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ABSTRACT Based on transmission line modeling, a new technology of collaborative applying the ultra-
low-k dielectric and the high-k dielectric materials in coupled multilayer graphene nanoribbon (MLGNR)
interconnects (i.e., case 4) to reduce propagation delay and to expand 3-dB bandwidth of the conventional
pristine (undoped) MLGNR interconnects is proposed in this paper. By using the decoupling technique
and ABCD parameter matrix approach, the transfer function of the equivalent circuit model for coupled
MLGNR interconnects is derived to obtain step response, propagation delay, transfer gain and 3-dB
bandwidth under in-phase and out-of-phase crosstalk modes at global level of 7.5 nm technology node,
which is based on the defined four cases. The results show that the maximum reduction of propagation delay
between the proposed new technology (case 4) and the conventional MLGNR interconnects (case 1) can
reach 15.911 ns at out-of-phase crosstalk mode for an interconnect length of 4000 pm. The corresponding
3-dB bandwidth for them can be expanded over 2.978 times in the same length as the former. It is
demonstrated that the proposed case 4 can obviously reduce the propagation delay and enhance the
transfer gain and 3-dB bandwidth compared with the conventional case 1. Moreover, it is found that the
coupled MLGNR interconnect under in-phase mode outperform that under out-of-phase mode in terms of
propagation delay, transfer gain and 3-dB bandwidth at the same condition. In addition, it is manifested
that the victim line of two-line coupled MLGNR interconnects have lesser propagation delay, higher
transfer gain and larger 3-dB bandwidth, as compared to three-line coupled MLGNR interconnects at the
same case. The proposed new technology in this paper would be beneficial to improve the performance of
MLGNR interconnects and to provide the guidelines for the design of next generation on-chip MLGNR
interconnect system.

INDEX TERMS MLGNR interconnects, step response, propagation delay, transfer gain, 3-dB bandwidth,
ultra-low-k dielectric, high-k dielectric.

I. INTRODUCTION circuits, a series of performance degradation on the conven-
With the continuous advancement of semiconductor manu- tional copper (Cu) based interconnects have been reported,
facturing technology in very large-scale integrated (VLSI) such as the larger resistivity, electro-migration and smaller
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current capacity problems [1]-[3]. Due to the outstanding
electrical, mechanical and thermal properties, graphene mate-
rial has captured considerable attention from the researchers
that is regarded as a potential alternative to the tradi-
tional Cu for next-generation on-chip interconnect applica-
tions [4], [5]. High quality graphene has a long mean free
path (MFP) on the order of several micrometers far over
Cu material, which leads to a lower resistivity and achieves
the ballistic transport at the shorter interconnects [6]—[8].
Moreover, graphene can carry a higher current density of
the order of 10° A/cm? in comparison to its Cu coun-
terpart that effectively alleviates the electro-migration phe-
nomenon [9], [10]. Graphene nanoribbon (GNR) is a narrow
strip of graphene sheet that can be divided into multilayer
GNR (MLGNR) and single-layer GNR (SLGNR) accord-
ing to its stacked number of layers. Owing to the larger
intrinsic resistance of SLGNR, it is not suitable for on-chip
interconnects [11]-[13]. Depending on the types of connec-
tion with surrounding devices or interconnects, MLGNR can
be further classified into top contact MLGNR (TC-MLGNR)
and side contact MLGNR (SC-MLGNR) [9], [14], [15]. In
the former, only the top most layer is connected to other
contacts, whereas all layers are coupled with the surround-
ing contacts in the latter. Hence the unique connection
of SC-MLGNR enables it to have a smaller resistance
when compared with TC-MLGNR. Therefore, SC-MLGNR
is selected as the interconnect material in this work.

Although SC-MLGNR has a host of excellent electrical
performance, there are still some limitation to be solved
in the practical application on-chip interconnects. The SC-
MLGNR is easy to be converted into graphite due to the
interlayer electron hopping, which results in reducing its
electron MFP and thereby increasing the distributed scat-
tering resistance [16]. The reason for the interlayer electron
hopping phenomenon is that the carbon-carbon bond lengths
are modulated by the elastic strain of the stacked multiple
layers [16], [17]. As a consequence, it is crucial to seek
an alternative structure for enhancing the MFP of SC-
MLGNR. Over the past few years, it is reported that the
carrier mobility of GNR layers can be improved by inserting
the high-k dielectric layer between two adjacent GNR layers,
hence its MFP could be improved [16], [18]. This can restrict
SC-MLGNR to turn into the graphite and improve the total
number of graphene layers of SC-MLGNR interconnects.
In [16], the number of graphene layers can reach 60 by
inserting the HfO, dielectric between adjacent GNR layers
at 22 nm technology node. Moreover, inserting the high-k
dielectric layer in SC-MLGNR can also decrease the electron
scattering rate of GNR and thus reduce the overall resistance
of SC-MLGNR interconnects [19].

In order to fabricate the proposed interconnect structure,
as shown in Fig. 1, which can be done by applying the
atom layer deposition (ALD) technique. On the basis of the
available literature, a series of dielectric materials could be
grown on the graphene layer by using the well-developed
technique. As reported in Refs. [20]-[22], the hexagonal
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FIGURE 1. The schematic structure of two-line coupled MLGNR
interconnects with a thin dielectric material (¢5) inserted between
adjacent GNR layers, and MLGNR interconnects surrounding the insulator
dielectric medium (gy).

boron nitride h-BN, aluminum oxide Al,O3; and hafnium
oxide HfO, have been deposited on graphene layer by using
ALD technique. The advantage of using the ALD technique
can achieve the precise control of the film thickness and
uniformity [16].

In view of the interconnect width scaling down to the
nanometer order at the end of the roadmap, the propaga-
tion delay and transfer gain of global level interconnects
in VLSI circuits have become paramount consideration fac-
tors due to the longer interconnect distance. In the past
few years, a multitude of studies with respect to these
issues on MLGNR interconnect system have been done.
In [23], [24], Kaur et al. and Bhattacharya et al. investi-
gated the propagation delay of MLGNR interconnect system.
In [15], [25], [26], the propagation delay and power dis-
sipation for the single-line of MLGNR interconnect are
analyzed. In [8], [27], [28], the model of propagation delay
and transfer gain of MLGNR interconnect are presented.
However, the works mentioned above are only focused on
establishing the mathematical model, while the optimization
method for reducing the propagation delay and enhancing
the transfer gain of on-chip MLGNR interconnects is not
proposed. Accordingly, it is urgent to seek a new technology
to further improve the MLGNR interconnect performance
in the VLSI circuits at the end of the roadmap. In our
previous paper [6], the ultra-low-k dielectric material (nano-
glass) replacing the traditional SiO, dielectric medium in
coupled MLGNR interconnects to reduce the propagation
delay and crosstalk noise and to enhance the transfer gain
is proposed. Meanwhile, in [16], [19], it is reported that
inserting the high-k dielectric (HfO,) material between adja-
cent GNR layers in SC-MLGNR interconnect can reduce the
propagation delay, crosstalk noise and energy-delay-product.
Therefore, we propose a new technology of collaborative
applying the ultra-low-k dielectric material (nanoglass) and
the high-k dielectric material (HfO;) in coupled multilayer
graphene nanoribbon (MLGNR) interconnects to further
improve the performance of propagation delay and transfer
gain of on-chip interconnect in this paper.

To the best of our knowledge, it can be found that
most literatures concerning the SC-MLGNR interconnects
are only investigated on the performance parameters in
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the time domain. Apparently, there is no doubt that the
performance parameter of SC-MLGNR interconnects in the
frequency domain is also the extremely significant consider-
ation factor for providing the guideline to design the on-chip
interconnect in VLSI circuits. Bandwidth denotes the capa-
bility of data transmitting for a system, which plays a vital
role in an on-chip interconnect system [29], [30]. For an
on-chip interconnect system, a larger bandwidth can remark-
able reduce the total time to convey a certain number of
data [2], [31]. However, so far the study regarding the 3-dB
bandwidth of the SC-MLGNR interconnects is still rare.
Based on the aforementioned discussion, besides the prop-
agation delay and transfer gain, a mathematical model for
3-dB bandwidth of the SC-MLGNR interconnects by replac-
ing the conventional SC-MLGNR structure with the proposed
new technology is also presented in this paper.

Il. ELECTRICAL MODELING OF MLGNR INTERCONNECTS
A. TWO-LINE COUPLED MLGNR INTERCONNECT

A typical schematic structure of two-line coupled MLGNR
interconnects placed above the ground plane at a distance
T,y is depicted in Fig. 1. Here W, S, Ty, Tox, €1 and
&y are line width, line space, line height, thickness of the
insulator dielectric medium, relative dielectric constant of
the insulator dielectric medium and relative dielectric con-
stant of interlayer dielectric material between two adjacent
GNR layers, respectively. Here the common SiOy (i.e.,
&1 = 3.9) insulator dielectric medium can be replaced by
the ultra-low-k dielectric material, such as the nanoglass
(i.e., &1 = 1.3), to obtain a better interconnect performance
as reported in [6]. In addition, here the conventional (pris-
tine) MLGNR by inserting the high-k dielectric material
(HfO,) between successive GNR layers can also improve
the performance of MLGNR interconnects. For the conven-
tional MLGNR, the gap between two adjacent GNR layers
is not filled with the high-k dielectric material and can be
regarded as a vacuum layer (i.e., &2 = 1). In this work,
we investigated the effect of the MLGNR by inserting the
hafnium oxide HfO, (i.e., &5 = 25) between two adjacent
GNR layers on the performance of MLGNR interconnect.
The total number of layers for MLGNR interconnect is
dependent on the line height 7,, and can be calculated
as Niyer = Integer[Ty,,/26 + 1/2]. Wherein the operator
Integer[.] denotes that only the integer part for a decimal
is considered. The thicknesses of each GNR layer and the
separation distance between adjacent GNR layers are all §
(=0.34nm) [16], [26].

An equivalent distributed circuit model of two-line cou-
pled MLGNR interconnects with driver resistance Rp, driver
capacitance Cp and load capacitance Cy, for aggressor and
victim lines is shown in Fig. 2, where the coupled MLGNR
interconnects is composed of lumped and distributed parts.

As exhibited in Fig. 2, Rj, and Ry are the lumped
resistance and per unit length (p.u.l.) distributed scatter-
ing resistance, respectively. The lumped resistance Ry, is
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FIGURE 2. The equivalent distributed circuit model of two-line coupled
MLGNR interconnects with the drivers and loads.

Victim Line

comprised of quantum resistance R, and nonideal con-
tact resistance R., where they are equally arranged at two
symmetrical ports of the equivalent circuit. The distributed
scattering resistance Ry exists only when the interconnect
length Lg,, is larger than the effective mean free path (MFP)
Aefr- They can be expressed as [32],

R R
Ry =R, +Rq = - i s (D
Nlayer “Nen Nlayer “Nen
Rygm
RdS = Nlayer'Nch')‘eﬁ‘ Lgnr = )\'eﬂ (2)
0 Lonr < Aef-

Here, R, represents the monolayer nonideal contact resis-
tance and its value is in the range from 1 K to 20 K2 [33].
Ryn denotes the monolayer quantum resistance and can
be written as Ry, = h/2e2 (herein & is Plank’s constant
and e is electron charge). N, is the total number of con-
ducting channels of monolayer GNR and can be computed
by [29], [34],

N¢p = ag + ag ~W+a2~W2+a3-Ef+a4'Ef~W
+ as - Ef. (3)

wherein ap to as represent the parameters for zigzag
MLGNR (zz-MLGNR) under the room temperature (300K)
when the value of Fermi energy Ey is greater than O [34].
Owing to the total number of conducting channels of zigzag
MLGNR (zz-MLGNR) exceeding the armchair MLGNR
(ac-MLGNR), hence the zz-MLGNR interconnect possesses
a smaller distributed scattering resistance when compared
with ac-MLGNR interconnect. Therefore, only the zz-
MLGNR as the interconnect material is discussed in this
work. The mathematical expression of the MFP A, of
MLGNR interconnect with inserting the high-k dielectric
material between adjacent GNR layers is given by [16], [19],

Aeff = TVf. “4)

Herein 7 and vy are the scattering time and Fermi velocity
of electrons in graphene (= 8 - 10° m/s), respectively. The
mathematical expression of scattering rate 7' of GNR with
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a thin dielectric material inserted between adjacent GNR
layers is deduced as below [19],

-1 ni 7
T = 2kapf do
ne Jo

2
. 2hvreren\ . (0 27 (ks ’
x (51n(9)/(<7r + 2 ) sm<§> +4— %(TV]“) ))
&)

where kr = (n,)? denotes the Fermi momentum. n; and
n, represent the impurity concentration and electron concen-
tration in graphene, respectively [16]. &, kp and T are the
reduced Planck’s constant, Boltzmann’s constant and refer-
ence temperature, respectively. o is the vacuum dielectric
constant. Herein, in order to investigate the impact of high-
k dielectric material on the performance of SC-MLGNR
interconnects, the relative dielectric constant &; is adopted to
represent the different interlayer dielectric materials inserted
between adjacent GNR layers in this work.

The total distributed capacitance Cr of MLGNR
interconnects consists of the equivalent quantum capaci-
tance C,, and the electrostatic capacitance C,;, and their
relationship can be expressed as Equation (6). The p.u.l.
equivalent quantum capacitance C.; can be solved by
applying a recursive method as follows [11], [32], [35], [42],

—1
cT=<1 +i> , ©)

2
Che = Cug = 46,15“”, )
cl,. = ( L i>_l +Cn (8)
cizl ' Gy “
Cog = Ch". )

Here C,,, represents the p.ul. quantum capacitance of
monolayer GNR. C,, denotes the p.u.l. coupling capacitance
between adjacent GNR layers and can be written as C,,, = &3
goW /4. Similarly, for analyzing the effect of the ultra-low-
k dielectric material on the performance of SC-MLGNR
interconnects, the relative dielectric constant & is introduced
to distinguish different insulator dielectric mediums in this
paper. The p.u.l. electrostatic capacitance C,; is contributed
by the interconnect dimension and relative dielectric constant
&1 of insulator dielectric medium, which can be expressed

as [25],
T-W
4. Tox ‘

wherein M [.] can be defined as [36],

2-
1n((2+2~«4/17y2>/(17 :‘/17;/2))’ U=r=3

C61=81-80~M[tanh< (10)

M= 2m(32F) Loy
™ = ) h=r=h

(11)

The total distributed inductance Ly of MLGNR

interconnects includes the equivalent kinetic inductance L,
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and magnetic inductance L,,,. Being similar to the situation
of the equivalent quantum capacitance C,4, the p.u.l. equiv-
alent kinetic inductance L., also can be obtained by using
a recursive scheme as below [11], [35], [42],

LY. = Ly = h/4e*vNey, (12)
I —< L, 1)_1 (13)
rec Li;cl + Lm Lk s
Na ver
Leg = Lo (14)

Here, Lj is the p.u.l. kinetic inductance of monolayer
GNR. L, represents the p.u.l. coupling inductance between
adjacent GNR layers and can be calculated as L,, = uod/W
(here wo = 8.854 - 1012 is the vacuum magnetic perme-
ability). Therefore, the total distributed inductance Ly of
MLGNR interconnect can be illustrated as,

MOTox

LTZLeq+Lma=Leq+ W .

As displayed in Fig. 2, the effects of coupling capacitance
C. and mutual inductance M,, on the dynamic crosstalk
of the coupled MLGNR interconnects must be taken into
account. The mathematical expressions of p.u.l. C. and M,
are formulated as follows [6], [33],

5)

0.5 Tonr 2-T,
1+< s ) / /
(Tgnr+Tox)
0.87 c <W> (16)
1+ (_5/2 )2 s )
(Tgnr"'Tox)
o 2
My =—Inl —— —1). 17
"= o n<S+W > 17)
Here Cipcp)(x,y) and Cicpj(x) are defined as below,
€1 €0
Ciaep)(x,y) = > - M[Kscp(x, )], (18)
€1 €0
Ciep(x) = - M[Kicp()]. (19)

where the function M [.] is illustrated in Equation (11),
K[BCP] (x,y) and K[CP] (x) are exhibited in [6], [36].

B. THREE-LINE COUPLED MLGNR INTERCONNECT

In the practice application, multiple line structure is more
common in VLSI circuits. Therefore, the simple two-line
coupled interconnects are not sufficient enough to validate
the signal coupling crosstalk effects. For the sake of improv-
ing the generality of our model, this section also takes
three-line coupled MLGNR interconnects into account, as
shown in Fig. 4. And regarding RLC parameters can be
obtained on the basis of aforementioned method.

1ll. CROSSTALK DELAY AND BANDWIDTH MODEL

In order to conveniently analyze the circuit model depicted
in Fig. 2, the coupled-two identical interconnects can be
divided into two independent line by applying the decoupling
technique. The equivalent circuit model of the decoupled
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FIGURE 3. The equivalent distributed circuit model of the decoupled
victim line by using the decoupling technique.
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FIGURE 4. The equivalent distributed circuit model of three-line coupled
MLGNR interconnects with the drivers and loads.

I

Aggressor Line

victim MLGNR line is shown in Fig. 3, where k is the
switching factor that indicates the switching direction of
input signals of two-line coupled MLGNR interconnects.
The dynamic crosstalk includes in-phase crosstalk and out-
of-phase crosstalk modes. For the switching factor k, k = 1
and k = —1 are defined to distinguish the corresponding
crosstalk modes, that is the aggressor and victim MLGNR
lines switching in the same direction and opposite direction
at the same time, respectively.

Obviously, it is indispensable to study the coupled line
structure over two-line because its interconnect crosstalk is
more complex. Therefore, in this work, an equivalent circuit
of three-line coupled MLGNR interconnects is presented as
shown in Fig. 4. Here, we adopted the decoupling method
presented in [40] to obtain its equivalent capacitance and
inductance parameters. Based on the [40], each switching
case can be symbolized as “1” (i.e., switching from logic
0 to logic 1), “|” (i.e., switching from logic 1 to logic 0)
and “0” (i.e., the quiet state). All of the switching patterns
for three-line coupled interconnects can be expressed as the
linear combination of three fundamental switching modes
G.e., “t17, “110 (0 1)” and “1 0 |”). Take “| 1] as an
instance, it can be expressed as({1|) = %{(TTT) + 21
0) +2(0 {1}
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In order to investigate the step response, propagation delay,
frequency response and bandwidth of coupled MLGNR
interconnect, it is crucial to derive the transfer function
of input-output interconnect system by applying the ABCD
parameter matrix approach. As shown in Fig. 3, the total
ABCD parameter matrix of the decoupled victim MLGNR
line can be deduced as [6],

Ar Br]_[1 Rp| [ 1 0] 1 B
CT DT - 0 1 SCD 1 0 1
N i A

M cosh(6Lgnr) 0 1
(20)

wherein 6 and Z are the propagation constant and characteris-
tic impedance of the decoupled victim MLGNR line and their
mathematical expressions are exhibited in Equations (21)
and (22), respectively. Due to the existing of coupling
capacitance C, and mutual inductance M,,, the total dis-
tributed capacitance Cg and total distributed inductance Lg
of the decoupled victim MLGNR line can be rewritten as
Ce=Cr+ ({0 —kC. and Lg = Lt + kM,,, respectively.

=/ (Rys +sLg) - sCg, (21)
R L
7 = M_ (22)
SCE

Based on the principle of ABCD matrix approach, input
voltage can be expressed as a function of output voltage and
output current. Hence, combining with the relationship of
output current and output voltage of I,,(s) = sCr - Vi (s),
the transfer function of the decoupled victim MLGNR line
is deduced as below,

Vio(s) N 1
V53i(s) At + sCLBT
1
= . 23
1 4 bys + bys? + b3s3 + bys? (23)
Here, the transfer function is adopted a fourth-order pade’s
expansion, which can obtain the signal integrity characteris-
tics at the output port of the MLGNR interconnect system.
The all coefficients for the Equation (23) can be listed as
follows,

H(s) =

1
by = ELﬁ,,erxCE + CpRp + CL(Ri, + Rp)

1
+ LgnrRDCE + ELgnrRluCE + LganLRdSa (233)
1
by M%@wﬂ-mm+@MMww
1
+ 6L§,,,,CERdsRD + 3 LonrCoRDR1Ci + CpRpR1Cy

1 1
+ — D ganERdsRlu + 6LganECLR +LganLLE

1 1
+ ELganELE + ZLganLRluCE + LganLCDRdsRD

1 1
+ —LeuCLRpR1CE + ZCDRDLg,,rCERds, (23b)

2
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1
b3 = CL(Ri + RD)(L;,,CELE +

1 4 2 ~2
2 ﬂLgners CE

gnr

1
+ ﬁRDRZMCLL2 RasCpCi(6 + LgnrCk)

1 5
* a0t

1 2 2 2
+ ﬁCDRDLgn,CE(IZLE + Lg,,,RdxcE)

CER%,(2CERD + CERu + 2CLRys)

L3 2
+ ﬁLganERdsZLganE + CLRlu
1 1
+ LganLLE(gLéanERds + CDRD> + 8L§,,rC%LERD

1 1
+ ERDRMCLLZ RusLenrC3 + ZLg,,,chDRDRi,cE

gnr

1 1
+ 18 — L}, CELERu, (23¢)

720 8" 12
1
T30 LinrCELERas (CeRu + 3CLRas)

1
+ (CDRD + CLRu + Rp) 7 Loy, RasLeC

RC3+

by =

1
+ CDRDRIHCLﬂLZ Cgl2Lg + I%,R%.CE

gnr gnr
1
+——L! C3R3(2CERp + CgRyy + 2CLRy)

10080 ¢ F
1
.y 5 CECLL%

1
+ 7L5 C3Rds (CLRdSRIZM + 8LERD)+6 onr

480 ¢k

1
+ ﬁLganECL (CELER%M + CDRDRdsCERZZM + SLE)

1
+ ——L>,.C+R3 Rp(CECrRy, 4 CECpRyy + 2CL.CpRyy)

240 8V
1 1
+ — L, CLERpR(Cp + Cp) + ——— L3, R4 Ch

128" 40320 8"

L LY LpC:(10Lg + 1% R?

+ 240 81" ECE( E+ gnr dSCE)
1

+ LS

—g LenRisCi(CoRD + CL(Ru + Rp).

(23d)

Step response represents the transient response of the out-
put port for an interconnect system that is triggered by a unit
step signal of the input port. It indicates the time domain
performance of the output voltage signal for an interconnect
system when the input voltage signal changes from logic “0”
to logic “1” in a very short time. Certainly, step response can
be used to evaluate the stability of an interconnect system.
Here, the input voltage signal V;,(s) = 1/s is selected as the
ideal step-signal in this work. Therefore the step response
of victim MLGNR interconnect in the Laplace domain can
be expressed as,

Vin(s)
14+bis+ b2S2 —+ b3S3 + b4s4 )

Vour (s) = (24)

Subsequently, we can obtain the step response V() at the
time domain by applying the inverse Laplace transform for
the Equation (24). In addition, the 50% propagation delay
of victim MLGNR line in different phase modes can be got
according to the numerical simulation data by carrying out
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the analytical expressions of step response V,,(f) as below,

Vin(s)
1+ bys + bys? + bzs3 + bys*

-1
Vou (1) = L[ ] . (25)
In the frequency domain, there is no doubt that the trans-
fer gain and bandwidth are regarded as the indispensable
frequency parameters to analyze the behavior of the cou-
pled MLGNR transmission system. We used the s = j2rf
into Equation (23) to derive the mathematical expres-
sion concerning the magnitude of transfer gain, which is
(1= b2@2nf)* + ba2rf)*)

formulated as,
2\ —0.5
. (26)
+ (bi2nf — b3xf)?)’ )

In view of the coupled driver-MLGNR interconnect-load
system shown in Fig. 3 can be considered as a RC low pass
filter, thus it can deduce a cut-off frequency. For any sig-
nal transmission system, the bandwidth is usually expressed
in the 3-dB bandwidth f34g. In the light of the definition
of 3-dB bandwidth, the 3-dB bandwidth is equivalent to
the cut-off frequency in which the magnitude of transfer
gain of interconnect system cuts down 1/+/2. Based on the
discussion mentioned above, we proposed a mathematical
expression to obtain accurately the 3-dB bandwidth f3qp as
follows,

| Tiran (f) | = <

c42f3ap)® + 32 f3ap)® + 227 fram)*

+ c1Q2nf3a8)* — 1 =0. (27)

where each coefficient of Equation (27) is expressed as
below,

cy = b} (27a)
c3 = —2byby + b3 (27b)
¢y = 2by — 2b1b3 + b3 (27¢)
¢ = —2by + b3, (27d)

IV. RESULTS AND DISCUSSIONS

This section will analyze the impacts of the ultra-k dielectric
and high-k dielectric materials on step response, crosstalk
delay, transfer gain and 3-dB bandwidth of coupled MLGNR
interconnects at 7 nm technology node of global level. In
this work, we proposed a new scheme of collaborative using
the ultra-low-k dielectric and the high-k dielectric materials
in coupled MLGNR interconnects. In order to demonstrate
the superiority of this proposed method, we defined the four
cases as follows,

Case 1: The conventional MLGNR interconnects (The
insulator dielectric medium is selected as SiO,, and the gap
between two adjacent GNR layers is separated by a vacuum
layer, i.e., &1 = 3.9, &5 = 1).

Case 2: Only the insulator dielectric medium SiOsis
replaced with the nanoglass of ultra-low-k dielectric mate-
rial, and the gap between two adjacent GNR layers is also
separated by a vacuum layer (i.e., e = 1.3, e = 1).
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Case 3: Only the gap between two adjacent GNR layers
is inserted with the hafnium oxide HfO; of high-k dielectric
material, and the insulator dielectric medium is set as SiO;
(i.e., 61 = 3.9, &p =25).

Case 4: The proposed new method of collaborative using
the ultra-low-k dielectric and the high-k dielectric materials
in the coupled MLGNR interconnects (The insulator dielec-
tric medium is replaced with the nanoglass of ultra-low-k
dielectric material, and the gap between two adjacent GNR
layers is inserted with the hafnium oxide HfO, of high-k
dielectric material, i.e., &1 = 1.3, g = 25).

The geometrical and physical parameters are extracted
from [3], [37] as follows, W = 11.5 nm, Tg, = 26.91 nm,
S = 115 nm, Ty = 17.25 nm, Ef = 03 eV, g =
8.854 - 10712 F/m, puo = 47 - 1077, n; = 2 x 10° m~2,
ne = 8 x 101 m=2, T = 300K, Rp = 20.51 k%,
Cp = 0.063 fF, C;, = 0.2 fF. Herein Rp, Cp and Cy, represent
the equivalent values of minimum-sized gate. For the global
level interconnects (100pm < Lg,, < 10mm) [38], the sizes
of driver and load are usually 100 times greater than that of
the minimum-size gate [6], then their values can be rede-
fined as, R, = Rp/100, C, = Cp - 100 and C; = Cy. - 100.
In this work, all the numerical simulation results presented
in the following section are obtained by using the MATLAB
R2013a. In addition, it is essential that the proposed results
should be compared with the state-of-the-art literature. To
the best of our knowledge, so far only the [16], [19] have
investigated regarding the inserting high-k dielectric mate-
rial between adjacent GNR layers in MLGNR interconnects.
The [19] presented a new technique of unconditionally sta-
ble finite-difference time-domain (USFDTD) approach to
analyze the propagation delay, step response and so on,
which can overcome the limitations of the conventional
finite-difference time-domain (FDTD). Therefore, the results
obtained by the proposed model are validated with [19] in
this paper.

A. MEAN FREE PATH OF MLGNR INTERCONNECT

It is evidently that the mean free path (MFP) of MLGNR
is strongly dependent on the impurity concentration n; of
interlayer dielectric and the relative dielectric constant >0f
interlayer dielectric according to Equations (4) and (5). As
reported in [16], the value of impurity concentration n; is
determined by the quality of dielectric layer. The cleaner
dielectric sample can lead to a smaller impurity concentration
(n; = 0.2-10' m~2) whereas the dirty dielectric sample
will result in a larger impurity concentration (n; = 3.5 -
10'® m~2) [41]. The charged impurities are existing in both
the inside of dielectric material and the grapheme-dielectric
interface. Moreover, the relative dielectric constant & in
each GNR layer is determined by its surrounding media.
When the GNR layer is sandwiched between two different
dielectric (¢, and &), then the relative dielectric constant &;
of GNR should be redefined as e = (e,+¢p)/2 [19]. Based
on the available literature, typical dielectric can be used as
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FIGURE 5. The mean free path of MLGNR versus impurity concentration n;.

the interlayer dielectric materials that include silicon oxide
Si0,, aluminum oxide Al,O3 and hafnium oxide HfO, [16].

The mean free path of GNR versus impurity concentration
for different interlayer dielectric materials is exhibited in
Fig. 5. Herein the gap of between two adjacent GNR layers is
inserted with the Al;O3 and HfO,, respectively. As described
in Fig. 5, it can be seen that the MFP decreases with the
increase of impurity concentration n; for inserting Al,O3
and HfO, cases. Here the MFP of GNR with the cleaner
dielectric for inserting Al,O3 and HfO, cases are 17.50
and 11.77 times larger than that with the dirty dielectric,
respectively. In addition, it is found from Fig. 5 that the MFP
of GNR by inserting HfO; is greater than that of inserting
Al,O3 case. Therefore, reducing the impurity concentration
and applying the high-k dielectric material between adjacent
GNR layers are the effective method to improve the MFP
of MLGNR interconnects.

B. TWO-LINE COUPLED MLGNR INTERCONNECT MODEL
In order to investigate the superiority of the proposed new
method of collaborative using the ultra-low-k dielectric and
the high-k dielectric materials in two-line coupled MLGNR
interconnects (i.e., case 4), the step response of victim
MLGNR line with interconnect length Lg,, = 1000 pm
for the defined four cases under in-phase and out-of-
phase crosstalk modes is displayed in Fig. 6(a) and 6(b),
respectively.

Fig. 6(a) and 6(b) show that the output voltages in all
circumstances will take a period of time to reach the steady-
state value 1 V. As described in Fig. 6(a) and 6(b), it is
observed that the time of reaching the steady-state value of
the case 2, case 3 and case 4 are all lesser than that of
the case 1 for in-phase and out-of-phase crosstalk modes.
Furthermore, it can be found that the time of reaching the
steady-state value of the proposed case 4 is obviously lower
than that of all other cases for in-phase and out-of-phase
crosstalk modes. The reason for the time of reaching the
steady-state value of the case 2 lesser than case 1 is that
the electrostatic capacitance C,; and coupling capacitance C,
will decrease as the relative dielectric constant g1 decreases,
thereby, leading to a smaller total distributed capacitance Cr
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FIGURE 6. The step response of victim line of two-line coupled MLGNR
interconnects with length Lgnr = 1000 um for the defined four cases under
in-phase crosstalk (a) and out-of-phase crosstalk (b) modes.

of case 2 according to the Equations (6) (10) and (16). As
a consequence, it can lead to the faster charging and discharg-
ing of parasitic capacitances. Thus case 2 has a lesser time of
reaching the steady-state value than case 1. The correspond-
ing reason for the time of reaching the steady-state value of
the case 3 lesser than case 1 is that the effective mean free
path A.ywill increase as the relative dielectric constant &;
increases, thus give rise to a smaller distributed scattering
resistance Ry of case 3 combining with the Equations (2), (4)
and (5). In addition, the time of reaching the steady-state
value of the proposed case 4 lower than all other cases is
because the case 4 combines the advantages of the case 2
and case 3. The proposed case 4 is a new technology of col-
laborative applying the ultra-low-k dielectric and the high-k
dielectric materials in coupled MLGNR interconnects (i.e.,
case 4), which can reduce the electrostatic capacitance Cyy,
coupling capacitance C. and distributed scattering resistance
Rgs to reduce the time of reaching the steady-state value.
Hence, this can lead to a lesser propagation delay for the
proposed case 4.

Moreover, it can be found from Fig. 6 that the results of
step response for the defined case 3 are in good accordance
with the results of [19] under in-phase and out-of-phase
crosstalk modes. The maximum relative errors between the
defined case 3 and the [19] are 3.28% and 3.63% respectively
for in-phase and out-of-phase crosstalk modes. The reason
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FIGURE 7. The 50% propagation delay of victim line of two-line coupled
MLGNR interconnects with different length for the defined four cases
under in-phase crosstalk (a) and out-of-phase crosstalk (b) modes.

for this phenomenon is that they have the same relative
dielectric constant (g1) of the insulator dielectric medium
and relative dielectric constant (¢7) of interlayer dielectric
material between two adjacent GNR layers.

In order to further evaluate the time of reaching the steady-
state value of the output voltage, it is significant to investigate
50% propagation delay under various conditions. The 50%
propagation delay is defined as the time when the ampli-
tude of step response V,,(f) rises from O to half of its
steady state value 1 V, which is the paramount parameter of
the on-chip interconnect performance in the time domain.
The corresponding results of the defined four cases on the
50% propagation delay of victim MLGNR line with different
interconnect length under different phase modes are plotted
in Fig. 7(a) and 7(b), respectively.

As shown in Fig. 7, it is also obvious that the propagation
delay of the case 2, case 3 and case 4 are all lower than
that of the case 1 for all phase crosstalk modes. Meanwhile,
it can be seen that the propagation delay of the proposed
case 4 is clearly lesser than that of all other cases for
all phase crosstalk modes. Taking the interconnect length
of Lgyr = 3000 pm as an instance, the delay time under
out-of-phase crosstalk mode for the conventional MLGNR
interconnects (case 1) is 20.311 ns while for case 2, case 3
and case 4 are 15.504 ns, 14.850 ns and 11.221 ns, respec-
tively. Here the delay time for the conventional MLGNR
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interconnects (case 1) is approximately twice greater than
that the proposed case 4. Similarly, the delay time under
in-phase crosstalk mode for case 1, case 2, case 3 and
case 4 are 9.284 ns, 4.477 ns, 6.883 ns and 3.254 ns in the
same length as the former, respectively. Wherein, the delay
time for the proposed case 4 is nearly a third of the conven-
tional MLGNR interconnects (case 1). The reason behind
this is that the propagation delay is in positive proportion
with the time of reaching the steady-state value 1 V men-
tioned above. In the light of the discussion mentioned above,
the proposed case 4 has a lesser total distributed capacitance
Cr and a smaller distributed scattering resistance Rg; com-
pared with the conventional case 1. In addition, based on
our numerical simulation results, the maximum reduction
of delay time between the proposed case 4 and the con-
ventional case 1 can reach to 15.911 ns for an interconnect
length of Lg,,, = 4000.m at the out-of-phase crosstalk mode.
Therefore, the proposed method of collaborative using the
ultra-low-k dielectric and the high-k dielectric materials in
the MLGNR interconnects (i.e., case 4) can be regarded
as a new promising technology to reduce the propagation
delay of the coupled MLGNR interconnect system in VLSI
circuits.

Moreover, it is remarkable from Fig. 7 that the propagation
delay of victim MLGNR line under out-of-phase mode is
higher than that under in-phase crosstalk mode at the same
case. Giving the interconnect length of Lg,, = 3500 pwm
as an example, the delay time for case 1 under in-phase
and out-of-phase modes are 12.251 ns and 27.250 ns. The
corresponding values for case 2 are 5.712 ns and 20.710 ns,
another situation for case 3 are 9.088 ns and 19.922 ns, and
the last situation for the proposed case 4 are 4.152 ns and
14.986 ns. This is due to the fact that the Miller coupling
capacitance 2C, exists only in out-of-phase crosstalk mode,
which results in that the total distributed capacitance Cr
of the victim MLGNR line under in-phase mode is smaller
than that under out-of-phase crosstalk mode. In addition,
it can be seen from Fig. 7 that the delay results of the
defined case 3 are in good matching with the results of
[19] with the maximum relative error of 3.75% for any
phase crosstalk mode.

The frequency response of victim MLGNR line with
the interconnect length Lg,, = 1000 wm for the defined
four cases under in-phase and out-of-phase crosstalk modes
is illustrated in Fig. 8(a) and 8(b), respectively. Transfer
gain is defined as the magnitude of frequency response of
the interconnect system and represents the ratio of ampli-
tude between the output and input signal versus different
frequencies. The transfer gain of victim MLGNR line under
in-phase and out-of-phase crosstalk modes can be solved by
the Equation (26).

As described in Fig. 8, in high frequency region, it is
clearly shown that the transfer gain of the case 2, case 3
and case 4 are evidently greater than that of the case 1 for
different phase crosstalk modes. Besides, the transfer gain
of the proposed case 4 is clearly larger than the case 1,
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FIGURE 8. The frequency response of victim line of two-line coupled
MLGNR interconnects with length Lgnr = 1000 pm for the defined four
cases under in-phase crosstalk (a) and out-of-phase crosstalk (b) modes.

case 2 and case 3 for different phase crosstalk modes. It
can be explained that the decoupled MLGNR interconnect
system as depicted in Fig. 3 can be regarded as a RC low
pass filter and its cut-off frequency can be approximately
defined as: 1/(2w CERdngnr) [39], [42]. Based on the afore-
mentioned discussion, it can be obtained that the case 2 can
only reduce the electrostatic capacitance C,; and coupling
capacitance C, of the conventional MLGNR interconnect
(case 1), the case 3 can only reduce the distributed scat-
tering resistance Ry of the traditional case 1. Whereas the
proposed case 4 can reduce the electrostatic capacitance C,j,
coupling capacitance C. and distributed scattering resistance
Rys of the conventional case 1. Consequently, the victim
MLGNR line for using the proposed case 4 has a larger
cut-off frequency compared with the case 1, case 2 and
case 3.

Moreover, it can be observed from Fig. 8 that the trans-
fer gain of victim MLGNR line under out-of-phase mode is
apparently lower than that under in-phase crosstalk mode at
the same case. This is due to the fact that the total distributed
capacitance Cr of the victim MLGNR line under in-phase
mode is lesser than that of out-of-phase crosstalk mode.
Certainly, the former will have a larger cut-off frequency
compared with the latter. Furthermore, as depicted in Fig. §,
it is observed the results of frequency response for the
defined case 3 are fairly consistent with the results of [19]
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under in-phase and out-of-phase crosstalk modes. The max-
imum relative errors involved in the defined case 3 and
the [19] for in-phase and out-of-phase crosstalk modes are
3.67% and 3.81%, respectively.

Besides the transfer gain, the bandwidth is also consid-
ered as the significant parameter to describe the interconnect
performance in the frequency domain. Bandwidth represents
the capability of data transmission, thus a larger bandwidth
can effectively reduce the total time to transmit a certain
amount of data from the input port to output port for the
interconnect system [2], [31]. Hence, it is crucial to seek
a new promising technology to expand the bandwidth of the
MLGNR interconnect system. Accordingly, we investigated
the superiority of the proposed case 4 on the 3-dB bandwidth
of the victim MLGNR line in this work. Combining with
the Equation (27), the corresponding results of the defined
four cases on 3-dB bandwidth of victim MLGNR line with
different interconnect length under in-phase and out-of-phase
crosstalk modes are shown in Table 1.

As exhibited in Table 1, it is suggested that the 3-dB
bandwidth of the case 2, case 3 and case 4 are all greater
than that of the case 1 for in-phase and out-of-phase crosstalk
modes. In the meantime, it can be also observed that the 3-
dB bandwidth of the proposed case 4 is obviously higher
than that of all other cases for in-phase and out-of-phase
crosstalk modes. Using the interconnect length of Lg,, =
3000 pwm under in-phase crosstalk mode as an example,
the 3-dB bandwidth for case 2 is 2.022 times larger than
that of the case 1. The corresponding value for case 3 is
1.350 times larger than that of the case 1. Whereas, another
situation for case 4 is 2.784 times larger than that of the
case 1. Based on the aforementioned discussion, the reason
for this phenomenon is that applying the proposed case 4 has
a larger cut-off frequency compared with the case 1, case 2
and case 3.

Furthermore, it is indicated from Table 1 that the 3-dB
bandwidth of victim MLGNR line under in-phase mode
is apparently greater than that under out-of-phase crosstalk
mode at the same case. Giving the interconnect length of
Lgnr = 2000 wm as an instance, the 3-dB bandwidth for
case 1 under in-phase and out-of-phase crosstalk mode are
30.306 MHz and 14.762 MHz. The corresponding values
for case 2 are 55.020 MHz and 19.028 MHz, another situ-
ation for case 3 are 41.004 MHz and 20.201 MHz, and the
last situation for case 4 are 75.836 MHz and 26.292 MHz.
This can be explained that the in-phase crosstalk mode has
a larger cut-off frequency compared with the out-of-phase
crosstalk mode at the same case. In addition, according to
the data of Table 1, it is implied that the 3-dB bandwidth
under in-phase crosstalk mode for the proposed case 4 can
be expanded over 2.978 times than that of the conven-
tional case 1 for an interconnect length of Lg,, = 4000pm.
Meanwhile, it can be inferred that the 3-dB bandwidth under
out-of-phase crosstalk mode for the proposed case 4 can be
enhanced exceeding 1.824 times than that of the conven-
tional case 1 in the same length as the former. Therefore,
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FIGURE 9. The 50% propagation delay of center line of three-line coupled
MLGNR interconnects with different length for the defined four cases
under in-phase crosstalk (a) and out-of-phase crosstalk (b) modes.

the proposed case 4 can be as a new prospective technology
for the global level interconnects that has a significant appli-
cation prospect in improving the bandwidth of interconnect
system in VLSI circuits.

C. THREE-LINE COUPLED MLGNR
MODEL

In view of the length of this paper, only the in-phase mode
“tM1” and out-of-phase mode “|1|” for three-line cou-
pled MLGNR interconnects are investigated in this work.
In order to study the largest effect of the aggressor line on
the victim line, the performance of center line (i.e., victim
line 2 of Fig. 4) is focused. The propagation delay of cen-
ter line of three-line coupled MLGNR interconnects with
different length for the defined four cases under in-phase
crosstalk and out-of-phase crosstalk modes is depicted in
Fig. 9(a) and 9(b), respectively.

Being similar to the situation of two-line coupled MLGNR
interconnects, it is observed from Fig. 9(a) and 9(b) that the
propagation delay of the case 2, case 3 and case 4 are
all lesser than that of the case 1 for in-phase and out-
of-phase crosstalk modes. Meanwhile, it is found that the
propagation delay of the proposed case 4 is evidently lower
than that of all other cases for all phase crosstalk modes.
In addition, combining with Fig. 7(a) and 7(b), it can be
seen that the three-line coupled MLGNR interconnects have

INTERCONNECT
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TABLE 1. The bandwidth of victim line of two-line coupled MLGNR interconnect with different length for the defined four cases under in-phase crosstalk

and out-of-phase crosstalk modes.

Length 3-dB bandwidth (MHz)
(um) In-phase crosstalk mode Out-of-phase crosstalk mode

Case | Case 2 Case 3 Case 4 Case | Case 2 Case 3 Case 4
100 1584.942 1677410 2152.166  2286.645 1397.969  1474.015 1891.543  2001.223
200 750932 836271  1025.526  1148.930 601.050 659220  819.264  902.862
400 328.032  400.504  447.996  552.101 227384  263.050  310.815  361.908
600 192244  253.972  262.099  350.371 120.881  144.518 165340  199.155
800 128.169 181.108 174.447 249.887 75.198 91.892 102.878 126.744
1000 92.118 137.885 125.197 190.237 51.338 63.716 70.243 87.931
1500 48.806 81.727 66.153 112.706 25.006 31.791 34.217 43.908
2000 30.306 55.020 41.004 75.836 14.762 19.028 20.201 26.292
3000 15.001 30.328 20.250 41.765 6.898 9.027 9.441 12.478
4000 8.937 19.341 12.049 26.616 3.981 5.252 5.448 7.262

1 capacitance than the victim line of two-line coupled MLGNR
interconnects in all same cases.

0.8 The frequency response of center line of three-line coupled
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FIGURE 10. The frequency response of center line of three-line coupled
MLGNR interconnects with length Lgnr = 1000 pm for the defined four
cases under in-phase crosstalk (a) and out-of-phase crosstalk (b) modes.

greater propagation delay than two-line coupled MLGNR
interconnects at the same case. For instance, in Fig. 7(b)
and Fig. 9(b) for an interconnect length of Lg,, = 4000 pwm,
the propagation delay of case 1 for three-line coupled
MLGNR interconnects is 54.783 ns while for two-line cou-
pled MLGNR interconnects is 35.203 ns. Furthermore, the
corresponding propagation delay of case 2, case 3 and
case 4 for two-line coupled MLGNR interconnects are
reduced by 42.34%, 35.46% and 40.51% respectively, as
compared to three-line coupled MLGNR interconnects. The
reason for this phenomenon is that the center line of three-
line coupled MLGNR interconnects has greater coupling

210

transfer gain for the case 2, case 3 and case 4 are obviously
larger than that of the case 1 for in-phase and out-of-
phase crosstalk modes. Meanwhile the proposed case 4 has
greater transfer gain than the case 1, case 2 and case 3 for
different phase crosstalk modes. Moreover, compared with
Fig. 8(a) and 8(b) in high frequency region, it is found
that the three-line coupled MLGNR interconnects have lower
transfer gain than two-line coupled MLGNR interconnects
at the same case. Taking the case 4 under in-phase mode at
1 GHz operating frequency as an example, the transfer gain
for two-line coupled MLGNR interconnects is 0.781 while
the value for three-line coupled MLGNR interconnects is
0.578. Based on the aforementioned discussion, the reason
behind this is that the coupling capacitance exists only in
the three-line coupled MLGNR interconnects for in-phase
crosstalk mode according to the [40].

The 3-dB bandwidth of center line of three-line cou-
pled MLGNR interconnects with different length for the
defined four cases under in-phase and out-of-phase crosstalk
modes are shown in Table 2. As can be observed from the
Table, the three-line coupled MLGNR interconnects shows
the same bandwidth performance pattern with the two-line
coupled MLGNR interconnects. In addition, compared with
Table 1, it is inferred that the 3-dB bandwidth of three-
line coupled MLGNR interconnects is smaller than that
of two-line coupled MLGNR interconnects at same con-
ditions. Giving the interconnect length of Lg,, = 3000 pm
under out-phase mode as an instance, the 3-dB bandwidth
of two-line coupled MLGNR interconnects for case 1,
case 2, case 3 and case 4 are 1.812, 1.708, 1.535 and
1.707 times larger than that of three-line coupled MLGNR
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TABLE 2. The bandwidth of center line of three-line coupled MLGNR interconnect with different length for the defined four cases under in-phase crosstalk

and out-of-phase crosstalk modes.

Length 3-dB bandwidth (MHz)
(um) In-phase crosstalk mode Out-of-phase crosstalk mode

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
100 1452.588  1533.634 1970.002  2087.538 1180.438  1308.053  1681.747  1771.136
200 640.633 705.968 874.171 968.352 457.597 538.243 677.647 735.870
400 250.934 294.430 342.998 405.371 154.050 193.049 236.304 265.395
600 136.266 166.718 186.267 229.829 76.980 99.608 120.071 137.230
800 85.967 108.302 117.491 149.398 46.107 60.812 72.619 83.878
1000 59.273 76.292 80.995 105.285 30.686 40.987 48.638 56.576
1500 29.314 39.057 41.043 53.931 14.395 19.583 23.025 27.060
2000 17.457 23.737 24.840 32.787 8.325 11.439 13.381 15.814
3000 8.235 11.456 12.243 15.829 3.806 5.285 6.149 7.310
4000 4.777 6.729 7.121 9.299 2.172 3.032 3.518 4.295

interconnects. This explanation is similar to the case of
frequency response. As mentioned above, the two-line
coupled MLGNR interconnects have smaller coupling capac-
itance than three-line coupled MLGNR interconnects at the
same condition. Therefore, the former will have a larger
cut-off frequency in comparison to the latter.

However, it should be pointed out that there are still
some fundamental issues unresolved for the presented results.
In this work, Joule heating and electrostatic reliability are
not discussed, which will be the research subjects of our
future work. Because the increase of Joule heating will
give rise to interconnect temperature, thereby leading to
the decrease of MFP A,y of MLGNR interconnect in VLSI
circuits. Meanwhile electrostatic reliability is a paramount
parameter to evaluate the performance of on-chip MLGNR
interconnect due to the existing coupling capacitance and
mutual inductance between adjacent lines.

V. CONCLUSION

An equivalent distributed circuit model of the proposed
new technology for coupled MLGNR interconnects (i.e., the
proposed case 4) is established to derive the mathematical
expressions of step response, transfer gain and 3-dB band-
width for 7.5 nm technology node at global level, which
take the coupling capacitance and mutual inductance into
account. By using the extracted interconnect parameters,
the impacts of the defined four cases on step response,
propagation delay, transfer gain and 3-dB bandwidth of
the coupled interconnects are predicted. The numerical
simulation results show that substituting the conventional
MLGNR interconnects (i.e., the case 1) with the proposed
case 4 for the coupled MLGNR interconnects has an obvi-
ous performance advantage in terms of the step response,
propagation delay, transfer gain and 3-dB bandwidth at the
same conditions. Besides, it is demonstrated that the cou-
pled MLGNR interconnect under in-phase crosstalk mode
has excellent advantage than that under out-of-phase mode
with respect to lesser propagation delay, higher transfer gain
and larger 3dB-bandwidth. Compared with two-line cou-
pled MLGNR interconnects, the three-line coupled MLGNR
interconnects have larger propagation delay, lower transfer

VOLUME 8, 2020

gain and smaller 3-dB bandwidth at the same condition. In
the light of our simulation results, it is manifested that the
proposed new technology may be an emerging technology to
improve the performance of step response, propagation delay,
transfer gain and 3-dB bandwidth of the coupled MLGNR
interconnects in VLSI circuits.
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