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ABSTRACT 

 

The accurate performance of on-chip interconnects plays an important role to optimize 

the performance of integrated circuits (ICs) in deep sub-micron (DSM) technology 

nodes. Due to technology scaling, there has been a significant reduction in dimension 

size. Hence, problems of the mean free path for electrons, surface scattering from the 

boundaries of ultra-narrow conductors as well as grain boundary scattering inhibit 

electronic conduction in the copper wires to an unacceptable level. Due to technology 

scaling, thermal issues have also become a major challenging factor in the possible 

usage of on chip interconnect material for designing high performance integrated 

circuits. Consequently, alternative solutions such as graphene nano-ribbon (GNR) 

interconnects have been proposed in order to avoid the problems associated with global 

on-chip wires altogether. 

This thesis work includes the thermally aware circuit modeling and performance 

analysis of multilayer graphene nano-ribbon (MLGNR) based VLSI interconnects. The 

temperature-dependent performance in terms of propagation delay, power dissipation 

and crosstalk-induced voltage noise waveform at the far end of victim line, of MLGNR 

interconnects, have been analyzed at 22-nm technology node. SPICE simulations using 

PTM level 54 model were carried out to validate the findings. The results obtained 

through simulation are compared with conventionally used copper interconnects and it 

is observed that MLGNR outperforms its counterpart at different lengths of 

interconnects ranging from 200μm to 1000μm over a temperature range of 300K to 

500K.  

 A comparative performance analysis between MLGNR interconnects with resistance 

estimated using thermally aware model and temperature independent model 

(conventional) is investigated. Average relative improvements of 37.24% and 26.34% in 

propagation delay and power dissipation respectively are achieved using a thermally 

aware model in comparison with a temperature independent model of MLGNR 

resistance, with length variations from 200μm to 1000μm. Further, an average relative 

improvement in the time duration reduction of victim output, for the same range of 

interconnect lengths, is achieved about 35% by using a thermally aware model instead 



iv 
 

of a temperature independent model of MLGNR resistance. Obtained results reflect that 

the thermally aware modeling of MLGNR is important for its performance optimization 

in DSM technology nodes. After the temperature-dependent comparative performance 

analysis, MLGNR comes out as promising alternative to copper for the use as future 

VLSI interconnects, due to its less sensitivity with temperature dependent scattering. 
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CHAPTER  
 

1 
INTRODUCTION AND STATEMENT 

OF THE PROBLEMS 

 

 

  

1.1 Interconnects 

The conducting material which provides electrical connection between two or more 

nodes of a system/circuit in a chip is known as a VLSI Interconnect. Interconnects 

provide power supply and clock to a device. Interconnects also deliver the output of one 

device to another device. Interconnect is a three dimensional structure which has its own 

resistance and capacitance. Interconnects are as important as transistors. Performance of a 

chip is measured on the basis of three parameters speed, power and noise. Interconnects 

play a major role in performance of a VLSI chip. 

1.1.1 Types of Interconnects 

On the basis of length and function they perform, there are basically three types of 

interconnects [1]: 

I. Local Interconnects 

Local interconnects are very thin interconnect wires and are used to connect gates and 

transistors within a functional block on a chip. Local interconnects usually occupy first 

and second metal layers. 

II. Intermediate Interconnects 

Intermediate interconnects provide lower resistance than local interconnects because of 

more width. They are taller than local interconnects. Intermediate interconnects deliver 

clock and signal distribution inside a functional block. 

III. Global Interconnects 

Global interconnects offer clock and signal distribution between the functional blocks. 

They also deliver power and ground to all the functions on a chip. Length of global 

interconnects is usually larger than both local and intermediate interconnects.  

They dominate the top one or two layers. Because of larger length they play a vital part 
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in performance of chip. Global wires should have small resistance so that voltage does 

not get dropped and there is no delay in clock, otherwise clock skew can occur.  

 

Fig. 1.1. Cross-Section of stacked interconnects [1]. 

 

1.1.2 Why we need carbon based interconnects 

There has been an exponential gain in integrated circuit performance because of 

technology scaling. These key developments at the integrated circuit (IC) level were 

driven primarily by enhancement in device performance with technology scaling. With 

the decrease in device dimensions, there was a rapid increase in number of devices 

packed into a given area, which results in increasing the number of connections 

between these devices. An increase in the number of connections leads to a higher 

wiring density, thus a drop in the cross sectional dimensions of wires. Due to 

enhancement in the performance of devices with scaling and degradation in the 

performance of interconnects with scaling, interconnects have become a serious 

bottleneck to the performance of integrated circuits [2]. 

Earlier aluminium (Al) was the most commonly used material for interconnects because 

of its adherence on silicon dioxide and good conductivity. Additional valuable property 
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of Al is that it customs good ohmic contact with silicon (Si). The drawback with Al is 

that at high current densities considerable electro-migration takes place. Due to this 

limitation of aluminium, copper was introduced as interconnects. Copper is numerous 

times more resistant to electro migration than aluminium. Melting point of copper is 

higher than aluminium and thus copper is more thermally stability than aluminium. 

Because of the benefits it proposes Cu became the favourite interconnect material, 

mainly for submicron and deep submicron high density, high performance chips [3]. 

Due to technology scaling number of devices on same chip has increased and hence 

number of connections has also been increased. A significant increase in current density 

is seen as the outcome of dimension scaling. So, with the scaling of technology these 

effects on resistivity in addition to increase in interconnect resistance with length 

increases delay. Moreover, both propagation delay and interconnect power dissipation 

increases due to increase in frequency of operation and increased current density. 

Because of increase in power dissipation there is heating problem which assists electro-

migration. So, there is a need to discover an alternative material that has superior 

properties than Cu and which can be used as a VLSI Interconnect [3-4, 9]. 

Because of their excellent physical properties, carbon based materials are suggested for 

future interconnect technology. Both CNT and GNR are derivatives of graphene. CNT 

is obtained by rolling up a graphene sheet to a hollow cylinder while GNR is obtained 

by patterning graphene to a thin strip. Since the carbon-carbon bond is the strongest 

atomic bond in nature, GNR and CNT interconnects are immune to electro-migration. 

Due to unique physical properties (stated in Table 1.1), such as exceptionally high 

current carrying capacities, thermal conductivities, large mean free path (MFP) and 

immunity to electro-migration carbon based interconnects can be better interconnect 

than copper. One main advantage of GNR over CNT is that the chirality of GNR can be 

controlled during the lithography and etching process, while the chirality of CNT is 

randomly determined by the unknown growth conditions [5-8, 10]. 
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Table 1.1: Properties of Cu, SWCNT, MWCNT and GNR [6, 7]. 

 Copper SWCNT MWCNT GNR 

Max. Current Density (     ) 107 >109 >109 >108 

Tensile Strength (GPa) 0.22 22.2+-2.2 11-63 - 

Melting Point (K) 1356 3773 (graphite) 

Thermal Conductivity ( 

         

0.385 1.75-5.8 3 3-5 

Mean Free Path (nm) 40 >103 2.5 104   103 

 

1.2 Graphene nano-ribbon 

GNRs are achieved by patterning graphene. Graphene is a flat single-layer of carbon 

atoms tightly packed into a 2-D honeycomb lattice (shown in Fig. 1.2) and is an 

elementary building block of carbon nanotubes (CNTs), GNRs, graphite, etc. [6]. Many 

researchers have proposed GNR as one of the promising candidate material for both 

transistors and interconnect. 

1.2.1 Basic properties of GNRs [7] 

• Large thermal conductivity (             

• Large current carrying capability (        A/   ) 

• High melting point (3773K (Graphite)) 

• Large mean free path of electrons (       ) 

• Small Capacitance 

1.2.2 Issues with GNR 

• Edge Scattering: There is a problem of edge scattering in GNRs which reduces its 

mean free path. 

• Electron Hopping: Single layer graphene nano-ribbon (SLGNR) has large mean free 

path and conductivity; whereas multi-layer graphene nano-ribbon (MLGNR) turns to 
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graphite and has much lower conductivity per layer because of inter-sheet electron 

hopping [4]. 

 

 

Fig. 1.2. Lattice structure of a) Graphene b) Carbon nanotube (SWCNT, MWCNT) c) Single layer GNR 

(SLGNR) d) Multilayer GNR (MLGNR) [6] 

 

1.2.3 Types of GNRs on the bases of chirality 

Chirality of GNRs can be controlled by fabrication processes; hence it is preferable to 

its counterpart CNTs. Depending upon the chirality GNR is of two types: 

1. Zigzag GNR 

2. Armchair GNR 

GNRs can be either metallic or semiconducting according to the shape of the atomic 

edge as shown in Fig. 1.3. Zigzag GNRs are always metallic in nature. But, armchair 

GNRs are metallic if the number of atoms along the width is 3k + 2 and is 
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semiconducting in nature if number of atoms along the width is 3k or 3k+1, where k is 

an integer [6-7, 11]. 

 

Fig. 1.3. a) Armchair chirality GNR b) Zigzag chirality GNR [11] 

1.2.4 GNR as VLSI interconnects 

Many researchers have proposed GNR as potential candidate material for both 

interconnects and transistors. GNR interconnects can be characterized as: 

 Single-Layer GNR (SLGNR)  

 Multi-layer GNR (MLGNR) 

Single layer GNRs (SLGNR) have large mean free path, but SLGNRs can‟t outperform 

copper because of large resistance values. So, to decrease its resistance value, multiple 

GNR layers can be used as interconnects known as Multi-layer GNRs (MLGNR) as 

shown in Fig. 1.2(c, d). Further the performance of MLGNR can be improved by using 

intercalation doped MLGNR instead of normal MLGNR [12]. 

1.3 Statement of the problems 

As the technology is scaling, there is a need of better interconnect material than copper. 

From the recent studies, it has been observed that a lot of efforts have been made from 

last decade to model the GNR as VLSI interconnects. Single layer GNR, Multi-layer 

GNR have been analysed and their equivalent RLC models have been derived. Effect of 
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various parameters on propagation delay and power dissipation in these interconnects 

have been studied. But, effects of rise in temperature on the performance of MLGNR 

are yet to be studied. The objectives of the proposed work are as follows: 

 Development of temperature-dependent impedance parameters of MLGNR based 

interconnects. 

 To study the effect of temperature variation on propagation delay and power 

dissipation in MLGNR interconnects. 

 To analyse the crosstalk effects in MLGNR interconnects with variations in 

temperature. 

 Comparison of results obtained from above analysis with results for copper 

interconnects at 22nm technology nodes. 

1.4 Organization of thesis 

Chapter 2 includes literature review of interconnect technologies; starting from the 

basics to the advancement towards the graphene nano-ribbon (GNR) interconnects. A 

brief survey of the various works that has been done by researchers is presented. Along 

with that, the recent research in modeling graphene nano-ribbons interconnects is 

presented. 

Chapter 3 includes the temperature dependent circuit modeling of MLGNR based 

interconnects. ESC model is used for circuit modeling of MLGNR interconnects. Two 

different resistance models side contact and top contact are presented in this chapter. 

Chapter 4 briefly introduces the basic concepts of interconnect analysis. Temperature 

dependent impedance parameters are given in this chapter for MLGNR and copper 

interconnects. A detailed thermally aware impedance analysis is presented for 22nm 

technology node. 

Chapter 5 presents a delay model used for delay analysis of MLGNR interconnects. 

Thermally aware performance analysis of MLGNR in terms of propagation delay, 

power dissipation and crosstalk noise at different global lengths at 22nm technology 

node is shown in this chapter. 

Chapter 6 compares the performance of MLGNR interconnects with that of copper 

interconnects for different temperature and at different global lengths of interconnect 

ranging from 200μm to 1000μm. It is found that in terms of propagation delay, power 

dissipation and crosstalk MLGNR gives better performance than copper interconnects. 

Finally, a conclusion and future scope of the thesis is given in Chapter 7. 



 

8 
 

CHAPTER  
 

2 
PERFORMANCE ANALYSIS - A 

REVIEW 

 

 

 

2.1 Introduction 

As the technology is scaling down, device dimensions are continuously decreasing. Due 

to this, effect of interconnect lines on the performance of integrated circuits is 

becoming significant. Number of connections in a VLSI chip is increasing rapidly and 

hence, the cross-sectional dimensions have to be reduced. Problems of grain boundary 

and surface scattering are there in traditionally used copper based interconnects due to 

reduction in cross-sectional dimensions of interconnects. Hence, there is a need of 

alternative interconnect material. Carbon based interconnects with their extraordinary 

physical properties are being considered as a prominent interconnect material [4-10]. 

In this chapter works of many researchers are briefly described. Possibility of GNR 

based interconnects is given by different authors. Modeling and performance analysis 

of MLGNR interconnects done by different researchers in recent years is shown in 

section 2.2. Then, a brief conclusion of this chapter is given in section 2.3. 

 

2.2 Literature review 

T. Ragheb and Y. Massoud, 2008[11] gave a comprehensive resistance model for 

graphene nano-ribbon (GNR) interconnects. They modelled the influence of stacking of 

graphene layers in multi-layer GNR (MLGNR) interconnects. In this paper GNR 

interconnects were compared with both conventional Cu interconnects and single-

walled carbon nanotube (SWCNT) bundle interconnects on the basis of resistance. Fig. 

2.1 shows the comparison done by them, between the resistance of MLGNR, SWCNT 

and copper interconnects for different width of interconnects and it is seen that the 

MLGNR has lower resistance than both SWCNT and copper interconnects. They 

demonstrated the performance superiority of multi-layer GNR interconnects over 
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conventional copper interconnects at small widths (<15 nm). So, they stated that the 

multi-layer GNR (MLGNR) based interconnects can be used instead of copper in future 

as the feature size is decreasing in the VLSI industry. They observed that due to GNRs 

exceptional characteristics, immunity to electro-migration, ease of fabrication, and 

weak temperature-dependence, GNR-based technology had the potential to provide a 

great alternative for future interconnects.   

 

Fig. 2.1. Resistance per unit length for Cu, SWCNT-bundle, MLGNR interconnects [11] 

 

K. Banerjee et al., 2009[4] presented the delay analysis of graphene nano-ribbon 

interconnect. They observed the effect of edge specularity on the conductance of GNR 

interconnects. They also compared the performance of GNR with the Cu and CNT 

interconnects. Their analysis revealed that GNRs have some fabrication advantages 

over CNTs. But to make GNR better than its counterparts i.e. Cu and CNTs, at local as 

well as global levels, certain distinct technology improvements must be attained. They 

compared the delay of AsF5 doped MLGNR with SWCNT interconnect as shown in 

Fig. 2.2. It is shown that the AsF5 doped multilayer GNR with perfect edges have 

lowest delay ratio among SWCNT, SLGNR and MLGNR with rough edges. It is also 

revealed that very specular edges (p > 0.8) and appropriate intercalation doping are 

essential to make zigzag-multilayer graphene nano-ribbon (zz-MLGNR) interconnects 

comparable to or better than copper and carbon nanotube based interconnects at either 

the global or local level. They also demonstrated that intercalation-doped zz-MLGNRs 

can have better performance than that of tungsten (W) (even for p = 0) at local level, 

implying possible application as local interconnects in certain cases. 
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Fig. 2.2. RLC delay ratio w.r.t. copper wire for global interconnects [4] 

 

Naeemi et al., 2012[13] derived a physical model for the effective resistance of 

multilayer graphene nano-ribbon (MLGNR) interconnects. For the derivation of this 

model they considered the c-axis resistivity of MLGNR interconnects. They founded 

that increasing the number of layers does not essentially translate into a decrease in the 

overall resistance of MLGNR interconnects. They observed that there is a saturation 

point for effective resistance while increasing the number of layers. They evaluated the 

optimal number of layers to minimize the propagation delay and the energy–delay 

product of MLGNR interconnects. It is found that the optimal number of layers 

depends on the interconnect length, interlayer resistance, and the kind of contact that is 

used. Their comparison shows that the delay of MLGNR is lower than that of copper 

interconnects, if the GNR edges are smooth and if minimum-sized drivers are used. The 

propagation delay of MLGNR based interconnects with side contact is higher than that 

of Cu interconnects, if the graphene nano-ribbon edges are rough. Considering Fermi 

energy (Ef) = 0.2 eV, they found that the energy delay product (EDP) of MLGNR 

interconnects with perfect edges (smooth edges) is lower than that of Cu based 

interconnects. 

 

A. G. Chiariello, A. Maffucci, 2012[14] presented the performance analysis of global-

level on-chip interconnects. They gave the simple circuit equivalent model for carbon 

nanotubes or graphene nano-ribbons. They included the size and thermal effects into 

the circuit models for carbon nanotube and graphene nano-ribbon interconnects. While 
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assuming the mean free path of GNR constant with temperature they calculated the 

change in number of conducting channel with the temperature. Their study 

demonstrated that GNR and MWCNT based interconnects were less sensitive to 

temperature change as compare to copper and SWCNT ones and were potential 

candidate to replace Cu for wiring a VLSI chip. 

 

A. Maffucci and G. Miano, 2013 [15] modelled the signal propagation in graphene 

nano-ribbon (GNR) interconnects. They studied the behaviour of number of conducting 

channels of armchair GNRs and zigzag GNRs as width of interconnect vary. They 

expressed the kinetic inductance and quantum capacitance in terms of number of 

conducting channels. The effective number of conducting channels was evaluated 

according to the semi classical Boltzmann transport theory. 

 

V. Kumar et al., 2013[2] reviewed the analytical models earlier developed for multi-

layer GNR (MLGNR) with top contacts. They compared the multi-conductor 

transmission line (MTL) models and the simplified equivalent distributed RC model for 

GNR. The MTL models are used to show the distribution of current among different 

layers along the interconnect length. They observed that the multi-conductor 

transmission line (MTL) models can precisely predict the frequency response of the 

GNR interconnects. They also derived the optimal number of GNR layers for 

minimization of the propagation delay and energy-delay-product (EDP) using the 

distributed RC models. They compared the performance of GNRs with copper 

interconnects and they found that for smaller interconnects lengths, multi-layer GNR 

(MLGNR) with perfect edges can perform better than Cu interconnects.  

 

W. S. Zhao and W. Y. Yin, 2014[10] investigated the transmission performance of 

MLGNR interconnects with top contacts and side contacts theoretically based on their 

ESC model. They observed that the number of conducting channels of a metallic 

MLGNR interconnect is linearly dependent on width and Fermi energy (EF). They also 

developed the Equivalent inductance and capacitance equations for the ESC model. It 

was established that the top contacts in MLGNR interconnects have larger resistance in 

comparison with that of side-contacts for smaller lengths of interconnect. They proved 
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that MLGNR interconnects can provide better performance than copper interconnects 

in particular at semi-global level. Even with the maximum crosstalk impacts 

considered, the advantage of MLGNR interconnects over copper interconnects can still 

be retained. According to them Fermi energy and the edge roughness are two 

significant factors that affect the performance of MLGNR interconnect. 

 

A. K. Nishad and R. Sharma, 2014[16] proposed the analytical time domain models 

for multilayer GNR (MLGNR). Their analysis was done for both top contact MLGNR 

and side contact MLGNR. They stated that the performance of side contact MLGNR is 

far better than top contact MLGNR but the fabrication of side contact MLGNR is very 

difficult. They optimized the top contact MLGNR to make it perform better than copper 

interconnect. Performance of their optimized design of top contact MLGNR matched 

the side contact MLGNR. They also compared the performance of top contact MLGNR 

with the optical interconnects and it was found that the MLGNR‟s performance exceeds 

the performance of optical interconnects in terms of delay as shown in Fig. 2.3. It can 

be clearly seen that for the interconnect lengths of less than 500μm MLGNR 

outperforms optical interconnects in terms of propagation delay. 

 

 

Fig. 2.3. Delay comparison between optical interconnects and GNR interconnects [16]. 
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B. K. Kaushik et al., 2015[17] analysed the performance of doped MLGNR 

interconnects and found that the conductivity of doped MLGNR is much higher than 

neutral MLGNR interconnects. Using an equivalent single conductor model they 

compared the doped MLGNR interconnects with the copper interconnects on the basis 

of power dissipation, propagation delay, and bandwidth. For similar dimensions, they 

found that the propagation delay and power dissipation of doped MLGNR was 

substantially smaller by 86.13% and 43.72%, respectively, in comparison to the copper 

interconnects. They witnessed that the doped MLGNR with smooth edges shows four 

times higher bandwidths in comparison to copper at intermediate and global 

interconnect lengths due to smaller parasitics. They also compared the performance of 

MLGNR interconnects with different edge roughness with the performance of copper 

interconnects. They observed a significant change in the performance of MLGNR 

interconnects with higher edge roughness probability.  

 

M.K. Rai et al., 2016[5] addressed the effect of interlayer resistance because of contact 

resistance and c-axis resistivity on performance of multi-layer graphene nano-ribbon 

(MLGNR) interconnects. They also observed the impact of Fermi energy on 

performance of MLGNR interconnects. In their analysis, they included the inductive 

and capacitive coupling between the adjacent layers of MLGNR. At 22nm technology 

node, they compared the performance of MLGNR with the copper interconnects on the 

basis of propagation delay, power dissipation and power delay product (PDP). It was 

found that for the intermediate to global interconnect lengths (300μm to 1000μm) 

MLGNR interconnects give much better performance than the copper interconnects. M. 

K. Rai et al. investigated that the performance gap between MLGNR with and without 

interlayer resistance decreases with increase in Fermi energy. 

2.3 Conclusion 

Resistance of MLGNR interconnects is found to be very much less than the 

conventionally used copper interconnects. Hence, the delay analysis shows that the 

MLGNR gives better delay performance than its copper counterpart. Different models 

to analyse the performance of GNR based interconnects are reviewed. Performance of 

SLGNR, MLGNR and AsF5 doped MLGNR is analysed and for different lengths of 
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interconnects AsF5 doped MLGNR has given best results. Side contact MLGNR and 

top contact MLGNR interconnects are studied in detail. After doing the literature 

survey many gaps in the study are found. No major work is done on thermally aware 

performance analysis of MLGNR based interconnects. A detailed crosstalk analysis of 

MLGNR is also needed to ensure MLGNR as a promising candidate to replace copper 

material. 
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CHAPTER  
 

3 

TEMPERATURE DEPENDENT 

CIRCUIT MODELING OF MLGNR 

INTERCONNECTS 

 

 

 

3.1 Introduction 

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

rise. As the technology is scaled down, the temperature of conventionally used copper 

interconnects increases due to the combined effect of an increase in the resistivity of 

metal and current density. Thermal issues have become a key challenging factor in the 

possible usage of on chip interconnect material for designing high performance 

integrated circuits. High performance integrated circuits have a large variance in 

temperature. So, a better interconnect material is needed to replace copper. Carbon 

based interconnects with good thermal conductivity are most prominent candidates to 

replace copper based VLSI interconnects. MLGNR having fabrication advantage to 

CNT based interconnects is thus considered to be future VLSI interconnect material. 

 In this chapter, temperature dependent impedance parameters of MLGNR and copper 

interconnect at 22nm technology node are given. Depending upon the types of contact 

(side contact or top contact) two different resistance models of MLGNR are presented 

in this chapter. Temperature independent resistance model of MLGNR based 

interconnects is also presented.  

 

3.2 Temperature dependent and independent modeling of 

MLGNR  

An analytical model of MLGNR based on the geometry is presented in this section. The 

MLGNR is viewed as the stacked of SLGNRs as shown in Fig. 3.1. In Fig. 3.1 a 

MLGNR of thickness (t) and width (w) is shown placed above the ground at a distance 

(d). Value of the permittivity of the medium is taken as 3.25 [1]. 

The equivalent single conductor (ESC) model of MLGNR is a combination of ESC 

models of parallel SLGNRs. Initially, the simple ESC model of individual GNR is 

derived considering the parasitic elements like resistance, capacitance and inductance. 
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Later, these equivalent circuit models are combined to build up the final ESC model of 

MLGNR as shown in Fig. 3.2. 

 

Fig. 3.1. Geometry of MLGNR interconnects [17]. 

 

n is the total number of layers in MLGNR and can be calculated [21] using Eq. (3.1) 

         (
 

 
)     (3.1), 

where,          is van-der waal gap []. 

 

 

Fig. 3.2. ESC equivalent model of MLGNR interconnect. 

 

In Fig. 3.2, dx is the differential element along the interconnect length. 

3.2.1 Temperature based resistance modeling of MLGNR 

In order to model the resistance of MLGNR interconnects, it is a critical need to 

investigate the different types and source of scattering with temperature that impact the 

mean free path of graphene nano-ribbons. The resistance of GNR interconnects has 

three components: the imperfect contact resistance (Rc) at the two ends of the GNR, the 

quantum resistance (  ) and the scattering resistance (  ). 

Contact Resistance: 

   is the imperfect contact resistance, which is highly process dependent [20] and can 

be approximated by Eq. (3.2) [19], 
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⁄                      (3.2), 

where, h is the planck‟s constant, e is the electron charge, n is number of layers (Eq. 

(1)),     is number of conducting channels (Eq. (3)) and Tc is the transmission 

coefficient and is a dimension less factor having a value less than unity [19]. The 

imperfect contact resistance      has a typical value ranging from 1 k to20k [17]. 

 

Fig. 3.3. Structure of zigzag GNR [15]. 

 

Nch depends on the geometry and material and is given by following equation [22-23]:  

    ∑     

     

          ∑     

     

          
   

  
      (3.3), 

where,    is number of conduction sub-bands,    is valence sub-bands. Since 

conduction is mainly due to electrons only. Therefore, Nch is calculated by considering 

conduction sub-bands only. Number of sub-bands for zz-GNRs can be obtained 

by    
  

√  
, a=√  , where b is inter atomic distance [15] as shown in Fig. 3.3. Ei is 

the lowest (highest) energy of the i
th

-conduction (valence) sub-band and is given by Eq. 

(3.4) [10, 22], 

   
   

  
| |,i≠0     (3.4) 

Fermi energy of 0.2eV is assumed for MLGNR [10].  

Quantum Resistance: 

    is the fundamental quantum resistance associated with GNR of length less than the 

MFP (λGNR) of electrons. For lengths less than MFP, electron transport within the nano-

ribbon is essentially ballistic, and resistance is independent of length [7]. Quantum 

resistance is because of quantum confinement of carriers across the interconnect width. 
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Quantum resistance of a single layer graphene nano-ribbon can be calculated by Eq. 

(3.5),  

   
 

   ⁄

   
       (3.5) 

Scattering Resistance: 

If the GNR length (l) is greater than mean free path, then enhancement of scattering 

(due to the static impurity scattering, defects and line edge roughness scattering [24-

27]), gives rise to an additional resistance. That is called scattering resistance (  ). 

Since, different scattering mechanisms have different dependent parameters and 

scattering lengths. Thus, the effective mean free path (MFP) of MLGNR is a combined 

effect of all scattering lengths. MFP of MLGNR depends on many parameters, such as 

length, voltage bias, and temperature [7]. In this analysis, the low bias regime is 

considered. This is due to the fact that at higher bias where the electric field is very 

high, current saturates and GNR does not show ohmic behaviour. On the other hand, in 

the low bias regime, GNR shows perfect ohmic behaviour and are suitable for VLSI 

interconnect applications [28]. 

The scattering resistance as a function of temperature of single-layer GNR (SLGNR) 

interconnects per unit length is determined by Eq. (3.6) [19], 

 

   
 

   

 

           
=12.9/(              kΩ         (3.6) 

It can be seen from Eq. (6) that the scattering resistance of GNR is a function of 

thermally-aware effective MFP (     .The thermally aware effective mean free path of 

electron in GNR is calculated by Eq. (3.7) [19], 

 

       
 

 

   
 

 

 
   
   

 

    
          (3.7), 

 

where,     is due to acoustic phonon scattering,     
  

is due to scattering by non-polar 

optical phonon (absorption) and     
  

  is due to scattering by non-polar optical 

phonon(emission). MFP due to acoustic scattering is given by Eq. (3.8),  

     
   

 

  
     

 

√      
    

     (3.8), 

where,    is the mass density of graphene (        kg/   ,    is the speed of 

acoustic phonons(20km/s),    is the Fermi velocity of electrons(     m/s), NS is the 
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concentration of 2-D electron gas in graphene(            and     is the acoustic 

deformation potential (8eV) [19]. MFP due to optical absorption and optical emission 

are given by Eqs. (3.9) and (3.10) respectively, 

    
   

  
 

  
     

 

√      
           

   

  √   
 
    (3.9), 

     
   

  
 

  
     

 

√      
           

   

  √   
 
     (3.10), 

where,     is the optical deformation potential(2     eV/m) [19], 
 

  
    is the optical 

phonon energy(160meV),and     is the optical phonon number [29], and can be 

calculated by Eq. (3.11), 

    
 

 

 
  

   
    

     (3.11) 

 

Depending upon the type of contact, MLGNR can be classified as top contact MLGNR 

(TC-MLGNR) and side contact MLGNR (SC-MLGNR) with connection of 

surrounding devices as shown in Fig. 3.4 [16]. 

 

Fig. 3.4. Resistive network for (a) TC-MLGNR and (b) SC-MLGNR. 

Therefore, the equivalent low bias resistance of MLGNR is different in two such cases. 

In case of TC-MLGNR, only the top layer is coupled with contacts. Thus, in addition to 

scattering resistance, an additional interlayer resistance (RB) appears in the equivalent 

resistance of TC-MLGNR [16]. The equivalent resistance per unit length of TC-

MLGNR is given by Eq. (3.12), 

    
 

  
 

 

       
        (3.12), 



 

20 
 

where,    is the interlayer resistance of the GNR and    is the scattering resistance 

given by Eq. (3.6) . 

   (
    

    
)       (3.13), 

where, ρc is the c-axis resistivity[30],    is the differential element along the 

interconnect length and   is the width of one layer.  

In case of SC-MLGNR, all SLGNRs are physically connected. Therefore, for longer 

MLGNR (lλGNR), the total thermally aware resistance of SC-MLGNR can be 

calculated by Eq. (3.14)[10, 16, 19],  

 

          
    

     
   

 

       
     (3.14)                                                                                                 

where, t is thickness of interconnect . 

It can be seen from Eqs. (3.12) and (3.14) that the equivalent resistance of SC-MLGNR 

will always be lesser in comparison with TC-MLGNR. It indicates the desirable effect 

of reducing interconnect performance in terms of propagation delay, power dissipation 

and crosstalk. It is also reported that the SC-MLGNR has better performance in 

comparison with TC-MLGNR [16].This is due to the lower resistance offered by SC-

MLGNR. Thus, in the present study, MLGNR has been assumed to be SC-MLGNR. 

3.2.2 Conductance modeling of MLGNR 

The capacitance of each GNR consists of quantum capacitance (  ) and electrostatic 

capacitance (Ce) [5-6, 16].The per unit length quantum capacitance (Cq) and 

electrostatic capacitance (  ) of MLGNR are given by Eqs. (3.15) and 

(3.16),respectively, 

    
       

   
                         (3.15), 

       *    (
  

  
)+        (3.16) 

The electrostatic capacitance (Ce) is calculated using conformal mapping method with 

width „ ‟, placed at a distance (d) above the ground plane [16]. 

     

{
 

 
  

  
      √    

 
 

    √    
 

 

     
 

√ 

 

 
  

    √  

   √   
 

 

√ 
     

                                (3.17), 

where, „ ‟ is a permittivity of the medium and „a‟ is the hyperbolic tangent of function 

of width „ ‟ and distance „y‟ above the ground plane. 
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3.2.3 Inductance modeling of MLGNR 

GNR has kinetic inductance (Lk) in addition to magnetic inductance (Lm) [5, 10, 

16].The kinetic inductance (Lk) is the kinetic energy stored in each conducting channel 

of the GNR. The magnetic inductance (Lm) captures the influence of the voltage 

induced by magnetic fields produced by time varying currents which is summarized in 

Ampere‟s Faraday‟s laws and dependent on the whole current loop. The per unit length 

Lk and Lm of MLGNR are given by Eqs. (3.18) and (3.19) respectively, 

   
 

         
       (3.18), 

   
   

 
       (3.19), 

where, d is the height of MLGNR over a ground plane and   is the permeability of free 

space. 

Based on the aforementioned discussion regarding the modeling of circuit parameters, 

novel equivalent circuit parameters per unit length for the ESC model of MLGNR are 

given by, 

               
    

     
   

 

       
         (3.20), 

                      (3.21), 

                          (3.22) 

 

3.3 RLC modeling of copper based interconnects 

Additionally, to evaluate the performance of copper interconnects precisely under 

temperature variations, the following temperature-dependent low bias resistance 

formula can be used [31]. 

                       (3.23), 

here,            is the temperature coefficient of resistance measured at room 

temperature [32].    is the resistance at room temperature, defined as     
   

 
 . Here, 

   is the resistivity of copper at room temperature [33]. 

It can be seen from Eqs. (3.14, 3.23), the effective low bias resistance of the MLGNR 

and Cu is function of temperature. 

 In order to calculate the other temperature-independent circuit parameters of Cu, the 

following analytical expressions are used [34-36]. 



 

22 
 

Self-inductance (Ls): 

   
   

  
*  

  

   
     

         

 
+    (3.24) 

 

Ground capacitance (Cg): 

     [

 

 
     (

 

      
)
    

     (
 

       
)
    

(
 

       
)
    ]    (3.25) 

 

Coupling Capacitance (Cc): This is the capacitance between adjacent interconnects 

[31]. 

    [
    

 

 
(

 

       
)
    

     (
 

       
)
    

     (
 

       
)
    

(
 

       
)
    ]              (3.26), 

 

here, l represents length of interconnects, w is the width, d is the height above ground, t 

is the thickness, s is the separation between adjacent interconnects, ε is the dielectric 

constant and μ0 is permeability. 

 

3.4 Conclusion 

Thermally aware circuit modeling is presented in this chapter by considering an 

equivalent single conductor (ESC) model of MLGNR. Based on types of contact two 

different resistance models of MLGNR, top contact MLGNR and side contact are 

explained. It is seen that SC-MLGNR has less resistance than TC-MLGNR and for 

further analysis SC-MLGNR model is considered. Effect of different types of scattering 

is also considered while modeling the mean free path (MFP). RLC parameters of 

copper based interconnects are also presented. 
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CHAPTER  
 

4 

THERMALLY AWARE IMPEDANCE 

ANALYSIS OF MLGNR 

INTERCONNECTS 

 

 

 

4.1 Introduction 

Number of connections between the devices has increased with the downscaling of 

technology, leading to a higher wiring density and therefore the reduction in 

interconnect dimensions. Thus, reduction in dimensions of interconnects resulted in 

higher resistivity of copper. Values of R, L and C highly influence the performance of 

interconnects. Because of better RLC parameters than copper, many researchers have 

proposed MLGNR as future VLSI interconnects.  

In this chapter, thermally aware impedance analysis for both MLGNR and copper based 

interconnects is presented at 22nm technology node. Resistance, inductance and 

capacitance values are calculated for different global lengths of interconnect ranging 

from 200μm to 1000μm. Variations in resistance of MLGNR and copper with 

temperature ranging from 300K to 500K are analysed. It is seen that temperature has 

significant role in resistance values of MLGNR and copper based interconnects. 

Impedance parameters of MLGNR are found to have lesser values than copper based 

interconnects. Temperature independent resistance model of MLGNR based 

interconnects is also analysed.  

4.2 Impedance analysis of MLGNR and copper interconnects 

 In this section, thermally aware impedance analysis for both MLGNR and copper 

based interconnects are presented at 22nm technology node. Physical parameters for 

interconnects are taken from the latest ITRS-2012 [1] as illustrated in Table 4.1. In this 

present study, effect of edge roughness is not considered. X. Chuan et al. [6] has 

reported that edge roughness degrades the performance of GNR. Circuit models 

presented in chapter 3 are used for the impedance analysis of MLGNR and copper 

interconnects. 
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Table 4.1: Simulation Parameters-ITRS 2012 [1]. 

Technology Node 22nm Local Semi-Global Global 

Width of Global interconnect (w) 19nm 19nm 29nm 

Separation between adjacent interconnect nets (s) 19nm 19nm 29nm 

Thickness of interconnect(t) 38nm 38nm 68nm 

Oxide thickness(d) 38nm 35nm 44nm 

   4.2 3.25 3.25 

   (μΩ.cm) 6.96 6.96 5.26 

 

Mean free path (MFP) of electron of MLGNR is a function of temperature as can be 

seen from the Eq. (3.7). In Fig. 4.1 mean free path is plotted against temperature over a 

range from 300K to 500K. It can be seen that MFP is inversely proportional to 

temperature, as its value decreases with the increase in temperature. This is due to the 

fact that scattering increases as temperature rises above the room temperature. 

 

 

Fig. 4.1. Mean free path as a function of temperature. 

 

It can be seen from Eqs. (3.14, 3.23) that the low bias resistance of both MLGNR and 

Cu is a function of thermally aware MFP of electrons. In Figs. 4.2 and 4.3, the variation 

of low bias resistance at different lengths of interconnect with rise in temperature, 

ranging from 300K to 500K, are exhibited for MLGNR and copper, respectively. 
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Fig. 4.2. Resistance of MLGNR interconnects as a function of temperature for different lengths. 

 

Fig. 4.3. Resistance of Cu interconnects as a function of temperature for different lengths. 

 

It is found that the resistance increases with rise in temperature at different lengths of 

interconnect for both MLGNR and copper. However, the resistance of copper 

interconnects, at any specific temperature, in the range 300K to 500K, is many times 

larger than that of MLGNR at different lengths. This is because of weak variation of 

temperature dependent scattering on the mean free path of MLGNR electrons as 

compared with that of copper counterpart. It has also been noted from Figs. 4.2 and 4.3 

that, compared to smaller interconnects, longer interconnects are more affected by 

temperature.  

From Fig. 4.4 it may be noted that for 1mm long interconnect MLGNR is having 

smaller resistance values than copper interconnects. Thus, in the context of reducing 
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voltage noise level and time duration of output transient response, compared with Cu 

interconnects, MLGNR interconnects are more favourable.  

 

Fig. 4.4. Resistance of MLGNR and copper based interconnects at different temperatures for 1mm long 

interconnects. 

Further, temperature independent model of MLGNR resistance is considered and value 

of MFP is taken as 1μm as suggested in [6-7, 19].  In Fig. 4.5 resistance values obtained 

from temperature dependent and temperature independent model of MLGNR resistance 

are plotted w.r.t. length of interconnects ranging from 200μm to 1000μm. It can be seen 

that thermally aware model has lesser resistance values than temperature independent 

model of MLGNR. Thus, it can be said that thermally aware performance analysis of 

MLGNR is important to consider its possibility as a future VLSI interconnects material. 

 

Fig. 4.5. Resistance of thermally aware and temperature independent model of MLGNR at different 

lengths of interconnects. 

Other equivalent circuit parameters viz. capacitance and inductance are calculated for 

both MLGNR and copper using Eqs. (3.15)-(3.19) and (3.24)-(3.25) respectively. These 
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values are plotted against different lengths of interconnects in Fig. 4.6 and 4.7. It can be 

seen that with increase in length of interconnects both capacitance and inductance 

increases for both the interconnects. 

 

Fig. 4.6. Capacitance of MLGNR and copper interconnects w.r.t. length of interconnects. 

 

 

Fig. 4.7. Inductance of MLGNR and copper interconnects w.r.t. length of interconnects. 

 

Most investigators of carbon material based interconnects take the value of coupling 

capacitance as equivalent to that of the coupling effect between metal interconnects of 

the same dimensions [36-37, 41]. Based on this theory, coupling capacitance of 

MLGNR interconnect is assumed to be equal to that of copper interconnects with same 

dimensions. Hence, the value of coupling capacitance between adjacent interconnects 

of MLGNR and Cu is computed by Eq. (3.26) and tabulated in Table 4.2 at 22nm 

technology node.  
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Table 4.2: Impedance parameters of 1mm global interconnect: Temperature=300K, Technology-22nm. 

Length of 

Interconnect 

(µm) 

MLGNR 

Resistance (Ω) Inductance 

(nH) 

Capacitance 

(fF) Temperature 

Dependent 

Temperature 

Independent 

200 1298 3235 2.39 3.79 

400 2581 6454 4.79 7.59 

600 3863 9673 7.18 11.4 

800 5146 12893 9.57 15.2 

1000 6428 16112 12.0 19.0 

Length of 

Interconnect 

(µm) 

Copper 

Resistance (Ω) 

Inductance 

(nH) 

Capacitance (fF) 

200 5335 0.35 11.4 

400 10669 0.76 22.8 

600 16004 1.19 34.3 

800 21339 1.63 45.7 

1000 26673 2.09 57.1 

 

4.3 Conclusion 

Mean free path (MFP) of MLGNR is found to be very sensitive to temperature. 

Resistance of MLGNR depends upon mean free path and thus, changes rapidly with 

temperature. It is found that the resistance of both copper and MLGNR interconnects 

increases with increase in temperature. Resistance of copper increases linearly with 

temperature and resistance of MLGNR show nonlinear increase with temperature. 

Impedance analysis shows that the MLGNR has lower resistance; capacitance and 

inductance values than copper interconnects at different range of interconnect lengths. 

Comparing the temperature dependent resistance model with temperature independent 

resistance model of MLGNR it is clearly seen that a thermally aware performance 

analysis of MLGNR is must for accurate modeling. 
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CHAPTER  
 

5 

THERMALLY AWARE 

PERFORMANCE ANALYSIS OF 

MLGNR INTERCONNECTS 

 

 

 

5.1 Introduction 

Temperatures variations above room temperature have a significant effect on 

interconnect performance in terms of delay and crosstalk. This is because the resistance 

of interconnects increases with rise in temperature. Therefore, there is an important 

need to analyse temperature dependent performance of MLGNR as nano-scaled 

interconnects.  

In this chapter, a detailed temperature dependent performance analysis in terms of 

propagation delay, power dissipation and crosstalk-induced voltage noise of MLGNR 

based interconnects is presented. Results of thermally aware model are compared with 

that of conventional temperature independent model of resistance of MLGNR 

interconnects. Analysis is done for different lengths of interconnect ranging from 

200μm to 1000μm with variance in temperature from 300K to 500K. It is found that 

thermally aware model gives better results than the temperature independent model. As 

discussed in chapter 2 that many few researchers have studied the impact of crosstalk in 

MLGNR [10, 21, and 43]. However, no study has been made to analyse the thermally 

aware crosstalk and delay of MLGNR interconnects so far. First time in this thesis, 

thermally aware crosstalk-induced voltage noise and delay of MLGNR interconnects at 

different lengths is presented over a temperature range from 300K to 500K. 

 

5.2 Temperature dependent and independent performance 

analysis of MLGNR 

It is evident from aforementioned discussion in chapters 2 and 3 that the temperature 

dependent mean free path controls the resistance of MLGNR. Thus, it is important to 

investigate the temperature dependent performance of MLGNR interconnects. This 

section includes the performance analysis in terms of power dissipation, propagation 

delay, and crosstalk of conventionally thermally aware model and temperature-

independent model of MLGNR interconnects resistance. 
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5.2.1 Delay and power analysis 

To analyse propagation delay and power dissipation for MLGNR, a distributed RLC 

circuit of an equivalent interconnect has been considered, shown in Fig. 5.1. Optimum 

number of repeaters is used for this analysis. The distributed segment is driven by a 

CMOS driver at 22nm technology node with Vdd = 0.9 V, a clock speed of 0.1 GHz, and 

terminated with load capacitive of 0.1fF [5, 31, and 34]. Driver size is taken equal to 

100 for this analysis [6]. This circuit was simulated using Tanner EDA Tools, 

schematic of a CMOS inverter driving VLSI based interconnect is shown in Fig. 5.2 

 

Fig. 5.1. CMOS inverter driven distributed interconnect with load [5]. 

 

 

Fig. 5.2. Schematic of a CMOS inverter driving a global interconnect in S-Edit of Tanner EDA. 

 

Pulse waveform with rise time and fall time of 1ns is given at the input port. Data used 

for simulation is tabulated in Table 4.1.  

5.2.1.1 Delay analysis 

For delay analysis of MLGNR, 90% propagation delay is calculated w.r.t. temperature 

at different lengths of interconnects ranging from 200μm to 1000μm and the same is 

plotted in Fig. 5.3. From this figure it is noted that the propagation delay of MLGNR is 

increasing with increase in temperature. It can be seen that the variations in delay with 

temperature are lesser for smaller lengths than for longer lengths of MLGNR based 
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interconnects, this is because of smaller impedance values at smaller lengths of 

interconnects as discussed in chapter 4.  

 

 

Fig. 5.3. Propagation delay of MLGNR w.r.t. temperature. 

Further, in Fig. 5.4 propagation delay of MLGNR of thermally aware model is 

compared with conventional temperature independent model of resistance. It is found 

that temperature independent model gives higher delay than temperature dependent 

model. This is because of lower mean free path of electrons and hence, the higher 

resistance values in temperature independent model in comparison with thermally 

aware model of MLGNR resistance.  

 

Fig. 5.4. Propagation delay of MLGNR for temperature dependent and independent  resistance models at 

different lengths. 
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Moreover, average relative improvement in propagation delay using temperature-

dependent model instead of temperature independent is shown in Table 5.1. An average 

relative improvement of 37.24% is achieved in temperature dependent model in 

comparison with conventionally used temperature independent model of MLGNR 

resistance. 

Table 5.1: Average relative improvement in delay. 

S.No. Length of Interconnect (μm) Delay improvement (%) 

1 200 30.14 

2 400 21.39 

3 600 37.15 

4 800 46.92 

5 1000 50.6 

Average improvement 37.24 

 

5.2.1.2 Power dissipation analysis 

As the use of portable communication equipment is growing, the effect of power 

induced by interconnects become a main concern of VLSI industry. Variations in power 

dissipation of MLGNR based interconnects w.r.t. different lengths of interconnect is 

shown in Fig. 5.5. This figure reveals that the power dissipation does not change much 

with change in temperature above room temperature for a particular length of 

interconnects. This is because of constant capacitance value at specific interconnect 

length of MLGNR. 

 

 

Fig. 5.5. Power dissipation of MLGNR w.r.t. temperature 

Further, Fig. 5.6 shows the comparison between results obtained in terms of power 

dissipation through temperature-dependent and independent model of MLGNR 
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resistance as a function of interconnect length. In this comparison, a temperature 

dependent model of resistance is considered at 300K. 

 

Fig. 5.6. Power Dissipation of MLGNR for temperature dependent and independent resistance models at 

different lengths. 

 

 It is seen from Fig. 5.6 that the variations of power dissipation, calculated using 

temperature dependent model of MLGNR resistance for varied lengths, is always lesser 

than that of the conventional temperature independent model of resistance. This is 

because of the impact of lower value of temperature dependent resistance compared to 

temperature independent resistance at any specific length in the range 200µm to 

1000µm (Table 4.2). Further, it may also be noted that power dissipation, under two 

different cases of resistance, increases with length. This is because, with increased 

length, circuit parameters (R, L and C) increase, and so the power dissipation also 

increases. 

From Table 5.2 it can be seen that compared to a temperature independent model of 

MLGNR resistance the average relative improvement in power dissipation is achieved 

about 26.34%, respectively, using temperature-dependent model for the all interconnect 

lengths. 
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Table 5.2: Average relative improvement in power dissipation. 

S.No. Length of Interconnect(μm) Power dissipation Improvement (%) 

1 200 4.37 

2 400 26.03 

3 600 19.68 

4 800 36.51 

5 1000 45.12 

Average improvement 26.34 

 

5.2.2 Crosstalk analysis 

As the integration density of interconnects increases with aggressive technology 

scaling, crosstalk effects will become increasingly valuable in a VLSI chip [31, 38, 40-

42]. Hosseini et al. [18] stated that high performance integrated circuits have a great 

variance in temperature. These temperature variations have a significant effects on the 

crosstalk induced noise voltage between coupled interconnects. However, no account of 

temperature dependent crosstalk induced voltage noise in coupled MLGNR 

interconnects has been reported. Hence, there is a need to study the thermally aware 

crosstalk-induced voltage noise in scaled deep sub-micron (DSM) CMOS technologies 

for MLGNR interconnects. 

 In this section, the temperature dependent crosstalk induced voltage noise waveform at 

the far end of victim line in capacitively coupled MLGNR interconnects has been 

analysed for the first time, at 22nm technology node. Further, a detailed investigation of 

time duration of the victim output waveforms between temperature-dependent and 

conventional (temperature-independent model) model of MLGNR interconnects 

resistance is presented at different lengths. 

To examine the crosstalk voltage noise, a capacitively coupled RLC distributed 

interconnects circuit (as shown in Fig. 5.7) has been considered. All the signal wires are 

driven by a CMOS driver at 22nm technology node [35] with a clock speed of 0.1 GHz, 

Vdd = 0.9V, fall time = 1ns, rise time = 1ns and terminated with capacitive load of 0.1fF 

[29, 31]. For crosstalk analysis, the crosstalk affected net (victim net) is kept fixed at 

logic 1 and the net that cause crosstalk on victim (aggressor net) are switched from 

logic 1→0. For all calculation and simulation purposes, the data shown in Table 4.1 

have been used. 
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Fig. 5.7. Capacitively coupled distributed circuit to model crosstalk between adjacent nets [36]. 

 

Fig. 5.8 illustrates the crosstalk-induced transient response of the victim output for 

varied temperatures for MLGNR based interconnects and deliver an insight into the 

temperature variation of interconnect resistance (see Fig. 4.2). It is observed that the 

transient variation of crosstalk-induced noise voltage level decreases for MLGNR 

interconnect with rise in temperature from 300K to 500K. 

 

Fig. 5.8. Thermally aware Crosstalk induced transient response of capacitively coupled interconnects for 

MLGNR at victim far end. 

 

Fig. 5.9 explains the dependence of normalized time duration on the interconnect length 

(l) at 22nm technology node under two different cases temperature-dependent and 

independent model of a MLGNR resistance. Temperature-dependent model of MLGNR 

resistance is considered at 300K. For a temperature independent model of resistance, 
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MLGNR interconnects with a mean free path of 1µm has been considered [6]. The time 

duration values have been normalized by their respective values obtained at 300K. 

 

Fig. 5.9. Normalized time duration as a function of interconnect length of victim output. 

 It is seen that, in both cases (temperature independent and thermally aware model of 

resistance), the normalized time duration of the victim output waveform increases 

monotonically with an increase in interconnect length. The changes are basically 

reflections of the interconnect length (l) variations on the resistance of MLGNR 

interconnects. It may also be observed from Fig. 5.9 that the normalized time duration 

obtained using a temperature independent model is more compared to thermally aware 

model of MLGNR resistance for the whole range of interconnect length. This is 

because of lower values of thermally aware resistance of MLGNR for different lengths 

(see Table 4.2). 

In addition, it can be seen from Table 5.3 that, there is an average relative improvement 

of about 35% in the time duration reduction of transient responses at the far end of 

victim output by using temperature dependent model instead of conventional 

temperature independent model of MLGNR resistance for the whole range of 

interconnect lengths. 

Table 5.3: Average improvement in accuracy of coupled victim output pulse width estimation using 

thermally aware model in comparison of temperature dependent model. 

Length of 

interconnect (μm) 

Improved reduction in time duration of transient response 

at the output of victim (%). 

200 43.32 

400 29.25 

600 46.84 

800 36.36 

1000 19.41 

Average 35.04 
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5.3 Conclusion 

Delay and power analysis of MLGNR with variations in temperature from 300K to 

500K is shown in this chapter. SPICE simulation reveals that for frequency of 0.1 GHz, 

MLGNR interconnects give propagation delay in range of 50ps to 500ps at different 

lengths of interconnect ranging from 200μm to 1000μm as the temperature varies from 

300K to 500K. Power dissipation due to MLGNR interconnects is found to be ranging 

from 2μW to 3μW. Moreover, an average improvement of 37.24% and 26.34% in 

propagation delay and power dissipation respectively is observed using thermally aware 

model of resistance instead of temperature independent model of resistance of MLGNR 

interconnects at different interconnect lengths ranging from 200μm to 1000μm. While 

doing crosstalk analysis, an average relative improvement in the time duration 

reduction of victim output, for the same range of interconnect lengths, is achieved about 

35%  by using a temperature-dependent model instead of a temperature independent 

model of MLGNR resistance. 
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CHAPTER  
 

6 

A COMPARATIVE ANALYSIS 

BETWEEN MLGNR AND COPPER 

INTERCONNECTS 

 

 

 

6.1 Introduction 

As the feature size is decreasing, problems of electro-migration, surface scattering and 

grain boundary scattering in copper interconnects are getting worse. Hence, there is a 

need to find alternative material to be used as VLSI interconnects. In recent years, 

researchers have suggested MLGNR as a promising interconnect material. But, 

MLGNR is yet to be compared with copper with the variance in temperature. 

In this chapter, performance analysis of copper based interconnects is done and then 

performance of MLGNR based interconnects is compared with conventionally used 

copper interconnects on the basis of propagation delay, power dissipation and crosstalk 

voltage noise. This comparison is done at different lengths of interconnect ranging from 

200μm to 1000μm over a temperature range of 300K to 500K. It is found that the 

MLGNR gives far better results than the copper based interconnects. 

6.2 Performance analysis of copper based interconnects  

Similar simulations have been carried out for Cu based interconnects at same 

technology and clock speed as are described for MLGNR in the previous chapter. Same 

circuit shown in Fig.5.2 is used for delay and power analysis of copper interconnects.  

6.2.1 Delay analysis of copper 

After doing the delay analysis results obtained are shown in Fig. 6.1. It can be seen that 

propagation delay increases with increase in temperature for all interconnect lengths. 

Increase in delay is less for smaller lengths in comparison to longer lengths of 

interconnects because the change in resistance values is less for smaller lengths (see 

Fig. 4.3).  
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Fig. 6.1. Propagation delay of copper interconnects w.r.t. temperature at different lengths. 

6.2.2 Power analysis of copper 

Power analysis of copper is done in same way as described for MLGNR interconnects 

in chapter 5. Power dissipation values obtained from SPICE simulation are plotted in 

Fig. 6.2. It can be seen that power dissipation increases with increase in interconnect 

length. Figure also reveals that power dissipation of copper based interconnects is 

almost constant over entire temperature range. This is because of constant capacitance 

and inductance values at specified lengths with variation in temperature (chapter 4). 

 

Fig. 6.2. Power dissipation of copper interconnects w.r.t. temperature at different lengths. 
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6.2.3 Crosstalk analysis of copper 

To examine the crosstalk voltage noise of copper based interconnects, a capacitive 

coupled RLC distributed interconnects circuit has been considered as shown in Fig. 5.7. 

All the signal wires are driven by a CMOS driver at 22nm technology node [34] with 

same clock speed and pulse as for the case of MLGNR (section 5.2.2). 

Thermally aware crosstalk induced transient response of capacitively coupled 

interconnects for Cu at victim far end is shown in Fig. 6.3. It may be noted that the peak 

voltage noise is decreasing with the increase in temperature. This is because the 

resistance of Cu based interconnects increases with increase in temperature, so the 

voltage drop across inductance parameters increases and hence, the voltage value at 

victim output decreases.  

 

 

Fig. 6.3. Thermally aware crosstalk induced transient response of capacitively coupled interconnects for 

copper at victim far end. 

 

6.3 Results and comparative analysis 

As the temperature increases above the room temperature performance of VLSI 

interconnect degrades [18]. Many researchers have proposed carbon-nanotube based 

interconnects as an alternative to copper interconnects because of negative effects of 

temperature on its performance [44-46]. Balandin et al. [47] have measured the thermal 

conductivity of single layer graphene and found it superior to that of carbon nanotube. 

Due to its remarkable properties multilayer graphene nano-ribbon (MLGNR) is 
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considered as an important interconnect material. Hence, it is important to compare 

conventionally used copper based interconnects with MLGNR based interconnects. 

In this analysis, results obtained from performance analysis of MLGNR (chapter 5) and 

copper (section 6.2) are analysed and compared.  

6.3.1 Comparative delay and power analysis 

Propagation delay and power dissipation of copper interconnects are used to normalize 

corresponding MLGNR-interconnect propagation delays and power dissipations, 

respectively. Fig. 6.4 illustrates the dependence of 90% propagation delay ratio 

(MLGNR/Cu) on temperature, ranging from 300K to 500K, for long (1mm) 

interconnect. It is observed that the normalized delay increases with rise in temperature, 

but this variation is observed more in Cu based interconnects. The variation is simply a 

reflection of the effect of temperature variation on resistance for both MLGNR and 

copper (see Figs. 4.2 and 4.3).  

 

Fig. 6.4. Delay ratio with varying temperature for long interconnect (1mm) at 22nm technology node. 
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Fig. 6.5. Power ratio with varying temperature for 1mm long interconnects at 22nm technology node. 

 

Nowadays, overall power is dramatically increasing with scaling of technology in deep 

sub-micron. Therefore, the effect of power dissipation induced by interconnects in 

advance technology nodes become a prime concern for VLSI industry [5, 39, and 48]. 

A power dissipation ratio (MLGNR/Cu) for long (1mm) interconnect with increase in 

temperature, ranging from 300K to 500K, is illustrated in Fig. 6.5 at 22nm technology 

node. It is found that the ratio of power dissipation of MLGNR to copper, at any 

specific temperature, in the range 300K to 500K, is less than unity. That means copper 

dissipate more power than MLGNR with rise in temperature due to higher value of 

interconnect capacitance (see Table 4.2). It may also be noted that the power ratio 

decreases with rise in temperature and remains almost constant for a higher temperature 

(≥450K). This is because of the relative percentage change in MLGNR resistances at 

higher temperature is less in MLGNR, compared to copper, depicted in Fig. 6.6. The 

relative percentage change in MLGNR resistances w.r.t. copper in Fig. 6.6 is extracted 

from Fig. 4.2 and 4.3 for 1mm long interconnects.  

 

Fig. 6.6. Relative percentage change in resistance w.r.t. copper for 1mm long interconnect. 
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6.3.2 Comparative crosstalk analysis 

The impact of temperature variation on normalized   crosstalk-induced noise voltage 

level (positive peak voltage) of victim output is shown in Fig. 6.7 for both MLGNR and 

Cu. The normalized crosstalk-induced positive noise voltage peak at the far end of 

victim line, defined as the ratio between the terminal voltage victim output and the 

input voltage of the aggressor (Vo2/Vin). The result reveals that the crosstalk-induced 

positive noise voltage peak reduces with rise in the temperature. This is because of the 

fact that as resistance increases; the voltage steps arriving at the far end of the line are 

smaller and have larger time duration [31, 38, and 40].  

 

Fig. 6.7. Variation of normalized crosstalk induced positive noise voltage peak with temperature at the 

far end of the victim line. 

 

The result also illustrates that coupled copper interconnects have comparatively lower 

crosstalk-induced positive noise voltage peaks, because of the control of its smaller 

self-inductance (  ) and a larger ground capacitance (  ) compared with MLGNR. It is 

reported [40], as self-inductance of interconnect is increased and ground capacitance 

decreased, then even and odd mode characteristic impedances increase, triggering 

positive peak voltage to increase significantly.   
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Fig. 6.8. Normalized time duration of the victim output waveform for both MLGNR and copper. 

 

Fig. 6.8 shows that the normalized time duration of the victim output waveform of both 

MLGNR and Cu interconnects depends on temperature. The values of time duration 

have been normalized by their respective values obtained at 300K for both MLGNR 

and copper. It is observed that the time duration of both coupled interconnects of 

MLGNR and copper, monotonically increasing with rise in temperature. This is due to 

increase in resistance values with increased temperature and thus the time duration also 

increases as discussed in the previous paragraph. In addition, it has also been noted that 

the time duration of MLGNR is always lower than the copper interconnects as the 

temperature is varied from 300K to 500K. This is due to higher resistance values of 

copper at any specific temperature in the range 300K to 500K.  It is found that the 

thermally aware crosstalk induced delay in MLGNR, at the far end of aggressor, is 

always less than the copper. But compared with its single line MLGNR delay (see Fig. 

5.3), as the temperature rises, the crosstalk induced propagation delay is observed more 

because of coupling effects.  
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Fig. 6.9. Crosstalk induced delay ratio with varying temperature for 1mm long interconnect at 22nm 

technology node. 

 

 Fig. 6.9 depicts the dependence of the 90% normalized crosstalk induced delay at the 

far end of the aggressor on temperature in capacitively coupled interconnects for both 

MLGNR and copper. Propagation delay of Cu interconnect is used to normalize 

corresponding MLGNR-interconnect propagation delays at different temperature. 

 

6.3 Conclusion 

SPICE simulation shows that the MLGNR based interconnects are much better than 

copper based interconnects. Due to high resistance values power dissipation and 

propagation delay of copper based interconnects are found to be higher than MLGNR 

based interconnects. Crosstalk voltage noise observed at output of victim net of copper 

is lesser than MLGNR. The time duration of the coupled victim output waveform 

increases with increase in temperature for both MLGNR and copper interconnects, but 

the change is observed more in Cu. These results state that MLGNR is far better than 

copper and can be considered as promising future VLSI interconnects material. 
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CHAPTER  
 

7 
CONCLUDING REMARKS AND 

FUTURE SCOPE 

 

 

 

 

7.1 Introduction 

With the technology scaling, resistivity of Cu is getting large under the combined 

effects of enhanced surface scattering, grain boundary scattering, and the presence of a 

highly resistive diffusion barrier layer in deep-submicron technology nodes. 

Temperature variation above room temperature has a significant effect on interconnect 

performance in terms of delay and crosstalk. These are the vital parameters that limit 

the efficiency of Cu in future technology nodes. Thus, as the resistivity of copper is 

increasing, there is a need to find its replacement.  

In this chapter, concluding remarks of different chapters of the thesis are presented in 

section 7.2. It has been concluded that, with rise in temperature from 300K to 500K, the 

MLGNR is a strong alternative interconnect material to replace conventional Cu based 

interconnects. Further in section 7.3, suggestions for future work in field of MLGNR 

interconnects are stated. 

 

7.2 Summary of important findings 

An overview of the exploratory research on graphene nano-ribbon (GNR) as possible 

VLSI interconnects is presented in chapter 2. With the advancement in technology, 

limitations of copper have been briefly examined. The work carried out by researchers 

in finding an alternative solution indicates that the carbon based interconnects have the 

potential to replace Cu in future. Many researchers proposed graphene nano-ribbon 

(GNR) as one of the promising candidate materials for both interconnects and 

transistors. 
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Thermally aware circuit modeling of MLGNR interconnects is presented in chapter 3. 

Additionally, RLC parameters of copper are also given in same chapter that are further 

used in performance analysis of copper based interconnects. Resistance of side contact 

MLGNR is found to be lesser than top contact MLGNR. 

Temperature dependent impedance analysis for MLGNR with smooth edges and copper 

has been done in chapter 4. It has been found that the resistance of both MLGNR and 

copper increases with increase in temperature. Impedance parameters are calculated at 

different global lengths over a temperature range of 300K to 500K for 22nm technology 

node. Impedance parameters of MLGNR are having lesser values than copper based 

interconnects. Impedance analysis has shown that thermally aware performance 

analysis of MLGNR based interconnects is very important. 

In chapter 5, thermally aware performance analysis of MLGNR has been investigated. 

SPICE simulation is used to compare temperature dependent model of MLGNR 

resistance with temperature independent model on the basis of propagation delay, 

power dissipation and crosstalk induced voltage noise for 22nm technology node. An 

average relative improvement of 37.24% and 26.34% in propagation delay and power 

dissipation respectively is achieved by using temperature-dependent model instead of 

temperature independent model of MLGNR resistance, with length variations from 

200μm to 1000μm. Crosstalk analysis results reflect that there is an average relative 

improvement of about 35% in the time duration reduction of victim output, for the same 

range of interconnects lengths, by using a temperature-dependent model instead of a 

temperature independent model of MLGNR resistance. 

In chapter 6, performance of MLGNR based interconnects was compared with copper 

based interconnects on the basis of propagation delay, power dissipation and crosstalk 

induced voltage noise. SPICE simulation results obtained clearly declare MLGNR as 

the winner. Delay ratio and power ratio of MLGNR w.r.t copper are having a value less 

than unity which indicates that MLGNR is having less delay and power than copper 

interconnects at different lengths ranging from 200μm to 1000μm. It is found that for 

temperature variations above room temperature MLGNR performs better than copper 

interconnects. The MLGNR based capacitively coupled interconnect nets gave better 

crosstalk performance than that of copper counterpart. 
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It is evident from the present study, compared to copper; the resistance of MLGNR 

interconnects shows weak dependence on temperature. This significantly reduces the 

delay variations and crosstalk induced time duration of the victim line due to thermal 

variations, and is an important advantage over copper interconnects.   

 In brief, the analysis and simulations done till now show that if a GNR technology with 

smooth edges and compatible with integrated circuit technology can be developed, then 

it will be likely to change Cu interconnects by MLGNR based VLSI interconnects. 

 

7.3 Suggestions for future work 

In this thesis, it is seen that multilayer graphene nano-ribbon (MLGNR) can be used 

instead of Cu as an interconnect material for the 22nm technology node due to high 

current density and high mean free path. Some suggestions for future work in the area 

of MLGNR interconnects are stated below: 

 There is a problem of edge roughness that degrades MLGNR‟s performance. So, there 

is a lot of work to do to improve fabrication techniques. 

 Performance of MLGNR is yet to be compared with mixed carbon nanotube bundle 

(MCB) interconnects. MCB interconnects are also strong candidate to replace copper 

interconnects. 
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