On the basis of Luttinger Liquid Theory [119], the resistances of a bundle is given by 

Eq.(3.24). A densely packed bundle of metallic SWCNT has been considered as discussed in 

chapter 5 (Fig 5.2). For this densely packed bundle, the inter-CNT distance (x) is equivalent to 

tube diameter (d=1nm).The temperature dependent effective resistance of a SWCNT bundle of 

length L>λ is derived from Eqs.(3.24) and (5.1), and given as: 

�����NO3PL7� � � QR:
��STλ�A�λ�A� �
UV�
�VWA  ���� � λ      (5.9),  

where NCNT ,the total number of SWCNT tubes in the bundle as discussed in the chapter 3. 

Luttinger Liquid Theory based equivalent circuit for SWCNT [119] is well accepted and 

a very little of experimental validation of this equivalent circuit is available in the literature. A 

piece wise linear model for length and bias dependence of resistance is derived [121] from the 

original model of Burke [119]. The results of the piece wise linear model compares with 

experimental data [124].  

Additionally, in order to estimate the performance of copper interconnects accurately 

under temperature variation, the following temperature-dependent resistance formula can be used 

as: 

���� � ���0 � X�� = ����          (5.10) 

 

Here X   is the temperature coefficient of resistance measured at room temperature 

T0=300K. For copper, the accepted value of this temperature coefficient is X=0.0039K
-1

 [144]. 

Resistance at room temperature is defined as ( )ALR /00 ⋅= ρ , where 0ρ is the resistivity of 

copper at room temperature. Eqs. (5.9) and (5.10) show that the effective low bias resistances of 

the SWCNT bundle and copper are functions of temperature. 
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6.3 IMPEDANCE ANALYSIS 

It can be seen from Eqs. (5.9) and (5.10), the effective low bias resistance of the SWCNT 

bundle and copper based interconnect are functions of temperature. The other circuit parameters 

SWCNT bundle viz., equivalent bundle capacitance and inductance can be calculated from 

Eqs.(3.28) and (3.31). In case of copper; circuit parameters viz. equivalent inductance and 

capacitance can be calculated by appropriate use of the expressions from Eqs.(3.33) and 

(3.34).Data given in Table-3.1 are used for the calculations of CNT and copper parameters.  

 

Figure 6.1 Resistance of SWCNT bundle and copper interconnects as a function of temperature. 

 

In Fig.6.1, the variation of equivalent resistance of long (1mm) interconnects with 

temperature is exhibited at 22nm technology node. It is seen that, in case of such long 

interconnects, the low bias resistance of SWCNT bundle increases with a rise in temperature.  
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Pop et al.[93]  have reported similar observations for SWCNT interconnect and suggested 

that this was due to the dominance of OP absorption above room temperature.  

We further note from this Figure that, although the variation of low bias resistance of 

copper interconnects with temperature follows a similar pattern, this variation here is more as 

compared to that of SWCNT bundle. Variation of resistance with temperature, as is exhibited in 

Fig. 6.1, indicates the desirable effect of reducing voltage noise level and time duration of output 

voltage[15],[104]. It is also observed from Fig.5.1 that the value of resistance of SWCNT 

bundle, at any specific temperature, in the range 300 K to 500 K, is always several times lower 

than that of copper based interconnect. This suggests that, in the context of reducing noise 

voltage levels of integrated circuits, compared to copper interconnects, SWCNT interconnects 

are more promising.  

6.4 TEMPERATURE DEPENDENT CROSSTALK ANALYSIS 

In this Section, a comparative study of crosstalk analysis between (i) SWCNT bundle 

interconnects with coupling capacitance estimated using improved model, and (ii) copper 

interconnects, is reported. Further, a detailed investigation of temperature-dependent crosstalk 

analyses as also the frequency spectrum analyses of the temperature dependent transient 

responses at the far end of victim output, for the proposed model and copper interconnects was 

performed and the ensuing results and inferences compared. To analyze the crosstalk voltage 

noise, a capacitively coupled RLC distributed interconnects circuit has been considered as 

discussed in chapter 5 (Fig.5.6). All the signal wires are driven by a CMOS driver at 22nm 

technology node [125] with clock speed of 0.1 GHz, Vdd=0.7V, rise time=1ns, fall time=1ns and 

terminated with capacitive load of 0.14fF [77]. A densely packed metallic SWCNT bundle with 

tube diameter of 1nm has been considered. 
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For crosstalk analysis, the victim net (i.e. the crosstalk affected net) is kept fixed at logic 

1 and the aggressor net (i.e. the net that cause crosstalk on victim) is switched from logic 1→0. 

The aggressor line CMOS inverter (driver) has pMOS width (Wp) double than nMOS width (Wn) 

while the victim line is grounded at the input through a linear region equivalent driver resistance. 

For all calculation and simulation purposes of long (1mm) interconnect of SWCNT bundle, the 

data shown in Table 3.3 have been used. The value of improved coupling capacitance between 

adjacent interconnects of SWCNT bundle as discussed in chapter 4, is calculated using 

appropriate expression available in Eq. (4.37). 

The circuit parameters and coupling capacitance of long (1mm) interconnect of copper 

are calculated from Eqs.(3.32)-(3.34) and Eq.(4.38), and data obtained from Table 3.1. 

Simulation for coupled interconnects of copper has been carried out assuming the same 

technology node and clock speed.  

Table 6.1 Impedance parameters of long (1mm) interconnect: 

Temperature 300K, Technology=22nm 

Impedance parameters SWCNT bundle copper (Cu) 

Resistance(Ω) 1240 13671.87 

Ground Capacitance(pF) 2.57 0.015 

Self Inductance(pH) 0.26 2031.33 

Coupling capacitance (fF) 

(proposed model) 

2.6 75.17 
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6.4.1Transient Response Analysis 

Figs.6.2 and 6.3 exhibit the transient response of crosstalk induced noise at the far end of 

victim line, for varied temperatures, both for CNT and copper and provide an insight into the 

temperature variation of interconnect resistance (see Fig.6.1). In this analysis, the width (w) and 

thickness (H) of global (1mm long) interconnect are assumed to be 32nm and 96 nm respectively, 

and space(s) between two interconnect is assumed to be 32nm.  

  

Figure 6.2 Crosstalk induced transient response of coupled interconnects for the SWCNT bundle 

(proposed model) at the far end of victim line, at 22n technology node for varying temperatures.  

It is seen that while over a rise in temperature, ranging from 300K to 500K, the transient 

variation of crosstalk-induced noise voltage level increases for both CNT and copper 

interconnect. Compared to the waveform of the improved model based SWCNT bundle, that of 
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the Copper shows higher positive and negative voltage peaks. The high voltage peaks are due to 

the comparatively higher LS, CC and lower Cg values of copper (see Table 6.1).  

Due to this higher CC value, compared to the SWCNT bundle, copper based coupled 

interconnects provide a lower reactance path. In addition, as self inductance is increased, the 

even and odd mode characteristic impedances increases, causing the positive coupled peak 

voltage to rise significantly [15],[104]. When the ground capacitance increases, both even and 

odd mode characteristic impedance reduces and causes a large fall in coupled peak voltage. 

 

Figure 6.3 Crosstalk induced transient response of coupled interconnects for the copper at the far 

end of victim line, at 22n technology node for varying temperatures.  
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Fig.6.4 illustrates the dependence of the normalized time duration of the victim output 

waveform on temperature, ranging from 300K to 500K, for both CNT and copper. The time 

duration values have been normalized by their respective values obtained at 300K. It is observed 

that while the variation of the waveform time duration of the coupled SWCNT bundle 

interconnect with temperature is always lower than that of the copper interconnect, both 

monotonically increase with temperature. This is because, with increased temperature, 

interconnect resistance increases [15], [104], [106] and so the time duration also increases. 

 

Figure 6.4 Variation of time duration with temperature at 22nm technology node. 
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6.4.2 Frequency Spectrum Analysis 

Figs.6.5 and 6.6 depict the variation of crosstalk amplitudes with temperatures ranging 

from 300 K to 500 K, for varied frequencies, for SWCNT bundle and copper interconnects 

respectively. The frequency components have been obtained using a script of Fast Fourier 

transform (FFT) technique written in C language , with transition period of the input and output 

waveforms divided into 64(2
6
) equal parts. The amplitudes of the frequency spectrum (y axis of 

Figs.6.5 and 6.6) are normalized by the amplitudes of input signal frequency; the frequencies (x 

axis of Figs.6.5 and 6.6) are normalized by the corresponding input signal frequency.  

 

Figure 6.5 Variation of normalized crosstalk amplitude of frequency components with 

normalized signal frequency as a function of temperature variations for SWCNT bundle at the far 

end of victim line. 
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Figure 6.6 Variation of normalized crosstalk amplitude of frequency components with 

normalized signal frequency as a function of temperature variations for Copper at the far end of 

victim line. 

Result shows that, for the entire normalized frequency range, compared to copper 

interconnects, as temperature rises, coupled interconnects of SWCNT bundle have smaller 

amplitude levels of noise and filter more noise frequency components of victim output. Also, 

both for SWCNT bundle and copper interconnects, noise frequency components are more 

suppressed in the smaller frequency range. Furthermore, it has been seen that, at all frequencies, 

the amplitude of the crosstalk noise level generally increases. It may be noted that, compared to 

CNT, coupling is more dominant in copper due to low reactance path between two parallel 

interconnects and combined influence of other impedance parameters of interconnect viz. higher 

resistance and inductance with smaller ground capacitance.  
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6.5  CONCLUSION 

The effect of temperature, varying over a range from 300K to 500K, on the crosstalk 

induced noise voltage waveform and its frequency spectrum both in capacitively coupled 

interconnects of SWCNT bundle using an improved inter bundle coupling capacitive model and 

in copper interconnects at the far end of victim line, at 22 nm technology node has been 

investigated.  

  It is observed that, as temperature rises from 300K to 500K, the crosstalk induced voltage 

levels at victim far end in SWCNT bundle interconnects are found to be significantly low 

compared to the copper. The time duration of the coupled victim output waveform increases with 

rise in temperature for both Copper and SWCNT bundle interconnects but the variation is more 

pronounced in the Copper.  

  It has also been noted that, with rise in temperature, the coupled SWCNT bundle 

interconnects suppresses more frequency components of the noise voltage than the conventional 

metal (copper) interconnects. In addition, as signal frequency and temperature of the interconnect 

increases, the victim line gets more prone to crosstalk noise in copper interconnects than 

SWCNT bundle interconnect. These considerations make SWCNT bundle interconnects an 

attractive and promising material in modern VLSI design.  
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Chapter 7 

CONCLUSION AND SUGGESTION FOR FUTURE 

WORK 

 

7.1 INTRODUCTION 

In this chapter, the entire research work presented in the thesis has been summarized and 

important conclusions drawn. The scope for future work has also been discussed here. Section 

7.2 gives a summary of the important findings, Section7.3 lists the important contributions and 

Section 7.4 provides some suggestions and scope for future work in the related topic. 

7.2 SUMMARY OF IMPORTANT FINDINGS 

In recent times, the exponential growth of copper based interconnect density in deep 

submicron(DSM) technology nodes, that connect  millions of active devices on a chip, is posing 

a serious bottleneck in terms of substantial capacitive and inductive couplings. Hence there 

appears a dire need to search a potential material for future generation of VLSI interconnects 

design that will be capable of exhibiting minimized delay, power dissipation and 

crosstalk effects. 

The research work presented in this dissertation provides a comparative analysis of the 

propagation delay, power dissipation, cross-talk induced noise voltage and its frequency 

spectrum in CMOS inverter driven global interconnects of SWCNT bundle and copper. An 
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Alpha power law model [129] is used for representing the transistor in the CMOS driver. The 

single interconnect as well as capacitively coupled interconnects are represented by the π-

equivalent circuit of distributed RLC-model. The Driver-Interconnect-Load (DIL) model [15] of 

distributed RLC circuit is used for the mutually coupled interconnects. The analytical results 

obtained using the CMOS inverter driven π-equivalent RLC-circuit model and DIL model 

matches closely with the SPICE simulation results. Further the effect of (i) tube diameter, (ii) 

interconnect dimensions and temperature variations on crosstalk induced noise voltages in 

capacitive coupled interconnects have also been investigated. Finally an improved model for the 

inter bundle coupling capacitance of CNT has been proposed.  

7.2.1 Influence of Tube parameters on SWCNT Bundle Interconnect 

         Performance 

The performance of SWCNT bundle interconnects in terms of delay and power 

dissipation is influenced by resistance, inductance and capacitance. These impedance parameters 

depend on the Single Walled Carbon Nanotube (SWCNT) parameters viz. tube separation(x), 

diameter (d) and length (L). Therefore it seems pertinent to investigate the effects of these 

SWCNT parameters on delay and power dissipation. Other researchers have also investigated the 

influence of length and widths on SWCNT bundle interconnect performance [63],[118],[120] 

and suggested that these are due to the control of bundle length and width on equivalent circuit 

impedance parameters. 

The present study investigates how, at 32nm and 22nm technology nodes, delay and 

power dissipation in a CMOS inverter driven π-equivalent circuit of SWCNT-bundle 

interconnect is controlled by the tube parameters x, d and L. The alpha power law model is used 

for representing transistors of the CMOS-inverter and the output waveform analytically 
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determined, for both CNT and copper, and compared with SPICE simulation results. There 

appears good agreement between the analytical and simulation results obtained.   

Based on these results, it is observed here that, for SWCNT bundle interconnects, delay is 

appreciably increased as tube separation is increased. Similarly, as tube diameter increases, delay 

increases appreciably. In comparison, the effect of separation between adjacent tubes on the 

power dissipation is much less. The variation of power dissipation with tube separation is 

observed to be, on an average, about 10% more than it is with tube diameter. These results 

further indicated that a suitably optimized tube separation and tube diameter can control the 

SWCNT interconnect delay very well. This approach can be utilized for reducing the power 

dissipation in SWCNT interconnects.  

Further, a similar analysis was carried out with the currently used copper interconnects at 

the same 32nm and 22nm technology nodes and the results obtained were compared with those 

previously obtained for SWCNT bundle interconnects. On the basis of these, it was observed 

that, in terms of delay, SWCNT bundle interconnect performs better than copper interconnect if 

the separation between the tubes is less than a certain critical value (viz. x=2nm). It has also been 

noted that a SWCNT bundle composed of tubes of 1nm diameter is of lower delay than copper 

interconnect at various interconnect lengths and higher power dissipation due to dominance of 

larger capacitance of SWCNT bundle. 

7.2.2 Crosstalk Analysis in Coupled Carbon Nanotube Bundle Interconnects 

In scaled DSM-CMOS Technology, the growing interconnects density and reduced chip 

size causes more capacitive and inductive coupling by parallel running interconnects of copper. 

This affects the reliability of the performance of the circuit. Several researchers have been 

exploring for new, high performance interconnects that will be capable of meeting the critical 
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requirements of future ICs [17]-[30]. In terms of reliability of performance of the circuit, the 

Carbon Nanotube (CNT) appears a more promising alternative than copper interconnects. 

  In recent times, accurate crosstalk analysis between coupled nanotubes has become a 

prime aspect of research for future nanoscale interconnects based on CNTs. Several researchers 

have investigated the crosstalk effects in coupled interconnects of CNT by representing the 

driving CMOS gate by a simple resistor [1]-[13]. When an equivalent linear resistor is used to 

model the non-linear CMOS transistors, it leads to discrepancy in the estimation of the crosstalk 

effect [14], [15]. Hence, for accurate crosstalk analysis in CNT interconnects, the equivalent 

linear resistor needs to be replaced by nonlinear CMOS transistors in capacitive coupled 

interconnects. This idea has been incorporated in this study. 

Here an analytical model is developed to extract the transient response of victim output 

using CMOS inverter driven π-equivalent RLC circuit of capacitively coupled interconnects of  

both Single Walled Carbon Nanotube (SWCNT) bundle and copper. An Alpha power law model 

is used to represent the transistor in the CMOS inverter (driver). It is observed that at 32nm and 

22nm technology nodes, for capacitive coupled interconnects, the piecewise analytical results 

replicate the SPICE waveforms very well. 

Most investigators of CNT interconnects assume the value of coupling capacitance as 

equivalent to that of the coupling effect between metal interconnects (copper material based 

interconnects) of the same dimensions (e.g.[1]-[6],[59]). However, since material properties of 

copper widely vary from those of CNTs, there is need for some more realistic estimation of 

coupling capacitance values. An improved model of inter bundle coupling capacitance [118], 

based on this idea, has been proposed in the present work. 
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A comparative study of the crosstalk analysis between SWCNT bundle interconnects 

with coupling capacitance, estimated (a) conventionally (conventional model) and also (b) as 

proposed above (the proposed model) and also copper interconnects, at 32nm and 22nm 

technology nodes, has shown that, compared to the waveform of the proposed model of inter 

bundle capacitance based SWCNT bundle, that of the conventional model shows higher positive 

and negative voltage peaks at the far end of victim line.  

The parasitic impedance parameters viz. resistance(R), inductance (L) and capacitance(C) 

of SWCNT interconnect depends on the tube diameter. A diameter dependent crosstalk analysis 

at 32nm and 22nm technology nodes has revealed that, for both technology nodes, the 

normalized crosstalk noise at the far end of victim line initially decreases with increase in tube 

diameter but then increases beyond a critical value of the tube diameter. These variations are 

simply reflections of the combined effect of the tube diameter (d) variations on tube 

resistance(R) and capacitance(C).  

  A comparative analysis of the analytically extracted, capacitively and mutually coupled 

dependent transient responses and simulated transient responses and its frequency spectrum, at 

the far end of victim output, for both SWCNT bundle using an improved coupling capacitive 

model and the copper interconnects has revealed that, compared to copper, crosstalk noise 

voltage levels in capacitively coupled SWCNT bundles, at the far end of victim line, are 

significantly low.  

In case of mutually coupled copper interconnects, the width of noise waveform is wider 

compared to CNT at the far end of victim line.  Also, at both 32nm and 22nm technology nodes, 

compared to copper interconnects, capacitive coupled interconnects of SWCNT bundle filter 



131 

 

more noise frequency components  while in mutually coupled interconnects of SWCNT bundles, 

noise components in the higher frequency range are suppressed.  

7.2.3 Influence of Interconnect dimensions in Coupled Carbon Nanotube  

        Bundles 

  With decrease of feature sizes to deep sub micrometer dimensions, the coupling effects 

that accompany the exponential growth of interconnects become increasingly more significant 

[87],[89],[97]. One way to manage the coupling noise is by controlling the line parasitics viz. 

resistance(R), inductance (L) and capacitance (C). These can be controlled by wire sizing and 

spacing.  

In this present study, an investigation of the control of crosstalk induced noise voltage 

(functional crosstalk noise) in capacitively coupled interconnects of SWCNT bundle, at the far-

end of victim line, for fixed pitch and varying interconnect dimensions, for the proposed inter 

coupling capacitance model and the conventional model, at 22nm technology node, have 

indicated that, in comparison to the latter, the former provides better reduction in crosstalk 

induced noise voltage. It also showed that with suitably optimized interconnect dimensions in 

deep submicron, the coupled noise voltage at the far end of victim line can be controlled quite 

well.  

A similar analysis performed for copper interconnects showed that, compared to coupled 

interconnects of SWCNT bundle, copper interconnects has higher coupled noise voltage levels 

due to larger coupling capacitance. A comparative analysis of the effect of interconnect 

resistance, self inductance and ground capacitance of interconnect on positive coupled peaks at 

the far end of victim line in capacitively coupled interconnects of SWCNT bundle and copper 

showed that with increase in line resistance or ground capacitance, while the noise voltage peak 
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reduces for both CNT and copper, there are more noise voltage peaks in the latter.  Also as the 

self inductance increases, in copper interconnects the victim line gets more prone to crosstalk 

noise. 

7.2.4 Temperature Dependent Crosstalk Analysis in Coupled Carbon  

          Nanotube Bundle Interconnects 

For advanced technology nodes, integrated circuits often operate at temperatures much 

greater than room temperature. Thus thermal issues are now emerging as a major challenging 

factor in the possible use of nanotubes for designing high performance integrated circuits. Thus it 

has become critical to understand how electrical characteristics of SWCNTs vary at temperatures 

greater than room temperature.  

  An analysis of the effect of temperature, varying over a range from 300K to 500K, on the 

crosstalk induced noise voltage waveform and its frequency spectrum both in capacitively 

coupled interconnects of SWCNT bundle using an improved inter bundle coupling capacitive 

model and in copper interconnects at the far end of victim line, at 22 nm technology node is 

conducted in this part of the study.   

It is observed that, as temperature rises from 300K to 500K, compared to copper 

interconnects, the crosstalk induced voltage levels at the far end of victim line in SWCNT bundle 

interconnect are significantly low. The time duration of the coupled victim output waveform 

increases with rise in temperature for both copper and SWCNT bundle interconnects but the 

variation is more pronounced in the former. With rise in temperature, the coupled SWCNT 

bundle interconnects suppresses more frequency components of the noise voltage than the 

conventional metal (copper) interconnects. In addition, as signal frequency and temperature of 
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the interconnect increases, the victim line gets more prone to crosstalk noise in copper than in 

interconnects of SWCNT bundle. 

7.3 MAIN CONTRIBUTIONS 

• The present research provides a detailed investigation of the influence of tube parameters 

viz. tube separation, diameter and length on propagation delay and power dissipation 

using a CMOS driven π-equivalent circuit to SWCNT bundle interconnect at 32nm and 

22nm technology nodes.  

• A comparative analysis of the analytically extracted transient responses using CMOS 

inverter driven π-model [16] and simulated transient responses of the interconnect output, 

for both SWCNT bundle and copper, is carried out. 

• An analytical timing model is developed to extract the transient response of the far end of 

victim line using CMOS inverter driven π-equivalent RLC circuit of capacitive coupled 

interconnects, for both SWCNT bundle and copper. The dependence of active device 

(MOSFET) behavior on input waveform is considered in this model. 

• An improved model for extracting inter-bundle, real life, coupling capacitance between 

SWCNT bundles has been proposed. 

• A comparative analysis of the analytically extracted, capacitively and mutually coupled 

dependent transient responses and simulated transient responses and its frequency 

spectrum, at the far end of victim output, for both SWCNT bundle with an improved 

coupling capacitive model and the copper interconnects, at 32nm and 22nm technology 

nodes, is studied. 
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• The effect of tube diameter on crosstalk induced noise voltage levels in capacitive ly 

coupled interconnects of SWCNT bundle at the far end of victim line, at 32nm and 22nm 

technology nodes, is studied. 

• The effect of interconnect dimensions for fixed pitch on crosstalk induced noise voltage 

in capacitively coupled interconnects of SWCNT bundle for an improved inter coupling 

capacitive model and the conventional model with copper, at the far end of victim line, at 

22nm technology node has been compared. Furthermore, the effect of interconnect 

resistance, inductance and ground capacitance on coupled positive peak at the far end of 

victim line is also observed. 

• Finally, the effect of temperature, varying over a range from 300K to 500K, on the 

crosstalk induced noise voltage waveform and its frequency spectrum both in 

capacitively  coupled interconnects of SWCNT bundle using an improved inter bundle 

coupling capacitive model and in copper interconnects at the far end of victim line, at 22 

nm technology node, has been analyzed. 

7.4 SUGGESTION FOR FUTURE WORK 

Research and development is a continuous process. Each end of the research work is an 

opening to many avenues for the future work. The work just concluded has been verified by 

analytical modeling and simulation. It needs to be verified by fabrication.  

The results obtained through the analysis presented in this thesis suggested that the effect 

of tube separation (x) and tube diameter (d) are advantageous to control the delay and power 

dissipation for long interconnects. Similar studies for ultra low power systems, working in sub 

threshold condition should be carried out. 



135 

 

Analytical study of crosstalk in coupled SWCNT bundles with accurate coupling 

capacitance and mutual capacitance expressions is still a topic of research. Most investigators of 

SWCNT bundle interconnects assume the value of coupling capacitance and mutual inductance 

as equivalent to that of the coupling effect between metal interconnects of the same dimensions. 

However, since material properties of copper widely vary from those of CNTs, perhaps there is 

need for some more realistic estimation of coupling capacitance as well as mutual inductance 

values.  

Another possibilities for CNT interconnect in DSM technology nodes viz. Multi walled 

Carbon Nanotube (MWCNT), mixed CNT bundle and Graphene Nanoribbon (GNR)  

interconnect is a need to analyze the performance in terms of delay, power dissipation and 

crosstalk effects. 

 In addition, no account of temperature dependent crosstalk modeling and frequency 

spectrum analysis of crosstalk induced noise voltage in coupled SWCNT bundle interconnects 

has been reported. Therefore, similar studies should be carried out for advanced technology 

nodes. 
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