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ABSTRACT 

Carbon based nanomaterials such as metallic single walled 

carbon nanotubes (SWNT), multi-wall carbon nanotubes 

(MWNT), and graphene have been considered as some of the 

most promising candiadates for future interconnect technology. 

In current deep sub-micron level technology, MWNTs have 

potentially provided an attractive solution over SWNT bundles. 

This paper presents a comprehensive analysis of propagation 

delay for both MWNT and SWNT bundles at different 

interconnect lengths (global) and shows a comparison of area for 

equivalent number of SWNTs in bundle and shells in MWNTs. 

It has been observed that irrespective of the type of CNTs, 

propagation delay increases with interconnect lengths. For same 

propagation delay performance, the area occupied by SWNT 

bundle is more than the MWNTs for a specified interconnect 

length.   
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1. INTRODUCTION 
Continuous advances in VLSI technologies leads to 

development of more complex chips which contains millions of 

interconnections that integrate the components on the IC chip. 

At present VLSI technology, interconnection plays most 

significant role in determining the size, power consumption and 

clock frequency of digital system. Advancement of 

technological development leads for the solution of long path 

interconnects, which is known as global interconnects. For this 

global level, conventional interconnect technologies used by 

copper or aluminium fails because of their increasing resistivity 

with length which may cause some serious problems like electro 

migration and hillocks or voids formation in the successive 

levels of interconnect paths [1]. For this reason, researchers like 

to introduce some new materials as carbon nanotubes (CNTs) or 

graphene nanoribbons (GNRs) which may be a possible solution 

for future VLSI technologies of global interconnects.  

CNTs are known as allotropes of carbon [2] and made by rolling 

up a sheet of graphene into a cylinder. Graphene is a monolayer 

sheet of graphite with sp2 bonding of carbon atoms arranged in a 

honeycomb lattice structure. The sp2 bonding in graphene is 

stronger than sp3 bonds in diamond [3] which makes graphene 

the strongest material. CNTs have not only unique atomic 

arrangement but also interesting physical properties [4]; 

including current carrying capability [5], long ballistic transport 

length [4], high thermal conductivity [6], and mechanical 

strength [7]. These remarkable properties make CNTs one of the 

most promising research materials for future VLSI technology. 

The extraordinary physical properties of CNTs make them 

exciting prospects for a variety of applications in 

microelectronics/ nanoelectronics [8], spintronics [9], optics 

[10], material science [11], mechanical [12] and biological fields 

[13]. Particularly, in the area of nanoelectronics, CNTs and 

GNRs show their prospects as energy storage devices (such as 

supercapacitors [14]), energy conversion devices (including 

thermoelectric [15] and photovoltaic [16] devices), field 

emission displays and radiation sources [17], nanometer 

semiconductor transistors [18], nanoelectromechanical systems 

(NEMS) [19], electrostatic discharge (ESD) protection [20], as 

well as interconnects [21, 22] and passives [23].    

Structure of CNTs depends on chiral indices i.e., the rolling up 

direction of a graphene sheet. Depending on the chiral indices 

(n, m), CNTs can get their unique armchair or zigzag structures. 

For armchair CNTs, the chiral indices is defined by n = m [3] 

and for zigzag CNTs, it is n or m = 0 [3]. For other values of n 

and m, CNTs are known as chiral. Depending upon their 

different structures, CNTs can exhibit both metallic and 

semiconducting properties. By satisfying the condition n – m 

=3i (where i is an integer), armchair CNTs are always metallic 

and zigzag CNTs are either metallic or semiconducting in nature 

depending on their chiral indices [3, 4]. Statistically, a natural 

mix of CNTs will have 1/3rd of metallic and 2/3rd of their 

semiconducting chirality [24]. These unique structures of CNTs 

basically depend on the rolling up directions of graphene sheet. 

CNTs are also classified into single-walled nanotubes (SWNTs) 

and multi-walled nanotubes (MWNTs). The main difference 

between SWNT and MWNT arises from number of 

concentrically rolled up graphene sheets. For SWNTs, only one 

rolled up graphene sheet is there whereas for two or more 

concentrically rolled up graphene sheets, CNTs are known as 

MWNT. SWNT bundle is formed by packing together a large 

number of SWNTs in a bundle form. The parasitic elements of 

SWNT bundle and MWNTs depend on number of metallic 

SWNTs in the bundle and number of shells in the MWNTs. It is 

very difficult to achieve ballistic transport for MWNTs for a 

long length whereas SWNTs have mean free path of the order of 

a micron [25] due to its diameter in nano range. 
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The paper is organized as follows. In section 2, different          

interconnect models of SWNT bundle and MWNT are reviewed. 

Section 3 introduces simulation setup for calculating 

propagation delay on the basis of described models in section 2. 

Graphical plots of propagation delay for MWNT shells with 

equivalent numbers of SWNTs in bundles at different global 

interconnects lengths are presented in section 4. Finally, section 

5 draws a brief summary.  

2. INTERCONNECT MODELS OF SWNT 

BUNDLE AND MWNTS 
Depending on different interconnect parasitics such as 

resistance, capacitance and inductance, RLC circuit models for 

both MWNT and SWNT bundle interconnects are presented [26, 

27] on the basis of semi-classical one-dimensional electron fluid 

model [28, 29]. This 1-D electron fluid model is derived from a 

classical two-dimensional electron fluid theory [4, 30] taking 

into account electron-electron repulsive force. 

2.1 Model of MWNT Interconnect 
MWNTs have diameters in a wide range of a few to hundreds of 

nanometers. It has been shown that all shells of MWNT can 

conduct if they are properly connected to contacts [31-33] and 

the contact resistance gets much lower value than SWNTs. 

Naeemi et al. [34] shown that the conductivity of MWNTs are 

several times larger than that of Cu or SWNT bundles for long 

lengths of interconnects which is generally defined as global 

interconnects. 

MWNTs have different number of shells. The number of 

metallic shells in a MWNT can be calculated as [27], 
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where DI and DN are the outermost and innermost shell 

diameters of MWNT, respectively. 𝜹 is the spacing between 

shells in a MWNT and the value is defined as 𝜹 = 0.34 nm [26].  

The square bracket term of equation (1) is a floor function and 

the factor 𝜷 is the ratio of metallic shells to those shells in a 

MWNT. When DI ≤ 10 nm [27], then one-third of the shells are 

metallic and rest of the shells are semiconducting. However, for 

DI > 10 nm, 𝜷 increases due to interaction between adjacent 

shells for the MWNT. 

The RLC model of a metallic MWNT interconnect is shown in 

Figure 1. In this model [27], magnetic inductance is neglected 

compared with kinetic inductance as the value of magnetic 

inductance is much smaller than kinetic inductance for a CNT 

[25]. Kinetic inductance comes from the kinetic energy of 

electrons which comes from the classical definition of current 

equation [4]. Therefore, kinetic inductance per unit length is 

formulated by approximating the kinetic energy per unit length 

of a 1-D wire [3, 4, 29] and expressed by the equation 
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22
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where h is the plank’s constant, e is electron charge and vF is the 

Fermi velocity of graphene (= 8×105 m/s). Therefore, value of 

kinetic inductance of a CNT is given by 16 nH/ μm [25]. Due to 

band structure, SWNT has two propagating channels and for 

each channel, electrons have the properties of spin up and spin 

down [4].  For this fourfold band degeneracy, kinetic inductance 

per unit length is arrived as 4 nH/ μm [35]. 

 

Fig 1: RLC circuit of a metallic MWNT interconnects [27]. 

In the given model of Figure 1, electrostatic capacitance (CE) 

does not exist in inner shells of MWNTs as outermost shells of 

MWNTs shield inner shells from the ground plane. However, 

quantum capacitance (CQ) exists at each sheet of MWNTs which 

is defined from the quantum classical theory and can be 

expressed as [29], 
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However, an additional electrostatic capacitance (CS) exists 

between the neighboring metallic shells, which can be 

formulated as,  
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where ε0 is the permittivity of the vacuum, Di and Dj are the 

diameters of the ith  and  jth metallic shells, respectively and i < j. 

The circuit model presented in Fig.1 is simplified in Figure 2 by 

considering identical inner shells of MWNTs. In this simplified 

model presented in Figure 2, it is assumed that the outershell of 

MWNT is metallic. There are no variation in distributed 

parameters, R and LK as they are same for each shell of MWNT. 

Now, by assumption of equal potential across components of 

each shell in a MWNT, the circuit model of Figure 2 is again 

simplified to an equivalent circuit model which is presented in 

Figure 3. In this simplified model of Figure 3, it is again 

considered that the RLC parts of all inner shells are identical. 

For all the circuit models presented in Figs [1-3], RC is the 

contact resistance and its ideal value is defined as 3.2 KΩ per 

shell [26]. The values of CE and CQ are of the same order. CQ 

appears in parallel for all metallic sheets with a series 

combination of CE. Therefore, for M number of metallic sheets 

CQ appears as (M × CQ) and the value of CE appears as in the 

previous case. 
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Fig 2: Simplified equivalent circuit of a metallic MWNT 

interconnects [27]. 

RC/M R/M Lk/M

M X CQ

CE

 

Fig 3: Simple equivalent circuit model of a metallic MWNT 

interconnects [27]. 

2.2 Model of SWNT Bundle Interconnect 
The RLC model of SWNT bundle [27, 36] considers all 

individual SWNTs at parallel directions in the bundle. The 

spacing between SWNTs in bundle is determined by vander 

waals forces between the atoms in adjacent nanotubes. The 

metallic nanotubes are distributed randomly with a probability 

β=1/3 due to lack of chirality [27]. The proportions of metallic 

nanotubes are therefore potentially be increased using 

techniques reported in [37] and [38]. Therefore, total number of 

metallic SWNTs is formulated as shown in Fig. 4 [27], 
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where Nx and Ny are number of SWNTs in the bundle at 

horizontal and vertical directions, respectively. The distance 

between adjacent SWNTs in bundle can be derived from cross-

section of a bundle (Figure 4) as [27], 

                                    dbd                                            (6) 

where 𝜹 = 0.34 nm is the spacing between SWNTs in the bundle 

and d is diameter of SWNT. The equivalent circuit of SWNT 

bundles interconnect is shown in Figure 5, where Na and Nb 

denote number of upper level and bottom level SWNTs (Figure 

4) [27]. 

For RLC model of SWNT bundle presented in Figure 5, the 

assumption is made for all SWNTs in the bundle are identical 

and each SWNT has same potential across it [27]. The 

equivalent circuit of Figure 5 is further simplified in Figure 6, 

where electrostatic capacitance between neighboring metallic 

SWNTs (Cb) has no effect on circuit behavior and (βNx × CE) 

can be regarded as an electrostatic capacitance between SWNT 

bundle and ground plane. In upper level of SWNTs, CE does not 

exist as bottom level shields the upper levels SWNTs from the 

ground plane, as shown in Figure 5.  Quantum capacitance (CQ) 

arises as 4CQ due to fourfold band degeneracy structure of 

SWNT [4].  The values of CE and CQ are nearly same in 

magnitude. CQ of all metallic SWNTs are oriented in parallel 

and then is series with CE. Therefore, CQ can be neglected for 

large value of N. The resistance and inductance of all metallic 

SWNTs are in parallel in bundle and N times smaller than that of 

a SWNT. 

 

Fig 4: Cross-section of a SWNT bundle interconnects [27]. 
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Fig 5: Equivalent circuit of a SWNT bundle interconnects 

[27]. 

RC/N R/N Lk/N

N X CQ

βNX X CE

 

Fig 6: Simplified equivalent circuit of a SWNT bundle 

interconnects [27]. 

3. SIMULATION SETUP  
In this paper, propagation delay for bundled SWNT and MWNT 

is measured at different interconnect lengths of 100, 200, 500, 

1000 and 2000 µm [39] by using the geometries suggested in 

[26, 27, 40]. Simulation setup uses CMOS inverter at 32 nm 

technology node for which the technology parameters (length 

and width) of NMOS is taken as 32 nm and 640 nm and for 

PMOS, these parameters are taken as 32 nm and 1280 nm, 

respectively. As shown in Figure 7 and Figure 8, the input rise 

time is triggered at 90% whereas the output fall time is target at 

10%. The delay is analyzed for different number of shells in 

MWNTs and for different number of SWNTs in the bundle. For 

each type of MWNT shells and SWNT bundles, the propagation 
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delay is measured for 20 distributed elements at different 

interconnect lengths. 

RC/N R/N Lk/N

Propagation 

Delay

O/P
I/P

N X CQ

βNX X CE

 

Fig 7: Simulation setup for SWNT Bundle interconnects [40] 

RC/M R/M Lk/M

Propagation 

Delay

O/P
I/P

M X CQ

CE

 

Fig 8: Simulation setup for MWNT interconnects [40] 

 

4. RESULTS AND DISCUSSIONS 
In this paper, HSPICE simulations are run for different number 

of shells in MWNTs and SWNTs in bundles at different global 

interconnect lengths to analyze the propagation delay. Figure 9 

plots propagation delay at different interconnect lengths for 

fixed numbers of shells in MWNTs. Figure 11 shows variation 

of propagation delay for different number of shells in MWNTs 

at different interconnect lengths (global). Similar analysis is also 

carried out for SWNT bundle. For bundled SWNTs, Figures 10 

and 12 represents variation of propagation delay at different 

interconnect lengths and at different numbers of SWNTs in 

bundle. This analysis is done for specified numbers of SWNTs 

in bundle and interconnects lengths (global), respectively. It can 

be interpreted that for both MWNT and bundled SWNT, 

propagation delay increases with increase in interconnect 

lengths. However, delay decreases with increasing number of 

shells and number of SWNTs in a bundle, respectively. A 

comparative analysis has also been done between number of 

shells in MWNTs and number of SWNTs in bundle. The global 

interconnect lengths are specified at 100, 200, 500, 1000 and 

2000μm [39].   

 

Fig 9: Propagation delays of MWNTs at different 

interconnect lengths (global) for varying numbers of shells 

 

Fig 10: Propagation delay of SWNT bundle with varying 

interconnects lengths (global) 

 

Fig 11: MWNT propagation delay with varying number of 

shells at different interconnect lengths (global) 
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Fig 12: Propagation delays with varying number of SWNTs 

in bundle at different interconnect lengths (global) 

 

Fig 13: Equivalent number of shells in MWNTs with varying 

number of SWNTs in bundle at specified interconnect length 

of 100µm for same performance of propagation delay 

 

Fig 14: Equivalent number of shells in MWNTs with varying 

number of SWNTs in bundle at specified interconnect length 

of 200µm for same performance of propagation delay 

 

Fig 15: Equivalent number of shells in MWNTs with varying 

number of SWNTs in bundle at specified interconnect length 

of 500µm for same performance of propagation delay 

 

Fig 16: Equivalent number of shells in MWNTs with varying 

number of SWNTs in bundle at specified interconnect length 

of 1000µm for same performance of propagation delay 

 

Fig 17: Equivalent number of shells in MWNTs with varying 

number of SWNTs in bundle at specified interconnect length 

of 2000µm for same performance of propagation delay 
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Fig 18: Equivalent number of SWNTs in the bundle for fixed 

numbers of shells in MWNTs at different interconnect 

lengths (global) for same performance of propagation delay 

Figures 13, 14, 15, 16 and 17 graphically shows the analysis of 

propagation delay at different interconnect lengths for different 

number of shells in MWNTs and SWNYs in bundles. Finally, 

Figure 18 presents different numbers of SWNTs in bundle for 

fixed numbers of shells in MWNTs at specified interconnect 

lengths which is further approximated in Table 1. Table 1 

suggests that at specified interconnect lengths (global), number 

of SWNTs in bundle is more than number of shells in MWNTs 

for same performance of propagation delay.  

 

Table 1. Number of Shells (MWNTs) for Equivalent Number 

of SWNTs in Bundle at Different Interconnect Lengths 

(Global) for Same Performance of Propagation Delay 

Interconnect 
Length 

MWNT 

Shell = 4 

MWNT 

Shell = 10 

MWNT 

Shell = 20 

100 µm SWNTs = 5 SWNTs = 
14 

SWNTs = 
30 

200 µm SWNTs = 6 SWNTs = 
15 

SWNTs = 
51 

500 µm SWNTs = 6 SWNTs = 
20 

SWNTs = 
76 

1000 µm SWNTs = 6 SWNTs = 
22 

SWNTs = 
106 

2000 µm SWNTs = 7 SWNTs = 
23 

SWNTs = 
109 

 

The area is analyzed for equivalent number of shells in MWNTs 

and number of SWNTs in the bundle (Figure 19) in terms of 

diameters of SWNT bundle and MWNT. The areas of MWNTs 

depend on the number of shells and innermost and outermost 

diameters which is obtained by using equation (1). From this 

graphical analysis, it is clear that the area is minimized for 

equivalent shells of MWNTs than the equivalent number of 

SWNTs in bundle. 
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Fig 19: Equivalent area for different number of shells in 

MWNTs with varying number of SWNTs in bundle at 

different interconnect lengths (global) 

5. CONCLUSION 
In this paper, models for MWNT and SWNT bundle 

interconnects are reviewed on the basis of one-dimensional fluid 

theory. These models are compared at 32 nm technology nodes 

in terms of propagation delay and area. Simulation result shows 

that MWNT requires lesser area than SWNT bundle at different 

interconnect lengths for same performance of propagation delay. 

Therefore, for future VLSI technology, MWNTs may be proven 

as more promising candidate than copper. 
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