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Crosstalk induced overshoot/undershoot effects inmultilayer graphene nano ribbon interconnects (MLGNRs) are
investigated with the help of ABCD parameter matrix approach for intermediate level interconnects at both
11nmand 8nm technologynode. Theworst case crosstalk inducedpeak overshoot voltage for perfectly specular,
doped multilayer zigzag GNR interconnects is comparable to that of copper interconnects. The performance of
neutral GNR interconnects is better than that of its doped counterpart with respect to peak crosstalk overshoot.
But from the perspective of overall overshoot width and overshoot area contribution, perfectly specular, doped
MLGNR interconnects outperform all other alternatives. As far as the effective electric field across the gate
oxide is concerned, the doped MLGNR interconnects outperform neutral ones and copper interconnects for all
the cases. It is estimated that the doped perfectly specular multilayer GNR interconnects have gate oxide failure
rates (AFR) of ~240× and ~790× lesser than copper interconnects for 11 nm and 8 nm technology node respec-
tively. So, from the gate oxide reliability perspective, perfectly specular, doped multilayer zigzag GNR intercon-
nects are great advantageous to copper interconnects for the future integrated circuit technology generations.

© 2016 Elsevier Ltd. All rights reserved.

Keywords:
Crosstalk
Overshoot/undershoot
Multilayer Graphene Nano Ribbon (MLGNR)
Interconnects
ABCD parameter
Specular
Neutral
Gate oxide failure rate
AFR
Gate oxide reliability
Integrated circuit

1. Introduction

Interconnects play a major role in the system performance and reli-
ability of future generation integrated circuits. According to ITRS-2013
roadmap [1], wire width and current density of Cu based interconnects
are expected to reach 8 nm and 4.91 × 106 A/cm2 respectively in the
year 2027. Also, resistivity of Cu wire (i.e., expected to reach 10.81 μΩ-
cm in the year 2027) increases with miniaturization of feature sizes
due to interface and grain boundary scattering [2]. So, increased Joule
heating (i.e., due to high resistance of the copper wire) leads to reduc-
tion of electro-migration lifetime and in turnoverall current carrying ca-
pacity [3,4] is severely impacted. These bottlenecks of conventional Cu
based interconnects demand some innovative solutions to overcome
the critical challenges in performance, scaling, and reliability for fu-
ture-generation on-chip interconnects.

Because of their exceptional electrical performance, 1D and 2D car-
bon nanostructures (i.e., carbon nanotube, graphene nanoribbon)
have been considered as a potential alternative solution to Cu based in-
terconnects. A comparison of the various properties of several intercon-
nect materials is shown in Table 1.

Theoretically it has been shown that graphene has excellent trans-
port properties, thermal conductivity, mechanical robustness [5–7],
lower resistivity, higher maximum current density, and lower capaci-
tance compared to copper in nanoscale dimensions [8]. Moreover,
graphene is also advantageous because of its simpler fabrication pro-
cesses, better material control and reproducibility, compared to multi-
walled carbon nanotubes (MWCNT), a 1D carbon based nanostructure
and a potential alternative interconnect material. Graphene-based in-
terconnects could be used under various scenarios, such as carbon/
metal hybrid interconnects, direct interface to graphene-based devices
(switch, RF, memory, NEMS, etc.), and local level interconnects with
huge demands in wire width scaling, current-carrying density, or
cross-talk tolerance. Recently, graphene interconnect has been integrat-
edwith CMOS ring oscillatorwith an operating frequency of 1.3 GHz [9].

The compact physics based circuit model is developed for armchair
and zigzag GNR interconnects in [10,11]. The performance of various

Microelectronics Reliability 63 (2016) 231–238

⁎ Corresponding author.
E-mail addresses: manodipansahoo@gmail.com (M. Sahoo), hafizur@vlsi.iiests.ac.in

(H. Rahaman).
1 This is the specimen author footnote.
2 Another author footnote, but a little more.

http://dx.doi.org/10.1016/j.microrel.2016.06.017
0026-2714/© 2016 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Microelectronics Reliability

j ourna l homepage: www.e lsev ie r .com/ locate /mr

http://crossmark.crossref.org/dialog/?doi=10.1016/j.microrel.2016.06.017&domain=pdf
http://dx.doi.org/10.1016/j.microrel.2016.06.017
mailto:hafizur@vlsi.iiests.ac.in
http://dx.doi.org/10.1016/j.microrel.2016.06.017
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/mr


types of GNR interconnects i.e., neutral, intercalation doped has been
studied in [12]. The impact of various model parameters (i.e., bandgap,
mean free path, Fermi level, and edge specularity) on the conductance
and the delay is discussed comprehensively in this work. A stability
analysis for GNR interconnect is performed in [13]. In this work, the de-
pendence of the degree of relative stability for multilayer GNR (MLGNR)
interconnects on the geometry of each nanoribbon has been studied. In
[14], Das and Rahaman have performed crosstalk analysis in GNR inter-
connects and its impact on gate oxide reliability. Recently Crosstalk in-
duced effects (i.e., delay and noise) are analyzed in multilayer GNR
interconnects in [15–17]. In all these works, transient responses of the
signals are analyzed using equivalent single-conductor (ESC) model at
22 nm and 14 nm technology nodes.

In all the above mentioned methods, the crosstalk induced effects
are analyzed using SPICE simulations. However, to ensure circuit perfor-
mance and reliability, interconnect analysis must be considered at the
early phases of the design cycle. On-chip interconnects can be analyzed
based on either simulation techniques or closed-form analytic formulas.
Simulation tools like SPICE use numerical integration or convolution
techniques for producing very accurate results. However, these tech-
niques are computationally expensive to be used at the full-chip level
[18]. Therefore, a non-SPICE basedmodel is necessary to develop for an-
alyzing crosstalk induced effects in the high density, high speed chips.
The ABCDparametermatrix basedmodel has been proposed for analyz-
ing crosstalk induced delay and noise in SWCNT bundle interconnects
[19], MWCNT bundle interconnects [20,21] and multilayer GNR inter-
connects [22].

1.1. Contributions of the paper

The novel contributions of the work are summarized below:

• In this work, ABCD parameter matrix based model is utilized to ana-
lyze crosstalk induced overshoot/undershoot effects in multilayer
neutral and doped zigzag GNR interconnects of various specularity
at both 11 nm and 8 nm technology node.

• From the estimated overshoot/undershoot voltage, gate oxide reliabil-
ity is analyzed. It is found that doped perfectly specular multilayer
GNR interconnects have gate oxide failure rates (AFR) of ~240× and
~790× lesser than copper interconnects for 11 nm and 8 nm technol-
ogy node respectively.
The rest of the paper is organized as follows. Section 2 presents the
electrical model for both copper and graphene based interconnects.
Section 3 briefly discusses the crosstalk induced overshoot/under-
shoot effects. Section 4 explains the gate oxide reliability. Section 5
focusses on results. Finally the conclusions are drawn in Section 6.

2. Electrical equivalent model

2.1. Equivalent electrical parameters of copper interconnect

Fig. 1 shows a conventional copper interconnect system. In the figure
shown, parameters rp, lp, Cgp and Ccp denote per unit length (p.u.l)

resistance, self-inductance, electrostatic ground capacitance and electro-
static coupling capacitance between adjacent wires respectively.
Inverting buffers are used to implement the driver and load is capacitive,
denoted by Ci (i.e., it basically corresponds to the input capacitance of the
load inverting buffer). Here, buffers are modeled as an equivalent RC cir-
cuit with a high degree of accuracy [23]. The parameters of the buffers are
Rd, Co and Ci. Rd, Co and Ci are the equivalent switching resistance, equiva-
lent diffusion capacitance and equivalent gate capacitance of a minimum
sized inverter buffer. The RC parameters (i.e., Rd, Co and Ci for the driver/
load buffer for various technology nodes are shown in Table 2. The tech-
nology parameters for various levels of copper interconnects are obtained
from ITRS-2013 roadmap and shown in Table 3 [1]. The analytical equa-
tions used to calculate distributed RLC parameters (i.e., rp, lp, Cgp and
Ccp) of copper interconnect are shown below in Eq. (1)–(4) [24]. RLC pa-
rameters of the copper interconnect are shown in Tables 4 and 5.
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where, L is length,w is width, t is thickness, ρ is resistivity, ht is height of
the interconnect above ground plane, s is spacing between adjacent inter-
connects, εr is dielectric constant, ε0 is permittivity in the free space and μ0
is permeability in the free space.

2.2. Electrical modeling of multilayer GNR interconnects

In graphene, the carbon atoms are arranged in a honeycomb struc-
ture. Depending on the orientation of carbon atoms, the edge of the
graphene sheet is either armchair or zigzag. Zigzag GNR (i.e., zz-GNR)
is alwaysmetallic whereas armchair GNR can be either semiconducting
or metallic depending upon geometry (chirality). For interconnect

Table 1
Various properties of the key interconnect materials.

Properties Cu W SWCNT MWCNT Graphene

Max. current density (in A/cm2) 107 108 109 109 109

Thermal conductivity (in 103

W/m-K)
0.385 0.173 1.75–5.8 3.0 3–5

Melting point (in K) 1356 3695 3800 3800 3800
Mean free path at room
temperature (in nm)

40 33 103 2.5×104 103

Temperature coeff. of resistance
(10−3/K)

4.0 4.5 1.1 −1.37 −1.47

Fig. 1. Electrical equivalent model of a typical copper interconnect system.

Table 2
RC parameters of the inverting buffer for various technology nodes.

Parameters 11 nm 8 nm

Rd (in KΩ) 42.1 65.8
Co (in fF) 0.012 0.007
Ci (in fF) 0.036 0.021
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