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ABSTRACT

In the era of nano-technology, Graphene nano-ribbons (GNRs) considered as an
emerging material for the purpose of interconnects. It is because of their extremely good
electrical, mechanical and thermal properties as compared to copper and other interconnects. The
improvement in propagation delay, power dissipation and crosstalk as compared to regular Cu
interconnects. The bandwidths and stabilities are much higher as compared to CWMWCNT
interconnects at global interconnect lengths, the improvements become more significant with
technology scaling and increasing wire lengths. In 2013, the ITRS predicts a higher value of
current density of 3.3x10° A/cm®. As per current technology this higher values can only be
supported by GNRs, as theoretical and experimental reports shows the value of current densities
for GNRs is upto 10® A/em®. So, for future high-speed VLSI interconnects technology, GNRs
can prove as most outstanding organic material.

For MLGNR, multi-conductor transmission (MTL) line and equivalent single conductor
(ESC) models have been presented also shown that both models are in good agreement with each
other.

Propagation delay, power dissipation and crosstalk influenced propagation delays are
discussed. By using dual axis propagation delay and power dissipation graphs, we estimated the
optimum thickness of MLGNR for different interconnect lengths.

Bandwidth and relative stabilities of MLGNR interconnects analyzed and compared with
MWCNT and Cu interconnects.

MLGNR interconnects performance deviations under the influence of process variations,
which are due deviation in dimensions at time of manufacturing. These process induced effects
are discussed in detail at different interconnect lengths and widths by varying only one
dimension at a time also discussed all dimensional variations on performance of MLGNR

interconnects.
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CHAPTER 1

INTRODUCTION

The progression of technology in the nanometer regime considers high density, high
speed multifaceted ULSI circuits. A challenging and multifaceted task in modern technology
is that transmission of signal through on chip interconnects between devices and circuit
blocks. In nano-scale regime tightly packed and miniaturized transistors necessitates smaller
wire cross-sections for local level connections whereas long-distance communication at
global levels due to speedy growth of chip size and functional density. At present,
interconnect delay plays a key role with belligerent device scaling and turn out to be
substantial in the uninterrupted improvements in IC speed and density.

In the first four decades of the semiconductor industry, transistor delay and power
dissipation limited system performance entirely. ‘With technology scaling, interconnect
performance shows a negative impact on system performance due to transistor delay and
power performances are significantly reduced [1]. Severe effect on propagation delay of
multifaceted ULSI circuit metal interconnects such as Al and Cu due to increment in
resistance for nano-scale technologies [2]. With technology scaling, the cross-sectional area
of Cu interconnects reduces that results in increasing resistivity under the influence of
scattering effects such as grain and surface scatterings, and at gigahertz frequency of
operation in ULSI circuits major hillocks is due to the electromigration. Thus, at higher
frequencies, Cu interconnects may exhibit certain problems like crosstalk-induced spikes and
delay, signal degradation and skin effect [3]. Therefore, it became necessary to find a
substitution for global ULSI interconnects. This chapter introduces graphene nanoribbon

interconnect technology used for designing of complex high speed integrated circuits (ICs).

1.1 Basics of GNRs

During the recent past, graphene nanoribbons (GNRs) have rapidly gained importance
as an upcoming material that used for interconnects and depleted channels FETs [4-8]. The
GNRs can be considered as a graphene sheet, stacked one upon another having similar
dimension. Single layer of graphite sheet known as Graphene, in those carbon molecules

arrangement is 2D honeycomb (hexagonal) lattice structure [9] as shown in Fig. 1.1.



Fig. 1.1: Graphene hexagonal structure

1.2 Band structure and properties

Carbon atoms in graphene forms sp” covalent bonding using one o-bond and two =-
bonds because detached carbon atom having four valence electrons located in 2, 2p, and 2p,
whereas 2p: is empty which doesn’t participate in bonding as shown in Fig. 1.2. In a graphene
sheet, bond length between two corbon atoms is about 0.142nm. Stacked graphene layers
form multilayer graphene nanoribbons with an interlayer distance of 0.34nm [10]. The core

materials for graphene are charcoal. carbon nanotubes, and fullerenes due to their structural

%%ﬁ‘h

Fig. 1.2 Bonding of two carbon atoms in graphene [11]

similarity.

Usually graphene, electrical signal transmission properties depends on holes
(electrons) near to the Fermi level, after application of signal these bonded holes (electrons)
excited to occupied (unoccupied) states (2p-) [11]. These dependable signal transmission
properties of graphene responsible for long mean free paths (MFPs) ranging from 1-5um that

exhibits in ballistic transport phenomenon for local interconnect lengths (<Ium). Due to the



large MFPs, GNRs have higher carrier mobility’s up to 10° cm®V™'s” and larger current
densities of 10% A/em® as compared to Cu [12-15]. Depending on the number of stacked
graphene sheets, GNRs classified as single-layer GNR (SLGNR) and multi-layer GNR
(MLGNR) as shown in Fig. 1.3 [16]. Due to the higher resistivity possess by SLGNR,

implies MLGNR has considered as a potential interconnect material [17].

(a) (b)
Fig. 1.3: Lattice structures of (a) SLGNR and (b) MLGNR [16]

Graphene in plane electrical conductivity is 1.25x10" S/cm whereas for Cu electrical
conductivity is 5.9x10° S/cm. As approaches to achieve the expected conductivity, there are
two possibilities, they are, enhance the mobility in MLGNR or increasing the number of
carriers. Mobility of carriers in GNRs increased by improving their physical and chemical
degree of precision by using high-temperature treatment (HTT) technique in order to reduce
defect or void scatterings of carriers [18]. Even though high quality GNR is not used for
conductive purposes, so in order to increase conductivity further, approach is to intercalate
doping of highly ordered MLGNR with AsFs or SbFs by exposing graphene to the vapors of
AsFs at high pressures which raises the number of carriers [18]. By the above intercalation
doped MLGNR with AsFs, conductivity increased to 3.2x10° S/cm, and it is slightly more
than copper, and both reproducibility and stability to electromigration are very good. The
degree of doping, decided by stage indices where stages-s designates the number of undoped
GNR layer present between two intercalative doping layers, different stages of intercalated
doped MLGNR shown in Fig. 1.4. This stage index"s’ depends mainly on growth time and
intercalant vapor pressure. For stage-2 AsFs intercalative doped MLGNR case the spacing
between undoped and doped layers is taken as 6,=0.34nm and 8,=0.815nm respectively [19].
For outstanding electrical and thermal properties of MLGNR considered as future,

interconnect materials in ULSL
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Fig. 1.4: Different of intercalation doping in GNR interconnects (a) Stage-4 (b) Stage-3 (¢) Stage-2 and (d)

Stage-1 and d}, d>. d; and d, values are 1.835nm, 1.495nm, 1.129nm and 0.815nm respectively

1.3 Classification of GNR

The electrical properties of GNR depend on the edge structures,, which is decided by
their chirality/asymmetry. Depending on their chiral indices (n, m), GNRs are classified as
armchair-GNR (ac-GNR) and zig-zag GNR (zz-GNR) as shown in Fig. 1.5, whose chiral
indices are n or m equal to zero and n=m respectively. The assumption that graphene
nanoribbons is further distinguished into semiconducting and metallic depending on number
of carbon rings (N) present across the width of GNR that has fixed along the its length.
Metallic properties in armchair GNRs to be determined by the condition of N=3P+2, whereas
semiconducting properties determined using the condition of N=3P or 3P+1, where P is 0 or
any natural number. Apart from this, zig-zag GNRs are always metallic due to conduction
band and valence band both touches each other for all widths independent of N. The tight
binding model estimates band structures of ac-GNR and zz-GNR based on atomic

simulations [20].

>



(b)
Fig. 1.5: Graphene nanoribbon (a) (4, 0) armchair (b) (3, 3) zig-zag structures

Progress in science and recent technology designates that GNR have invoked many
concerns, research based on their fabrication advantageous, which represented in [21].
Photolithographic fabricated GNRs used for different purposes those are channel of a

MOSFET, interconnects, 3D-vias, sensors etc.

1.4 Motivation

For current nano scale or deep submicron technologies GNRs can be considered as
more assuring material than other mainstream interconnects such as Cu or Al because of their
robustness to electromigration, absence of grain boundary scatterings and other novel

properties. As discussed above properties like, long ballistic transport length, high thermal

5



conductivity, high current density and material durability has given the motivation to do
research further. Multi-conductor transmission line model is complex and time consuming to
do analysis so equivalent single conductor model is proposed by some researchers. So in
chapter-2 presents whether equivalent single conductor model is showing good agreement
with multi-conductor transmission line model or not? If not, how much deviation between
two models at different interconnect lengths? What is performance deviation between
SLGNR and MLGNR having different thickness, and how the crosstalk will affect the
performance of MLGNR at different interconnect thickness for varying lengths, are presented
in chapter-3. Performance comparison of MLGNR with Cu and MWCNT interconnects in
frequency as well in time domains in chapter-4. Manufacturing process variations arises due
to temperature, pressure, environment and manufacturing process changes will affect the
interconnect dimensions. How much deviation on performance of MLGNR interconnects

because of these process variations discussed in chapter-5.

1.5 Organization of the thesis

Chapter-1 introduces graphene structure and chemical bonding between two carbon atoms
as well some properties of graphene. This chapter also presents classification of GNRs based
on their chirality likewise classification based on intercalate doping of MLGNR with AsFs
between two layers.

Chapter-2 presents multi-conductor transmission line model of SLGNR and MLGNR. A
brief discussion on interconnect parasitics and how they depend on interconnect dimensions.
It also incorporates equivalent single conductor model for MLGNR and its validity with
respect to multi-conductor transmission line model.

Chapter-3 demonstrates the comparison of propagation delay variation of SLGNR and
MLGNR at different interconnect widths and lengths. This chapter possesses crosstalk delay
variation for different MLGNR interconnect thicknesses. Moreover, a new technique is
introduced to find the optimum thickness of MLGNR interconnects with which minimum
delay and power dissipation has been achieved.

Chapter-4 presents the analysis of relative stability and bandwidth for MLGNR, MWCNT
and Cu interconnects in frequency domain. A transfer function of a DIL system is used to
find the analytical expression of output voltage waveform.

Chapter-5 explains the effect of process induced width, length, dielectric thickness and a
dielectric constant variation on overall delay of MLGNR interconnects.

Chapter-6 draws a brief summary of the dissertation report.



CHAPTER 2

GNR INTERCONNECT MODEL

2.1 Introduction

Interconnect is a metallic wire and its operation is similar to a waveguide in signal
transmission. Well-established metallic interconnects such as Al and Cu denoted by the
equivalent RLC network as in Fig. 2.1. An equivalent RLC model for Cu interconnects as in
Fig. 2.1 is not valid for small dimensions because it required to add some more additional
inductance and capacitance paracitics. These parasitics, like resistance, capacitance,
inductance are depends on the dimensions of interconnects by which performance analysis
can be performed. While formal interconnect transmission-line model having a scattering
resistance (R), an electrostatic capacitance (C,)a and magnetic inductance (L,),, whereas a
kinetic inductance (L) and a quantum capacitance (C,) are introduced for CNT/MLGNR

interconnects by P. J. Burke based on Luttinger theory [22].

& . Distributed parameters

I / i R L

N/ VWWW—558

/ y : 00
7 el
¥ Ce
Dielectiic & d
(a) (b)

Fig. 2.1: Cu interconnects (a) Geometry and (b) Equivalent distributed RLC circuit

Kinetic inductance (L) and quantum capacitance (C,) depend on conducting channels
(or modes or sub-bands) which approximated to D/h<v> where <v> average velocity, A is
Plank’s constant and D is the density of states. The number of channels can approximated as
twice the number of wavelengths of carriers that exactly fit into the cross-section of
interconnects which is similar to the modes of waveguide in electromagnetics. These
conducting channels increase linearly with the cross-sectional area of interconnect [23]. For
larger cross-sections, number of conducting channels is higher so Ly decreases and Cy

increases (L; and C, dependence on modes and its equation discussed later in this chapter).



The ratio of the velocity of propagation and speed of light [(L,,,C'e)a’(Cqu)]“'i is 107 for
this to happen a number of conducting channels has to go beyond the several thousands. For

this to happen the dimension of Cu interconnect should be more the IOOnmz, whereas wave

2/

/ 2meV

length of the electron is considered as 0.2nm (approximately ,|# ). From above

discussion, Cu also exhibits kinetic inductance and quantum capacitances at lower

interconnect cross-sections.

2.2 SLGNR geometry and its equivalent RLC model

Fig. 2.2 (a) exhibits the cross-sectional view of SLGNR interconnects above ground
plane which is separated by dielectric whose permitivity (dielectric constant) £=2.2. The
transmission line model of SLGNR as in Fig. 2.2 (b) and its_parasitic values depends on its

width (w), &,. and dielectric thickness (d) in its geometry.

[I_ Ryol2 RqXE R Lk L‘e quzﬂmm ]Om
Cl
q
an Cé;’; Vout
W
| ,
0 . s 0
d 7=0 L /-
(a) (b)

Fig. 2.2: Distributed single-conductor transmission line model of SLGNR interconnects having contact

resistance of R,

2.3 MLGNR geometry and its equivalent RLC model

Fig. 2.3 (a) exhibits the cross-sectional view of MLGNR interconnects above ground
plane which is separated by dielectric. The equivalent multi-conductor transmission line
(MTL) model of MLGNR [23] is also shown in Fig. 2.3 (b) and its parasitic values depends
on its width (w), &, and dielectric thickness (d) in its geometry. The total number of layers
(Niayer) in MLGNR can be calculated using thickness (7) and d. The parameter & represents the

interlayer distance which is equivalent to 0.34nm for neutral MLGNR interconnects.

N

layer =l+lmeger(rh5) (1)
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Fig. 2.3: Distributed multi-conductor transmission line model of MLGNR interconnects having contact

resistance of R,

2.4 Conducting channels

Before discussing the parasitic of MLGNR, one of the major physical parameters
which is used for the estimation of quantum resistance, scattering resistance, quantum
capacitance and kinetic inductance in MTL model known as number of conducting channels
(N¢1). Conduction and valence bands contain quantized energy in finite numbers of sub-bands
due to quantum confinement across nanoscale width of a MLGNR (w). N is a physical
constant, which depends on Fermi energy Er at a given temperature 7 and hole and electron

contributions in the conduction in the valence and conduction sub-bands respectively, and it

expressed as [24]

ch = Nch, electrons +Nch, holes

HV

o Ak B
- .ZD[”W(EF" n,hole | B )]

-1
) J:EO[H e’q’(En,ex’ec:ron E EF/KBT)} @

s

2.5 Resistance

2.5.1 Contact resistance
Figs. 2.2(b) and 2.3(b) represents equivalent models of SLGNR and MLGNRs,

exhibits an imperfect metal-nanoribbon contact resistance (Ry.) that possess 2 typical value

ranging from 1kQ to 6kQ depending on the current fabrication process [24].



2.5.2 Quantum resistance
Another fundamental resistance in the MTL model of MLGNR interconnects is
quantum resistance that experiences due to the quantum confinement of carriers in transverse
direction due to smaller widths. This quantum capacitance depends on transverse energies of
confined electrons in MLGNR interconnects and it calculated as [25]
Mk okarn 3)
ch

R =
2
2e Nch

q

where N, is conducting channels per layer in GNR sheet, 4 is Plank’s constant and e is
electronic charge.
2.5.3 Scattering resistance

The equivalent RLC model of Figs. 2.2(b) and 2.3 (b) exhibits one more resistance
due to scattering of carriers in MLGNR interconnect such as line edge roughness (LER),

acoustic phonon (AP) and static impurity (SI) scatterings [26-29]. This scattering resistance
denoted as Rj’j, and primarily depends on the mean free path (MFP) of carriers (1;) and its

length, so per unit length (p.u.1.) scattering restance R“*/ can be calculated as

L . !
RIY =L \ewm ()
2e Nf.h,lL

[f the interconnect length is less than MFP in such applications the carriers don’t

(&
experience any scatterings, therefore in the MTL model R7*/ becomes zero that is smaller
MLGNR interconnect lengths (less than lum) experiences ballistic transport. At global
interconnect lengths this scattering resistance is dominating than quantum and contact

resistance.

2.6 Inductance

2.6.1 Kinetic inductance

In higher alternating electric fields, the carriers in MLGNR interconnects experience
more eminent Kinetic energies. Because of these higher kinetic energies, confined carriers
possess higher velocities experiences some inertia due to its mass at high frequencies in

signal transmission, this causes inductance which is called as kinetic inductance and it is in
Ve .
series with the scattering resistance R”/*/ . The p.u.lkinetic inductance, denoted as ka "/ and

it is expressed as [22]

10



ij,j -
4e vFch

~8nH/ um (5)
where vz = 8x10°m/s represents the Fermi velocity of carriers in MLGNR [22].
2.6.2 Magnetic inductance

The magnetic inductance of a conductor is defined as using Lenz’s law, current

through a conductor experiences a inductance which induces a proportional voltage which

P
opposes a change in current. p.u.l. magnetic inductance is denoted as Lej »J and is expressed

as [25]
Vi d
I T (6)
w
2.6.3 Mutual inductance
The adjacent layers in MLGNR exhibits mutual inductance that exists due to

the induced emf in a magnetic ficld between the layers. Unit length mutual inductance

lej_l’j expressed as [25]

s e\ RS
T (7
w

2.7 Capacitance

2.7.1 Quantum capacitance
Serge Luryi, first introduced term quantum capacitance, which depends on the density

of states (DOS) in solids, DOS calculated based on effective mass of carriers, which depends
on material properties and its dimensions. The p.u./. quantum capacitance denoted as qu J

and it expressed as [22]

C‘ g 4e2

q
th

Ny, =193aF | um (8)

2.7.2 Electrostatic capacitance
The innermost layer of MLGNR experiences an electrostatic capacitance with a
ground line due to the electrostatic energy stored between them, it primarily depends on the

MLGNR interconnect width (w). length (/) and dielectic thickness (d). p.u.l. electrostatic
capacitance is denoted as C;, , which is expressed as [25]

' EOW

G = 9
T ®

e

11



2.7.3 Mutual capacitance
The adjacent layers in MLGNR exhibits mutual capacitance that exists due to the

charge carrier transport between the layers respectively. Mutual capacitance is represented by

C;nj_l’j and it is expressed as [25]

| T, 0N 4 EqW
c, =07F!m (10)

2.8 ESC model of MLGNR

To reduce computational effort of MTL model is reduced to ESC model as shown in
Fig. 2.4 by considering an equal potential at any arbitrary cross section of MLGNR
interconnect. Based on this key assumption, L, and C, between adjacent layers can be
neglected. The performance of the robust ESC model shows a good accuracy with the
equivalent MTL model of MLGNR interconnects Fig. 2.3 (b). Thus, the equivalent parasitics
in Fig. 2.4 can be calculated using the total number of conducting channels associated with

MLGNR layers [].

L
Ii RmC/Z qu?. Rige o eesc Rq/2 mc ]ow,
‘]esc
1!'?1 ge“ % Vout
[\, . 1 0

Fig. 2.4: The ESC model of MLGNR having interconnect length /

Equivalent quantum resistance, scattering resistance and kinetic inductance of ESC
model of MLGNR is equal to single layer quantum resistance, scattering resistance and

kinetic inductance divided with number of layers respectively.
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Equivalent quantum capacitance of ESC model of MLGNR is equal to single layer

quantum capacitance multiplied with number of layers respectively.
492
Cgesc = I N layers (14)
Quantitative value of electrostatic capacitance in MTL and ESC model are same
because, it does not depend on the thickness of MLGNR and depends on width and dielectric

thickness.

eesc = Ce (15)

2.8 Comparison of ESC and MTL models

For the driver interconnect load system (DIL) as shown in Fig. 2.5 having CMOS
driver at 32nm technology node having NMOS and PMOS widths of 640nm and 1280nm
respectively and a load capacitance C;=10fF. As in Fig. 2.5, the input signal have rise and fall
times equal to 10ps and pulse width of 50ns and pulse width of 200ns. To find propagation
delay, inputs triggered at 50% rising pulse signal and output targeted at the same 50 % but at
a falling pulse signal. This MLGNR interconnects is represented by the conventional MTL
model or the reduced ESC model to perform time-domain analysis. The robustness of ESC

model with respect to MTL model represented as below.

T hy
_C
Vin MLGNR 1
—e nterconnect |
e K-
il T
7

Fig. 2.5: The driver interconnect load system (DIL), MLGNR is placed between the driver and load
From Fig. 2.6, it is observed that the output responses of MTL and ESC models are in

good agreement for smaller interconnect lengths whereas for longer interconnect lengths,
there is some deviation between the multi-conductor transmission line and equivalent single
conductor models. This deviation primarily arises due to the neglected mutual inductance and
capacitances in ESC model. For different interconnect lengths average percentage of -

deviation is not more than 6 percent, from this the conclusion is that ESC is a robust model.
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Fig. 2,6 Output transient falling waveforms of MLGNR for MTL and ESC models at Nigyer = 40
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CHAPTER-3

DELAY, POWER AND CROSSTALK ANALYSIS

In this chapter, the performance analyses based on propagation delay, power
dissipation and crosstalk delay at different interconnect dimensions. Propagation delay found
by applying a rising pulse signal to a DIL system as shown in Fig. 2.5, implies output to be
falling signal. To get 50% propagation delay both input and outputs triggered and targeted at
50% of their peak values. Average power dissipation occurred for transmission of a pulse
signal from source end to destination end. This power dissipation mainly due to impedance

exhibited by MLGNR interconnects. In coupled interconnects, crosstalk noise broadly

classified into two categories: (1) functional and (2) dynamic crosstalk This chapter
“eNTRAL (/p
i -

) =

presents dynamic cross talk effects on MLGNR performance.

3.1 Analysis of propagation delay

In this section, HSPICE simulations performed for different number of MLGNR
layers at different interconnect lengths by varying widths. Fig. 3.1 (a) to (e) shows the delay
variation for different interconnect lengths for varying widths. From this analysis, it noticed
that the delay increases for increasing interconnect lengths due to its parasitic values

proportional to its length. As the number of layers increases, the delay is decreasing due to

increasing the number of conducting channels, which decreases qu’j, st’j and ij’-” but

it increases qu“’ which is not a dominating parasitic. For increasing widths, delay

decreases up to some critical width after that it increases due to electrostatic capacitance
increases more compared to decrease in equivalent quantum and scattering resistances.

In MLGNR delay decreases sharply as the number of layers increases initially and it
saturates at a certain value. If the number of layers (Niger ) increases after a certain limit the
delay is going to be constant because the dominating electrostatic capacitance is constant and
the decrease in equivalent resistance and inductances are negligible in an MTL model of
MLGNR interconnects. Propagation delay versus the number of layers at different
interconnect lengths as in Fig. 3.2. It observed that propagation delay has saturated above 40

layers for all interconnect lengths. Table-1 shows the percentage variation in delay of
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MLGNR Niaye=20 with respect to SLGNR, MLGNR Njaye=4 and MLGNR N, =10. The

percentage reduction in delay increases for higher length of GNR interconnects.
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Fig. 3.1: Propagation delay of GNR with varying widths at the interconnect lengths (a) 100um (b) 200um (c)
300pum (d) 400pum (e) 500um
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Table-3.1: Percentage improvement in delay of MLGNR Nj,,=20 with respect to SLGNR,
MLGNR of Ny, =4 and Nigyer= 10

% improvement in delay of MLGNR
Length of GNR Width GNR ; Niayer=20 w.r.1
interconnects (pum) (nm) SLGNR MLGNR MLGNR
Nlayer:4 N]aycrzl 0

10 96 91.5 55.1
20 92.5 87.2 454
100 30 90.5 83.8 38.7
40 88.7 80.8 33.7

50 86.1 77.6 30.3

10 97.1 93.8 63.1
20 94.8 91.3 56.4

200 30 93.9 89.5 51.5
40 93.0 87.9 46.8

50 91.5 86 43.6

10 97.4 94.5 66.3

20 T 92.8 61.3

300 30 9264 91.6 57.1
40 94.5 90.5 53.6
50 93.5 89.2 50.9

10 97.6 94.9 68.1

20 97 93.6 64.1
400 30 95.8 92.7 60.7
40 95.3 91.8 57.8
50 94.5 91.3 55.6

10 §77 95.2 69.1

20 96.4 94.0 65.9

500 30 96.1 93.3 63
40 95.8 92.6 60.5
50 95.4 92.4 58.8
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Fig. 3.2: Propagation delay of MLGNR interconnects with respect to the number of layers

3.2 Optimum thickness of MLGNR interconnects

Optimum thickness can found by using power-delay graphs, in which thickness on x-
axis and propagation delay and power dissipations plotted on dual Y-axis in the graphs. The
thickness for which delay and power plots meet, that point considered as optimum thickness
because at that thickness both delay and power dissipation are optimized. To find optimum
delay and power dissipation for different number of layers at global interconnect lengths
ranging from 100um to 1000um corresponding geometry of MLGNR suggested in Fig. 2.3
(b). Simulation setup uses a driver-interconnect-load (DIL) system as shown in Fig. 2.5,
employing CMOS driver at 32nm technology node for accurate estimation of delay and power
dissipation. The DIL system is driven by a supply voltage (V) = 1V and terminated by a load

capacitance C; of 10aF.

3.2.1 Optimal delay and power performances

For a different number of MLGNR layers at global interconnect lengths using the
above-mentioned setup is shown in Fig. 2.5. HSPICE simulations performed to calculate the
delay and power dissipation. Fig. 3.3 illustrates the change in delay and power dissipation with
respect to the altering number of layers of different interconnect lengths of 100, 300, 500, 800
and 1000pm respectively. It is observed that the propagation delay and power dissipation
performance increase with interconnect lengths whereas the minimum delay and maximum

power dissipation took place for the higher number of MLGNR layers. Increasing number of
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layers in MLGNR reduces the propagation delay whereas power dissipation is increased and
for increasing the lengths, both delay and power dissipation is increased. Fig. 3.3 used to find
the optimum number of stages where both the curves are intersecting to each other. From the
curves of propagation delay and power dissipation, PDP with respect to the number of layers
exhibits parabola, which is symmetric with the y-axis.

Optimum number of layers for all interconnect lengths is 10 to 15, for which optimum
delay and power performances had obtained. Table-II indicates the power delay product of
MLGNR interconnect for different interconnect layers varying from 4 to 40 and interconnect
lengths are varying from 100 to 1000um. Table-IIl demonstrates the improvement in
propagation delay for MLGNR having Ny,.=40 with respect to varying the layers from 4 to
35 and interconnect lengths are varying from 100 to 1000pm. For higher MLGNR layers and

large interconnect lengths, more fruitful results have been found.
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Fig. 3.3: Propagation delay and power dissipation with varying MLGNR layers at (a) 100pm (b) 300um (c)
500um (d) 800um (e) 1000pm interconnect lengths
Table-3.2: Comparison of PDP for different MLGNR layers at global interconnect lengths

MLGNR Power-delay product (in pW-ns) at different interconnect lengths of
layers L=100pum L=300pm L=500pm L=800um L=1000pum
4 0.570 1.54 10.7 28.1 47.8
10 0.389 1.31 9.68 26.7 41.6
15 0371 1.39 11.6 34.6 54.1
20 0.378 1.52 13.9 42.8 68.6
25 0.396 1.68 16.3 51.1 80.9
30 0.422 1.79 18.7 59.5 94.5
35 0.448 2.03 21.1 67.9 108.0
40 0477 2.22 23.6 76.4 122.0

Table-3.3: Percentage improvement in propagation delay for higher number of MLGNR layers at global VLSI

interconnects

MLGNR % improvement in delay for MLGNR Nj,,.,= 40 as compared to MLGNR

Lengths with Nigyer
(um) 4 10 15 20 15 25 35
100 17.81 4.30 2.61 1.25 0.61 0.26 0.06
300 21.00 6.84 3.26 1.57 0.69 0.34 0.04
500 28.95 10.12 491 2.37 1.07 0.38 0.07
800 46.12 19.03 9.72 4.84 2.81 1.13 0.38
1000 56.31 26.01 13.81 7.01 3.20 1.13 0.21

20



3.3 Crosstalk delay

In general, cross talk defined as undesirable coupling with electric and magnetic fields
from adjacent interconnect wire to a network node causes an interference which
consequences disturbance in other wires, which acts as a noise source and governs to
intermittent errors. Tracing of these crosstalk-induced errors are difficult, since the added
noise depends upon the transient value of the other signals routed in the neighborhood. In
integrated circuits, this inter signal coupling can be both capacitive and inductive as shown in
Fig. 3.5. Capacitive crosstalk is the dominant effect at current switching speeds, even though
magnetic coupling forms a main concern in the design of the input-output circuitry of mixed-
signal circuits. In ULSI circuits reliability, timing, and functionality are very crucial and these

are significantly affected crosstalk noise.

3.3.1 Calculation of ecoupling parameters

In this research work, the crosstalk analysis and other performance with respect to the
numbers of layers between two interconnect lines are analyzed. These two interconnect wires
called as victim and aggressors. The mutual inductance (Z,,) between two interconnect lines

can be calculated by [25]

WP, 2
L)\= 25107 2x| In| £+ (i) & [EJ L | Hfa>3w (16)
a a / !
Lm=2x10_7!x[]n[£—lj} Ifi>>a, a>3w (17)
o

where / is the length of interconnects and a is the distance between the two interconnects
middle points. In this case, the L, is very low so neglecting in this analysis. The coupling

capacitance (Ccys) demonstrates the crosstalk effect and can expressed as [25]

0.5 0.87

_ d 2t w
CoM = (s ) 1ECP] (Sa_pfz’sa_vﬁ]* TH{(Say /2040 CICP] (Sa_v] oy

where S,., spacing between aggressor and victim lines, Ccp capacitance between two co-
planar plates, Cpcp represents the capacitance to ground of the bottom side of the layer, d is
dielectric thickness and ? is thickness of MLGNR interconnects [24]. The interconnect line in
bus architecture can be either replaced by MLGNR multi-conductor transmission line model

or ESC model. In this simulation setup CMOS inverter used as a driver for accurate
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estimation of crosstalk delay. Below is shown two coupled line bus architecture has load

capacitance C;=10fF [25]. Crosstalk delay analyzed in the following two cases:

(1) In-phase delay
and  (2) Out-phase delay

3.3.2 In-phase delay

The in-phase delay occurs in interconnects for the application same type of pulse
signals means having same rise and fall times, pulse width, pulse period and having zero
phase difference between them. In this case propagation delays occurred in both
interconnects are same because two bus lines are excited by the same phase and equal
amplitude so current carrying is same at equidistant points. Therefore, the effective coupling

capacitance between two bus lines is zero.

3.3.3 Out-phase delay

The out-phase delay is the delay occurs in the interconnects for the application
different type of input signals means having same rise and fall times, pulse width, pulse
period and having 180 phase difference between them, that means if one rises another one
falls and vice-versa. In this case two signals could not reach destination at same time, this
case the maximum difference between cross talk delays will occurs moreover delays are
increased as compared to in-phase case. Because of out-phase signals currents carrying in
interconnect and fields also different so maximum effective coupling capacitance will occur.
So here the worst-case delay is taken as out-phase delay. HSPICE simulations are used to
examine the effect of crosstalk, for varying lengths of interconnect ranging from 100um to

500um with a step size of 100um

MLGNRI

R
L 1d
_\_ Lag TCCM ;
ol
i

OR —[>o— Victim

_/_ MLGNR?

Fig. 3.4: Capacitive and inductive coupled MLGNR interconnects
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Using DIL setup as in Fig. 3.4, for two parallel global MLGNR interconnects out-
phase and in-phase delays (dynamic crosstalk delays) are accomplished using Hspice
simulations by altering Nigyer from 4, 10 and 20 for interconnect width of 50nm by varying
interconnect lengths. It is noticed that the dynamic crosstalk delay deviations from out-phase
to in-phase is more as for higher thickness compared to lower thickness. Generally
interconnect delays increases with lengths in similar to that cross-talk delays are also

increasing with lengths of interconnects.

3.3.4 Crosstalk analysis
Table 3.4 resumes the percentage of progress in crosstalk delays for MLGNR (Niayer =

20) w.r.t. MLGNR (Njye=4, 10). It noticed that, crosstalk influenced propagation delay
MLGNR has substantially improved for Ny,,=20 even though the coupling is more for that
thickness. Here it can notice that increasing interconnect lengths crosstalk delays also
increasing. This fact realized by using the concept called area of field coupling. This coupling
field area depends on thickness and length of interconnects. For increasing number of layers
in MLGNR. the conducting channels also increases due to total conducting channels is
directly proportional to number of layers. Thus, MLGNR with Ny = 20 has higher effect in
crosstalk as compared to with N, = 4 and 10. Below table-2 shows the crosstalk delay”

values for different lengths and thicknesses.
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Fig. 3.5: Crosstalk delay of GNR with varying length at fixed interconnect layers (a) Nigyer = Hb) Nigyer= 10 (c)
*"\'r.ﬂa;w:zo

Table-3.4: Crosstalk delay for different interconnect lengths and thicknesses of MLGNR
interconnects

Lengtiiof In-phase delay (ns) Out-phase delay (ns)
Interconnect (M) | Ny, o=t | Miager=10 | Nigyere=20 | Nigyers=4 | Niayers=10' | Nigyers=20
100 0.18167 | 0.17035 | 0.16376 | 0.22436 | 0.19944 | 0.19119
200 0.67230 | 0.64975 | 0.63659 | 0.87115 | 0.75619 | 0.73697
300 1.4746 | 1.43829 1.4211 21214 1.7286 1.6109
400 2.5885 2.5436 22173 3.4518 2.9523 2.8230
500 4.0141 3.9581 3.9253 5.3813 4.5538 43733
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CHAPTER-4

ANALYSIS OF RELATIVE STABILITY AND BANDWIDTH

4.1 Distributed transfer function of DIL system

Using the DIL setup, this section implements a transfer function (TF) for MLGNR
and MWCNT interconnects that is used to find output responses in the time domain and it is
used to find analytical expression for propagation delay. With the above TF, Bode and
Nyquist plots can be found to analyze the bandwidths and stabilities of an interconnects. In
DIL system interconnect is replaced with it’s ESC model. To find the TF of a DIL setup
primarily uses the transmission parametric matrices which are obtained from the equivalent

RLC model of DIL system Fig. 4.1.

el o
g
H

Fig. 4.1: Equivalent RLC configuration of DIL system.

Using telegraphers equation for transmission lines

ﬂ:—(R’st)}{x) 19(a)

-+

(#29

%i; - —(6+5C) Vi) 19(b)

Differentiating above equation w.r.. x, then above equations becomes

2

?-TV =(R+5L)(G+sC) V(x) 20(a)
ox
&0
“ s = (R +5L)(G+sC) K(x) 20(b)
ax”

where G is transconductance, its value is very small can be neglected. Then the above

equations becomes

%y

— =5C(R+5L) V(x) 21(a)
ox
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a2

— =5C(R+sL)I(x) 21(b)
ox
2
&V
;‘T = y2 V(x) 22(a)
X
2
3“1
—7 - 72 1(x) 22(b)

where }‘2 =sC(R+sL).The solution for above differential equations
v=yte " Ly ™ 23(a)

=1t w7 23(b)

Where ¢’*component in above equation gives wave propagation in negative X direction,
which means reflected wave component and it is very small and neglected. Then above

voltage and current equations becomes
e VOe_Yx 24(a)
I = ]Oe_yx 24(b)

For interconnect length of / the above equation becomes, multiplication of #=//x times of

above equations

y' X Voe & 25(a)
2 " 25(b)

To make the analytical derivation for transfer function easy, the above expressions 25(a) and
25(b) simplified to
V =¥, cosh(ynx) — ¥, sinh(y ) 26(a)
I = I cosh(ynx) — 1 sinh(ynx) 26(b)

After simplification of above equation

V =V cosh(ymx) + 1y Zysinh(ynx) 27(a)
I = Iy cosh(ynx) + % sinh(ynx) 27(b)
v cosh(ynx) Zsinh(ynx) %
|:1 :| = %0 sinh(ymx)  cosh(ynx) ]0 (28)

The resultant transmission line matrix becomes
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1 R, || 1 01 R cosh(ynx) ~ Zysinh(ymx) (1 R | [4 B
T =| % W 1z @ i |= (29)

effect "o 1 sC 3 1o 1 /ZO sinh(ynx) cosh(ynx) |l g 1 Cc D
A=(1+sR,C,.)cosh(yx) +[Rl(l+sterr)+Rdr]Si—n@ 29(a)

0
B = Ry| (1+sR ,C,; )eosh(ynx)+{ R, (1+5R ,C 1. J+R r)MLl + Z sinh(7mx)(1+5R 4,C ) »o(b)
+(R 1+ 3R 4, C )+ R, )cosh(ynx)
B sinh(ynx)

C = 5C,, cosh(ym) +(sR,C,, w1) T 29(c)

Zy

X , sinh( yrnx) ¥ ;
D=R [scdr cosh(yax) + (1+ SRderr)_ZE;—]+ (ZOS(’a’r sinh(ynx) +(1+sR ;.C 1) cosh(;vm)) 29(d)

Vin o/ A4 B Vam
ke o) ]

¥ 1
out

U = 31
in A+sC; B G

1 ‘ . :
where 1,,, =—-C—Vow To find transfer function of driver interconnect load system A and B
8
L

values are necessary, so simplified A and B values as represnted as shown equation below

i i e 2 2 (3013
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General fourth order transfer function of distributed driver interconnect load system is

1
TF = — (32)
ag +as+ 0252 + a3s3 + a4s4 + asss + a636

where ap =1,

RC(nx)
W=y R T ORI+ Ry) [FC (28 + Ry, + RO)

2 2.2, 4 2 2 (nx)>
IC R2C RR, CC , (nx)® RC“(nx)” (R, +R,.)
a2=( (nx) ” (nx) p_dar—dr + 1 dr +RR, Cd_C(mc}J
2! 4! 2! 3! e
. RC —_— RZC 2
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To find analytical equation for output and bandwidth/cutoff frequency of driver
interconnect load system, the transfer function (32) reduced to second order as in (33),
1
TF=——— (33)
ag * as +ay8
where ag=1, then roots of above expression is

, 2
_—al+ a —402

.S'l =

2
- -,f -4
i gy PN "2 (34)

2a, 2a,

2a2
2
. Jal — 432

which doesn’t affect the output response of system much and dominant time delay has higher

Insignificant time delay is the for which has lower time constant 7, =

time constant which majorly affects the output response of driver interconnect load system

2a
. &2 .
and its value 7 =— . . Output voltage expression for second order transfer

2
-a +Ja] - 4a2

function for given input of raising pulse from 0V to 1V, having a raise time of 1ps is given in

below expression (35)

12 3
10 T i AT
Vour = ["1‘"’2(%”2)”1’2‘* _— I} (35)

g K\

Bandwidth/cutoff frequency calculated using expression (36)

2
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(36)

4.2 Comparison of MLGNR and MWCNT

4.2.1 Bandwidths
The TF is used to calculate the bandwidth of MLGNR and Cu interconnects that can
be defined as the rahge of frequencies for which output signal is reconstructed without

loosing information. The dominating parameters of Cusc and Rese in MLGNR and Cu leads to

form an RC low pass filter that has a cutoff frequency approximates to /. = 1/27Rg5cCosc -
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The expression for transfer function (32) utilized to analyze the cutoff frequency (f;)
that depends on the parasitics of the MLGNR/ MWCNT interconnects as presented in Table
VII. The parasitics evaluated for the equivalent diameter of MWCNT and thickness of
MLGNR. The geometry of MWCNT and MLGNR is as shown in 2.3 (a) is conceived as
above ground having a fixed d and &, of 50nm and 2.2 respectively. A comparative analysis of
bandwidth (BW) is persuaded by altering interconnect lengths (/) and widths (w) as presented
in Figs. 4.2(a) and (b)respectively using expression (22). Irrespective of interconnects lengths
and widths, it is observed that the MLGNR demonstrates a higher bandwidth in contrast to the
MWCNT interconnects. The reason behind this is that the dominating parasitic C. of
MWCNT causes a lower value of /. in comparison to MLGNR as presented in Table 4.1.

f= : 37)

¢ 2 MRC(M) ] : J
T +RelyCap +C(nx)(R1+ Bgy- ) HC L (2R +Rggp+R(nx))

Table 4.1: MWCNT and MLGNR interconnects equivalent unit length parasitics

Quantitative values of parasitic for equivalent
Interconnect parasitic thickness and diameter of
MLGNR MWCNT
Ry, (Qpm) 149.99 21.10
L'm (nH/pm) 0.098 0.057
C;zsc (aF/um) 6.739 89.781
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Fig. 4.2: Absolute gain response of MLGNR and MWCNT for different (@) interconnect lengths (/) at 1 =
17.32nm (b) interconnect widths (w) at / =2500um
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4.2.2 Relative stability

What is system stability? For the application of bounded inputs, the response of system
should be a bounded then that system called as stable system. This stability depends on the
inputs and disturbances present inside the system. The relative stability concept arises for
comparison of stability of two stable systems. A system having higher switching delay and
lower peak over shoot system is relatively more stable as compared to other [31]. The Table-
4.2 presents the output rise time and percentage peak overshoot for different diameters and
thickness of MLGNR and MWCNT at different interconnect lengths. The values of percentage
peak overshoot and output rise time mainly influenced by the damping coefficient (¢), which
increases for higher values of interconnect parasitics at semi-global (/=500pum) and global
interconnect lengths (/=2500um) as denoted in (38). For local interconnect lengths (/=5pm),
the lower quantitative values of parasitics diminishes the value of ¢ lesser than 1, which results
under-damped condition. The as the damping factor decreases further, results in increase in

peak overshoot at output that effects lower system stability.

£=05(1+C, ;Ce&,,:)lfz [(o_sﬁesg +2R:+R ;. )[,}Cm / D )+ ( Resel +2Rc + Ry, ) fc LZ / LeseClse /2 ] (38)
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Figs. 4.3: Nyquist plots of MLGNR and MWCNT interconnects for different (a) interconnect lengths (/) at 1 =
17.32nm (b) interconnect widths (w) at /= Sum

Employing the Nyquist plots in Figs. 4.3(a) and 4.3(b) illustrates relative stability of
MLGNR and MWCNT for different interconnect lengths and widths. It noticed that
intersection points on X-axis in Figs. 4.3(a) and 4.3(b) moves away from the critical point (-1,

0) for increasing interconnect lengths that results greater system stability. By the observation
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of Fig 4.5 (a), MLGNR stability relatively lower in compared to MWCNT at local
interconnect lengths which can be described using the lower equivalent capacitance of
MLGNR as compared to MWCNT as denoted in Table 4.2. The lower value of capacitive
parasitic substantially decreases the value of ¢ that demonstrates lower system stability for

MLGNR in comparison to MWCNT interconnects.

Table 4.2: Percentage Peak Overshoot (Mp) and Switching Delay (7)) for the equivalent
diameter of MWCNT and thickness of MLGNR

Length / MLGNR MWCNT
Thickness (nm)
(um) My (%) T, (ns) M T, (ns)
370 5.86 0.0006 0 0.0867
3 10.52 2.8 0.0003 0 0.0058
17.32 19.7 0.0002 0.1 0.0015
372 0 3.05 0 50.1
500 10.52 0 1.63 0 3.46
17.32 0 0.57 0 1.51
372, 0 75.4 0 1250
2500 10.52 0 40.3 0 83
17.32 0 14.0 0 277

4.3 Comparison of MLGNR and Cu

Previous theoretical simulations, it has been predicted that undoped GNRs will
outperform the Cu interconnects for smaller widths less than 8nm whereas for doped
MLGNR shows much better performance for all thickness and widths due to higher
conducting channels (V). For deep submicron and nano-scale device dimensions, sidewalls
scatterings and grain boundary scatterings are most prominent in Cu interconnects which will
affect the performance of Cu interconnects. Using the similar width (w), thickness (f) and
length (/) for MLGNR and Cu interconnects, here illustrated a comparative analysis to
address the effect of propagation delay and power dissipation.

4.3.1 Delay and power

The DIL system as in Fig. 2.5 is used to measure the power dissipation and
propagation delay of MLGNR and Cu interconnects. The equivalent single conductor model
MLGNR and corresponding RLC model Cu represents the interconnect line in DIL system.

For a CMOS driver supplied voltage is 1V and given a input signal of 1V having a rise time

32



of 10ps used to drive the interconnect line, which has a load capacitance of 10aF. Using the
above-mentioned  setup, power dissipation and propagation delay performances are

compared by altering interconnect lengths from 100pm to 1000um.
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Fig. 4.4: MLGNR to Cu (a) delay and (b) power dissipation ratios at global interconnect lengths for altering

thickness.

Table-4.3: Delay and power dissipation improvement in for doped MLGNR as compared to
Cu interconnects

Thickness % improvement in delay for % improvement in power for
(nm) 100pum 500pm 1000pm 100pum 500pum 1000pm
5.75 88.01 89.79 90.11 49.39 49.39 54.04
11.50 85.13 88.97 89.61 50.93 50.93 57.17
17.25 83.78 88.44 89.42 5K12 51.12 59.14
23.00 81.91 87.98 89.27 51.32 51.32 60.61
28.75 80.05 87.53 89.15 51.47 51.47 61.21
34.50 78.46 87.10 89.04 51.57 51.57 61.57
40.25 77.11 86.67 88.92 51.66 51.66 61.72
46.00 75.76 86.25 88.82 51.69 51.69 61.81

Figs. 4.4(a) and 4.4(b) shows the ratio of neutral and doped MLGNR with Cu delay
and power dissipation ratios for varying thickness. It is observed that the MLGNR to Cu
delay and power ratio reduces at higher interconnect lengths and it varies negligibly with
variation in thickness. Additionally, the delay and power ratios are considerably reduced for
doped MLGNR as shown in Fig. 4.4(a) and Fig. 4.4(b) respectively. The reason behind this

reduction is the lower resistive and capacitive parasite that has a significant effect in delay
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and power dissipation. At higher doping concentration, the number of conducting channels in
MLGNR increases due to the increasing carrier density in each layer of MLGNR.

The higher number of conducting channels considerably reduces the equivalent
resistance and inductance values whereas dominating electrostatic capacitance is constant.
Therefore, a doped MLGNR interconnects results in least delay and power consumption as
compared to Cu interconnects. Table 4.3 shows the development in delay and power
dissipation in percentage, MLGNR as compared to Cu at different interconnect lengths. It is
observed that for a doped MLGNR, the overall power dissipation and propagation delay
performances are improved by 43.72%and 86.13% respectively as compared to the Cu

interconnects.

4.3.2 Performance comparison in frequency domain

Transfer function (TF) of DIL configuration in frequency-domain has presented based
on a rigorous analysis of the transmission parameters. Performances of DIL system not only
depend on interconnect parasitics but also substantial dependence on driver parasitics, which
has series resistance and output parasitic capacitance. Using transfer function, here analyzed
bandwidths of MLGNR and Cu for different interconnect lengths, widths and thickness.
MLGNR showed much better bandwidth as compared to Cu because of its lower RLC
parasitic values. In transient response, the output voltage that exceeds the steady state (final
value) during their rise and fall transitions referred as overshot. This overshoot represents a
distortion in signal, using Nyquist criterion it used to find relative stabilities of MLGNR

interconnects which tells distortion in output signal.

The open loop TF in equation (22) is used to calculate the absolute frequency
response by assuming fixed 4=50nm, /=1000pum, w=10nm and /=28.2nm for MLGNR and Cu
interconnects. Fig. 4.5(a) shows the absolute gain response of doped MLGNR and Cu
interconnects for different frequency and interconnect lengths ranging from Spm to 2500um.
It is observed that the doped MLGNR exhibits a significant improvement of 3dB bandwidth
in comparison to Cu at global lengths. The reason for this improvement can be explained as,
lower resistive and capacitive parasitics of doped MLGNR that significantly increases the
cutoff frequency (7).

For different widths, Fig. 4.5(b) exhibits the absolute gain response that specifies an
insignificant improvement in 3dB frequency for doped MLGNR for increasing widths due to
the reduction in equivalent scattering resistance is compensated by increase in electrostatic

capaciatnce. Whereas in case of Cu for increasing widths the reduction in scattering
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resistance is much higher as compared to electrostatic capacitance due to surface and edge

scattering diminishes for larger widths.
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Fig. 4.5: Absolute gain response of doped MLGNR and Cu interconnects for different (a) lengths, (b) widths, (c)
thickness and (d) doping density.

Fig. 4.5 (c) and Fig. 4.5 (d) illustartes that absolute gain response for increasing
thickness and doping density of MLGNR and Cu interconnects. For higher thickness and
doping density, a doped MLGNR exhibits a considerable improvement in 3dB bandwidth as
compared to Cu interconnects. With an increasing thickness and doping density, the
quantitative value of N, in doped MLGNR increases which in turn reduces the R, with a
constant value of C.,.. Therefore, the £, is considerably increased for lower values of R, and
C... associated with doped MLGNR interconnects. Thus, for higher thickness and doping,
MLGNR interconnects exhibits a considerable improvement in bandwidth as compared to Cu

interconnects.



4.4 Relative stability analysis of MLGNR interconnects

Nyquist plot is a parametric plot of a transfer function. which used to examine the
relative stability in signal transmission analysis. Stability is determined by using the number
of encirclements of the point at (-1, 0) [31]. Using the Nyquist plot, this section demonstrates
the relative stability of doped MLGNR for different interconnect lengths (/), widths (w),
thickness (#) and doping density (Ey) as indicated in Figs. 4.6(a), 4.6(b), 4.6(c) and 4.6(d)

respectively.
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Fig. 4.6: Nyquist plots of doped MLGNR interconnect for different (a) lengths, (b) widths, (c) thickness and (d)

doping density.

It is noticed that the encirclements are moving away from (-1, 0) for higher
interconnect lengths which in turn increases the system stability. A system considered as
stable for higher output switching delay (7,) and zero peak overshoot voltage (M,) as
indicated in Table 4.4, due to output damps much faster before it it reaching steady state
value. The quantitative values of 7, and M, primarily depends on the damping factor (&) that

increases for higher quantitative values of interconnect parasitics at global interconnect
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lengths (/=2500pum). For local interconnect lengths (/=5um), the lower parasitics reduces the
value of T, that results in a lower value of & less than 1. The least value of & is responsible for
lower stability of the system as it possess the under-damped condition. The time response of
under-damped system exhibits exponentially decaying oscillations before reaching to the
steady state value.

Table-4.4: Switching delay (7}) and % peak overshoot (M,) at different interconnect lengths

Constant Value of T, (in ps) for % Mp for
parameter parameter [=5um [=1000pm [=5um I=1000um
Snm 0.105 762 22.5 0 -
Widths 50nm 0.386 801 0.0 0
100nm 0.749 867 0.0 0
2.3nm 0.306 744 15.2 0
Thickness 28.2nm 0.108 757 11.1 0
56.9nm 0.096 385 4.0 0
OeV 0.239 890 11 0
Doping level " 0.6eV 0.108 757 7.04 0
leV 0.096 414 4.8 0

37



CHAPTER-5
PROCESS VARIATION EFFECTS ON MLGNR

PERFORMANCE

The performance of integrated circuits (ICs), adversely affected due to the shrinking
device dimensions of 32nm or below. During the manufacturing process, the circuit
performance becomes less predictable due to the poor control in physical parameters and
geometrical characteristics. Uncertainties due to the variations in fabrication process reflected
in variations of circuit parameters. Examples of the manufacturing variation are the variation
in geometrical process such as width, dielectric thickness, dielectric constant, doping

concentration etc for a multi-layer graphene nanoribbon (MLGNR) interconnects.

5.1 Modeling of process induced parameters variation

This chapter analyzes, deformations in interconnect due to process variations in
manufacturing process can lead to significant performance degradation in ULSI circuits due
to the variability of some geometrical quantities. In specific, the variability of the nano-wire
w, d, Fermi energy due to doping density variations. d, R, & and interlayer distance of the
external medium are considered. The cross-sectional geometry of doped MLGNR
interconnect is positioned above a conducting ground plane they are detached by a linear

dielectric material, having relative permittivity €, as shown in Fig. 2.5.

5.2 Analysis of performance deviations

This section primarily presents process variation effects on MLGNR interconnects to state the
effect of delay at different interconnect lengths and widths using Monte Carlo simulations.
Using DIL setup, having a CMOS driver, the nominal values of the propagation delays, in
addition to this worst and best case deviations with respect to nominal delays in relation to of
the interconnect length and widths are found. In this way, it is achieved that relative
robustness of the doped MLGNR interconnects is quantified as an indication that, at which
dimensions variation in propagation delay less sensitive to the process variations. Analysis of
90% delay performances for MLGNR interconnects with different number of layers for

varying lengths from local to global ranging from Sum to 2500um by using the geometries
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suggested in Fig. 2.3 (a). Simulation setup uses a driver-interconnect-load (DIL) system

employing CMOS driver at 32nm technology node for accurate estimation of delay, the

supply voltage of 1V and it terminated with a load capacitance C of 1fF as shown in Fig.

2.5.

Table-5.1: Percentage of variation of parameters and their ranges

Name of parameter Notation Ng;:lijr;al Variation Mi\:lilrﬂ :m l:_:aj:m:
Width (nm) w 25 +10% 22.5 27.5
Dielectric thickness (nm) D 200 +10% 180 220
Relative permittivity & 2.2 +10% 2.0 24
Contact resistance (k) R, 32 +50% 1.6 4.8
Doping variation (eV) Er 0.6 +10% 0.54 0.66
Mean free path (um) ) -3 1.04 +50% 0.52 1.56 |

Table-5.2: p.u.l parasitic
variation

variations

in MLGNR interconnects in indvidual parameter

Variation of _, Width Fermi Dielectric | Dielectric | Mean free
parameters Energy | Thickness | Constant Path
Nominal 356.9985 356.9985 356.9985 356.9985 356.9985
R,(ohm) Max 396.5991 398.6079 356.9985 356.9985 | 356.9985
Min 324.5729 322.6587 356.9985 356.9985 | 356.9985
Nominal 686.5356 686.5356 686.5356 686.5356 | 686.5356
Ry(ohm) Max 762.6906 766.5536 686.5356 686.5356 1373.071
Min 624.1787 620.4975 | 686.5356 686.5356 | 457.6904
Nominal 0.442789 0.442789 0.442789 0.442789 | 0.442789
Ly(nH) Max 0.491906 0.494397 | 0.442789 0.442789 | 0.442789
Min 0.402571 0.400197 0.442789 0.442789 | 0.442789
Nominal 2.51 2.51 2.51 2.51 251
LpH) Max 2.79111 2.51 2.7632 2.51 2.51
Min 2.28364 2.51 2.2608 251 2.51
Nominal 3613.46 3613.46 3613.46 3613.46 3613.46
C,(aF) Max 3974.453 3998.033 3613.46 3613.46 3613.46
Min 3252.655 3236.263 3613.46 3613.46 3613.46
Nominal 9.735 9.735 9.735 9.735 9.735
C.(aF) Max 10.7085 9.735 | 10.81666667 10.62 9.735
Min 8.7615 9.735 8.85 8.85 9.735
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As a result, it is evident that awareness not only in the nominal value of interconnect
performances and parameters, but also their variation range is required for a more
accurate comparison among the possible MLGNR aspect ratio alternatives and for an
effective and reliable design of the interconnect. Depending on the Monte Carlo approach
[33]. [34] a numerous number of simulations can be done for the variation of interconnect
parasitics due to process variations. These Monte Carlo simulations will trials will give range
of variation of delays corresponding variation of parameters in MLGNR interconnects due to

process variation effects.

5.3 Impact of process induced length variations on delay

Deviations in width of MLGNR ‘interconnects taken to consideration while remaining
all parameters kept constant makes change in all parasitic values as shown in table 5.2. The
width is directly proportional to number of conducting modes and C. in MLGNR, which will
affect the propagation delay. A+ is much higher as compared to A- because percentage
increases in resistance and inductance values more as compared to percentage of decrease
this effect much prominent in higher interconnect lengths.

Intercalative doping density of MLGNR varied, while remaining all parameters are
constant makes change in all parasitic values except L. and C. due to varying in number of
conducting channels as shown in table 5.2. In this case also A+ is much higher as compared
to A- because percentage increases in resistance and inductance values more as compared to
percentage of decrease this effect much prominent in higher interconnect lengths.

For deviation in dielectric thickness of MLGNR while remaining all parameters are
constant makes a change I, and C, and left over parasitics remains constant as shown table
5.2,

By varying mean free path of carriers in MLGNR while remaining all parameters are
constant makes change in only scattering resistance (R;) as shown in table 5.2. In this case
also A+ is much higher as compared to A- because percentage increases in scattering
resistance and inductance values more as compared to percentage of decrease this effect
much prominent in higher interconnect lengths.

For deviation in dielectric constant of MLGNR while remaining all parameters are
constant makes change in only electrostatic capacitance (C.) as shown in table 5.2. In this

case A+ and A- are comparable these are increases with length.
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Contact resistance of MLGNR depends on fabrication process and it is varied 50%,
while remaining all parameters are constant. In this case A+ and A- values are higher at lower
interconnect lengths because, contact resistance is comparable to scattering resistance. After
that A+ and A- values are decreasing with interconnect lengths due to scattering resistance

increases with lengths.
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Fig. 5.1: Performance deviations for variation of one parameter while remaining all unchanged parameter varied
for different interconnect lengths (a) width (b) doping (c) dielectric thickness, (d) mean free path, (e) dielectric

constant, (f) contact resistance (g) interlayer distance and (h) represents varying of all parameters at a time.

Fig. 5.1 (h) shows percentage deviation of interconnects performance from nominal
value to worst-case and best-case delays. This deviation more at global interconnect lengths,

because of variation in mean free path makes scattering resistance twice.

5.4 Impact of process induced width variations on delay

By varying widths of MLGNR while remaining all parameters are constant makes a
change in all parasitic values as shown in table 5.2. The width is directly proportional to
number of conducting modes and C, in MLGNR, which will affect the propagation delay. A+
is much higher as compared to A- because percentage increases in resistance and inductance
values more as compared to percentage of decrease this effect much prominent in higher
interconnect widths.

By varying intercalative doping density of MLGNR while remaining all parameters
are constant makes change in all parasitic values except L, and C, by varying in number of
conducting modes as shown in table 5.2. In this case also A+ is much higher as compared to
A- because percentage increases in resistance and inductance values more as compared to
percentage of decrease this effect much prominent in higher interconnect widths.

By varying dielectric thickness of MLGNR while remaining all parameters are
constant makes change L, and C, and remaining all parasitics are constant in table 5.2. A+
and A- are increases with interconnect widths due to large value of C..

By varying mean free path variation of MLGNR while remaining all parameters are

constant makes change in only scattering resistance (R;) as shown in table 5.2. In this case
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also A+ is much higher as compared to A- because percentage increases in scattering
resistance and inductance values more as compared to percentage of decrease this effect
much prominent in lower interconnect widths due to higher value of parasitic values.

By varying dielectric constant of MLGNR while remaining all parameters are
constant makes change in only electrostatic capacitance (C,) as shown in table 5.2. The effect
of variation of dielectric constant on performance shown in Fig. 5.1, where A+ is deviation
worst-case delay from nominal delay and A- is deviation of best-case delay from nominal
delay.

By variation in contact resistance of MLGNR while remaining all parameters are
constant. In this case A+ and A- values are higher at large interconnect widths because
scattering resistance is lower at wider widths so contact resistance effect will be considerable

factor at this dimension.
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constant, (f) contact resistance (g) interlayer distance and (h) represents varying of all parameters at a time
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Chapter 6
CONCLUSION AND FUTURE SCOPE

6.1 CONCLUSION

In nano-scale and deep-submicron regime, graphene nanoribbons (GNRs) are conceived
as an emerging interconnect material because of their high reluctance to electromigration and
other novel properties. Initially, the interconnect parasitics of an MLGNR is modeled using
the MTL formulation which is further simplified to an ESC model. For an input rising pulse
of 1V, the output voltage waveforms for both the MTL and the ESC models are in good
agreement with each other. MTL model used to analyze the time domain applications such as
propagation delay, average power dissipation, crosstalk, etc and ESC model used for

frequency domain applications such as gain, Nyquist plot and bandwidth.

A DIL system is used to analyze the propagation delay of SLGNR and MLGNR
interconnects. It has observed that an MLGNR with higher number of layers exhibits a
significant improvem.ent in delay as compared to SLGNR and MLGNR employing lower
number of layers. Moreover, an undoped MLGNR shows optimum delay and power
performance for 10 to 15 layers at global interconnect lengths. Apart from this, a capacitively
coupled interconnect line is used to analyze the crosstalk delay for different number of
MLGNR layers. The higher number of layers exhibits a significant improvement in crosstalk

delay as compared to the lower one.

The DIL system further employed to analyze the transfer function of an equivalent RLC
model. Depending on the transfer function, bandwidths and relative stability of MLGNR
compared with MWCNT and Cu interconnects. MLGNR exhibits much higher bandwidths
for local, intermediate and global interconnect dimensions as compared to MWCNT/Cu
interconnects. The relative stability of MLGNR is lower as compared to MWCNT/Cu at local
interconnect lengths and at global interconnects all DIL systems are highly stable. This
dissertation work ha§ introduced an analytical expession of 90% propagation delay that

shows a good accuracy with H-spice simulated results.

The uncertainties and variations in geometrical processes may produce a remarkable
alteration in interconnect dimensions. Monte Carlo approach has been adopted in order to

study the impact of process variations on MLGNR interconnects. This approach requires
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large numbers of simulation trials and is used to analyze the worst case delay and best delay

variations with respect to nominal delay.

6.2 FUTURE SCOPE

Here in this work we consider the RLC parasitic parameters MLGNR based on previous
modeling to verify this fabricate virtual MLGNR on software and do electromagnetic

simulations to get parasitics.
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Abstraci—Multi-layer graphene nanoribbons (MLGNRs) have
potentially provided attractive solution over single-layer GNR
(SLGNR) inferconnects. This research paper presents an
equivalent RLC model for GNR interconnects to study the effect
of propagation delay. A driver-interconnect-load (DIL) system
employing CMOS driver is used to analyze the performance. It
has been observed that the overall delay performance is
improved by 94.5% for MLGNR as compared to SLGNR.

Keywords-Graphene nanoribbon (GNR); single-layer GNR
(SLGNR); multi-layer GNR (MLGNR); propagation  delay;
interconnect lengths, VLSL.

I. INTRODUCTION

Recent development in science and technology indicates
that graphene nanoribbons (GNRs) have aroused a lot of
research interests for their potential applications in the area of
field effect devices and interconnects [1-4]. Ballistic transport
[5-7] in graphene makes it suitable for not only interconnects
but also for switching transistors. A monolithic system can be
constructed  using graphene for both transistors and
interconnects, Compared to silicon and even n or p-type
semiconductors, graphene has superior mobility. Theoretically,
it has been predicted that GNRs will outperform the Cu
interconnects for smaller widths less than 8nm [8]. For
nanoscale device dimensions, Cu interconnects is mostly
affected by grain boundaries and sidewalls scatterings [9].
Therefore, researchers are forced to find an alternative solution
for global VLSI interconnects.

Graphene is a sheet of graphite tightly packed into a two
dimensional (2D) honeycomb lattice structure, and can be
defined as a basic building block of graphite, carbon nanotubes
(CNTs), graphene nanoribbons (GNRs) etc. Since GNRs can
be considered as unrolled version of single walled carbon
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nanotubes (SWCNTSs), most of the electronic properties of
GNRs are similar to SWCNTs. In a high quality graphene
sheet, the mean free path (MFP) is ranging from 1-5um [10].
GNRs can carry large current densities more than 10* A/em?
[11] than that of regular interconnects such as Cu [10]. It offers
higher carrier mobilities that can reach upto 1,00,000 cm*v''s™
[11]. For outstanding electrical and thermal properties of
GNRs. it is necessary to understand the electronic band
structures of GNRs. The band structures of armchair and
zigzag edged GNRs (ac-GNRs and zz-GNRs) are calculated
using a tight binding model [12]. According to the tight binding
model [12], graphene is a zero bandgap semiconductor or semi
metal. Depending on chirality, GNRs can be classified as
armchair and zigzag GNRs (ac- and zz-GNRs) as shown in
Figs. 1(a) and 1(b) respectively. The ac-GNRs can be further
differentiated as metallic and semiconductor based on the
number of hexagonal rings (V) present across the width of
GNR that is fixed along with the length. In ac-GNRs, metallic
properties depends on the condition of N=3p-1 or 3p+2
whereas A=3p or 3p+1 satisfies the semiconducting properties
in which p can be defined as any integer. Apart from this, zz-
GNRs are always metallic independent of N. Depending on the
number of layers formed by the hexagonal rings of carbon
atoms, GNRs can be categorized as single-layer GNR
(SLGNR) and multi-layer GNR (MLGNR).

(a) o Armchair (b) - Zgung

o PEHHHEH
e20202020%
0039282000

w
N L T — L
(a) (b)

Fig.ure 1, GNR structures for (a) armchair and (b) zigzag chirality [12]



2012 5th International Conference on Computers and Devices for Communication (CODEC) TEA

This research paper primarily focuses on the comparison of
propagation delay for different lengths, widths and thickness
by considering the effects of long range scattering, acoustic
phonon scattering and line edge scattering [13, 14]. A
comparative analysis is performed between SLGNR and
MLGNE to address the effect of propagation delay. The
organization of this paper is as follows: section | introduces
the recent research scenario and briefs about the works carried
out. Section 1I presents the equivalent RLC models of SLGNR
and MLGNR whereas the details of simulation setup are
provided in section [ll. Comparative analysis of propagation
delay between different GNR structures is presented in section
IV. Finally, section V draws a brief summary of this paper.

[I. GNR INTERCONNECT MODEL

Equivalent RLC models of SLGNR and MLGNR primarily
depends on their basic geometries. Fig. 2 and Fig. 3 presents
the geometries and equivalent RLC models for SLGNR and
MLGNR respectively. Geometrically, the GNR layers are
placed on ground at a distance of &. The permittivity of the
medium above the ground is assumed as &, as shown in Fig, 2.

dz b
e R,
R AR =20 i
Wit e 1l=g.dg & — ————
d

‘ Didlictric &, i ’ Cielectic [A

Figure 2. Geometries of (a) SLGNR and its equivalent RLC model, (b)
MLGNR interconnect.

RYE LVE e[ /54 kL
. R‘:.:‘t _.!.':‘: i .__.: 7 ’ k=l ',-.(

Figure 3. Equivalent RLC model of MLGNR interconnect

Equivalent contact resistance (R.) of GNR interconnects
depends on their fabrication process. As per current fabrication
technology, GNR exhibits an imperfect contact resistance of
3.2k at both ends of the interconnect line. Apart from this, the
fundamental quantum resistance is associated with each GNR
layer that is due to the confinement of carriers in a quantum
wire. In general, the quantum resistance can be expressed as [8]

h/!ez :
=———— =129/ N, (1)

R
q N

ch Nfayer

978-1-4673-2620-9/12/$31.00 ©2012 IEEE

where h is Plank’s constant, e is electronic charge and N,
represents the number of conducting channels in a GNR sheet.
For SLGNR case, the denominator can be reduced to N,
because Ny, =1. Ny depends on the number of sub-bands,
width of GNR, Fermi energy, temperature and geometry (i.e.,
ac-GNR or zz-GNR). It can be formulated as [13]

Nep = Neh, electrons TV,

I 1
= .‘.:"[I + exy(h' =K /}( ?J] + :n]il + ev(!;' =K /K f]:[ (2 )
n, efectron  Ff B F o on holef B

where Ep is Fermi energy, £, ierons Eppore i the energies of
electron and holes, 7 is the temperature and Ky is Bolzman
constant, Equation (2) can be solved by using iterative method
and curve fitting methods [13]. Quantum capacitance (c,)
arises due to the quantum energies stored in carriers which is a
effect of quantum confinement and can be expreesed as [14]
4;:2 .
—— =193 aF / um (3)
hrF

where vp is the Fermi velocity of GNR = 8x10°m/s. On the
other hand, kinetic inductance (/;) is due to inertial mass of
mobile charge carriers that will oppose the change in electric
ficlds as an equivalent serics inductance. It can be expressed
as |14]

ch, holes

Cq , channel =

h
k) chapnet= "7 =8 nfl / yom (4)
4e 'I‘F
Thus for MLGNR, the total C, and /, can be expressed by

considering the total number of conducting channels N, [14]

2
4e N
o = 1 S20N  aF/ Hm (5)
q ch )
v
462y iy 2"
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k hv N -
” ch

The equivalent RLC' model of Fig. 3 comprises of p.i./.
magnetic inductance (/,) and electrostatic capacitance (e,) that
can be represented in terms of the stored energy in magnetic
and electric fields respectively. Therefore, the p.u.l /, and ¢,
can be expressed as [11]

Hnd

1, == nH  yom (7)
W
50\!'

cg= aF | um (8)
d

For the case of MLGNR. mutual inductance (/,) and
mutual capacitance (C,,) exists between two layers due to the
electron tunnel transport phenomenon. It can be given as [15]

G-y HoP
I:nj L.J) :FLHH ! om (9)
"
o
A L Ly (10)
s
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where w is defined as the width of MLGNR interconnects, 8 is
the interlayer distance of MLGNRs, po and g represents
magnetic permeability and electrostatic permittivity of free
space respectively.

The equivalent RLC model of Fig. 3 considers the
conductance modeling of GNR with scattering effect that was
first introduced in [8] using Landauer formula. The approach
of conductance modeling is used to find scattering resistance
(distributed resistance) of GNRs. Scattering resistance (R,) of
GNR interconnects is modelled by using various types and
sources of scattering that has an impact on charge carrier
transport [16]. The main sources of scattering in GNR is due
to static impurity scattering, defects, line edge roughness
scattering (LER) and acoustic phonon scattering [17-19]. The
impuritics present in graphene can result in long range
scattering of carriers. /; is the mean free path of carriers in
presence of impurities. For SLGNR, this typical value of 4, is
in the range of 1-5um [8]. In this paper, the quantitaive value
of 4, is considered as 4um and 0.42um for SLGNR and
MLGNR respectively. Therefore, by considering the effect of
different scattering mechanisms, the p.ul. resistance of "y
layer in MLGNR (as in Fig. 3) can be expressed as [15]

r("r.""l”] _ hi2e an

NepAL

I1I. SIMULATION SETUP

This research paper presenls a comparative analysis of
propagation delay for SLGNR and MLGNR at different
interconnect lengths ranging from 100pm to 500um using the
seometries suggested in [15]. A driver-interconnect-load
(DIL) system employing a CMOS driver is used to accurate
estimation of delay as shown in Fig. 4. The interconnect line
in DIL system is represented by the equivalent RLC models of
SLGNR and MLGNR. The interconnect line is terminated
with a load capacitance C; = 10al" [20].

Vip

Vv SLGNI/ MLGNR Inli.'r:nm'mt:ﬂ’—‘lk
in
.ICL

Figure 4, Driver interconnect load system

IV. RESULTS AND DISCUSSIONS

Using the above mentioned simulation setup, propagation
delay is compared for SLGNR and MLGNR. HSPICE circuit
simulations have been performed for SLGNR and MLGNR
that considers different number of layers such as 4, 10 and 20,
Fig. 5 through Fig. 9 presents a comparative analysis between
different GNR layers at global interconnect lengths. It is
observed that the delay increases for longer interconnect
lengths whereas reduces with increasing widths and number of
layers in GNRs. This fact can be realized by using the concept
of conducting channels that depends on the number of layers
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and widths of GNRs. From energy band diagram of graphene
[18], it can be understood that the number of conducting
channels varies with GNR width due to the flow of electron
concentration. The increasing width of GNR also increases the
number of conducting channels resulting in lesser propagation
delay. Apart from this, increasing number of layers resulting
in reduction of resistive parasitic as shown in equation (1).
Therefore, MLGNR with Ny, = 20 resulting in lesser effect of
delay as compared to SLGNR and MLGNR with N, = 4, 10.

Table 1 summarizes the percentage improvement in delay
for MLGNR (M= 20) with respect to SLGNR and MLGNR
(Niyer=4, 10). It is observed that the delay is significantly
improved for MLGNR Nj,.,=20 with increasing interconnect
lengths. Therefore, MLGNR with more number of layers is
useful for global interconnect lengths.

12 - m —m—SLGNR
L —e—MLGNRN, =4
1.0 —‘—i\-‘iLGNRNI.W=]U
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Figure 5. Propagation delay of GNR with varying widths at 100um
interconnects length.
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Figure 6. Propagation delay of GNR with varying widths at 200pm
interconnects length.

40
—ua—SLGNR
35" —@— MLGNR Nlayer=4
—&— MLGNR Nlayer=10
3.0 —w— MLGNR Nlayer=20
25
£
S

1S

é .
1.0
05
0.0

10 20 30 40 50
Width (nm)
Figure 7. Propagation delay of GNR with varying widths at 300um
interconnects length.



2012 5th International Conference on Computers and Devices for Communication (CODEC)

0 50

10 20 30 4
Width (nm)
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interconnects length,

TABLE L PERCENTAGE IMPROVEMENT IN PROPAGATION DELAY AT
GLOBAL INTERCONNECT LENGTHS
Interco- Widths % improvement in delay for MLGNR
nnect of GNRs (V1o =20) as compared to
lengths {nm) MLGNR MLGNR SLGNR
(pm) Niner=10 Ninem4 AN =1
100 10 55.12 91.53 96.00
50 3032 77.61 86,15
200 10 63.10 93.85 97.19
- 50 43.64 86.00 91.50
300 10 66.32 94 56 9742
50 50.91 89.27 93,50
400 10 68.12 94,90 97.65
50 55.63 9131 94.54
500 10 69.11 9523 97.77
50 58.86 92.41 95.40

V. CONCLUSION

This research paper presents equivalent RLC models of
GNR interconnects by considering the effect of scattering and
width of GNR. Propagation delay is compared for different
number of GNR layers using DIL system employing CMOS
driver. As compared to SLGNR, the delay performance is
significantly improved for MLGNR with increasing number of
layers for longer interconnect lengths. Therefore, MLGNR can
be proved as an emerging material for future high-speed
global VLSI interconnects.
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Absiraci—Multi-layer graphene nanoribbon (MLGNR) is a
potential candidate for deep-nanometer-interconnect applications
due to its superior conductivity and current carrying capabilities.
This research paper presents an equivalent RLC model for
MLGNR interconnects to study the dynamic crosstalk effect. A
two-coupled line bus architecture employing CMOS driver is
used to analyze the in-phase and out-phase crosstalk delays. On
an average, the in-phase and out-phase crosstalk delays are
improved by 4.75% and 18.04% respectively for MLGNR with
higher number of layers as compared to the lesser ones.

Keywords-Graphene nanoribbon (GNR); multi-layer GNR
(MLGNR); in-phase and out-phase delay; interconnects; VLSI.

I. INTRODUCTION

In recent nanoscale device dimensions, Cu interconnects
arc mostly affected by grain boundaries and sidewall
scatterings [1]. Therefore, researchers are forced to find an
alternative solution for global VLSI interconnects. Graphene is
considered as an emerging interconnect material [2-5] due to its
unique physical properties that includes higher current density,
thermal conductivity [6], long mean free path (MFP) [7] etc.
Due to long mfp. graphene exhibits the unique ballistic
transport [7-9] that makes it suitable for not only intcrconnects
but also for switching transistors. The resistivity of graphene
arises due to scattering of elecirons wherein the current carriers
participate in the transport.

Graphene is a sheet of graphite tightly packed into two
dimensional (2D) honeycomb lattice structure, and can be
defined as a basic building block of graphite, carbon nanotubes
(CNTs), graphene nanoribbons (GNRs) etc. Since GNRs can
be considered as unrolled version of single walled carbon

nanotubes (SWCNTSs), most of the electronic properties of

GNRs are similar to SWCNTs. In a high quality graphene
sheet, the mean free path (MFP) is ranging from 1- mm [10].
GNRs can carry large current densities of more than 10° Afeny’
[11] that of n.guiur interconnects such as Cu [10]. It ui“fcra
higher carrier mobilities that can reach upto 1,00,000 em?v’'s!
[11]. For outstanding clectrical and thermal properties of
(GNRs, it is necessary to understand the electronic band
structures of GNRs. The band structures of armchair and
zigzag edged GNRs (ac-GNRs and zz-GNRs) are caleulated
using tight binding model [12]. According to the tight binding
model [12], graphene is a zero bandgap semiconductor or semi
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metal, Depending on chirality, GNRs can be classified as
armchair and zigzag GNRs (ac- and zz-GNRs). The ac-GNRs
can be further differentiated as metallic and semiconductor
based on the number of hexagonal rings (V) present across the
width of GNR that is fixed along the length. The zz-GNRs are
always metallic independent of N, Depending on the number of
layers formed by the hexagonal rings of carbon atoms, GNRs
can be categorized as single-layer GNR (SLGNR) and multi-
layer GNR (MLGNR).

For conventional interconnects, crosstalk coupling may
cause signal delays, speed-ups and glitches (usually referred to
as crosstalk noise). [t can induce a delay on coupled lines with
negative impact on performance. The delay depends on several
factors. such as coupling capacitance, relative strength of
drivers (which may cause different skew rates in the signals),
and the relative transition time skew [13]. Apart from this,
crosstalk may cause an undesired voltage glitch on a bus line
due to fransition in one or more adjacent bus line. Therefore,
reliability is-a main concern of crosstalk effect. Crosstalk noise
in coupled lines can be broadly divided into two categories: (1)
functional crosstalk noise. and (2) dynamic crosstalk noise
[14]. Under functional crosstalk category, a victim line
experiences a voltage spike when an aggressor line switches
[15]. On the other hand. dynamic crosstalk is observed when
aggressor and victim line switches simultaneously. A change in

signal propagation delay is experienced under dynamic
crosstalk when adjacent line (aggressor and victim) switches
either in-phase or out-of-phase.

This research paper primarily focuses on the comparison of
dynamic crosstalk delay for different lengths, widths and
thickness of MLGNR by considering the effects of long range
scattering. acoustic phonon scattering and line edge scattering
[16, 17]. A comparative analysis is performed for MLGNR
with different number of layers to address the effect of
dynamic crosstalk delay. The organization of this paper is as
follows: section I introduces the recent research scenario and
briefs about the works carried out. Section II presents the
geometry and equivalent RLC models of MLGNR whereas the
details of simulation setup are provided in section IIL
Comparative analysis of in-phase and out-phase crosstalk
delays between different GNR structures is presented in
section IV. Finally, section V concludes the paper.



I. GEOMETRY AND EQUIVALENT RLC MODEL

Equivalent RLC model of MLGNR primarily depends on its
basic geometry. Fig. 1 and Fig. 2 present the geometry and
equivalent RLC model of MLGNR interconnects.
Geometrically, GNR with multiple layers is placed on ground
plane at a distance of d. The permittivity of the medium above
the ground plane is assumed as &, as shown in Fig. 1. The width
and thickness of the MLGNR are considered as w and ¢
respectively. The interlayer distance § = 0.34nm presents the
vander waals gap between two carbon atoms [9].

Dielectric € a

b — L)
Figure 1. Geometries of MLGNR above ground plane
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Figure 2. Equivalent RL.C model of MLGNE interconnect

Equivalent contact resistance (£.) of GNR interconnects
depends on their fabrication process. As per current fabrication
technology, GNR exhibits an imperfect contact resistance of
3.2kQ at both ends of the interconnect line, Apart from this, the
fundamental quantum resistance is associated with each GNR
layer that is due to the confinement of carriers in a quantum
wire. In general, the quantum resistance can be expressed as [9]
3 £
R, = 7 = 12.94Q/ Ny (1)

NenNi, ayer
where A is known as Planck’s constant, e is electron charge
and N represents the number of conducting channels in a
GNR sheet. N, depends on the number of sub-bands, width of
GNR, Fermi energy, temperature and geometry (i.e., ac-GNR
or zz-GNR). It can be formulated as [16]

New = Nop, electrons  Neh, holes

1 -1
=:"|: _.“{}:rr_ eleitron r}X K;sr]:| T Z"[’w'\{_ﬁﬁ En_ hu.".:l-'l; Kn! ]} (2)

where £ is the Fermi energy, £, o Eppopeare the energies
of electron and holes, 7'is the temperature and K is Bolzman
constant. Equation (2) can be solved by using iterative method
and curve fitting methods [16]. Quantum capacitance (( )
arises due to the quantum energies stored in carriers which is a

elfect of quantum confinement and can be expreesed as [17]
2
e

q, cliannel =~
v

(

4l

=193 al | um (3)
where v, is the Fermi velocity of GNR = 8+10°m/s [9]. On the
other hand, kinetic inductance (/;) is due to inertial mass of
mobile charge carriers that will oppose the change in electric
fields as an equivalent series inductance. It can be expressed
as [17]
It
I =
k| channel 2
&y
Thus for MLLGNR. the total C, and /; can be expressed by
considering the total number of conducting channels N, [17]
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The equivalent RLC model of Fig. 2 comprises of p.u.l.

magnetic inductance (/.) and electrostatic capacitance (¢,) that
can be represented in terms of the stored energy in magnetic
and electric ficlds respectively. Therefore, the pawl. /. and ¢,
can be expressed as [12]

Hod -
o= (—f.'."f J um (7)
W
St
Cp = ——al | (8)
d

For the case of MLGNR. mutual inductance (/,) and
mutual capaecitance {C,,) exists between two layers due to the
electron tunnel transport phenomenon. It can be given as [ 18]

(L) Mgl

L =——nH [ um (9)

i
(r=Ls) _ 2%
m

&
where w is defined as the width of MLGNR interconnects, 8 is
the interlayer distance of MLGNRs, u, and g, represents
magnetic permeability and electrostatic permittivity of free
space respectively.

The equivalent RLC model of Fig. 2 considers the
conductance modeling of GNR with scattering effect that was
first introduced in [9] using Landauer formula. The approach
of conductance modeling is used to find scattering resistance
(distributed resistance) of GNRs. Scattering resistance (R,) of
GNR interconnects is modelled by using various types and

L al | ym (10)
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sources of scattering that has an impact on charge carrier
transport [19]. The main sources of scattering in GNR is due
to static impurity scattering, defects, line edge roughness
scattering (LER) and acoustic phonon scattering [20-23]. The
impuritics present in graphene resulting in long range
scattering of carriers. 4; is the mean free path of carriers in
presence of impurities. This resaerch paper considers the
quantitaive value of Z; as 4pm for MLGNR [9]. Therefore, by
considering the effect of different scattering mechanisms. the
p.el. resistance t)l'j“' layer in MLGNR (as in Fig. 2) can be
expressed as [18]

2

i f hi2e”
!_U-JJ"‘— (1

Nt'l‘i}[f,

I11. SIMULATION SETUP

Using a two-coupled line bus architecture, crosstalk delay
is estimated for MLGNR with different number of layers as
shown in Fig. 3. Out of these two lines, one is referred as
aggressors and the other one is as victim. The coupling
capacitance (Cry) demonstrates the crosstalk eflect that
primarily depends on the spacing (S,) between aggressor and
victim lines and can be expressed as [24]

0.5 d X

I' ) i e —— L f,‘ I * r
M BCPI-S f2RE |2
: 1+ (S I."Jl_.' o+ u’}}: [ ! a—v/ a-vi
=/

0.87 ,
. il ¢ | (12)
1+ [2r+d) [CP] 8
a =V a—v

where Cyep represents the capacitance to ground of the bottom
side of the layer and Cy is the coupling capacitance between
two co-planar plates [24]. The interconnect line in bus
architccture can be replaced by MLGNR with different
number of layers. A CMOS driver is used for accurate
estimation of crosstalk delay. The bus architccture has the
following values of load capacitance (Cy) and power supply
voltages (V) €, = 10aF and Vg, = 1V [25]. Crosstalk delay is
analyzed for the following two cases: (1) in-phase and (2) out-
phase. To analyze the effect of dynamic crosstalk, different
global interconnect lengths ranging from 100pum to. 500pm
with an increasing step size of 100pm are used for simulation

purpose.
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Figure 3 Two-coupled line bus architecture
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IV. RESULTS AND DISCUSSIONS

Using the above mentioned setup, dynamic crosstalk
delays (in-phase and out-phase) are observed for MLGNR
interconnects. HSPICE  circuit simulations have been
performed for MLGNR with different number of layers such
as 4, 10 and 20. Fig. 4 through Fig. 6 presents the variation of
crosstalk delays with interconnects lengths for different
number of GNR lavers. It is observed that the crosstalk delays
increases with interconnect lengths whereas the increment of
out-phase delay is more as compared to the in-phase delay.
This fact can be realized by the effect of Miller Coupling
Factor (MCF) [15]. This factor mainly influences the coupling
capacitance (Cey) between aggressor and victim lines as seen
in Fig. 3. The effect of MCT can be observed for the following
two cases: (1) when the two wires (aggressor and victim)
transition is in the same direction (in-phase), the Cey has no
effect and thus MCF=0 and (2) the worst case occurs for
opposite transition (out-phase) in aggressor and victim line
which leads the factor MCF=2. Therefore. the out-phase
crosstalk delay can be concluded as worst case delay in high-

speed global VLSI interconnects.

5 4]

T T T T Y T T T
[ —O— Inphase delay .

~—®— Outphase delay /

-3

=

In-phase delay (ns)
ra -
=N

1
e
{su) Avpap ssegd-1ng)

\

=

100 200 300 400 500
Interconnect lengths (Lm)
Figure 4, Propagation delay with varying interconnects lengths for MLGNR of

fVJ’u_w.l' =4
5.0

45
40 _

Cy T 1 Tt 1T
4.5 F—0— Inphase delay e
4.0 :,.—.—Oulphasedein,\'

N\

Z3s5F 135
Z30F d30%
o 2 A 4256
32.0 - e EU&
E15F 4 158
[~ o - -
é 1.0 - - Lo 2
05 Jos5~
0.0 " 1 L 1 i 1 i 3 0.0

100 200 360 400 500
Interconnect lengths (um)

Figure 5. Propagation delay with varying interconneets lengths for MLGNR of
Wisger= 10

50 —————T——T7——T1— 30
4.5 [—0— Inphase delay (ns) e 143
4.0 [-—®— Outphase delay (ns) 4 40
75k Jis5e
‘.?;:‘ 3.0 - o - \:UE_
o 25 - 256k
e~ - L
320F q20g
= 15+ - 15z
Z10f / 103
05 b = d05~
1] P S EEE R ]

160 200 300 400 500
Interconnect length (pm)
Figure 6. Propagation delay with varying interconnects lengths for MLGNR of
Niger= 20

474 2012 International Conference on Communications, Devices and Intelligent Systens (CODIS)



Table [ summarizes the percentage improvement in
crosstalk delays tor MLGNR (N, = 20) with respect to
MLGNR (Npyer = 4. 10). It is observed that propagation delay
under the influence of crosstalk is significantly improved for
MLGNR N,,,,~20 for higher interconnect lengths. This fact
can be understood using the concept of conducting channels
that depends on the number of layers and widths of GNRs.
From energy band diagram of graphene [18]. it can be realized
that the number of conducting channels varies with thickness
of GNR layers due to the flow of electron concentration. The
increasing thickness of GNR also increases the number of
conducting channels resulting in lesser delay. Therefore,
MLGNR with Ny, = 20 has lesser crosstalk effect as
compared to the MLGNR with N, = 4 and 10.

TABLE L PERCENTAGE IMPROVEMENT IN CROSSTALK DELAYS FOR
MLGNR (N,_y:n=20) AT GLOBAL INTERCONNECT LENGTHS

% improvement in in-phase % improvement in out-
Titerconnect delay for MLGNR phase delay for MLGNR
fengths (um) (Mimven=20) w, .4, (Niayers=20) w.r.t.
Nisyer =3 Niww =10 | Nipu=4 | Nae=10 |
100 221 0.83 14.78 254
200 278 1.03 15.40 396
300 3.63 1.19 17,22 414
400 5.31 2,03 1873 ‘ 438
500 9.86 387 24,06 6.81

V. CONCLUSION

This rescarch paper presents equivalent RLC model of
MLGNR interconnects by considering the effect of scattering
and width of GNR. Propagation delay under the effect of
dynamic crosstalk is compared for different number of GNR
layers using two-coupled line bus architecture employing
CMOS driver. The crosstalk delay is significantly improved
for MLGNR with higher number of layers at global
interconnect lengths as compared to the lower one. Therefore,
MLGNR with higher number of lavers can be considered as
potential material for future high-speed global VLSI
interconnects.
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Analysis of MWCNT and MLGNR
Interconnects: Impact on Delay and Area

Manoj Kumar Majumder, Narasimha Reddy K., B. K. Kaushik and S. K. Manhas

Abstract—This letter presents a comparative analysis between
multi-layer GNR (MLGNR) and multi-walled CNT (MWCNT) at
different global interconnect lengths in terms of delay and area,
An accurate analytical model of MLGNR and MWCNT is
presented in time domain by using both the multi-conductor
transmission line (MTL) formulation and the equivalent single
conductor (ESC) model. Using a driver-interconnect-load system,
an analytical expression of delay is proposed that exhibits
significant accuracy. As compared to the HSPICE simulation
results, the analytical delay model exhibits an average error of
6.29% and 9.37% for MLGNR and MWCNT interconnects,
respectively. It is observed that the similar delay performance is
obtained for fewer numbers of shells using MWCNT as
compared to the number of MLGNR layers. Therefore, on an
average, an MWONT requires 54.5% lesser area as compared to
the MLGNR interconnects for the similar performance of delay.

Index Terms—Multi-walled carbon nanotube (MWOCNT),
muiti-layer graphene nanoribbon (MLGNR), interconnect,
nanotechnology, propagation delay, area.

I. INTRODUCTION

URING recent past, multi-walled carbon nanotubes
(MWCNTs) and multi-layer graphene nanoribbons
(MLGNRs) have drawn much attention in scientific research
due to their unique physical properties such as high thermal
conductivity, current carrying capability, mechanical strength,
etc |1-4]). MLGNRs can be considered as unrolled MWCNTs
formed by hexagonal rings of carbon atoms. Both the
MWCNT and MLGNR can support large current densities
upto 10°A/cm® and have long mean free paths ranging from 1-
5um. However. from the fabrication point of view, MLGNR is
preferred over MWCNT due to its better controllability [1, 2].
This letter primarily analyzes the delay performance for
MLGNR and MWCNT based driver-interconnect-load (DIL)
system. The interconnect line in DIL, driven by a CMOS
driver, is modeled by using an equivalent single conductor
(ESC) line of either an MLGNR or an MWCNT interconnect
as shown in Fig. 1. Using the DIL setup, an analytical
expression is presented for output voltage waveform and
delay. At different interconnect lengths; the number of shells
in MWCNT is obtained for a delay performance that is
equivalent to a fixed numbers of layers in MLGNR. Later on,
the area comparisons are also made,
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Flectronics and Communication Engineering, Indian Institute of Technology
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II. ESC MODEL

Based on the multi-conductor transmission line (MTL)
formulation [2], this section presents an ESC model of
MLGNR and MWCNT interconnects. The MLGNR (or
MWCNT) have s numbers of layers (or shells) with an
interlayer (or intershell) distance d = 0.34nm |2, 4]. The total
number of layers (Nj,.) and shells (Nyer) in MLGNR and
MWOCNT primarily depends on their thickness and outershell
diameter (D). respectively. Therefore, the areas of
MLGNR and MWCNT are obtained as (= w.i) and
::{Dom,-;z]z respectively, where w, f represents the width and
thickness of MLGNR respectively.

The ESC model of MLGNR or MWCNT is shown in Fig. 1
where the interconnect parasitics (i.e., resistance, inductance
and capacitance) are modeled using the number of conducting
channels (V) associated with each layer (or shell) in MLGNR
(or MWCNT). N, takes into accounts the effect of spin and
sub-lattice degeneracy of carbon atoms and depends on the
number of sub-bands. Fermi energy, temperature and
dimensions of MLGNR and MWCNT [4]. N, for MLGNR
and MWCNT can be expressed as [3, 4]

'\'I(_‘,‘l(fvﬂf;:'\-"ﬂ) =dp +apw+ a:wz + G3EF + a4w£‘;.- +as E% U )
D >dy [T
D; = d_":' fr'; T

Newpwent) =k +kz,

= 2(3,

(2)

and

where, ay 1o a5 are the constant parameters for metallic GNRs
at room temperature (300K) with Fermi energy E-> 0 [3]. On
the other hand, D, represents the diameter of i shell in
MWCNT, &; and &, are equivalent to 2.04 x 10"nm™ K™ and
0.425 respectively [4]. The thermal energy of electrons and the
gap between the sub-bands determines the quantitative value
of dy which is equivalent to 1300nmK at room temperature
(T=300K) [4]. Thus, the total numbers of conducting channels
(Npw) in an MLGNR (or MWCNT) are obtained by the
summation of N, associated with each layer (or shell).

The Ny is used to model the scattering resistance (R psc)
that primarily arises due to the confinement of carriers in a
quantum wire (i.e., CNT) having length longer than the mean
free path (mfp) of electrons and can be expressed as (3).
MLGNR or MWCNT interconnect is terminated by a lumped
contact resistance (R.gzsc) that exhibits the imperfect metal-
nanotube contact resistance with a typical value of 3.2k [4].

Risc =}’/4*'2Nm.-af )
The effective p.u./. total inductance (L gse) in Fig. 1 is the
summation of kinetic and magnetic inductances that primarily




represents the stored energy in magnetic field and inertial
mass of mobile charge carriers respectively. Therefore, the
effective pul kinetic (Lyee) and magnetic (L .zse)
inductances of the ESC model can be expressed as |2, 4]

ks Lk0/Neotat - Where L, = b/ 2e%vp: (4)
and ‘{‘IEESC o (UNmm!)[m-‘-‘ﬂ ."f":r;fJ'SCU] (5)
where v represents the Fermi velocity of CNT and graphene =
8x10°m/s and C.pgcp is the effective p.ul electrostatic
capacitance of the ESC embedded in free space.

The outermost shell in MWOCNT experiences an
electrostatic capacitance (Clpse) with respect to the ground
that appears in series with the quantum capacnance (Cqm} as
shown in Fig. 1. Therefore, the effective p.u./. Cescand Cqm
can be expressed as [1, 2]

C;ES’C = [2’5';‘}"305}1‘_' (H.-'JDm.-fer)] (6)
j here C 2/
C:;ESC = Nmm’rcqg, where qu =2e"/Ivp (7}

where H represents the distance between the center of
MWCNT and ground plane.

< qENC :
e T
Fig, 1, A driver-interconnect-load systc?n. constituted by the ESC model of
either an MLGNR or an MWCNT interconnect

[I. TRANSIENT ANALYSIS OF MTL AND ESC MODELS
The transient analysis of the DIL (Fig. 1) is oblained using
both the conventional MTL [2] and the reduced ESC models.
The interconnect line is terminated by a load capacitance C; =
10fF. For a rising input of 1V, the output response in
frequency domain can be expressed as

Vour (s)= (CQ+CE]

(s)  (8)
R cocgcy+icy (co+cp Lopcs] |

a‘n
+sf2reg(co+ce J+RCoCE}+(Co+CE)

Taking inverse Laplace Transform,
i (ERCL+RC‘QCE(CQ+CE]J+(CQ+CE-)J
e+ ){(n /r,hfz];”fl}

For a gwen interconnect length L R= (Rgpqc“"R esch), L =
Lissed, Co= qmu' and Cy; = Cogel. In expression (9), 1; and 7,
represents the time constants and can be expressed as
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The output voltage waveforms for MLGNR and MWCNT

at different interconnect lengths of 100, 500 and 1000ums are

shown in Figs. 2(a) and 2(b) respectively. It is observed that

the output responses using the MTL and ESC models are in
good agreement with each other.
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Fig. 2. Transient waveforms of the output voltages of (a) MLGNR (Nu,,, = 40)
and (b) MWENT (N ey = 10) interconnects

[V. AREA AND DELAY ANALYSIS

The transient  performance of the DIL system is
characterized by the 90% time delay 7eg,. The 7ege, is obtained
using the transient response of the DIL setup, constituted by
either an MLGNR or an MWCNT interconnect as shown in
Fig. 1. Thus, e, can be expressed as

2224

- (L)
BB 44
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Using the analytical expression of (11), propagation delay is
compared with the simulation results for MLGNR and
MWCNT having different numbers of layers and shells as
shown in Figs. 3(a} and 3(b) respectively. As compared to the
HSPICE simulation results, the proposed delay model exhibits
an average error of 6.29% and 9.37% for MLGNR and
MWCOCNT interconnects respectively. Apart from this, Table |
summarizes the number of shells and area in an MWCNT vis-
a-vis the number of layers and area in an MLGNR for same
delay at different global interconnect lengths. The percentage
reduction in area for MWCNT as compared to the MLGNR is
provided in Table IL

As the number of shells in MWCNT and the number of

layers in MLGNR increases, the N, value of MWCNT and
MLGNR increases. The higher value of N, effectively
reduces the resistive and inductive parasitics that in turn
significantly lowers the delay as shown in Fig. 3. As observed
in Table I, a similar delay performance is achieved for fewer
numbers of shells using MWCNTS in comparison (o the layers

in an MLGNR that encouragingly results in the reduction of

area using MWCNT interconnects. Furthermore, Table 11
presents an improvement in percentage savings in arez for
MWCNT. The savings are more pronounced for higher
number of MLGNR layers. On an average, an MWOCNT
requires 54.5% lesser area in comparison to the MLGNR
interconnects.

]

A



t ] AURE
60 .00+ Amalytical -+ 0+ Analytical
140 F —=— Simulation 250 —®— Simulation 5
. 120t N, =4 gk P
R 3 ’ a wald e
e & Sisop
;? L1 3 Pl E\ s x
= 6ok 2 100f A9
S w0 /:’-4.,"'20 ¥yt : / B T
q sof T e
n T =
20} ./' 4_,...-—*“"' N, =10
M.J%. L= _——l:ﬂ:‘ L
ops=p=——"" i Al 0 i A PR |
200 400 600800 100D 200 400 600 B0G 1000
Interconnect lengths (um) Interconnect lengths (um)

(a) (b)
Fig. 3. Propagation delay with varying interconnect lengths for (a) different
number of layers in MLGNR and (b) different number of shells in MWCNT

TABLEI
DEMONSTRATION OF AREA FOR MLGNR AND MWCNT INTERCONNECTS
Interc- For same delay, the numbers of shells and area (nm®) in
onnect MWOCNT for the MLGNR layers and area of
length | Ny Area= Niyer Area= Nigyor Area=
(pm) =4 13.6nm* | =20 64.6nm* =40 132.6nm*
100 4 7.26 7 20,26 g 33457
200 4 7.26 7 20.26 9 32,57
500 4 7.26 8 26.05 10 39.82
800 5 10.87 g 32.57 11 47.76
1000 5 10.87 9 3257 12 56.45
TABLE II

PERCENTAGE REDUCTION IN AREA OF MWCNTSs w1t 7. MLGNRS FOR
SIMILAR DELAY PERFORMANCE

Number of layers in Percentage reduction in area at different lengths
MLGNRS (Area in (pm) of
nm?) 100 200 500 800 1000
4(13.6) 46.6 46.6 46.6 20,1 20,1
20 (64.6) 68.6 68.6 59.7 49.6 49.6
40 (132.6) 754 754 | 699 | 638 | 574

V. CONCLUSION

This paper presented the transient voltage responses to a
rising input for conventional MTL and the reduced ESC
models. The obtained results are in good agreement with each
other which validates the propesed ESC model. Using ESC
model in DIL setup, an analytical expression of delay is
obtained that exhibits an average error of 6.29% and 9.37% as
compared to the simulation results for MLGNR and MWCNT
interconnects, respectively. For same delay performance, the
overall arca is reduced by 54.5% for MWCNT as compared to
the MLGNR at different interconnect lengths.
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Abstract—Multi-layer graphene nanoribbon (MLGNR) can be
considered as an emerging interconnect material in current deep-
submicron and nano scale technology. This research paper
presents an equivalent RLC model for MLGNR interconnects
that is primarily based on the geometry. Using the RLC model,
propagation delay, power dissipation and power-delay product
are analyzed for different number of layers in MLGNR. Based on
{he simulation results, approximate number of layers have been
calculated for optimized delay and power performances at global
interconnect lengths.

Keywords—Graphene nanoribbon (GNR), multi-layer GNR
(MLGNR), interconnect, propagation delay, power dissipation,
power delay product (PDP), VLSI,

. INTRODUCTION

In modern VLSI technology, on-chip interconnect
communication between devices and circuit blocks has become
a complex and challenging task. The connection between
miniaturized and closely packed transistors requires reduced
wire cross-sections in the local levels, while the rapid growth
of functional density and chip size leads to longer-distance
communication in the global levels. Now-a-days, interconnect
delay plays in a significant role with aggressive device scaling
and becomes significant in the continuous improvements in
device density and speed. As illustrated by the International
Technology Roadmap for Semiconductors (ITRS 2010y [1].
interconnect RLC delay dominates the gate delay in advanced
technology nodes. Each international technology working
group (ITWG) has identified the needs of new materials to
meet future technology requirements, and it has assessed the
potential for low dimensional materials [2].

Graphene, a two dimensional mono-atomic thick building
block of a carbon allotrope, has emerged as an exotic material
of the 21st century, and has received world-wide attention due
to ambipolar carrier conduction [3]. Graphene has higher
carrier mobility of more than 10°cm*/V-sec, and a defect
density of ~1x10"%cm® [4]. This mobility is better than the
mobility reported for small gap InSb and also is practically
independent of temperature, thus opening the possibility of
room temperature ballistic transport at the sub-micrometer
scale. Theoretically, it has been predicted that graphene
nanoribbons (GNRs) will outperform the Cu interconnects for
smaller widths less than 8nm [5]. The electronic states of
GNRs largely depend on the edge structures. Zigzag edges
provide the edge localized state with non-bonding molecular
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orbital’s near the Fermi energy. They are expected to have
large changes in optical and electronic properties from
quantization [6-8]. Calculations based on tight binding model
predict that zigzag GNRs are always metallic while armchairs
can be either metallic or semiconducting, depending on their
width i.e.. on number of hexagonal rings (V) present across the
width of GNR that is fixed along with the length. However,
recent DFT calculations show that armchair GNRs are
semiconducting with an energy gap scaling with the inverse of
the- GNR width [9-10]. In ac-GNRs, metallic properties
depends on the condition of N=3p-1 or 3p+2 whereas N=3p or
3pt1 satisfies the semiconducting properties in which p can be
defined as an integer [9-11]. Apart from this, zz-GNRs are
always metallic independent of N, where N is the number of
hexagonal rings present across the width. Depending on the
number of layers formed by the hexagonal rings of carbon
atoms. GNRs can be categorized as single-layer GNR
(SLGNR) and multi-layer GNR (MLGNR). The electrical
conductance of SLGNR is relatively high. Hence, the modern
interconnect applications prefer MLGNR  because of their
reduced equivalent resistance [12, 13].

This research paper primarily focuses on the analysis of
propagation delay and ~power dissipation for MLGNR
interconnects with different number of layers. Based on the
simulation - results, power-delay product (PDP) is also
calculated at different global interconnect lengths from where
optimum delay and power performances have been achieved.
The organization of this research paper is as follows. Section |
introduces the current research scenario and briefs about the
structures and properties of GNRs. Section II presents the
equivalent RLC models of MLGNR interconnects whereas the
details of simulation setup are provided in section III.
Comparative analysis of propagation delay and power
dissipation for different MLGNR layers is presented in section
1V. Finally, section V concludes the paper.

II. EQUIVALENT RLC MODEL FOR MLGNR INTERCONNECTS

The geometry of MLGNR over a metallic plane is shown
in Fig. 1. The MLGNR is made of Nig, of single GNR layers
with lengths /, thickness ¢ and width . As per the fabrication
technology, the distance between two layers in MLGNR can
be considered as 5=0.34nm. The number of graphene layers in
MLGNR can be expressed as [13]

N g™ 1+ fn.reger[r/ ] } (1)
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Figure 1. Geometry of MLGNR and its equivalent RLC model
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Figure 2. Equivalent RLC model of MLGNR interconnects

Based on geometry, an equivalent RLC model of MLGNR
interconnect is shown in Fig. 2, where R¢, Ry and Rgrepresent
the equivalent resistances introduced by the imperfect contacts,
the quantum effect, and the carriers scatterings, respectively.
Contact resistance (Rye = 3.2kQ) of MLGNR primarily
depends on the quality of contact that can be determined during
fabrication process. Quantum resistance (R,) of each layer
exists due to confinement of carriers in a quantum wire and can
be expressed as [13-16]

;:/23

Nch Nfaye r

R

g =129 m/svch (2)

where /4 is known as Planck’s constant, e is the electron charge
and N, represents the number of conducting channels in a
MLGNR sheet. N, depends on the number of sub-bands, width
of GNR, Fermi energy, temperature and geometry (ie., ac-
GNR or zz-GNR). It can be formulated as [16]

Nt:h = Nt'h,eier:.fmns # Nch, holes

=Zn l‘ * "q’(ﬁn..—mwu - Er/""ar)r * E"J.' ”‘P(EF L F-n.;,,,;,/"n'f')f' (3)

where Ep is the Fermi energy. £, cecirom Ennore are the energies
of electron and holes, 7'is the temperature and Ky is Boltzmann
constant. Equation (3) can be solved by using iterative method
and curve fitting methods [16]. Quantum capacitance (C,)
exists due to the quantum energies stored in carriers that is a
effect of quantum confinement and can be expressed as [17]
2
2 o 19saF (4)

quhanne! = i
where vy is the Fermi velocity of GNR = 8x10°m/s [9]. Apart

from this, kinetic inductance (/) of MLGNR can be defined as
the inertial mass of mobile charge carriers that will oppose the
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change in electric fields as an equivalent series inductance. It
can be expressed as [17]
h

L, =
kichannel de 2»-

= 8nH (5)
F
Therefore. the total C, and /; of an MLGNR depends on the

total number of conducting channels V., and can be expressed
as [17]

46" N
G m——R OO N o (6)
o ,in-F ch
4“"2N; 5
! = . (7
k b\F Ach

The equivalent RLC model of Fig. 2 comprises of p.u./
magnetic inductance (/,) and electrostatic capacitance (c,) that
can be represented in terms of the stored energy in magnetic
and electric fields respectively. Apart from this. per unit length
mutual ecapacitance ((,) and mutual inductance (/,) exists
between two GNR layers due to the electron tunnel transport
phenomenon. It can be expressed as [13]

LR Eaw )
U 0" o o )
1 Hgd
!:',f ) Sl yr ) Lm (9)

w

where u, and &, represents magnetic permeability and
electrostatic permittivity of free space respectively

III. SMULATION SETUP

This research paper analyzes the power and delay
performances for MLGNR with different number of layers at
global interconnect lengths ranging from 100um to 1000um by
using the geometries suggested in [18]. Simulation setup uses a
driver-interconneci-load  (DIL) system employing CMOS

driver at 32nm technology node for accurate estimation of

delay. The reason behind is that transistor in a CMOS gate
operates partially in linear region and partially in saturation
region during switching, But, a transistor can be accurately
approximated by a resistor only in the linear region. In the
saturation region, the transistor is more accurately modeled as a
current source with a parallel high resistance. The DIL system
is driving by a supply voltage (VFyp) = 1V and terminated with
a load capacitance C; of 10aF [18] as shown in Fig. 3.

VDD

V. | MLGNR Interconnect
In

Lo
L

Figure 3. A driver-interconnect-load system
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