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ABSTRACT

Graphene nanoribbons are considered as a potential VLSI interconnect material. Performance
of deep sub micron circuits is deeply impacted by the interconnect due to reduced pitch size.
The impact of interlayer distance on the performance in terms of propagation delay, power
dissipation and power delay product (PDP) of multilayer GNR interconnect material is
studied. Propagation delay is estimated for different interconnect length as well by using ESC
model for GNR interconnects. This analysis is performed on 16nm technology node. It is
found that for a doped multilayer GNR VLSI interconnects, the approximate optimum
interlayer distance is 0.575nm at which MLGNR provides the optimum delay, power and
PDP, other than this value the delay, power dissipation and power delay product is in
increasing order. The similar analysis is also performed on 22nm technology node and found
the same optimum interlayer distance around 0.575nm. But the propagation delay, power
dissipation and power delay product are reduced as compare to the 16nm technology node.

Impact of conductance of GNR interconnects is also studied. Resistance per unit length for
different GNR versus interconnect cross-sectional width for interconnects length larger than
its mean free path is also plotted. Further, the impact of fermi energy on propagation delay
and power dissipation is studied for different technology nodes. As the scaling continues, the
propagation delay and power dissipation of MLGNR interconnect increases. A suitable
number of repeaters are inserted to obtain the performance analysis of GNR interconnect. The
results so obtained show the performance of graphene nano ribbons with increased doping.
Thus MLGNR with suitable Fermi energy has a potential to replace copper at global

interconnect lengths.
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CHAPTER 1
INTRODUCTION

1.1 MOTIVATION

A VLSI interconnect is a thin film of conducting material which provides electrical
connection between different nodes of the circuit. Blocks are electrically connected by the
wires called interconnects [1]. Interconnects also provides power and clocks to all the blocks
of ICs. There are three types of interconnects i.e. local, intermediate and global interconnects.
Gates and Transistors are connected inside a functional block using the local interconnects.
First two metal layers are of local interconnects and consists of few transistors. Intermediate
transistors are longer and wider in size than local interconnects. For clock distribution within
a length of 3-4nm, intermediate interconnects are used. Top few layers are of global
interconnects which provides clock and power distribution [2]. Figure 1.1 shows the

hierarchy of metal levels for distribution of interconnects [2]
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Figure 1.1 Hierarchy of metal levels for distribution of interconnects [2]

In a modern VLSI technology, it has become a complex task to connect the various
components on a chip. The dimensions of the transistors are reducing due to the
miniaturization of transistors [3]. Before copper, aluminum was used as a VLSI interconnects
material because of good adherence and better conductivity with silicon. But due to high
integration, electro migration occurs in aluminum. To overcome the electro migration
problem, copper is used as interconnect material because copper has high current carrying
density. Now- a-days, copper is the mostly used interconnect material. But in deep sub
micron technology nodes, the copper resistance increases due to the surface roughness and

grain boundary scattering. Due to this propagation delay and power dissipation increases. To
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overcome this problem, carbon nano tubes (CNTs) and graphene nano ribbons (GNRs) are
used as VLSI interconnect. Figure 1.2 shows the structure of copper interconnect, CNT-

Bundle and multilayer GNR interconnect [3]

Copper CNT Bundle MLGNER.

@) ® ©

Figure 1.2 Structures a) Copper Interconnect b) CNT-Bundle ¢) MLGNR Interconnect [3]

GNRs and CNTs both have better electrical, mechanical and thermal properties in
comparison to the copper. CNT is a graphene sheet rolled up in the form of hollow cylinder.
GNR is a thin sheet of graphene patterned in a 2-D honeycomb lattice structure. There are
two types of GNR namely armchair GNR and Zigzag GNR. The mean free path of graphene
is longer than the copper. Both CNT and GNR have the potential to replace the copper as a
VLSI interconnects.

1.2 INTRODUCTION OF COPPER INTERCONNECT

Earlier aluminum was the interconnect material. A onetime transition from aluminum to
copper interconnects occurred in the industry. Due to increase in the feature size, the electro
migration problem in aluminium is increased. To overcome this, the copper is used as a VLSI
interconnects because of its lower resistivity. Due to low resistivity, the propagation delay
and power dissipation decreases in integration circuits [4]. Switching of transistors between
Vcc to ground determines the speed of integrated circuits. The propagation delay decides the
speed of transistors. As the technology reduces, the transistor delay also reduces, but the
propagation delay of interconnect not reduces at the same pace. Time constant of circuit
determines the propagation delay of interconnect. Resistive and capacitive components
decide the time constant of the circuit. We can reduce the RC time constant by decreasing the
resistivity of the material or by using the material having low permittivity. Resistivity is
decreased by 40% when copper is replaced by aluminium. So the decrease in the resistivity
causes the decrease in the propagation delay and power dissipation. A proper suitable
dielectric material also reduces the propagation delay. Thermal conductivity of copper is also

better than aluminium. It is also proved that copper is 100 times immune to electro migration
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in comparison to aluminium. In electro migration problem, the atoms are damaged due to
large current density resulting in material breakdown. Copper is also good for the routing
because the number of metal layers are reduced by using copper as material. Due to large
scaling, the performance of copper reduces [5]. Due to the manufacturing of 2-D graphene
sheets and good lithographic techniques, the graphene based interconnects replaces the

copper interconnects.

1.3 GRAPHENE NANO RIBBON INTERCONNECTS

Introduction

Graphene is a flat 2D- single atomic layer sheet of carbon atoms. Recent researches show that
GNR shows major interest in the electronic systems. GNRs are the unrolled CNTs having the
same electronic properties as of carbon nano tubes. On the basis of geometry the graphene
nano ribbons are classified as metallic and semiconducting graphene nano ribbons. The mean
free path of the high quality graphenes is similar to the CNTs and has large current densities
as of CNTs. The good advantage of GNRs over CNTs is the straight forward fabrication
process [6].

The first isolation of graphene was through mechanical exfoliation of highly ordered
pyrolytic graphite. This approach has proven very advantageous for research purposes and
discoveries. Thermal decomposition is the method towards wafer level preparation of
graphene. In this approach the flat surfaces of SiC wafer are heated in a vacuum to
temperature above 1250°C. In this process, the ultrathin graphene films are obtained whose
thickness is determined by temperature. Although the production of multi layer graphene is
also done having same properties as of isolated single layer graphene sheets. The preparation
of graphene by wafer level methods, still lack the grain size and uniformity needed in large
scale integration of graphene devices. Top down lithography is also used to pattern GNRs
and to make interconnects and devices in a good way. Depending on the geometry, the
metallic or semiconducting GNRs can be made. Those transistors which are having larger
carrier mobility can perform potentially better.

GNRs are considered as a potential candidate because of large MFP of electrons in graphene.
Large current densities also exist in graphene. For the VLSI interconnect applications, the
metallic nature of CNT and GNR are required. The fabrication process is more complex in
deep sub micron technology and CNTs have non planar nature, so we prefer GNRs for
interconnect as GNR can be easily maufacturable and patternable using the conventional
lithography.
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Figure 1.3 Graphene Structures a) Graphene sheet b) CNT ¢) SLGNR d) MLGNR [7]

The Figure 1.3 shows the geometry of various structures of graphene [7]. Figure (a) shows
the geometry of graphene from which different types of interconnects models are made.
Figure (b) shows the carbon nano tube which is in the form of hollow cylinder. It can be
single walled or multiwalled depending on the type of structure. Figure (c) shows the single
layer GNR. However SLGNR is not used because of its low resistance. So, MLGNR is used
because of its lower resistance than SLGNR. SLGNR has resistance of the order of kilo
ohms. Figure (d) shows the multi layer GNR. In MLGNR, Vander walls forces are present
between layers. So the interaction between different layers is weak. So the MLGNR
characteristics are almost similar to that of graphene [7]. The total number of Layers in
MLGNR depends on the thickness and spacing between each layer.

1.3.1 Classification of GNR Interconnects

There are two types of lithography on the basis of chirality, Arm chair GNRs (ac-GNR) and
Zigzag GNRs (zz-GNRs) are the types. The arm chair graphene nano ribbons are classified as
metallic and semiconducting depending on the number of hexagonal rings presents across the
width of GNRs. The numbers of hexagonal rings are fixed along the length. In arm chair
GNRs, if n= 3g-1 or N= 3qg+2 then the GNR is metallic in nature and if N= 3q or 3g+1, the

GNR is semiconducting in nature where N is the number of hexagonal rings and q is integer.
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On the basis of number of layers, the classification of GNR is as single layer GNR (SLGNR)
and multilayer GNRs (MLGNR). Monolayer graphene has a large mean free path and large
conductivity. MLGNR turns to graphite band have lower conductivity per layer due to
intersheet electron hopping. Edge scattering exists in GNR which reduces the mean free path
while there is not such issue of scattering in CNT. Due to very high resistance of mono layer
graphene, it is essential to use MLGNR. Moreover, the GNR conductance can be increased
by doping [8]. Intercalation doping affects the performance of Multilayer GNR. Figure 1.4
shows a single layer GNR interconnect where a sheet of GNR is placed over a dielectric

material [8]. €; is the permittivity of medium and d is the length of dielectric material.

= ==
]

Figure 1.4 Single-layer GNR interconnect [8]

Dielectric &, d
hd

Figure 1.5 Multi-layers GNR interconnects [38]

A MLGNR is placed above the ground by distance d as shown in Figure 1.5. W and t are the
width and the thickness respectively. € is the permittivity of the medium between the ground
and the bottom most layer of GNR [8]. The total number of layers is dependent on the t and
interlayer distance (0). The parameter ¢ is assumed to be 0.575 nm and 0.34 nm for doped
and neutral MLGNR.

Intercalation doping effects can be come into existence to improve the MLGNR performance.
The graphene sheets of high quality have large MFP in the range of 1-5um resulting in
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ballistic transport phenomenon. The carrier mobility of GNR is high having value of 3*10°
cm®Vt. And have high current density as compared to copper. SLGNR have high resistivity.
So, MLGNR are preferred over SLGNR due to their low resistivity. The in plane conductivity
of GNR can be increased upto 30 times by the use of intercalation doping because the mean
free path is increased by intercalation doping due to an increase in spacing between adjacent
layer. The stacking of layers suggests the GNR as single layer GNR and multilayer GNR. In
SLGNR, only one layer is placed at distance d from ground. However SLGNR is not used
because of its low resistance. So, MLGNR is used because of its lower resistance than
SLGNR. SLGNR has resistance of the order of kilo ohms. In MLGNR, Vander walls forces
are present between layers. So the interaction between different layers is weak. So the
MLGNR characteristics are almost similar to that of graphene. The total number of Layers in

MLGNR depends on the thickness and spacing between each layer.

1.3.2 Single Layer GNR Interconnects

Single layer graphene nano ribbons are the building blocks of multilayer GNR interconnects.
The resistance of single layer GNR is very high. So incompatible to use without any
modification in design. To understand the various parameters, an equivalent RLC model is

used consisting of various inductors, resistors and capacitors.

1.3.3 Equivalent RLC model of Single Layer GNR Interconnects

Single layer RLC model is used to derive the ESC model of the MLGNR, so it is very
important to understand the various parameters affecting the performance. Due to the
imperfect contact between transistors and interconnect, a resistance is developed between
them called as contact resistance having value of 3.2kQ. When the length of interconnect is
greater than the effective mean free path, its scattering resistance is taken into account. There
are two type of inductance involved in interconnect modeling, these are kinetic inductance
and magnetic inductance. The kinetic inductance represents the kinetic energy of electrons
while the magnetic inductance provides the energy stored in magnetic field. There are two
types of capacitors involved; these are quantum capacitance and electrostatic capacitance.
The quantum capacitance is due to the density of electronic states whereas the electrostatic
capacitance is due to the coupling between different layers of GNR. The equivalent
inductance decreases as the number of layer increases. All these parameters affects the
propagation delay, power dissipation and power delay product of multi layer graphene nano

ribbon interconnect.
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Figure 1.6 Equivalent RLC model of SLGNR interconnects [8]

Figure 1.6 shows the equivalent RLC circuit model of SLGNR interconnects [38].When the
length of interconnect is greater than the effective mean free path, its scattering resistance is
taken into account. There are two type of inductance involved in interconnect modeling, these
are kinetic inductance and magnetic inductance. The kinetic inductance represents the kinetic
energy of electrons while the magnetic inductance provides the energy stored in magnetic
field. There are two types of capacitors involved; these are quantum capacitance and
electrostatic capacitance. The quantum capacitance is due to the density of electronic states

whereas the electrostatic capacitance is due to the coupling between different layers of GNR.

1.3.4 Multi-Layer GNR Interconnects

In multilayer graphene nano ribbon interconnects, Vander walls forces are present between
layers. So the interaction between different layers is weak. So the multi layer graphene nano
ribbon characteristics are almost similar to that of graphene. The total number of Layers in
multi layer graphene nano ribbon depends on the thickness and spacing between each layer.
Multi layer graphene nano ribbon turns to graphite band have lower conductivity per layer
due to intersheet electron hopping. Edge scattering exists in graphene nano ribbon which
reduces the mean free path while there is not such issue of scattering in carbon nano tube [9].
Due to very high resistance of mono layer graphene, it is essential to use multi layer graphene
nano ribbon. Moreover, the graphene nano ribbon conductance can be increased by doping.
The previous research showed that the interlayer distance interactions can be cancelled out by
controlling the stacking sequences of the layers where the achieved multi layer graphene
nano ribbon can have the same characteristics to that of an isolated single layer graphene

sheet.
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Figure 1.8 MLGNR interconnects with intercalation doping [8]

Figure 1.7 and Figure 1.8 shows the undoped and doped MLGNR interconnect [8]. W and t
are the width and the thickness respectively. € is the permittivity of the medium between the
ground and the bottom most layer of GNR. The total number of layers is dependent on the t
and interlayer distance (0). The parameter ¢ is assumed to be 0.575 nm and 0.34 nm for
doped and neutral MLGNR. Intercalation doping effects can be come into existence to
improve the MLGNR performance. The graphene sheets of high quality have large MFP in
the range of 1-5um resulting in ballistic transport phenomenon. The carrier mobility of GNR
is high having value of 3*10° cm?V* and have high current density as compared to copper.

The process induced parameter variations like dielectric thickness, interconnect width,
dielectric constant, mean fee path impacts the performance of multi layer graphene nano
ribbon. There are many other parameters which affect the overall delay performance of multi
layer graphene nano ribbon [1]. These parameters are interlayer distance, doping
concentration and imperfect metal multi layer graphene nano ribbon contact resistance. The
stacking of graphene layers forms a bulk graphite. With the increase in the number of layers
in multi layer graphene nano ribbon, the interactions between the layers forms a transition
from the two dimensional graphene to the bulk graphite. The resistance of multilayer
graphene nano ribbon interconnects decreases on increasing the number of layers. So, the

mono layer graphene nano ribbon has high resistance than MLGNR interconnect.



1.3.5 Analysis of GNR as a VLSI interconnects

In interconnects, to derive an interconnect loads, CMOS is used. The desired NMOS and
PMOS ratio are selected according to the ITRS standards. Parameters are taken from the
ITRS 2013. The interconnect wire is broken into the passive components. The optimum
number of repeaters are used to decrease the propagation delay of interconnect at the cost of

increasing the power dissipation.

Vdd

—d Interconnect
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=2 Load =
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—9 —9

‘ Yout

Fig 1.9 CMOS driving an interconnect load



1.3.6 Thesis organization

Thesis consists of six chapters showing the performance of multilayer GNR interconnects in

terms of propagation delay and power dissipation at different technology nodes.

Chapter 1 The introduction of interconnects materials is contained in this chapter. Various
structures for the VVLSI interconnect materials are also discussed in this chapter.

Chapter 2 Literature survey related to the topics is discussed in this chapter. In order to
understand the thesis, the first step is to study the information available about
related topic.

Chapter 3 Research gaps found in the literature survey are discussed in this chapter.
According to these research gaps, the objectives of thesis are selected.

Chapter 4 covers the proposed methodology for objectives. It contains the DIL load and
various mathematical equations which are used to analyze the performance of
Graphene Nano Ribbons as interconnect material. The method to solve the
mathematical equation and simulate the MLGNR to obtain propagation delay and
power dissipation is studied.

Chapter 5 discusses the results based on proposed methodology.

Chapter 6 contains the conclusion and future scope of MLGNR as a interconnect material.
According to obtained results, the applicability of MLGNR in interconnects
applications and its potential to replace copper as VLSI interconnects is studied.
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CHAPTER 2
LITERATURE REVIEW

On the Modeling of Resistance in GNR for Future Interconnect Applications [3]

T. Ragheb, and Y. Massoud

In this paper, the MLGNR structure and the effect of stacking layer model is used to perform
comparison of MLGNR CNR and copper interconnect. The result obtained clearly shows the
replacement of copper and carbon nano tubes interconnects at width less than 15nm. So for
high packaging requirements, GNR can replace both copper as well as carbon nano tubes.

Time and Frequency Domain Analysis of MLGNR Interconnects [4]

V.Kumar, Manoj Kumar, and B.K Kaushik

This paper analyzes the performance comparison of copper and multi layer graphene nano
ribbon interconnects with different conditions of edge roughness. A narrow width multi layer
graphene nano ribbon exhibits rough edges due to which mean free path is reduced. So the
resistance increases. For multi layer graphene nano ribbon the doping is inevitable because
the conductivity of neutral multi layer GNR is lower than even copper. This paper compares
and analyzes the delay, power dissipation and bandwidth performance of copper and

MLGNR using an equivalent single conductor model.

Analytical Time-Domain Models for Performance Optimization of Multilayer GNR
Interconnects [5]

Atul K. Nishad, and Rohit Sharma

In this paper, the analytical time domain models for top contact and side contact MLGNR
interconnects are proposed. The proposed models analyze the transient behaviour of multi
layer graphene nano ribbons. The excellent accuracy has been achieved by the transient
behaviour of MLGNR. Limiting factors are analyzed based on the analysis and are
considered for the design of optimum top contact multi layer graphene nano ribbons that is
far better than the performance of copper interconnects. The performance of top contact multi

layer GNR is also compared with optical interconnects.

Resistivity of Graphene Nanoribbon Interconnects [6]
Raghunath Murali, Kevin Brenner, Yinxiao Yang, Thomas Beck, and James D. Meindl
This paper represents the first experimental results to replace copper with narrow graphene

nano ribbons as VLSI interconnects. Graphene nano ribbons were manufactured and
11



compared with copper in terms of 3-D resistivity. The average GNR resistivity was calculated
higher than that of Cu resistivity with the feature size between 18 nm and 52 nm. Resistivity
of individual GNR was calculated from the MLGNR and it was found that the best GNR with
appropriate width have the resistivity similar to that of copper interconnect for similar

dimensions.

GNR Interconnects: A Genuine contender or a delusive dream [7]

C. Xu, H. Li, and K. Banerjee

In this paper, the conductance and delay analysis of GNR are modeled and the resistance,
inductance and capacitance values are derived. Electrostatic inductances and quantum
capacitances are the components of distributes capacitances. Similarly the kinetic inductance
and magnetic inductances are the components of distributed inductance. At different
technology nodes, the GNR and other interconnect materials are compared. Beyond 22nm,
single walled CNTSs are the best but all the graphene nano ribbons are poor than copper for
local and global interconnect. Intercalation doping effect is studied and is concluded that by
increasing the intercalation doping, the conductivity increases simultaneously. It is concluded
that MLGNR have the properties comparable to copper.

Performance Improvement in SC-MLGNRs Interconnects Using Interlayer Dielectric
[8]

Atul Kumar Nishad, and Rohit verma

In this paper, the impact of dielectric layer insertion on propagation delay, power dissipation
and bandwidth of GNR is studied. The results show that by inserting dielectric layer, the
Performance of MLGNR is increased. The reduction in both delay and power dissipation is

observed along with improvement in bandwidth.

Number of Conducting Channels for Armchair and Zigzag GNR Interconnects [9]
Antonio Maffucci, and Giovanni Miano

In this paper the kinetic inductance and the quantum capacitances are expressed in terms of
number of conducting channels. The exact variation of number of conducting channels along
with the width is studied and it is concluded that the number of conducting channels derived
in the theory is much over estimated when compared with the actual results. This is analyzed
by taking the exact distribution of the energy spectrum and the velocity of the conduction

electrons.
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Comparable study on MLGNR interconnects [10]

Wen-Sheng Zhao, and Wen-Yan Yin

In this paper, the transmission analysis and performance of multilayer graphene nano ribbon
interconnects is studied. The derivation of analytical equations for characterizing the
multilayer graphene nano ribbon interconnects are studied which is based on the equivalent
semiconductor model. The further analysis of electrical performance based on ITRS 2010 is
compared with copper and carbon nano tube interconnects. The effect of crosstalk on the
multilayer graphene nano ribbon interconnects is analyzed. The induced time delay and noise

due to the crosstalk is analyzed and characterized.

Signal Integrity analysis of Graphene Nano-Ribbon (GNR) Interconnects [11]
Wen-Sheng Zhao, and Wen-Yan Yin

Graphene nano-ribbons (GNR) have been proposed as to build the 3-D Integrated circuits due
to the better performance over conventional metallic materials. Signal integrity analysis of
single layer graphene nano ribbon and multi layer graphene nano ribbon interconnects are
carried out in this paper based on the equivalent circuit models with the crosstalk effects. It is
analyzed that larger width and longer length of SLGNR interconnect results in the high

crosstalk voltage but it cannot be greater than the threshold voltage.

Modeling, Analysis and design of Graphene Nano Ribbon Interconnects [12]

C.Xu, H.Li, and K.Banerjee

In this paper, a study on conductance and RLC model is done. The landauer formula is used
to obtain the conductance model of GNR. The GNR conductance is compared with other
VLSI interconnect materials i.e. copper, CNT and W. Intercalation doping is also used. Edge
scattering phenomenon is the main problem of GNR which reduces the effective mean free
path. Conductivity per layer is affected by inter- sheet hopping. Intercalation doping increases
the in plane conductivity of GNR by 100 times. Intercalation doping is done by adding 1
dopant layer between each graphene layer. Due to this, the carrier density increases due to the
charge transfer causing the increase in mean free path. The delay ratio of graphene nano
ribbon is also compared with copper which concludes that the intercalation doping and
specular edges (p> 0.5) are needed to make MLGNR comparable to CNT and copper. . Edge
scattering phenomenon is the main problem of GNR which reduces the effective mean free

path.
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Carbon Nano materials for next generation interconnects and Passives [13]

H.Li, C. Xu, N. Srivastava, and K. Banerjee

In this paper, different models of CNT and GNR are studied. Single walled CNTs, double
walled CNTs and multiwalled CNTs are compared with copper. The result showed that all of
these are potential candidate in comparison to copper as VLSI interconnects. To compete
GNR with CNT and copper, the intercalation doping is used because the intercalation doping
increases the conductivity of undoped GNR. CNTSs are better for the circuits operating at very
high frequencies because CNTs have very high kinetic inductance.

Conductance modeling for Graphene Nano Ribbon interconnects [14]

A. Naeemi, and J. D. Meindl

In this paper, the conductance model of GNR is obtained having various types of scattering
phenomenon like Fermi level, width, chirality. It is concluded that below 8nm, GNR offers
less resistance in comparison to copper. So, metallic GNR is better than copper at 8nm or
lower level at the aspect ratio of unity. For GNR with width greater than 100nm, increase in
Fermi level increases the conductance but it is not for the smaller width GNR. In this model,

contact resistance of GNR is not included because of less data available.

Compact Physics based circuit models for GNR interconnect [18]

A. Naeemi, and J. Meindl

Edge roughness effect due to the manufacturing problem is discussed in this paper. The
resistance is compared and the edge roughness impact on the resistivity of GNR is compared.
It is found that there is a need to manufacture a GNR having small width and smooth edges.
Resistivity of GNR is affected by edge roughness. Due to this propagation delay increases. So
good fabrication techniques are needed to replace the copper interconnect. New patterning
methods are needed to produce the smooth edges GNR so as to get the low resistance of

graphene nano ribbon.

Performance and energy-per-bit modeling of multilayer GNR conductors [20]

V. Kumar, S. Rakheja, and A. Naeemi

The effective resistance of MLGNR interconnect is calculated by deriving the physical
models. In this paper, the finite resistive coupling impact between the top layers of MLGNR
interconnects is considered. It is not necessary that the overall resistance of multilayer GNR
will decrease on increasing the parallel layers of MLGNR interconnect. To get the minimum
propagation delay and minimum power delay product, the optimum numbers of layers are
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introduced. The effective resistance of multi layer graphene nano ribbon interconnect is
analyzed by the mathematical model. The number of layers and edge scattering affects the
effective resistance of multi layer GNR interconnect. The delay and energy delay product of
MLGNR interconnect are optimized and compared with the copper interconnect. The

performance parameters of both the MLGNR and copper interconnect are compared.

Comparison of Propagation Delay in Single- and Multi-layer GNR Interconnects [22]
Manoj Kumar, Majumder, and Narasimha Reddy

In this paper, the effect of propagation delay is studied using an equivalent RLC model for
multi layer graphene nano ribbon interconnects. The width and scattering effects of graphene
nano ribbon are also considered. The comparison of propagation delay in single layer GNR
and multi layer GNR interconnect is done. To get the minimum delay, the optimum value of

number of layers is calculated.

Performance Benchmarking for Graphene Nano ribbon, Carbon Nanotube and Cu
interconnects [26]

Azad Naeemi and James D. Meindl

The equivalent circuit models for armchair and zigzag graphene nano ribbons are analyzed in
this paper. The conductance of armchair and zigzag GNR have been benchmarked against the
copper and carbon nano tubes interconnects. The thick graphene nano ribbons having smooth
edges can potentially have smaller resistances in comparison to the copper interconnects with
unity aspect ratios for width lesser than 8nm. . It is found that there is a need to manufacture a

GNR having small width and smooth edges.

Optimized Delay and Power Performances in MLGNR Interconnects [29]

Narasimha Reedy, Manoj Kumar and B.K Kaushik

Multilayer graphene nano ribbon interconnects are considered as a potential candidate for
interconnect material in nano scale and deep submicron technology. An equivalent RLC
model for MLGNR interconnects is presented in this research paper which is primarily based
on the geometry. Propagation delay, power dissipation and power delay product is analyzed
in this paper for different technology nodes. It is found that there is a need to manufacture a
GNR having small width and smooth edges. Resistivity of GNR is affected by edge
roughness. Due to this propagation delay increases. The delay and energy delay product of
MLGNR interconnect are optimized and compared with the copper interconnect.
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Signal Transmission Analysis of MLGNR Interconnects [32]

Wen-Yan Yin, Wen-Sheng Zhao, and Jun Hu

In this paper, the signal transmissions characteristics of multi layer graphene nano ribbon
interconnect are analyzed using an equivalent single conductor model. Both inductive and
capacitive coupling between the layers of graphene nano ribbon are realised. The output
voltage waveforms are observed for 14nm and 22nm technology node. The effect of fermi
level of multi layer graphene nano ribbon on the time delay of transmitted rectangular pulse
are compared and examined with the copper interconnects. The output voltages waveforms

are predicted for the different technology nodes.

Review of Multi-Layer GNRs for on-chip Interconnect Applications [33]

Vachan Kumar, Shaloo Rakheja, and Azad Naeemi

This paper presents the analytical models for transmission of signals in MLGNR
interconnects. The current is distributed between the layers of GNR using the analytical
models. The multi conductor transmission line models are used to show the current
distribution between the layers of GNR. The optimum number of layers of GNR are
calculated to reduce the propagation delay and power delay product of interconnect. Energy
delay product is reduced by optimizing the number of layers.

The multi conductor transmission line model and the equivalent RC models for multilayer
GNR are analyzed to predict the performance of MLGNR in digital circuits. The computation
of frequency response, propagation delay and energy consumed by MLGNR interconnect by
the analytical models is studied. The performance parameters are compared with the copper

interconnects.

Circuit Modeling of MLGNR interconnects [34]

Yuan Fang, Wen-Sheng Zhao, and Wen-Yan Yin

Circuit modeling of SLGNR and MLGNR is done in this paper. The capacitive and inductive
coupling impact is calculated. The delay ratio of MLGNR with copper is considered. The
contact resistance affects the delay of MLGNR interconnects and is concluded that 3%

variation occurs when contact resistance is included.

Stability Analysis in GNR interconnects [35]

S. H. Nasiri, Md. K. M. Farshi, and R. Faez

The analytical model for the calculation of number of layers and number of channels of GNR

interconnect is represented in this paper. The typical equation of number of channels of
16



MLGNR is solved by looping method and simplified formula is obtained. It is found that the
result accuracy is 1% of exact formula. Width, Fermi and temperature affect the number of

channels. Different mathematical equations are developed at zero Fermi level.

Comparative Study on Multilayer Graphene nanoribbon (MLGNR) Interconnects [36]
Wen-Sheng Zhao, Wen-Yan Yin

They investigated the transmission performance of MLGNR interconnects with side and top
contacts theoretically based on their ESC model. They found that the number of conducting
channels of a metallic MLGNR interconnect is the linear function of its width and Fermi
energy. They also developed the Equivalent inductance and capacitance equations for the
ESC model.

It was demonstrated that the side contacts in MLGNR interconnects can achieve smaller
resistance in comparison with that of top one for short interconnect length.

They proved that MLGNR interconnects can provide better performance than Cu wires in
particular at intermediate level. According to them the edge roughness and Fermi energy are
two important factors affecting the performance of MLGNR interconnect.

Performance Analysis of MLGNR in Current Mode Signalling Interconnect System [42]
Yash Agrawal, Rajeevan Chandel, and M.G Kumar

Graphene nano ribbon is considered as the potential material for on-chip interconnects
material.

Current mode signalling is better in comparison to the conventional mode signalling system.
Current mode signalling system needs more investigation. This paper analyzes the MLGNR
using CMS. Band width, delay and power dissipation are analyzed for current mode
signalling system. The performance of current mode signalling MLGNR is compared with
current mode signalling copper interconnects. It is observed that with increase in the length of
interconnect, propagation delay increases but propagation delay and power dissipation
decreases. The impact of signal transitions period variations is also observed. The signal

transitions affect the performance of system.

Performance Analysis of Multilayer graphene nanoribbon (MLGNR) interconnects [43]

Mayank Kumar Rai, A.K Chatterjee, Sankar Sarkar, and B.K Kaushik

The impact of interlayer resistance and contact resistance on performance is addressed in

terms of propagation delay, power dissipation and power delay product for the multi layer

graphene nano ribbon interconnects. The impact of fermi energy on the performance of
17



MLGNR is also discussed. The results are compared with copper at 22nm technology node.
The impact of interlayer resistance on equivalent resistance of multi layer graphene nano
ribbon is also analyzed. In this analysis the inductive and capacitive coupling are also
included. It is observed that multi layer graphene nano ribbon with interlayer resistance gives
better performance in terms of propagation delay, power dissipation and power delay product

in comparison to the copper interconnect.
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CHAPTER 3
RESEARCH GAPS

The literature work shows that the copper resistivity increases drastically as technology scales
down below 45nm. The performance of copper interconnect degrades when feature size
becomes close to mean free path of copper (45nm). So it is essential to replace copper
interconnects in deep sub micron region. GNR interconnects are the potential candidate to
replace copper for future interconnect applications. The impact of fermi energy on
propagation delay and power dissipation is not analyzed in literature. The impact on
propagation delay and power dissipation will be considered at different technology nodes and
length. Further, the impact of interlayer distance is need to evaluate.

3.1 OBJECTIVES

1. To develop the equivalent impedance model for MLGNR interconnects.

2. To analyze the impact of Fermi energy on the impedance parameters of MLGNR for
different technology nodes.

3. To analyze the impact of Fermi Energy on the performance in terms of propagation delay
and power dissipation of MLGNR Interconnects.

4. To analyze the impact of interlayer distance of MLGNR and estimate the performance for
propagation delay, power dissipation and power delay product (PDP).

5. To compare the results obtained from above objectives at different technology nodes for

variable interconnect length.
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CHAPTER 4
PROPOSED METHODOLOGY

The multi-layer GNR interconnect is modeled into equivalent single conductor model. The
RLC components of the associated layer are calculated using mathematical equations. The
equations are solved in MATLAB and simulated in T-SPICE.

The layers of GNR are placed at distance d from ground. The permittivity of medium is &;
and thickness of GNR layers is t. W is the width of interconnect line. Figure 4.1 shows the

MLGNR interconnect on a substrate.

- >

Dielectric &, d

Figure 4.1 Multilayer GNR interconnect on a substrate

Figure 4.2 Equivalent Single Conductor Model

Figure 4.2 shows the ESC model of Multilayer GNR interconnects. The number of layers are
stacked one above the other, where w is the width, t is the thickness, d is the height of
MLGNR above the ground plane, € is the dielectric constant and delta is the distance between
the layers. 3 is assumed to be 0.34nm. as the layers in multilayer GNR can be viewed as the
stacked single layer GNR and therefore the total number of layers is determined by n. the

intervals facing between the adjacent layers is d=0.34 nm which is the vanderswall gap. The

total number of layers is determined byn =1+ int(%) where int (.) means to consider only

integer part.
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The number of channels per layer for a given width of metallic ac-GNR is given by

N, =oWE, ,Er>0.1eV & W>10nm

Where the interconnect width w is in nanometer, Fermi energy is in electron volt and a= 1.2

eVinm?

Table 4.1 Number of conducting channels per layer as a function of Fermi energy for metallic

armchair GNR

Fermi Energy No. of No. of No. of No. of
Er conducting conducting conducting conducting
channels (Nch) | channels (Nch) | channels (Nch) | channels (Nch)
at W=15nm at W= 22.5nm at W= 24nm at W= 36nm

0.1 1.8 2.7 2.88 4.32
0.2 3.6 54 5.76 8.64
0.3 54 8.1 8.64 12.96
0.4 7.2 10.8 11.52 17.28
0.5 9 135 14.4 21.6
0.6 10.8 16.2 17.2 15.92

w» 30 7 —®—Nchat W=15nm

qs:) —&—Nch at W=22.5nm

c 25

_g Nch at W=24nm

& 20 | —&=Nch at W=36nm

g
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Figure 4.3 Number of conducting channels per layer as a function of Fermi energy for

metallic armchair GNR

The number of conducting channels increases with the increase in Fermi energy. Figure 4.3

shows the plot between the number of conducting channels per layer as a function of Fermi

energy. Figure 4.4 shows the plot between number of conducting channels per layer as a
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function of width. As interconnect width increases, the number of conducting channels starts

increases.

Table 4.2 Number of conducting channels per layer as a function of Width for metallic armchair GNR

Width (nm) No. of conducting No. of conducting No. of conducting
channels (Nch) at Er | channels (Nch) at Ef | channels (Nch) at Er
=0.2eV = 0.4eV =0.6eV

10 2.4 4.8 7.2
20 4.8 9.6 14.4
30 7.2 14.4 21.6
40 9.6 19.2 28.8
50 12 24 36
60 14.4 28.8 43.2
70 16.8 33.6 50.4
80 19.2 38.4 57.6
90 21.6 43.2 64.8
100 24 48 72

“ 80 1 e NchatEF=0.2ev

§ 70 —e—Nch at EF=0.4eV
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Figure 4.4 Number of conducting channels per layer as a function of Width for metallic armchair
GNR

A) Equivalent Resistance

When the length of interconnect is greater than the effective mean free path, its scattering

resistance is taken into account. The total scattering resistance is given by
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129

kQ 4.1
NN, (41)

R

S

12.9

The quantum contact resistance R, = kQQ of SLGNR is determined by the number of

ch
conducting channels N¢p, which is a function of width and Fermi energy.

The contact resistance is given by

Ry _ 645

= kQ 4.2
©2n  nN 42

The net equivalent resistance is given by
R, =2R. +R.L (4.3)

B) Equivalent Inductance

There are two type of inductance involved in interconnect modeling, these are Kinetic
inductance and magnetic inductance. The kinetic inductance represents the kinetic energy of
electrons while the magnetic inductance provides the energy stored in magnetic field.

The magnetic inductance is given by
1d
L,==—nH/ 4.4
o=y NH (4.4)

Where p= Permeability of medium= 12.5*10"" H/m
d= interlayer distance

w= width of interconnect material

The Kinetic inductance is given by

8 8

= = nH/ 4.5
neWE.  nNg Am (4.3)

K

The equivalent kinetic inductance decreases as the number of layer increases as is shown in
the Figure 4.5.

The net equivalent inductance is given by

Ly, =(L¢ +L,)*LnH (4.6)
The equivalent inductance obtained by using the expression (4.5) is plotted in Figure 4.5.
The plot between the ESC Kinetic inductance as a function of layer number is shown in the

Figure 4.5.
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Table 4.3 Equivalent Inductance in the ESC model of MLGNR interconnect as a function of layer

number
Layer Number ESC Kinetic ESC Kinetic ESC Kinetic
N Inductance at Inductance at Inductance at
Er =0.2eV Er =0.4eV EF = 0.6eV
10 0.222 0.111 0.074
20 0.111 0.055 0.037
30 0.074 0.037 0.024
40 0.055 0.027 0.018
50 0.044 0.022 0.014
60 0.037 0.018 0.012
70 0.031 0.015 0.01
80 0.027 0.013 0.009
90 0.024 0.012 0.008
100 0.022 0.011 0.007
0.25 1 —a— ESC Kinetic inductance

‘é‘ at EF=0.2eV

< 02 —e—ESC Kinetic inductance

I

% at EF=0.4eV

E 0.15 ESC Kinetic inductance

S at EF=0.6eV

-]

§ 0.1 -

g 0.05 -

0 T T T T "Iv 1
0 20 40 60 80 100 120
Layer number, n

Figure 4.5 Equivalent Inductance in the ESC model of MLGNR as a function of layer number

C) Equivalent capacitance
There are two types of capacitors involved; these are quantum capacitance and electrostatic
capacitance. The quantum capacitance is due to the density of electronic states whereas the

electrostatic capacitance is due to the coupling between different layers of GNR.
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The electrostatic capacitance is given by

C.= % aF/um 4.7)

Where € = Permittivity of free space = 8.854*10™2 F/m

The quantum capacitance is given by

C, =100aWE. |1+ |1+ L (4.8)
odWE_

The equivalent capacitance of MLGNR interconnect is nearly a constant as shown in the
Figure 4.6
Net equivalent capacitance is

1 *
——*L
11 fF

7+7
c, C

q e

C =

eq

Table 4.4 Equivalent Capacitance in the ESC model of MLGNR interconnect as a function of layer

number (4.9)
Layer Number ESC Quantum ESC Quantum ESC Quantum
N Capacitance at Er= | Capacitance at Er = | Capacitance at Er =
0.2eV 0.4eV 0.6eV

0 0.72 1.44 2.16

10 1.3 1.75 2.5

20 1.3 1.75 2.5

30 1.3 1.75 2.5

40 1.3 1.75 2.5

50 1.3 1.75 2.5

60 1.3 1.75 2.5

70 1.3 1.75 2.5

80 1.3 1.75 2.5

90 1.3 1.75 2.5

100 1.3 1.75 2.5

The equivalent inductance obtained by using the expression (4.8) is plotted in Figure 4.6.
The plot between the ESC Quantum capacitance as a function of layer number is shown in

the Figure 4.6. The coupling capacitance between the adjacent layers of MLGNR is same.
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Figure 4.6 Equivalent Capacitance in the ESC model of MLGNR interconnect as a function of layer

number

Conductance of MLGNR interconnects

The conductance of GNRs is derived using the linear response Landauer formula which is

given by
29° of
G =—|T,(E) — [dE 4.10
n h I “( {aE j ( )
Fermi Dirac function is given by
f (E)=|1 E-E | (4.11)
=|1+e -
’ Pl

Where q is the elementary charge, T,(E) is the transmission coefficient and h is planks constant.

Total conductance of single layer GNR is given by

-1
T(E)=|1et| 1 (4.12)
l,cos& W coté
2 2
coté@ = ﬁ
E,
W cot &

is the transmission coefficient due to edge scattering when complete diffusive edge

is assumed. W cotf is the distance that electrons/holes travel before hitting the edge.
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I, cosd

is the transmission coefficient due to defects and phonons scattering. Ip cos6 is the

average distance that an electron travels along the GNR longitudinal direction before
collision.

Edge scattering and scattering by phonons determines the transmission coefficient of
MLGNR.

Hence if complete diffusive edge is assumed then transmission coefficient is

1 1 ]
T"(E):{L(IDCOSHJFW cotaﬂ (4.13)

For narrow ribbons i.e. for W<50nm in the metallic GNR and W<30nm in semiconductor
GNRs

Assuming Ip = 1um and Ef= 0.2eV. Ip >> |, except for n=0 in metallic GNRs for which there

is no edge scattering.

For narrow metallic GNR, the conductance is given by

20?2 1 22 1
G, = E —+ E >— (4.14)
1+|— 01+ —

D In

For lengths longer than mean free path, the conductance is given by

Gm=2e —D 2 WZ( {E) (4.15)

So, conductance of long narrow metallic GNR is written as

2" 1, 26" W* (ZEFJLS

. +1. (4.16)
h | h L Lhv,

This term is a strong function of width and fermi energy because it determines the mean free
path of the channels other than the one corresponding to n=0. However for narrow metallic
GNRs (< 20nm) with diffusive edge scattering, there is no effect of fermi energy on
conductance because of shorter mean free path of additional conducting modes. On the basis
of physical models, the conductance of graphene nano ribbon interconnects can be calculated
as a function of fermi energy, width and chirality. Wide semiconductor and metallic GNRs (>
100nm) have similar conductances Narrow semiconductor GNRs have high resistances.

GNRs become insulator at below 5nm widths.
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CHAPTER 5
RESULTS

By using the Equivalent single conductor (ESC) model of interconnects, Propagation delay
and power dissipation is compared by varying the interlayer distance at 16nm and 22nm
technology nodes using the TANNER EDA Tool. For a doped MLGNR, it can be observed
that by increasing the interlayer distance up to 0.5nm, the propagation delay is going to
decrease for different interconnect lengths of 200,400,600,800 and 1000 pums respectively,
but when interlayer distance increases further after 0.5nm, the propagation delay is going to
increase for different interconnect lengths. It is also observed that the propagation delay also
increases with the interconnect lengths. The propagation delay primarily depends on the
resistive and capacitive parasitic. Increasing the interlayer distance reduces the number of
layers in MLGNR which increases the resistive parasitic and reduces the capacitive parasitic.
From the above discussion, we can also say that the MLGNR can be a potential candidate for
the future VVLSI interconnects.

Table 5.1 shows the propagation delay at different interlayer distances for variable

interconnect lengths at 16nm technology node.

Table 5.1 Propagation delay of MLGNR at different interlayer distances w.r.t Interconnect lengths at

16nm technology node

Length | d=0.34 | d=0.4 | d=0.5 | d=0.55 | d=0.6 | d=0.7 | d=0.8 | d=0.9 d=1

(um) | (wm) | (m) | (wm) | (m) | (m) | (hm) | (m) | (hm) | (nm)

100 0.053 | 0.052 | .0518 | 0.05199 | 0.0523 | 0.0528 | 0.0537 | 0.0554 | 0.0565

200 0.115 | 0.113 | 0.112 | 0.1131 | 0.1141 | 0.1154 | 0.1173 | 0.1209 | 0.1239

300 0.203 | 0.199 | 0.195 | 0.2011 | 0.2032 | 0.2053 | 0.208 | 0.2144 | 0.2192

400 0.316 | 0.311 | 0.305 | 0.3154 | 0.3188 | 0.322 | 0.3253 | 0.3352 | 0.3423

500 0.454 | 0.448 | 0.4046 | 0.4557 | 0.4607 | 0.465 | 0.4689 | 0.4829 | 0.492

600 0.618 | 0.609 | 0.6002 | 0.6217 | 0.6287 | 0.6342 | 0.6387 | 0.6573 | 0.6694

700 0.807 | 0.795 | 0.7846 | 0.8133 | 0.8225 | 0.8293 | 0.8339 | 0.8583 | 0.8732

800 1.02 | 1.005 | 0.993 1.03 | 1.0422 | 1.0505 | 1.0559 | 1.085 | 1.103

900 1.25 123 | 1.226 | 1.2728 | 1.2873 | 1.2968 | 1.3031 | 1.339 | 1.361

1000 152 | 1503 | 1.483 | 1.5404 | 1.5582 | 1.5699 | 1.5759 | 1.625 | 1.645
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Figure 5.1 Dip showing the optimum interlayer distance of approx. 0.5nm to get the optimum

propagation delay of MLGNR at 16nm technology node

The propagation delay at different interlayer distances for variable interconnect lengths at
16nm technology node is shown in Figure 5.1. It can be seen clearly that the dip is shown at
the interlayer distance of 0.5nm. At this interlayer distance, an optimum value of propagation

delay is estimated for different interconnect lengths.

Table 5.2 Power Delay Product of MLGNR at different interlayer distances w.r.t Interconnect lengths
at 16nm technology node.

Length | d=0.34 | d=0.4 | d=0.5 | d=0.55 | d=0.6 | d=0.7 | d=0.8 | d=0.9 d=1

(um) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)

100 | 0.2813 | 0.2762 | 0.2707 | 0.2757 | 0.2776 | 0.2799 | 0.2852 | 0.2941 | 0.2999

200 | 0.5713 | 0.5529 | 0.5455 | 0.6021 | 0.6164 | 0.6224 | 0.6256 | 0.6344 | 0.6606

300 1.175 | 1.067 | 1.0459 | 1.117 | 1.1753 | 1.1869 | 1.2025 | 1.2406 | 1.2691

400 1.841 | 181 |1.7744| 1.8365 | 1.8551 | 1.8753 | 1.8958 | 1.9521 | 1.9952

500 2.778 | 2.7408 | 2.4736 | 2.7866 | 2.8199 | 2.8469 | 2.8706 | 2.9589 | 3.0163

600 3.818 | 3.7599 | 3.7028 | 3.84 | 3.884 | 3.9186 | 3.9474 | 4.0669 | 4.1431

700 5.011 | 4.9584 | 4.8899 | 5.0763 | 5.1351 | 5.1795 | 5.2091 | 5.3684 | 5.4659

800 6.442 | 6.3385 | 6.2606 | 6.504 | 6.5843 | 6.6397 | 6.6681 | 6.875 | 6.994

900 7.995 | 7.856 | 7.8207 | 8.1338 | 8.2393 | 8.2956 | 8.344 | 8.6571 | 8.7443

1000 | 9.857 |9.7349 | 9.594 | 9.99 | 10.115 | 10.195 | 10.236 | 10.583 | 10.7298

Table 5.2 shows the Power Delay Product of MLGNR estimated at different interlayer

distances for variable interconnect lengths at 16nm technology node. Figure 5.2 shows the
29



dip at the interlayer distance of 0.5nm. An optimum PDP is estimated at this interlayer
distance. For a doped MLGNR, an optimum interlayer distance of around 0.5nm is needed to

get the better performance of MLGNR.
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Figure 5.2 Dip showing the optimum interlayer distance of approx. 0.5nm to get the optimum Power
Delay Product of MLGNR at 16nm technology node

Table 5.3 Propagation delay of MLGNR at different interlayer distances w.r.t Interconnect lengths at
22nm technology node

Length | d=0.34 | d=0.4 d=0.5 | d=0.55 | d=0.6 d=0.7 d=0.8 d=0.9 d=1

(um) | (m) | (m) | (m) | (m) | (m) | (wm) | (m) | (m) | (nm)

200 | 0.0909 | 0.0848 | 0.0782 | 0.0791 | 0.0796 | 0.0810 | 0.0824 | 0.0832 | 0.0841

400 | 0.1912 | 0.1801 | 0.1681 | 0.1731 | 0.1766 | 0.1841 | 0.1910 | 0.1964 | 0.2009

600 | 0.3260 | 0.31087 | 0.29466 | 0.30696 | 0.31531 | 0.33361 | 0.34655 | 0.36299 | 0.3737

800 | 0.4961 | 0.47752 | 0.45782 | 0.46233 | 0.49572 | 0.52906 | 0.55889 | 0.5823 | 0.60161

1000 | 0.7015 | 0.68012 | 0.6574 | 0.6798 | 0.71751 | 0.77015 | 0.81704 | 0.85399 | 0.88428

These simulation results are carried out by using the Tanner EDA tool. According to these
results, optimum delay and power performances are calculated. As far we have studied the
simulation results based on 16nm technology node. Now we will study the simulation results
based on the 22nm technology node. The propagation delay of multi layer GNR at different
interlayer distances for variable interconnect lengths at 22nm technology node is shown in
Table 5.3. Figure 5.3 shows the dip at the interlayer distance of 0.5nm. An optimum

propagation delay is estimated at this interlayer distance.
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Figure 5.3 Dip showing the optimum interlayer distance of approx. 0.5nm to get the optimum

propagation delay of MLGNR at 22nm technology node

Table 5.4 Power Delay Product of MLGNR at different interlayer distances w.r.t Interconnect lengths

at 22nm technology node

Length | d=0.34 | d=0.4 | d=0.5 | d=0.55 | d=0.6 d=0.7 | d=0.8 | d=0.9 d=1

(um) | (wm) | (hm) | (m) | (nm) (nm) (nm) | (m) | (nm) | (nm)

200 0.1032 | 0.096 | 0.0881 | 0.0891 | 0.08970 | 0.0912 | 0.0927 | 0.0935 | 0.0945

400 0.2252 | 0.210 | 0.1950 | 0.2009 | 0.20491 | 0.2137 | 0.2218 | 0.2263 | 0.2333

600 0.4148 | 0.377 | 0.3542 | 0.3695 | 0.37994 | 0.4028 | 0.4187 | 0.4397 | 0.4532

800 0.6374 | 0.606 | 0.5738 | 0.6040 | 0.62472 | 0.6699 | 0.7107 | 0.7427 | 0.7693

1000 0.9477 | 0.906 | 0.8638 | 0.8844 | 0.93899 | 1.0292 | 1.0996 | 1.1552 | 1.2014

The Power Delay Product of MLGNR estimated at different interlayer distances for variable
interconnect lengths at 22nm technology node is shown in Table 5.4. Figure 5.4 shows the
dip at the interlayer distance of 0.5nm. An optimum value of PDP is estimated at this
interlayer distance. The decrease in propagation delay and PDP is observed at 22nm
technology node in comparison to 16nm technology node.
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Table 5.5 Resistance per unit length of different types of GNRs versus width

Width (nm) Resistance per unit Resistance per unit Resistance per unit
length of mono layer length of Neutral length of Doped
GNR (Q/um) MLGNR (Q/um) MLGNR (Q/um)
10 5421.43 1302 121.07
30 5314 811.4 60.37
50 5302 292 25.31
70 5298 149 12.27
90 5296 90.15 6.84
110 5295 60.35 4.23
130 5294.8 43.21 2.82
150 5294.4 32.45 1.98
170 5294.1 25.26 1.45
190 5293.9 20.22 1.12

Resistance per unit length values as a function of wire width for mono layer GNR, neutral
GNR and doped GNR is shown in Table 5.5. Low resistance is reported for doped MLGNR
in comparison to the neutral MLGNR and mono layer GNR as shown in Figure 5.5. That’s
why monolayer GNR is not used because of its high resistance. The specularity is assumed to

be negligible in this case.
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Figure 5.5 Resistance comparison of different types of GNRs. Specularity (p) is assumed to be zero

Table 5.6 Resistance per unit length versus width at different Fermi Energies

Width (nm) Resistance per unit length at | Resistance per unit length at
Fermi Energy Ef=0.3eV Fermi Energy Er=0.6eV
50 5119 2531
70 2840 1227
90 1689 684
110 1078 423
130 731 282
150 519 198
170 384 145
190 293 110

The conductance of MLGNR is greatly affected by the fermi level. The increase in fermi
energy increases the conductance of MLGNR interconnects. Table 5.6 shows the Resistance
per unit length values as a function of width at different fermi energies. The fermi level of
0.3eV and 0.6eV is used in this analysis. The fermi level of 0.6eV produces large
conductance in comparison to the fermi level of 0.3eV as shown in Figure 5.6.
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Table 5.7 Propagation Delay of MLGNR at different interconnect lengths at 16nm technology node

Length of interconnect (um) Propagation Delay(ns) Propagation Delay(ns)

Er = 0.6eV Er =0.21eV
100 0.049 0.132
200 0.104 0.186
300 0.182 0.35
400 0.283 0.57
500 0.406 0.82
600 0.551 1.15
700 0.718 1.53
800 0.893 1.96
900 1.118 2.43
1000 1.35 2.9

Propagation delay of MLGNR interconnect for variable interconnect lengths at 16nm
technology node is shown in Table 5.7. Results are obtained at different technology nodes.
ITRS 2013 parameters are used to calculate the RLC parameters. Simulation results shows
that as the fermi level increases, the performance of MLGNR interconnect also increases. The
propagation delay decreases on increasing on the fermi level as shown in Figure 5.7.
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Figure 5.7 Propagation delay of MLGNR versus interconnect length at 16nm technology node

Table 5.8 Power Dissipation of MLGNR at different interconnect lengths at 16nm technology node

Length of interconnect (um) Power Dissipation (UW) Power Dissipation (UW)
Er = 0.6eV Er =0.21Ev
100 5.31207 6.02
200 5.3164 6.09
300 5.840 6.11
400 6.0691 6.167
500 6.1125 6.258
600 6.1663 6.377
700 6.2263 6.513
800 6.290 6.663
900 6.3695 6.831
1000 6.4555 7.02

Table 5.8 shows the power dissipation of MLGNR at different interconnect lengths at 16nm
technology node. The performance of MLGNR increases on increasing the fermi level. The

power dissipation increases as the length of interconnect increases as shown in Figure 5.8.
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Figure 5.8 Power Dissipation of MLGNR versus interconnect length at 16nm technology node

Table 5.9 Power Delay Product of MLGNR at different interconnect lengths at 16nm technology node

Length of interconnect Power Delay product Power Delay Product
(um) (UW-ns) (UW-ns)
Er = 0.6eV Er =0.21eV
100 0.21248 0.794
200 0.5529 1.132
300 1.0628 2.138
400 1.7175 3.515
500 2.4816 5.131
600 3.3976 7.333
700 4.4704 9.960
800 5.6190 13.05
900 7.1211 16.59
1000 8.7149 20.35

PDP increases with the increase in interconnect length. Table 5.9 shows the PDP of MLGNR
at 16nm technology node. As the length of interconnect increases, the percentage difference
between different fermi level also increases. The PDP variation between different doped
MLGNR is shown in Figure 5.9.
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Figure 5.9 Power Delay Product of MLGNR versus interconnect length at 16nm technology node

Table 5.10 Propagation delay of MLGNR at different interconnect lengths at 22nm technology node

Length of interconnect (um)

Propagation Delay(ns)

Propagation Delay(ns)

Er = 0.6eV Er =0.21eV
100 0.048 0.129
200 0.08 0.174
300 0.12 0.29
400 0.167 0.43
500 0.221 0.56
600 0.284 0.77
700 0.35 1.05
800 0.43 1.36
900 0.51 1.72
1000 0.6 1.98

The similar analysis is performed on 22nm technology node. It is observed from the table

5.10, as the technology node increases, the propagation delay of interconnect decreases. The

doping effect causes reduction in parasitic components and increase in MFP resulting in

improved performance of MLGNR at global level as shown in Figure 5.10.
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Figure 5.10 Propagation delay of MLGNR versus interconnect length at 22nm technology node

Table 5.11 Power Dissipation of MLGNR at different interconnect lengths at 22nm technology node

Length of interconnect (um) Power Dissipation (UW) Power Dissipation (UW)
Er = 0.6eV Er =0.21eV
100 1.116 1.224
200 1.134 1.211
300 1.153 1.256
400 1.707 1.288
500 1.1926 1.31
600 1.216 1.395
700 1.241 1477
800 1.270 1.616
900 1.298 1.78
1000 1.329 211

The power dissipation of MLGNR increases on increasing the interconnect length. The effect

of different fermi energies on power dissipation of MLGNR is shown in Figure 5.11.
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Figure 5.11 Power Dissipation of MLGNR versus interconnect length at 22nm technology node

Table 5.12 Power Delay Product of MLGNR at different interconnect lengths at 22nm technology

node
Length of interconnect Power Delay product Power Delay Product
(um) (UW-ns) (UW-ns)
Er = 0.6eV Er =0.21eV
100 0.053 0.157
200 0.09 0.21
300 0.138 0.364
400 0.195 0.553
500 0.263 0.733
600 0.343 1.074
700 0.434 1.550
800 0.546 2.197
900 0.661 3.061
1000 0.797 4.177

Table 5.12 shows the PDP of MLGNR interconnect at 22nm technology node. As the length
of interconnect increases, the percentage differences between fermi level increases. It is
observed that the impact of fermi energy on power is very small and is almost similar, so the
power delay product increases almost similarly as compared with propagation delay as shown

in Figure 5.12.
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Figure 5.12 Power Delay Product of MLGNR versus interconnect length at 22nm technology node

Table 5.13 Propagation Delay Ratio of MLGNR at different interconnect lengths

Length of interconnect (um) Propagation Delay (ns) Propagation Delay (ns)
Er = 0.6eV Er =0.21eV
100 0.97 1.07
200 0.76 0.83
300 0.65 0.78
400 0.59 0.68
500 0.54 0.64
600 0.51 0.62
700 0.487 0.577
800 0.481 0.562
900 0.456 0.558
1000 0.444 0.543

Propagation delay ratio of MLGNR interconnect at different interconnect lengths is shown in

Table 5.13. With the increase in interconnect length, the propagation delay ratio reduces as

shown in Figure 5.13. This is due to the fact that the impedance components of GNR are not

strongly dependent on length of interconnect.
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Figure 5.13 Propagation delay ratio of MLGNR versus interconnect length

Table 5.14 Power Delay Product ratio of MLGNR at different interconnect lengths

Length of interconnect (um) Power Delay product Power Delay Product
(UW-ns) (UW-ns)
Er = 0.6eV Er=0.21eV
100 0.25 0.294
200 0.162 0.197
300 0.13 0.16
400 0.113 0.138
500 0.106 0.129
600 0.101 0.123
700 0.097 0.121
800 0.0961 0.116
900 0.0928 0.1128
1000 0.0914 0.1114

Table 5.14 shows the PDP ratio of MLGNR at different interconnect lengths. The Power
Delay Product comparison of 16nm and 22nm technology nodes of MLGNR is performed.
The propagation delay ratio reduces with the increase in interconnect length as shown in
Figure 5.14.
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Figure 5.14 Power Delay Product ratio of MLGNR at different interconnect lengths

Intercalation doping affects the performance of multi layer GNR. The propagation delay and
power dissipation reduces on increasing the fermi energy. As the scaling continues the delay
as well as power of MLGNR increases. For narrow metallic GNRs (< 20nm) with diffusive
edge scattering, there is no effect of fermi energy on conductance because of shorter mean
free path of additional conducting modes. Wide semiconductor and metallic GNRs
(> 100nm) have similar conductances Narrow semiconductor GNRs have high resistances.
For a doped multi layer GNR, the optimum interlayer distance is around 0.5nm at which the

MLGNR provides the optimum propagation delay, power dissipation and PDP.
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

In this dissertation, Propagation delay and power dissipation are compared by varying the
interlayer distance for various technology nodes such as 16nm and 22nm by using the
TANNER EDA Tool. According to the simulation results, the optimum delay and power
performances are calculated. Based on these performances, an optimum value of interlayer
distance is proposed which is approximately 0.5nm for a doped MLGNR. Therefore MLGNR
with optimum interlayer distance can be predicted as the future of global VLSI interconnects.
The performance of multi layer GNR is also analyzed. The propagation delay, power
dissipation and power delay product of MLGNR is also calculated by varying doping. It is
observed that propagation delay and power dissipation of MLGNR interconnect reduces on
increasing the fermi energy. The impedance parameters at 16nm and 22nm are calculated and
are then used to simulate the delay and power dissipation. ITRS 2013 simulation parameters
are used for calculation of impedance parameters for all the technology nodes. The variation
in performance of MLGNR is observed with the scaling of technology nodes.

The conductance of GNR is also calculated as a function of width, chirality and fermi energy.
The conductance increases on increasing the fermi level. Monolayer, Neutral multilayer and
doped multilayer Zigzag GNR interconnects are analyzed from conductance perspectives.

6.2 Future Scope

The fabrication issues of Multilayer Graphene nano ribbon are needed to be addressed and
more effective fabrication techniques of GNR are also needed to be studied and developed in
order to increase the performance of GNR interconnect. The influence of temperature on the
performance of GNR is required to be studied in future. The work presented in this report is
at 22nm and 16nm technology nodes and this can be further extended to 10nm technology
node.
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