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ABSTRACT This paper presents the transient analysis of the equivalent single conductor (ESC) model
of hybrid Cu-CNT on-chip interconnects for nanopackaging using matrix rational approximation (MRA)
modeling technique. The analysis of propagation delay and peak crosstalk noise is carried out for single and
coupled Cu-CNT interconnect lines at 14 nm and 22 nm technology nodes. It has been observed that the
proposed MRA model provides a speed-up factor of 131 compared to the HSPICE. An error of less than 1%
confirms the accuracy of the proposed model compared to the SPICE simulations. It is observed that Cu-CNT
lines are more immune to the crosstalk due to lesser coupling effects compared to Cu and CNT interconnects.
The efficacy, accuracy, and comprehensive analysis using the proposed model ensures immense application
possibility of the proposed model in the VLSI design automation tools at the nanopackaging level.

INDEX TERMS Carbon nanotubes (CNTs), crosstalk, copper-carbon nanotube (Cu-CNT), electromigration,
equivalent single conductor (ESC) model, grain boundary scattering, matrix rational approximation (MRA),
nanopackaging, on-chip interconnects, surface roughness scattering, propagation delay.

I. INTRODUCTION

During the past two decades, Copper (Cu) as a conventional
on-chip interconnect material has been successfully fabricated
with dual damascene metallization process using proper bar-
riers such as Tantalum nitride (TaN) [1]. However, the VLSI
integrated circuit (IC) chips’ aggressive scaling increased the
resistivity of the interconnects in nanopackaging applications
[2]. The increase in resistance of aggressively scaled intercon-
nects is due to grain boundary scattering, electromigration,
and surface roughness scattering effects [3]. These effects
need vigilant consideration during the on-chip nanopackaging
interconnect design [4]. The aforementioned effects pose crit-
ical challenges and limitations for the conventional on-chip
interconnect material beyond the 8 nm technology node [1].
Thus, researchers have to look for alternative solutions to this
issue.

Carbon nanotubes (CNTs) gained a lot of interest due to
their excellent electrical, thermal, mechanical, and optical
properties that can overcome the major bottlenecks faced by
Cu [5]-[8]. However, the metal-CNT contact resistance is a
major drawback faced by CNTs in the nanopackaged inter-
connects [9]-[11]. This, in turn, proved to be a barrier for

the possible implementation of CNTs in on-chip interconnect
applications. The increased current density requirements for
state-of-the-art technology nodes must be met by the on-chip
interconnects somehow effectively and efficiently. Recent de-
velopments in copper-carbon nanotube (Cu-CNT) nanopack-
aging interconnects, present a credible solution while over-
coming the discussed issues [12]-[20].

Efficient modeling of nanopackaged interconnect is vital
for high-speed VLSI system [21]. The performance parame-
ters of interconnects, namely, propagation delay and crosstalk,
are central for the reliability and overall performance of state-
of-the-art circuits and systems [22]. The analysis of these
parameters is carried out, preferably in two ways, either by
using the simulation techniques or by deriving the closed-
form analytical expressions [23]. The simulation tools, such
as SPICE, used to simulate interconnects provide accurate
results using numerical integration and convolution methods.
However, layout optimization is highly computationally ex-
pensive if one opts for these techniques [23], [24]. Thus, ac-
curate analytical models of densely populated nanopackaged
interconnects are required for their iterative layout designs and
delay and crosstalk noise prediction. For this, analytical RLC
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models are necessary for the efficient modeling and analysis
of contemporary high-speed interconnects. This area of devel-
opment of fast analytical RLC models has been a very active
research field presently.

The performance modeling and reliability analysis of CNT
interconnects have been done by various researchers [6],
[8], [25]-[27]. However, the electrical modeling of Cu lines
blended with CNT bundles is an interesting emerging research
area of the nanopackaging domain [14], [18]-[20]. It has been
observed that Cu-CNT interconnects provide two-order higher
ampacity when compared to Cu [12]. Thus, it becomes essen-
tial to explore the modeling of the Cu-CNT interconnect lines
as well. This paper presents an equivalent single conductor
(ESC) model of Cu-CNT interconnect lines, and to the best
of authors’ knowledge, for the first time employs the matrix
rational approximation (MRA) technique to perform tran-
sient analysis of the ESC model of hybrid Cu-CNT on-chip
interconnects. The modeling is based on approximating the
exponential matrix of the Telegrapher’s equations (TEs) for
hybrid Cu-CNT interconnect lines using Padé approximation.
The novelty in using this approach of approximating the ex-
ponential matrix component lies in the fact that a considerable
reduction in CPU time expense using the proposed model
is observed compared to the industry level HSPICE simula-
tor for the nanopackaging technology nodes. Four different
structures of these interconnects, namely, single, coupled-two,
coupled-three, and coupled-four Cu-CNT lines, have been
considered to analyze propagation delay and peak crosstalk
noise at 14 nm and 22 nm technology nodes. The remain-
ing paper is organized as follows. Section II explains the
ESC model used for hybrid Cu-CNT interconnect structure.
Section III presents the proposed MRA technique to model
these interconnects. The results and discussion are presented
in Section IV. Finally, Section V concludes the paper.

Il. ESC MODEL OF HYBRID Cu-CNT INTERCONNECT

The CNTs filled within a Cu interconnect represents a Cu-
CNT composite structure as shown in Fig. 1. CNT filling ratio
(FRcnr) 1s a key parameter during the design of a Cu-CNT
interconnect line. It is defined as the ratio of total area occu-
pied by CNTs to the total available cross-sectional area, which
otherwise would have been entirely occupied by Cu if CNTs
were absent. The filling ratio is expressed as,

_ Npreypm(r +0.155)

ACF()SS

FRent (1)
where, Npg., is the number of CNTs present inside the Cu-
CNT cross-sectional area (Acyss) and r represents the radius
(outermost if MWCNTs are present) of CNT. The value of
CNT filling ratio can vary from O to 1, where ‘0’ means
no CNTs are present, that is, the available cross-sectional
area is filled with Cu, and ‘1’ means the entire available
cross-sectional area is filled with CNTs. Theoretically, the
value one of the CNT filling ratio indicates when the whole
cross-sectional area is filled with only CNTs. However, for
practical scenarios, the CNT filling ratio can be near one but
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FIGURE 1. Hybrid Cu-CNT composite interconnect structure.
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FIGURE 2. Block diagram to obtain the ESC model of Hybrid Cu-CNT line.

cannot be exactly equal to one since there are always certain
areas between cylinders that cannot be filled with CNT. More-
over, if MWCNTs are present, then the MWCNT innermost
radius is assumed to be half the value of the outermost radius,
that is, 7ipner = /2 [28]. It is also important to note that the
distance between Cu and carbon atoms in Cu-CNT composite
is 0.155 nm [29].

The block diagram shown in Fig. 2 illustrates that the ESC
model of a Cu-CNT line is obtained using the ESC model of
Cu line and ESC model of CNT line. The resistance model of
a Cu-CNT on-chip interconnect line is obtained by combining
the resistance model of a Cu line and resistance model of
a CNT line. The resistance model of Cu-line provides the
equivalent per unit length (p.u.l.) resistance (R¢,) of the Cu
interconnect as
_ PCu
~ (I =FRent)WT

where, pc, is the resistivity of Cu material [3], [20]; W and
T represent width and thickness of the interconnect line, re-
spectively. The resistance model of a CNT interconnect line
represents the equivalent p.u.l. scattering resistance (Rcyr) of
the CNT interconnect line. The resistance of a CNT intercon-
nect is expressed as [27],

Rcu 2

h
NFR
462 Zi:l CNT )»,'n,'

where, & and e represent Planck’s constant and electron
charge, respectively; and A;, and n; represent the mean free

3)

Rent =
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path and number of conduction channels of i-th CNT present
in the CNT bundle, respectively. The available number of total
conducting channels in CNTs can be obtained using [25],
5600 [nm.K]

TIK]

4)
; for Deyy > 200Kl

k() ) for DCNT <
ny =
l kiDentT + ko

where ko is 2, 0 for metallic and semiconducting CNT, re-
spectively. k1 and k; are 3.26 x 10~* nm~! K~! and 0.15, re-
spectively, for metallic CNTs; and 3.26 x 1074 nm~'K~! and
—0.20, respectively, for semiconducting CNTs. In the present
work, statistically one-third of the CNTs are considered as
metallic ones.
The value of mean free path (A;) is obtained from [27] as
A : ®)
T ool il s

op,em,i ap,i

op, ab l)
The RHS of (5) is evaluated using the following steps:
1

)\op em,i — (6)
B fld - b -1
()”op em, 1) + ()‘gpsem 1)
A : (7
op,em,i — _
fld -1
()‘op em, z) + ()‘ggl;sem 1)

where Aop em,i 1s the mean free path (mfp) due to the emission
of an optical phonon. This emission can take place either
absorbing the electric field by an accelerated electron or by
absorbing an optical phonon. The mfp due to the electric
field is denoted by AJ! and the mfp due to the phonon

op em,i’

absorption is denoted by kfjﬁfem’l Mathematically, )\gllim ;18
expressed as:
fla _ hwep —kgT
)Lop em,i — eV I+ )‘UPJ (8)

where the optical phonon energy is given by hw,p; and kg ,T,
[, V denote the Boltzmann constant, temperature, line length,
and voltage respectively. In (8), A, ; denotes the spontaneous
scattering length for emitting an optical phonon and it is math-
ematically expressed as:

14+ N,yp(T) 17!
+—1’()} )

= 112r;
Rop.i { 1 + N,,(300)
where r; is radius of the CNT and N,,(T) is number of

phonons that obeys Bose-Einstein distribution relation and
Nop(T) is evaluated as:

hgp -
Nop(T) = (e kpT — 1) 10)
1 b
Mathematically, )Lf)ps em.i 1S expressed as:
Aﬁﬁsem i = op,i + Aop.ab.i (11)
where
havop
)‘op,ab,i = ¢ kBT A.Op,i (12)
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TABLE 1. Comparison Among p.u.l. Resistances (£2/pm)

Technology Node Cu CNT Cu-CNT
14 nm 456.34 406.91 405.56
22 nm 408.16 384.27 321.37

where Aop qpi is the mfp of the charge carrier due to the
absorption of the optical phonon.

2000r;
(T/Tp)
where A, ; denotes the mfp of the charge carrier due to the
acoustic phonon.

As the Cu-CNT composite nanopackaging interconnect
line’s resistance model represents the parallel combination of
resistance models of Cu and CNT interconnect lines, there-

fore, the p.u.l. resistance of the Cu-CNT composite resistance
model (Ry) can be expressed as,

ap,i = (13)

h:OCu

Ry = -
4e2pcy Y i N Aini 4+ h(1 — FRent)WT

(14)

The comparison among the p.u.l. resistances of Cu, CNT,
and Cu-CNT interconnects at 14 nm and 22 nm are shown
in Table 1. It shows that hybrid Cu-CNT lines have lesser
resistance than the resistances of CNT and Cu interconnect.

In the ESC model of hybrid Cu-CNT interconnect, the
resistance Rpy is present at both ends and it behaves as the
lumped fixed resistance. It can be expressed as:

17!
Nrrent

2

h
— 4e +Rt€() i
i=

Rru = 5)

where, Ry ; is contact resistance at tube-electrode interface,
and Nrg., represents the tube count based on the filling ratio.

The p.u.l. inductance component (Lg) of Cu-CNT intercon-
nect line consists of kinetic inductance (Lxy) and magnetic
inductance (Lysy) parts. The p.u.l. inductance for a Cu-CNT
on-chip interconnect is expressed as,

Ly = Lkn + Lyn (16)
h
Lxn = Nrx (17)
4e2vp Yy N o
Lyn = pelCen]™ (18)

where, v, u, and ¢ denote the Fermi velocity of the charge
carriers, permeability, and permittivity of the medium, re-
spectively. The p.u.l. capacitance component (Cg) of Cu-CNT
interconnect line consists of quantum capacitance (Cgy) and
electrostatic capacitance (Cgy) parts. The quantum capac-
itance of Cu-CNT interconnect line is evaluated using the
analytical expression,

19)
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FIGURE 3. (a) Coupled-N Hybrid Cu-CNT interconnect lines. (b) MTL network of Coupled-N Hybrid Cu-CNT conductors driven by RC drivers and capacitive

loads.

The analytical expression for the evaluation of electrostatic
capacitance of Cu-CNT nanopackaging interconnect is [18],

C 6+W+41 1+T
= & — —_— — In J—
EH T H T H

2 0.57Ww
+—=In{1+ —r"7r

T (I1+m)H+T)
where H is the height of the hybrid Cu-CNT interconnect line
above the ground plane. Further, if coupled lines are present
as shown in Fig. 3, then the analytical expression for the
evaluation of coupling capacitance of Cu-CNT interconnect
line is [30],

3 T 2 2w
Cocn=¢|—+—=-+—In(1+—
T S =n S

1 (1+L)}
z (1+7)(S +2W)

(20)

ey

1Il. PROPOSED MRA TECHNIQUE

After providing a brief review to the Telegrapher’s equations
(TEs) of transmission lines (TLs), this section will present the
proposed MRA technique that will be used to obtain the trans-
fer function and transient response of nanopackaging hybrid
Cu-CNT interconnects.

A. TEs FOR COUPLED RLC TLs
The hybrid Cu-CNT on-chip interconnects at nanometer tech-

nology nodes behave as TLs in nano regime. These TLs can
be described using TEs as [31]:

aV(x,s)
o sLul(x.5) + Rl (x.5) = 0 (22)
Al (x,
§S)+ihV@J)+GHV@J)=O (23)
X

where Ry is p.u.l. resistance matrix, Ly is p.u.l. inductance
matrix, Cg is p.u.l. capacitance matrix, Gy is p.u.l. conduc-
tance matrix of hybrid Cu-CNT interconnect lines that are
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obtained using the ESC models described in Section II; x and s
are position and Laplace-transform variables, respectively; V
and I represent voltage and current vectors of TLs. As per the
ITRS reports [1], due to the presence of inter-level dielectric
(ILD) the conductance matrix becomes zero at all interconnect
levels. Therefore, putting the value of Gy equal to zero, the
modified form of (23) is given by:

ol (x,s)
ax

+sCyVix,s)=0 (24)

Equations (22) and (24) represent new set of TEs in fre-
quency domain for coupled hybrid Cu-CNT on-chip RLC
interconnects.

The solution to this new set of TEs represented by (22) and
(24) in exponential form is expressed as:

Vi,s)| _ yi|V(O,s)
[uhn}_e [uan} (25)
with / being length of the TL and
ST

The exponential matrix term in (25) can be expressed in the
form of cosine and sine hyperbolic functions as:

cosh (JZ_Y> Z sinh (\/Z_Y)
Zgl sinh (Jﬁ) cosh («/ﬁ)

eVl =

27)

with Zy = Z(«/ﬁ)_l. Since no direct solution to (25) is
available in time domain, it becomes difficult to perform the
transient analysis of Cu-CNT interconnect lines in terms of
propagation delay and crosstalk noise signals analytically.
This problem is resolved by using the proposed MRA algo-
rithm for hybrid Cu-CNT interconnects to obtain the transfer
function.
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B. PROPOSED MRA MODEL FOR HYBRID Cu-CNT
INTERCONNECTS

This section presents the MRA algorithm which will be used
to obtain the transfer function and analytical transient expres-
sion of hybrid Cu-CNT TLs. The basic approach behind MRA
technique is to find predetermined coefficients of the approx-
imated rational function that is obtained from the exponential
term of (25) [23]. The matrix rational approximation of (25)
gives:

I1,s) |~ P(—yi) | 10,s)

where P(vrl) and P(-yrl) represent the polynomial matrices
and are expressed as:

"opiep—i)
P(yl) = g m(rpnk (29)
Popiap — i) .
P(—y1) = ; - Y (30)

where P represents the Padé order. The polynomial matrices
P(yl) and P(-yrl) are divided into four sub-block matrices
in order to obtain the approximated cos hyperbolic and sin
hyperbolic functions of (27) and are shown by (31) and (32).

_ | P11 P2

Pyl) = [le P22:| (3D
| Pu —Pp

P(—yl) = [_le Py } (32)

The values of Py, P2, P>y, and P»; are obtained using (33),
(34), (35), and (36), respectively.

P

P = ; % (1 + (—1)k)1k(ZY)°-5k (33)
P, = gjo % (1 + (—1)")12"(ZY)0'5]‘Z (34)
Py = é % (1 n (—1)")12"()’2)0-5"1’ (35)
Pa=3 sy (1 )z o)

The matrix rational approximations are obtained using (28),
(29), and (30) for the cos hyperbolic and sin hyperbolic terms
present in (27). The obtained rational approximations are
given by (37-40).

cosh (vZY) =A"'B; =B;1A7! (37)
Zo sinh (x/ZY) =A"'B,=BpA~! (38)
Zal sinh (v YZ) =A"'By =ByA™! (39)
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FIGURE 4. DIL structure of hybrid Cu-CNT interconnect.
cosh (\/YZ) —A"'By =BpA~! (40)

where B, B2, B21, B2, and A represent polynomial matri-
ces that are defined as:

By1 = PpPyy + P12P2y (41)
Biy = PyP1y + PiaP» (42)
By = P11 Py + P21 Py (43)
By = P11Px + PP (44)

A =P 1Py — PPy (45)

It is important to observe that analytical expressions for
rational approximations are obtained in (37—40) in the forms
of predetermined coefficients present in (29) and (30) and line
parasitics. This fact is going to be highly useful in obtaining
analytical transient expressions for DIL structures of Cu-CNT
interconnects.

Consider next a hybrid Cu-CNT interconnect line of length
[ driven by a CMOS driver modeled as RsCp equivalent and
it is terminated with capacitive load (Cr) as shown in Fig. 4.
The lumped contact resistance is shown by the symbol Rry,
whereas the p.u.l. line parameters are shown by the symbols
Ry, Lyn, Lkn, Con, and Cgy. The output voltage, Vo, at the
load end can be expressed in the frequency domain as:

y D cosh ZY +E sinh ~ZY ’IV o)
0= IN
+F sinh /YZ+H coshvYZ

with

D = (1+sRsCp + sRppCr, + s*RsRruCpCr) 47)

E— Rs+Rpy+sR%:,CL+sRsRruCp+sRsRpuCl,

- +s?RsR2,CpCr.
(48)
F = (SCL+S2R5CDCL> (49)
H = (SRscL + sRpuCrL + S2R5RFHCDCL) (50)

The MRA-based frequency domain expression of Vp is
obtained by substituting (37-40) into (46) and it is given as:

_ _ _ -l
Vo= (DB A" "+EBxA”"+FBy A~ ' +HB»A™") Viy
(51)
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Next, the MRA expression of (51) when converted into
residues and poles yields,

2P 42
i
( Z ) Vin

Observe that (52) contains (2P+2) number of poles, P be-
ing the order of Padé approximation. The 2P poles are due to
(37-40), one pole is due to driver capacitance and the other
pole is due to load capacitance. The time domain expression
is obtained by taking the Laplace inverse of (52) and it is
given by (55) and (56) corresponding to saturated rising and
falling ramp input signals expressed in (53) and (54) with
rising time , falling time, and supply voltage as T}, T, and
Vpp., respectively.

Vo=

(52)

VDD 1 e_STr[se
Vin_gr(s) = <— - —5 (53)
B Tyise 52 52
Vop Vop (1 e Trail
\% S)=——— | 5 — —— 54
IN_F(5) . Trar <s2 2 (54
v 2P+2 ’ ’
Vor (1) = — 22 L1+ 51— ey |ulr)
Tyise =1 Pk Py
2P+2 Tk
Vbp ﬁ(t — Trise)
+ — r “Toise) |t — Trige)
T 2 <+é<1 — ePHi=Ti)

(35)

Pk

2P+2 ’ ’
S+ S = e Jut)
Tran = \Px Py

P42 .
Vo (1) =Vpp Y (—kep"l - —k>u(t)
=1 \Pk

Vbp

P2 Lt — Tran)
Z W =Ty |ut = Tran)
+g(l —e fa

k=1
(56)

_ Voo
Tra

IV. RESULTS AND DISCUSSION

This section presents the proposed MRA model’s implemen-
tation to the ESC network of hybrid Cu-SWCNT interconnect
lines at 14 nm and 22 nm nanopackaging technology nodes.
The filling ratio for the Cu-CNT composite is considered as
0.2 [12]. The implementation is carried out using MATLAB
R2020b software. The obtained results are compared using
industry-standard HSPICE simulator. Four different structures
have been considered to ensure the proposed MRA model’s
robustness and efficacy in Cu-CNT lines. The first consid-
ers a single Cu-CNT interconnect line with width, thickness,
and height as 22 nm, 22 nm, and 50 nm, respectively. The
values of the evaluated p.u.l. line resistance, inductance, and
capacitance using the procedure described in Section II are
65.56 Q/um, 0.17 nH/pum. and 0.05 fF/um, respectively. The
value of fixed resistance is 150.42 €2. The line length is 10 pum.
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TABLE 2. Driver and Load Resistance and Capacitance Values (from ITRS
Data)

Tech node Rd (kQ) Cd (fF) CI (fF)
14nm 18.33 0.03 0.065
22nm 16.67 0.049 0.14

1.0
0.8

= HSPICE
0.6 - — MRA

0.4 1

0.2 1

Far-end transient response at load end (V)

0.0

0 100 200 300 400 500 600 700 800
Time (ps)

FIGURE 5. Far-end transient response at load end of single (22 nm x
22 nm) hybrid Cu-CNT line for 22 nm technology node.

TABLE 3. Cu-CNT Interconnects - Accuracy and Simulation Time

Number of Delay (ps) CPU Time (ms)
sections SPICE  MRA % Error  SPICE _ MRA  Speed-up
20 60.34 90.28  33.16 1.06 0.88 1.20
50 70.29 90.28  22.14 3.25 0.88 3.69
80 81.37  90.28 9.87 6.83 0.88 7.76
110 90.29  90.28 0.01 9.10 0.88 10.34
140 90.29  90.28 0.01 19.23  0.88 21.85
170 90.29  90.28 0.01 2947  0.88 33.49

The driver and load values are in accordance with the 22 nm
technology node shown in Table 2. The transient plots ob-
tained using MRA and SPICE for a rising input signal with
a rise time (¢, = 0.1 ps) are shown in Fig. 5. The Padé order
is one. It is observed that the results match precisely with
the industry level SPICE simulator. The propagation delay
obtained using the SPICE simulator is 90.29 ps, whereas the
propagation delay using the proposed MRA model is 90.28 ps,
giving rise to an error of less than 0.5%. Furthermore, the
CPU time consumed using the proposed model is 0.88 ms, and
the CPU time consumed using SPICE is 9.10 ms providing a
speed-up by a factor of 10.34 using the proposed MRA model.
The line length 10 um is now distributed into several shorter
sections, and corresponding results for the propagation delay
for each distribution are obtained using the industry level
SPICE simulator. The number of sections, accuracy, and simu-
lation time are presented in Table 3. The SPICE results values
are compared with the results values of the MRA model. It
has been observed that the lesser are the number of sections
for the interconnect line, the faster is the computational speed
of the SPICE simulator at the cost of reduced accuracy.

The second structure considers coupled-two Cu-CNT in-
terconnect lines with width, thickness, height, and spacing as
22 nm, 22 nm, 50 nm, and 22 nm, respectively. The values of

29
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—~ 1.01 Different Types of Crosstalks in a Coupled-Two
Z Hybrid Cu-CNT Interconnect Lines System
(o]
£ Inph
EZ 08 nphase
£
2
-
= 06 —— HSPICE
L=y = = MRA
5
]
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k]
=
<
% 0.2+
<
o .
Functional
0.0 T — T T
0 200 400 600 800

Time (ps)

FIGURE 6. Different types of crosstalks in coupled-two (22 nm x 22 nm)
hybrid Cu-CNT lines at 22 nm technology node.

TABLE 4. Comparing the Accuracy of Proposed MRA Model with SPICE
W-Element Model for Coupled-Two Cu-CNT Lines

Type 50% delay (ps) Type Peak crosstalk (mV)
of (Victim Line2) of (Victim Line2)
Crosstalk MRA SPICE Crosstalk MRA SPICE

Inphase 42.14 42.15 .
Outphase 3497 34.08 Functional 165.18 165.19

the p.u.l. line parasitics and the fixed resistance are evaluated
using the procedure described in Section II. The obtained
values are:

R = :65656 65(.)56] 2/ pm;

b= [0 900 L
cu=| Soums oioos | FFIm
Rrn = :15%42 15(()).42} &

The line length is 50 pum in this case. The driver and load
values are in accordance with the 22 nm technology node, as
shown in Table 2. The rise time of the input signal is 1 ps.
The transient plots obtained using the proposed MRA model
and HSPICE simulations are shown in Fig. 6. These plots in-
clude the results corresponding to dynamic in-phase crosstalk,
dynamic outphase crosstalk, and functional crosstalk. The re-
sults are tabulated in Table 4. It is observed that the results
obtained match closely with the industry level SPICE sim-
ulator and lie within 1% error. Further, the CPU time con-
sumed using proposed model for coupled-two hybrid Cu-CNT
interconnect lines is 3.10 ms and the CPU time consumed
using SPICE for coupled-two hybrid Cu-CNT interconnect
lines is 10.20 ms. It can be seen that a speed-up of a factor of
3.3 is obtained using the proposed MRA model. The Padé
order is two in this second example. The proposed MRA
model can be tuned by increasing or decreasing the Padé order
depending on the inputs based on the line length and rise time.
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FIGURE 7. Dynamic crosstalks vs. Filling Ratio (FRcyr) in coupled-two
(14 nm x 14 nm) hybrid Cu-CNT lines at 14 nm technology node.

The effect of the filling ratio (FRcyr) variation on the dynamic
crosstalk is also illustrated with the help of Fig. 7. Next, the
range of kinetic inductance and temperature are considered
from 8-120 nH/um and 300-500 K, respectively [17], [20].
The impact of these variations is analyzed on the inphase
and outphase switching in coupled-two Cu-CNT interconnect
lines, and the results are compared with the SWCNT lines net-
work. It is observed that an increase in kinetic inductance and
temperature values increases the delay in both the networks,
as shown in Figs. 12 and 13. However, the Cu-CNT lines offer
lesser delay in comparison to the SWCNT line.

The results for the inphase and outphase switching at the
far-end of victim line 2 are shown in Table 5 and Table 6,
respectively, using the proposed model and the industry-level
SPICE simulator. An excellent accuracy between the pro-
posed model results and industry-level SPICE simulator has
been obtained with less than 1% error.

The third structure considers a coupled-four hybrid Cu-
CNT interconnect lines with dimensions in accordance with
14 nm technology node. The spacing between each intercon-
nect 14 nm. The values of the p.u.l. line parasitics are evalu-
ated using the procedure described in Section II. The obtained
values are,

189.87 0 0 0
0 18987 0 0
Ru = 0 0 18987 o |%/wm
0 0 0  189.87
[0.41758  0.00014  0.00005 0.00003
[ _ | 000014 041758 0.00011 0.00005 | .
H=1000005 000011 041758 0.00014 |™H/mm
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TABLE 5. Inphase Switching Delay (ps) Comparison Between Cu-CNT and SWCNT Interconnects

Interconnect Kinetic Inductance T,= 300K T, = 400K T3=500K
line (Lx) (mH/pm) Proposed SPICE Proposed SPICE Proposed SPICE
Lgi =8 489.51 489.50 512.20 512.21 541.26 541.26
Cu-CNT L, =64 492.67 492.67 515.18 515.19 544.10 544.09
Lgs =120 496.83 496.84 518.21 518.20 546.42 546.42
L =8 520.85 520.86 536.42 536.42 562.48 562.49
SWCNT Lg, =64 523.49 523.48 539.67 539.68 566.32 566.33
Lygs =120 527.67 527.66 542.89 542.90 569.51 569.52

The line length is 100 pum. The driver and load values
are following ITRS reports, as shown in Table 2. The rise
time of the input signal is 1 ps. The transient plots obtained
for different input switching scenarios using the proposed
MRA model and HSPICE simulations are shown in Fig. 8 and
Fig. 9. Table 7 includes the results for propagation delay that
corresponds to different input switching scenarios. Table 8
contains the results for functional crosstalk that corresponds to
different input switching scenarios. It can be seen from Table 7
and Table 8 that the results of the proposed MRA model match
very closely with the HSPICE simulations. The Padé order
is three. The CPU time consumed using the proposed model
for coupled-four hybrid Cu-CNT interconnect lines is 28 ms
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while the CPU time consumed using SPICE for coupled-four
hybrid Cu-CNT interconnect lines is 47 ms, ensuring that the
proposed MRA model always remains faster than the industry
level SPICE simulator.

This paper presents the transient analysis of hybrid Cu-
CNT interconnects using the proposed MRA model. Further,
it shows the advantages that the MRA technique offers in the
modeling of these lines. Besides, the simulation results have
also been carried out for other interconnect structures, namely,
coupled-two Cu lines and coupled-two SWCNT bundle lines
at the 22 nm technology node, as shown in Fig. 10. The line
length considered for each interconnect line is 50 pm. Line 1
is active line with saturated rising ramp input signal and line
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TABLE 6. Outphase Switching Delay (ps) Comparison Between Cu-CNT and SWCNT Interconnects

Interconnect Kinetic Inductance T,=300K T, =400K T5=500K
line (Lg) (mH/pm) Proposed SPICE Proposed SPICE Proposed SPICE
Ly =8 1403.03 1403.02 1473.18 1473.19 1560.24 1560.23
Cu-CNT Lg, =64 1407.12 1407.13 1476.59 1476.60 1563.05 1563.05
Lxs =120 1411.36 1411.36 1479.65 1479.64 1566.10 1566.11
Ly =8 1723.71 1723.72 1790.24 1790.24 1882.03 1882.03
SWCNT Lk, =64 1726.86 1726.85 1793.13 1793.14 1884.91 1884.92
Lgs =120 1729.66 1729.65 1797.28 1797.29 1887.79 1887.80
- Cu/ CNT/ Cu-CNT TABLE 8. Accuracy of Proposed MRA Model With SPICE W-Element Model
imerconnzt; line For Victim Lines in Coupled-Four Cu-CNT Interconnects
‘7RH Ly Ly Ry
- Input Maximum crosstalk (mV)
o Con = Le Switching (Line2) (Line4)
Active Line 1 Cpy £ L Scenarios MRA SPICE MRA SPICE
e * 1010 269.96 269.98 154.89 154.90
Coy—= § Loy~ 1010 25.85 25.86 -142.62 -142.63
“R 7 Ax 7 R 1010 -26.05 -26.06 143.74 143.75
H MH KH FH
| 1010 -271.00 -271.02 -155.37 -155.38
Con = 1
Victim Line 2 Cpp £ TC:  TABLE 9. CPU Time Expense (min) of Proposed Model and SPICE
D CIEZCSS)I;CC;&]\CIT - l_ Line-length ~ Proposed ~ Conventional [23] SPICE Speed-up
(cm) (minutes) (minutes) (minutes)
FIGURE 10. Coupled-two Cu/SWCNT bundle/hybrid Cu-CNT interconnect 0.5 3.6 395 432 120
lines. 1 5.4 605 648 120
1.5 6.6 815 864 131
2 8.4 953 1080 128

200 4

150 4

100 A

[%3
=]
!

Crosstalk noise on victim line 2 (mV)

0 T T

Time (ns)

FIGURE 11. Peak crosstalk noise on far-end of Victim line2 at 22 nm
technology node for coupled-two Cu, SWCNT bundle, and hybrid Cu-CNT
interconnect lines.

TABLE 7. Comparing the Accuracy of Proposed MRA Model with SPICE
W-Element Model in Coupled-Four Cu-CNT Lines

Input 50% delay (ps)
Switching (Linel) (Line2) (Line3) (Line4)
Scenarios  MRA SPICE_MRA SPICE MRA SPICE MRA SPICE
1111 4058 40.58 40.58 40.58 40.58 40.58 40.58 40.58
t11] 10329 103.30 155.71 155.72 201.96 201.97 7524 75.25
111 5405 5406 102.83 102.83 7441 7442 4098 41.00
t107 118.63 118.64 88.39 88.40 88.39 88.40 118.63 118.64

2 is quiet victim line. The results for the peak crosstalk noise
at the far-end of victim line 2 in Fig. 10 are compared with
coupled-two hybrid Cu-CNT interconnects with 0.2 filling
ratio [12], [17] and are shown in Fig. 11. The proposed MRA
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model results and SPICE simulations match very-well. The
peak crosstalk noise at the far end of the victim line 2 for
Cu, CNT, and Cu-CNT networks are 203.98 mV, 183.48 mV,
and 177.75 mV, respectively. These results show that hybrid
Cu-CNT interconnects lines are more immune to crosstalk
noise than the CNT and Cu interconnect lines networks due
to the lesser capacitive coupling effects in Cu-CNT lines.
These results regarding crosstalk analysis further strengthen
the candidacy of Cu-CNT interconnect lines over CNT and
Cu interconnects in the nano regime.

The fourth example considers coupled-three Cu-CNT lines.
The proposed model is implemented at larger interconnect
lengths and is parameterized to incorporate the effects due to
the surface roughness variations of the dielectric in which the
hybrid Cu-CNT interconnect is placed. The dielectric surface
roughness range is considered from 10-180 pm [32]. The
entire 1-D grid for dielectric surface roughness variation is
divided into 180 grid points. A 1-D Legendre polynomial
function is used for the parameterization of the proposed
model. The comparison of the computational CPU time ex-
pense between the proposed model, conventional MRA [23],
and SPICE at varying line lengths are shown in Table 9.

Further, the results using the proposed model and SPICE at
an interconnect line length of 0.5 cm at three distinct points
at the far-end of line 1 and line 2 for input switching (1
0 1) are shown in Figs. 14 and 15, respectively, at 14 nm
technology node. The propagation delay (line 1 and line 3)
and peak crosstalk (line 2) at surface roughness values 10 pm,
90 pm, and 180 pm using the proposed model and SPICE are
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tabulated in Table 10. An error less than 1% is seen from the
proposed model results and SPICE simulations, ensuring the
proposed model’s excellent accuracy. It has been observed that
the propagation delay and peak crosstalk increases with the
increase in dielectric surface roughness (DSR) value.
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FIGURE 15. Crosstalk on line 2 corresponding to Cu-CNT at 14 nm
technology node for input switching (1 0 1) for dielectric surface variations

from 10-180 pm.

V. CONCLUSION

This paper presented a robust and efficient MRA model used
in the transient analysis of the ESC model of hybrid Cu-CNT
nanopackaged interconnects. It is observed that the MRA
model provides the key performance parameters fastly than
the industry-level SPICE simulator. A maximum speed-up
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TABLE 10. Coupled-Three Cu-CNT Interconnects - Signal Integrity
Parameter Analysis For Different Dielectric Surface Roughness

Signal integrity Asg =10 pm Agg =90 pm Asg = 180 pm
parameter Proposed SPICE Proposed SPICE Proposed SPICE
Propagation Delay

2.1433 2.1432 23521 23521 2.6029 2.6028

on Line 1 (ns)
Peak crosstalk
on Line 2 (mV)
Propagation Delay
on Line 3 (ns)

29136 291.36 312.06 312.05 330.54 330.53

2.1432  2.1432 23521 23520 2.6030 2.6030

factor of 131 has been obtained using the proposed model
compared to SPICE. The MRA results and SPICE simulations
match very well with an error of less than 1% , thereby, ensur-
ing the proposed MRA model’s excellent accuracy. Its efficacy
and accuracy ensure its immense possibility in the VLSI de-
sign automation tools to analyze hybrid Cu-CNT nanopack-
aging interconnects. The crosstalk noise in coupled hybrid
Cu-CNT interconnects network is compared with the Cu and
CNT-based networks using the proposed model and SPICE
simulations. The results obtained show that coupled hybrid
interconnects structures are more immune to the crosstalk due
to lesser coupling effects than other interconnects, and there-
fore strengthening their candidacy for future nanopackaged
interconnects. The impact of the DSR variations in Cu-CNT
interconnects are analyzed by parameterizing the proposed
model using Legendre polynomial function resulting in an
excellent accuracy.
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