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Abstract—According to the derived transfer function using different
orders of approximation, stability and signal transmission analysis of
a driven metallic single-walled carbon nanotube (SWCNT) bundle
interconnect are performed. It is shown that as the length of
SWCNT bundle interconnect increases, the poles will be closer to the
imaginary axis, which causes the transmitted signal response tends to
be more damping. Using the fourth-order approximation of the transfer
function, the transmitted pulse waveform along the SWCNT bundle
interconnect is captured accurately, with signal overshoot and time
delay examined. Further, a complete physical model for the transient
response of carbon nanotube bundle interconnect is derived, which
can also accurately predict the transient response of carbon nanotube
bundle interconnect including time delay and crosstalk.

1. INTRODUCTION

Due to their unique features of high current carrying capability,
excellent thermal and mechanical properties, carbon nanotubes (CNT)
have drawn much attention in the development of future interconnects
in the past several years [1]. Significant research progresses have been
achieved in modeling single-, double-, and multi-walled CNT (SWCNT,
DWCNT and MWCNT) interconnects. These progresses mainly
include: (a) the development of RF circuit models for single and bundle
interconnects consisting of SWCNT, DWCNT and MWCNT [2-5];
(b) the extraction of their distributed parameters [6-8]; (c) the
characterization of crosstalk effects [9,10], (d) the prediction of their
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performance parameters in comparison with copper interconnects used
for advanced CMOS fabrication technologies [11-13], and (e) the study
on their relative stability [14], power handling capability, and other
reliability issues [15]. On the other hand, it must be emphasized
that design and fabrication technologies of CNT-based interconnects
are very important for their real application in the future 3-D ICs,
and some significant progresses can be found in [15-19]. Also, some
methodologies on transmission line, interconnects and transient signal
analysis can be found in [30-32].

It is also known that as the transfer function of an on-chip
interconnect in the Laplace domain is obtained, its inductance
effects, transferred signal stability, and output response excited by
an arbitrary signal can be determined accurately [20]. The fourth-
order approximation is often used in the derivation of transfer function.
To the best of our knowledge, although relative stability analysis
of CNT bundle is presented in [14] with Nyquist stability criterion
implemented, no one addresses the solution to its absolute stability
problem which is also important for the design of CNT-based networks.

Further, we know that compact distributed RLC models are
always essential for the design and global optimization of multilevel
interconnect networks. Fortunately, a set of distributed RLC models
for copper interconnects, after tedious mathematical treatment, has
been developed by Davis and Venkatesan [21-24]. With it, we
can accurately and quickly capture time delay, overshoot, crosstalk,
and repeater insertion of single and coupled copper interconnects,
respectively.

In this paper, absolute stability analysis of SWCNT bundle
interconnects will be carried out at first, based on the derived transfer
function in the Laplace domain and its pole distribution. Then, using
the method of special functions proposed in [21-24], some compact
distributed RLC models for SWCNT bundle interconnects are derived,
and their successful applications in predicting bundle transmission
characteristics are demonstrated, such as crosstalk effect.

2. TRANSFER FUNCTION AND ABSOLUTE
STABILITY

Figure 1(a) shows a SWCNT bundle interconnect of length [y, on a
double-layered substrate of silicon oxide and silicon. Its equivalent
distributed circuit model is shown in Fig. 1(b). Because of the present
limitation in fabrication technology, a SWCNT bundle is often a
mixture of metallic CNTs and semiconducting ones [10]. Here, we
use P, donates the metallic probability of a SWCNT in the bundle



Progress In Electromagnetics Research, PIER 104, 2010 71

Lb
T SWONT bundle
[ e siticon dioxide B
i Silicon I
(a)
Vi(t) Be K R ;M Res  Liv La B R Volt)
(%j Cout 4Ca» I 4Cq I Cioad

(b)

Figure 1. (a) Geometry of a SWCNT bundle interconnect; and (b)
its equivalent distributed circuit model.

(0 < P, <1), with the metallic tube number denoted by ncnr, and

nent = Pu(npnw — [ng/2)) (1a)
nw = Inter (W — D)/(D+ A)] + 1 (1b)
nig = Inter |(H — D)/((V3/2)(D + A))] +1 (1c)

where ng and ny are the tube numbers in the vertical and horizontal
directions [4], respectively; “Inter | |” indicates that only the integer
part is taken into account; D and A(= 0.34nm [1,4]) denote the
diameter of each metallic tube and the separation between two
neighbouring tubes in the bundle, respectively.

In Fig. 1(b), Ry and Cyy are the equivalent resistance and
output capacitance of the driver at the input port, Cj,.q is the loaded
capacitance at the output port, and R,,. denotes the metal-CNT
contact resistance introduced by fabrication. The intrinsic resistance
Ry, and the quantum one R, are calculated by [10]

Ry, = Ry/(Aentnent) = h/ (4e*Aenrtnent) (2a)
Ry = h/(4€%) (2b)
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where the value of R, is 6.4k{), with electron spin degeneracy
considered, and Aoyt is the mean free path (mfp). For a SWCNT
bundle, there are per-unit-length kinetic and magnetic inductances,
denoted by Ly, and L, respectively. The per-unit-length electrostatic
and quantum capacitances of the bundle are represented by Cg and
Cgp, respectively. The magnetic inductance L,,, and electrostatic
capacitance Cyp, of the bundle can be obtained just by calculating the
inductance and capacitance of a copper wire but with the same cross-
sectional dimensions instead. The kinetic inductance Ly, and quantum
capacitance Cy, of the bundle are calculated by

Ly = Li—cnt/nent = h/ (2¢°vr) nent (3)
Cop = Cynont = QGQHCNT/(hUF) (4)

where vp is the Fermi velocity. We would like to say that, since
the total inductance is dominated by the kinetic term, the magnetic
coupling among tubes can be excluded.

In Fig. 1(a), as ly, > AonT, the input-output transfer function of
the bundle in the Laplace domain can be calculated by [25]

H(s) = {[1 + sRi (Cour + CL)] cosh(6ly,)
+ (Rir/Z8 + 528 CL + 52 28 RiyCoutC1) sinh(0l,,)} ' (5)
where ZI = \/(Rsb + sLy)/sCh, 0 = \/(Rsb + sLy)sCh, and s = jw is
the complex frequency. As we expand cosh(0l;,) and sinh(6l;,) into

infinite series and collect the terms up to the coefficient of s® in the
denominator, we can express the transfer function as [25, 26]

M
H(s)=1/|1+ Z bmsm] (6a)
m=1
where b,,(m =1,..., and 6) are given by:
b1 = Rir(Cout + C1) + RayColiy/(21) + RerCyluy + CL Rl (6D)

by = LyCyl2, /(2!) + R%, G214,/ (4) 4 CyRyr(Cour + CL) ReplZ, /(2!)
+RopCuli, (Rer Coler, + CrRsplyn )/ (3!)
+CrLplin + Ry Cout CrRsplin (6¢)
by = 2Ry LyCillyy, /(41) + R, G315,/ (6) 4+ Rerl,Ch - (Cour+Cr) (Ly/ (21)
+R2,Cyl2, /(AN) +13,Cyp(RirCy+CrRay) - (Lp/(3))
+R2,Cyl2,/(5) + (Lo + Ry Cout Rsy) CLLyCal3, / (31)
+Ri Cout Cr. Lply, (6d)
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by = L2C21Y /(4)) + 3L, R%,CP15, /(6Y) + RY,CRHE, /(8))
+RtrRstb lth(Cout + CL)( 2Lb/(4') + CpR blth/< ))
+ R CELY (R Colyp, + CLRs_plin ) (Col2, R,/ (T!) 4 2Ly / (5Y))
+C,CLI, (Ly + Cou RepRer) (Lo / (3!) + CoR2%15,/(51))
+CyCrLCou Ly Rep Rir 13,/ (31) (6e)
bs =3LECERyl%, /(6!) + 4Ly R3,CH15 1 /(8)) + R2,CPIY /(101)
+ Ry C2lY (Cous + CL) (L2 /(4)) 4+ 3R2, Ly Cyl2, /(6!)
+RY,CoLY,/(8Y) + R Cily, (L /(5!) 4 3Cy LR35, /(7))
+CERL 1L /(9N) + Ry CLOR13, (L) (5!) + 3C, Ly R%12, /(7))
+Cy R,/ (9Y) + CLLy R Cild, (Lo / (5!) + R2,Cylp, /(7))
+Riy Cr.Cout Gy R315, (2L / (5Y) + Cyliy, /(71))
+CyCrLCout Ly Rir 13, (Lo / (3!) + CyR213, ( D)) (6f)
b = Co L315, /6! + 6 L R%,CHS, /8! +5CP Ly RL 110 /101 + RS, CE112 /(12!
+ R Rer Ci13,(Cour + CL) (L5 /6! + Cj Réblth/lo!
+4CyR% Lyl2, /8!) + R Ry Cyll, 3LE /7! 4+ CE R 1, /11!
+4Cy Ly R% 13, /9! + CL Ly R%,CPI1T, (3L, /7! + 4R2belth /9))
+CLLyCilg, (Ly / (5Y) + 3Cy Ly R3, 15, / (7)) + Ci Ryl /(91))
+CLCout Rep Rir Ci1, (L / (51) +3Cy Ly R%15, /T!+ Cy Ryl / (91))
+C1 Cout Ly Rey Ry CE13, (214 / (5) + Cy R bzth /(71 (62)

Using (6a)—(6g), both relative and absolute stability of the SWCNT
bundle interconnects can be predicted numerically.

3. COMPACT DISTRIBUTED RLC MODEL OF CNT
BUNDLE INTERCONNECTS

Figures 2(a) and 2(b) show the cross-sectional views of two on-
chip CNT bundle interconnects, and they can be made of SWCNTs,
DWCNTs, and even MWCNTs.

According to the method of special function proposed in [23], we
now extend the compact distributed RLC model for normal metallic
interconnects to CNT bundle cases. In Fig. 2(a), the voltage at the
signal (S) bundle end, denoted by Vyip (I, s) in the Laplace domain,
can also be described by [23]:

Vi (& = lin,s) = (14 T1) Y [TFT&Viar (204 1) lin, 5)] - (7)

n=0
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Figure 2. Cross-sectional views of two on-chip CNT bundle

interconnects: (a) Ground(G)-signal(S)-Ground(G); and (b) G-S-S-G.

and
g={05 ((t/tn/LuCy) +1) ) — 1.0 (8a)

Vig (2, 5)= V8 2oV TR I [5 o O sGA R (g
§ Zov/(s+Ry/Lp) /s + R

where Ry, Ly and Cy are the per-unit-length resistance, inductance and
capacitance, respectively; g is the reflection number of the transmitted
signal along the CNT bundle, Vit (I, s) is the voltage in the Laplace
domain at the coordinate x of the bundle, but with an infinite length
assumed; and Vy,/s is the Laplace equivalent of the step input signal,
I's and I'f, are the reflection coefficients at the source and capacitance
load ends, respectively, which are defined as

Zg — Z(S) _ Ry — Zo/1 + Rb/(SLb) (9)
Zs ¥ Z(5) " R+ Zon/1 ¥ Rof(5L)

I, — ZL—Z(S) i 1 —SCLZO\/W (10)
L= ZL+Z(S) N 1+SCLZO\/W

where Z, = /Ly/C}p is the characteristic impedance of the CNT
bundle, and Z7, = 1/(5Clpaq). Following the similar way as used in [23],
(7) can be decoupled as

I's =

Viin (& = I, s) = Vi(s) + Va(s) (11)
and Vi(s) is the first reflection (n = 0) term given by
Vi(s) = (1+T) Vins (ln, 5) (12)

Va(s) is the second- and higher-order reflection (n > 1) term given by

Va(s) =Y [(TE0% +T0HTE) Vine (20 + Dy )] (13)

n=1
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Using the inverse Laplace transform, the voltage response in the time
domain can be obtained by

Vin(lin, 1) = Vi(t) + Va(t) (14)
As discussed in [23], (14) also consists of three separate models as
follows:

Model 1: Vyin(lin, t) = e TV CL) (V] () + V3 4(1)) (15)
Model 2 : Viin (i, t) = e T CL) (VI (1) + Vi 4(1)) (16)
Model 3 : Viin (i, ) = e /1) (Vp (1) + V3 (t)) (17)

And the model choice depends on certain convergence rules as proposed
in [23].

In Fig. 2(b), the decoupled partial differential equation (PDE)
for the common and differential modes of voltage wave propagation in
two-coupled CNT bundle interconnects can be described by a set of
similar equations as given in [23], and

82 0? 0
922 Vi(z, t)= (Ls_b+Lm_b)Cg_b3t2 Vi (z, t)—i—Rng batv+ (z,t)(18a)
2 82
va (l‘, t):(Ls—b_Lm—b)(Cg—b + QCm—b)@Vf (l‘, t)
0
+Rb(Cg—b + 2Cym—b)av— (l’, t) (18b)
and
Vi(z,t) = Viin(Ry, Ls—p + Lin—p, Cyg—p, , 1) (19a)

V_ (LL', t) = Vfin(Rba Ls p — Ly, Cg—b + 20m—b> xz, t) (lgb)
where Lg_p, and L,,_; represents self and mutual inductances of the
CNT bundle, respectively. Cy_j, and Cy,—p represents bundle to ground
and bundle to bundle capacitances, respectively. The approximate
expressions for the mutual inductance of CNT bundle is given by [27]

Loy = % In \/(52 +(2(a + ton) — a)2) /3 + a? (20)

where t,, is the thickness of SiOs9, a is the equivalent radius of the
bundle, § is the centre-to-centre spacing. The bundle to bundle
capacitance is calculated by some special methods, such as those
proposed in [15]

mE
Cm_p= on 21
mb cosh™!((5 + D)/D) eNT (21)
The transient solutions for the active and quiescent line are given
by [23]

=
8

~
I

Vi(z,t) + V_(x,1)]/2 (22)
[Vi(z,t) = V_(x,1)]/2 (23)

S

8

~~
I
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Figure 3. The pole distribution diagrams of a driven SWCNT
bundle interconnect using the (a) fourth-, (b) fifth-, and (c) sixth-order
approximation of transfer function, respectively.
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4. STABILITY ANALYSIS AND RESPONSESOF CNT
BUNDLES

4.1. System Stability Analysis

The stability of a SWCNT bundle interconnect can be characterized
according to its pole distribution. Figs. 3(a), (b) and (c) show
the extracted pole distribution diagrams of a driven SWCNT bundle
interconnect using the fourth-, fifth-, and sixth-order approximations
of the transfer function, respectively. The diameter of each metallic
SWCNT and the number of metallic nanotubes in a given bundle are
chosen to be Inm and 100, respectively. The separation between two
neighbouring SWNCTs in the bundle is kept to be 0.34nm. It is
obvious that all poles are located at the left side of the S-plane, so
the SWCNT interconnect-based system is always stable.

Figure 4 shows the pole distribution diagram of a driven SWCNT
bundle interconnect for different lengths using the fourth-order
approximation, with l;;, = 30, 50, 80, and 1000 m, respectively. It is
shown that as the length of SWCNT bundle interconnect increases, the
poles will be closer to the imaginary axis, which causes the transmitted
signal response tends to be more damping, as also indicated in [14].

4.2. Responses of CNT Bundle

Based on the above input-output transfer function using the third-,
fourth-, fifth-, and sixth-order approximations, respectively, we want to
predict time-domain responses of a SWCNT bundle interconnect input
by a rectangle-like signal. The SWCNT bundle interconnect is driven
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Figure 4. The pole distribution diagram of a driven SWCNT bundle
interconnect for different lengths using the fourth-order approximation
of transfer function.
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by a driver with an equivalent output resistance of the gate driver R,
and terminated by a load with capacitance Cjyeq, as shown in Fig. 1.
The other parameters are chosen to be: Ry = 4578, Cjoqq = 1pF,
Cout = 1fF, and noyt = 100.

In Fig. 5, it is evident that the output waveforms obtained using
the second-, the third-, and the fourth-order approximations of the
transfer function are different, with different overshoot and time delay
observed. Evidently, the higher the order of the transfer function
used, the more accurate the captured pulse waveform is. However,
the maximum relative error in the captured pulse waveforms between
the third- and fourth-order approximations is only about 0.042%. As
we further employ the fifth- and sixth-order approximation of transfer
function, the same output waveform is recorded, as compared with
that of the fourth-order approximation.

Figure 6 shows the responses of a SWCNT bundle interconnect
excited by a rectangular pulse with l;;, = 1, 20, 50, and 100 pum,
respectively, and the fourth-order approximation of the transfer
function is used in our calculation. It is evident that with increasing
the SWCNT bundle length, its resistance effect becomes dominant. As
the value of [}, increases from 1 to 20, 50 and 1000 m, the time delay
of the transmitted pulse is increased from 5.05, 5.18, 7.21, and 23.28 ns
gradually.

Further, Fig. 7 shows the time delay of the transmitted pulse as a
function of the SWCNT bundle length.
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Figure 5. Responses of a Figure 6. Responses of a

SWCNT bundle interconnect ex-
cited by a rectangular pulse with
a length of 20 um obtained using
the second-, third-, and fourth-
order approximations of transfer
function, respectively.

SWCNT bundle interconnect ex-
cited by a rectangular pulse for
different lengths obtained using
the fourth-order approximation of
transfer function.
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fourth degree polynomial. transfer function.

Based on a lot of numerical experiments, it is found that the time
delay of the pulse waveform can be described by the fourth degree
polynomial, i.e.,

4
ta= Y anlfy, (24)
n=0
where the polynomial fitting coefficients ag = 5.4, a; = —0.069,

as = 0.0017, a3 = 1.4 x 1075, and a4 = —5.9 x 1078,

Finally, Fig. 8 shows the time delay as a function of the CNT
number in the bundle for its different lengths. It is evident that the
time delay (t4) increases linearly with the value of noyy.

According to the time domain expression V; ,(t), Vy,(t), Vi5(t)
and V,(t) which are shown in [29], we can get the output transient
response of CN'T bundle interconnect for a step input waveform. Fig. 9.
shows Output transient responses of a 20 um CNT bundle interconnect
excited by a step input waveform using the complete model for 22-nm
technology node.

Figure 10 shows the crosstalk induced in the active and quiescent
lines, and the mutual inductance and the bundle to bundle capacitance
have certain effect on the crosstalk between two SWCNT bundle
interconnects. On the other hand, we would like to say that skin effect
in the CNT bundle interconnect is exclude in our study, since the signal
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age of a 200 pm CNT bundle  300-pm-long active and quiescent
interconnect excited by a step lines with a step input, and W =

input waveform using the com- 22nm, H = 44nm, § = 44nm,
plete model, with W' = 22nm, R, = 1.095¢5€/cm, Cop =
H =44nm, Ry = 1.095¢5Q/cm, 13545 pF /em, Ly_p = 70.2nH/cm,
C, = 13545pF/em, L, = L, , = 1.6262nH/cm, Cy,_p =

70.2nH/cm, and Cjoeq = 5 fF. 83.706 pF/cm, and Cjpeq = 10 {F.

frequency is not above several tens of gigahertz [28]. Otherwise, it
should be treated appropriately in the prediction of signal transmission
characteristics.

5. CONCLUSION

According to different orders of approximation of the derived
transfer function and the equivalent circuit model of SWCNT
bundle interconnect, their stability as well as signal transmission
characteristics is studied in this paper. It is indicated that the
stability of a driven SWCNT bundle interconnect can be determined
by, as we know, its extracted pole distribution diagram. Using the
fourth-order approximation of the transfer function, the transmitted
signal waveform in the SWCNT bundle interconnect can be captured
accurately, in particular the signal overshoot and time delay. Also,
compact expressions that describe the transient response of single and
two coupled carbon nanotube bundle interconnects are presented to
enable physical insight and accurate estimations of the time delay and
crosstalk for carbon nanotube bundle interconnects.
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