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This chapter discusses about the behavior of Carbon Nanotube (CNT) different structures
which can be used as interconnect in Very Large Scale (VLSI) circuits in nanoscale regime.
Also interconnect challenges in VLSI circuits which lead to use CNT as interconnect instead
of Cu, is reviewed. CNTs are classified into three main types including Single-walled
Carbon Nanotube (SWCNT), CNT Bundle, and Multi-walled Carbon Nanotube (MWCNT).
Because of extremely high quantum resistance of a SWCNT which is about 6.45 kQ, rope or
bundle of CNTs are used which consist of parallel CNTs in order to overcome the high
delay time due to the high intrinsic (quantum) resistance. Also MWCNTs which consist of
parallel shells, present much less delay time with respect to SWCNTs, for the application as
interconnects. In this chapter, first a short discussion about interconnect challenges in VLSI
circuits is presented. Then the repeater insertion technique for the delay reduction in the
global interconnects will be studied. After that, the parameters and circuit model of a CNT
will be discussed. Then a brief review about the different structures of CNT interconnects
including CNT bundle and MWCNT will be presented. At the continuation, the time
domain behavior of a CNT bundle interconnect in a driver-CNT bundle-load configuration
will be discussed and analyzed. In this analysis, CNT bundle is modeled as a transmission
line circuit model. At the end, a brief study of stability analysis in CNT interconnects will be
presented.

1. Interconnect Challenges in VLSI Circuits

As interconnect feature sizes shrink, copper resistivity increases due to surface and grain
boundary scatterings and also surface roughness [1]. Furthermore, wires, especially power
and ground lines, are becoming more and more vulnerable to electromigration because of
rapid increases in current densities [2]. The resistance of copper interconnects, with cross-
sectional dimensions of the order of the mean free path of electrons (~40 nm in Cu at room
temperature) in current and imminent technologies [2], is increasing rapidly under the
combined effects of enhanced grain boundary scattering, surface scattering and the presence
of the highly resistive diffusion barrier layer [3]. The steep rise in parasitic resistance of
copper interconnects poses serious challenges for interconnect delay [2] (especially at the
global level where wires traverse long distances) and for interconnect reliability [4], hence it
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276 Carbon Nanotubes

has a significant impact on the performance and reliability of VLSI circuits. In order to
alleviate such problems, changes in the material used for on-chip interconnections have
been sought even in earlier technology generations, for example the transition from
aluminum to copper some years back [3].

Carbon nanotubes (CNTs) exhibit a ballistic flow of electrons with electron mean free paths
of several micrometers, and are capable of conducting very large current densities [3]. They
are therefore proposed as potential candidates for signal and power interconnections [5], [6].
Because of their extremely desirable properties of high mechanical and thermal stability,
high thermal conductivity and large current carrying capacity [7], CNTs have aroused a lot
of research interest in their applicability as VLSI interconnects of the future. Depending on
their chirality (the direction along which the graphene sheets are rolled up), CNTs
demonstrate either metallic or semiconducting properties. Fig. 1 shows different structures
depending on the chirality

Zigzag_semiconducting
Fig. 1. Two different structures of carbon nanotubes for an armchair-type nanotube and a
zigzag-type nanotube [8].

Carbon nanotubes are also classified into single-walled and multi-walled nanotubes.

2. Repeater Insertion as a Technique for the Delay Reduction

With the technology scaling in very deep submicron (VDSM) CMOS circuits, the gate delay
decreases rapidly, while the delay of global interconnects tends to increase because of
increasing their aspect ratio (thickness to width ratio) with scaling [2], [9], [10]. The repeater
(buffer) insertion technique is generally used to reduce the delay of long (semi global) and
global interconnects [9], [11]-[16]. An analytical model for obtaining the optimal buffer size
and segment length for an equal partitioning network, in which the buffers sizes and
segments lengths are constant, has been presented [12], [14], [17].

In [18] we have discussed about the optimization of global interconnects using unequal
repeater (buffer) partitioning technique. This method which is discussed and reviewed in
this chapter, is based on the segmentation of a long global interconnect into unequal parts,
and inserting buffers with unequal sizes between them. The related structure is named as
"Unequal buffer partitioning network" against "Equal buffer partitioning network" that was
mentioned above. The optimum delay is a function of various parameters such as the
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buffers sizes, the interconnect segments lengths, the load and so on [9], [11], [12], [15]-[17],
[19]-[22]. It is shown that for the optimization of a buffer inserted interconnect behavior, the
energy-delay product minimization is better than the delay minimization. Thus in this
research, the energy-delay product has been chosen as target function for the minimization.
There are different algorithms for minimizing a function, which in this chapter, the genetic
algorithm (GA) using MATLAB [23] has been used for minimizing the energy-delay product
function.

2.1 Equal Buffer Partitioning Network
Fig. 2 shows a global interconnect with the buffer insertion, in which each segment has
equal length and all the buffers have the same size

Fig. 2. Equal buffer partitioning network [18]

where r, ¢, and h are the interconnect resistance per unit length, the interconnect capacitance
per unit length, and each segment length of the interconnect, respectively. Also k, n and C
are the buffers size, the number of buffers, and the load capacitance, respectively. The total
time delay of global line interconnect including the buffers and load, using Elmore relation
[12], [21] will be

Delay, = n[RBD(CBO +ch) +%rch2} +(n—1)(R,, +h)Cy; + (R, +7h)C, . 1)

where Rpo=ro/k, Cpi=kco, and Cp,=kc, are the buffers output resistance, the buffers input
capacitance, and the buffers output capacitance, respectively. Also ro, co, and ¢, are similar
parameters of the minimum sized repeater (buffer), respectively. We can express the total
energy as

Energy, = r{ch +k(co+c,)+ %} 1% )

where Vy; is the power supply voltage. The energy-delay product will be written as

EDP, = Energy, x Delay, , ©))

— 1,2
EDP, =n - - 5

ch+k(c0+cp)+ﬂ xﬁg(kcp+n_1kco+%+ch)+rh(n_1kco+%+1ch) V2. (4
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2.2 Unequal Buffer Partitioning Network

Fig. 3 shows a global interconnect with buffer insertion, in which each segment length is a
times of the previous segment length, and each buffer size is f times of the previous buffer
size, respectively

1 2 m
rh rak I ra"™'h
ch cal ca™h ——C

Fig. 3 Unequal buffer partitioning network [18]

where h=I(1-a)/(1-a") which [ is the total length of line (interconnect), k is the first buffer size,
and m is the number of buffers. The other parameters are the same as in Fig.2. The total time
delay of global interconnect in this structure, including the buffers and load, using Elmore
relation [12], [21] will be

1—[“
f} " 1—(af)1 1[1-a2m " - 5
Delay, =mryc, +(m—"1)rcof + 1 % foch+ % rhkfc0+§ -2 rch? + kf’2*1+m h|C, ©)

where 1y, ¢y, and ¢, are the output resistance, the input capacitance, and the output
capacitance of the minimum sized buffer, respectively. We can express the total energy as

Energy, = {cl - (11_];:1 ]k(co +c,)+ CL}V; : 6)

Thus the energy-delay product for "Unequal partitioning network" will be written as

EDP, = Energy, x Delay, , (7)

EDP, =

1-f"
cl+[ =7 Jk(co+cp)+CL}

x| mryc, +(m—ryc, f +

J - m

1—[“
f] 7 1—(af)"! 1[1—ag?m 7 .
a zoch+ % rhifc, +~ aa rch* + kf0*1+m nic, vz, - (8)
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2.3 Optimization Procedure

In this section, EDP! functions for the two networks "Equal partitioning network" and
"Unequal partitioning network", which are defined and obtained in sections II and III, are
minimized using the genetic algorithm (GA) of MATLAB [23]. This procedure is performed
on the two networks for the three technology nodes 65, 90, 130 nm, which the specifications
of global interconnect and the minimum sized repeater (buffer) in each technology node
have been extracted from ITRS? [2], [9]. Also the interconnect capacitance per unit length is
obtained using the formulations presented in [9]. Moreover, in each step of the optimization
(minimization) procedure, the load capacitance has been taken as a parameter which varies
from one to hundred times of the minimum sized buffer output capacitance.

In Figs. 4-9, the propagation delay improvement for "Unequal partitioning network" respect to
"Equal partitioning network", versus the global interconnect length, and for three technology
nodes 65, 90 , 130 nm, have been plotted whereas the capacitive load varies from one to
hundred times of the minimum sized buffer output capacitance (c;). The genetic algorithm
(GA) of MATLAB [23] has been used as a tool for minimizing the energy-delay product
(EDP) for the two networks at different technology nodes and various loads. For obtaining
the correct results for each step of the minimization procedure, the algorithm has been done
1000 times in each step and the least value has been chosen as the best answer.

It is found from Figs. 4-9 that the improvement of the propagation delay, in unequal
partitioning network is more than equal partitioning network. This improvement is obvious
for the technology nodes 90, 130 nm and goes high with increasing the load capacitance.
Also for technology node 65 nm, the delay improvement will be achieved for the high
values of the load capacitance, which is cleared from Figs. 8, 9.
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Fig. 4. The delay improvement of unequal partitioning network respect to equal partitioning
network, for Cr=c, [18].

1 Energy-Delay Product
2 International Technology Roadmap for Semiconductors
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Delay Improvement (%)
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Fig. 5. The delay improvement of unequal partitioning network respect to equal partitioning
network, for C;=10c, [18].
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Fig. 6. The delay improvement of unequal partitioning network respect to equal partitioning
network, for C;=30c, [18].
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Fig. 7. The delay improvement of unequal partitioning network respect to equal partitioning

network, for Ct=50c, [18].
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Fig. 8. The delay improvement of unequal partitioning network respect to equal partitioning

network, for C=70c, [18].
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Fig. 9. The delay improvement of unequal partitioning network respect to equal partitioning
network, for C;=100c, [18].

3. Circuit Model and Parameters for CNT

Fig. 10 depicts the equivalent circuit for an isolated single-walled carbon nanotube
(SWCNT) of length less than the mean free path of electrons in a CNT [24], [25].

Re/2 Lent Lewt Rr/2
/_"E[Jriver 4Cq I 4Cq I LOEV
Ce :I: Ce I
Ti T

Fig. 10. Equivalent circuit model for an isolated SWCNT of length less than the mean free
path of electrons, assuming ideal contacts [25].

In this figure, Rr is the fundamental (quantum) resistance, Lcnr is the total inductance, and
Cg and Cg are the quantum and electrostatic capacitances, respectively. In the following
subsections, these parameters and their related formulations will be discussed.

3.1. CNT Resistance
Due to spin degeneracy and sub-lattice degeneracy of electrons in graphene, each nanotube
has four conducting channels in parallel [3], [26]. Hence, the conductance of an isolated
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ballistic single-walled CNT (SWCNT) assuming perfect contacts, is 4e2/h = 155 pS, which
yields a resistance of 6.45 KQ [8], [24]. This is the quantum resistance associated with a
SWCNT that cannot be avoided [3], [27]. This fundamental resistance, as shown in Fig. 11, is
equally divided between the two contacts on either side of the nanotube and can be
expressed as [27]

Rp=—+ )

where h is plank’s constant and e is electron charge. The mean free path (MFP) of electrons
in a CNT is typically 1 pm [3], [8], [28]. For CNT lengths less than Acnr, electron transport
within the nanotube is essentially ballistic [3]. In this case, the resistance of nanotube with
ideal coupling to the two metal contacts at its ends is independent of length and is given by
h/(4e?) =~ 6.45 KQ [26], [27]. However, for lengths greater than the mean free path, scattering
leads to an additional ohmic resistance which increases with length as [29]

Royr =R ! :[h] ! (10)

F 7
Aent 4e” ) Acnr

where ¢ and Acnr are the length and the mean free path of CNT, respectively. This has also
been confirmed by experimental observations [3], [28]. It should be noted that this
additional scattering resistance would appear as a distributed resistance per unit length [24]
in the equivalent circuit, to account for resistive losses along the CNT length

R
Renr(pud)=—=+ :[ hj L : (11)

Aent 4e? Aent

It is necessary to note that there are inconsistent results published in literature, both
experimental and theoretical, regarding the dependency of resistance on length [30]. Some
of these results indicate an exponential relationship [31], [32]

R=R; expLz/f J (12)
CNT

and some show a linear dependency [28], [33]

R:R{1+ ! ] (13)

ﬂ“CN T

It can be observed from (10)-(13) that the value of mean free path (MFP) plays an important
role in determining the resistance of the carbon nanotube. It has been proven that the MFP
of a CNT, both for metallic and semiconductor types, is proportional to the diameter [34],
[35]. For the MFP of metallic CNTs, we have [34], [36]
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Aenr = [M]D (14)

207 + 905

where D is the diameter of the CNT, ¢ is the nearest neighbor tight-binding parameter, ¢ is
the on-site energies, and 0, and O, are the variances of ¢ and ¢, respectively. For the MFP

of semiconducting CNTs, we have [34], [35]

Aeng = (;’—FTJ.D (15)

where v is the Fermi velocity, a is the coefficient of scattering rate, and T is the temperature.
For a typical SWCNT with diameter 1 nm, the value of MFP has been reported about 1 pm
based on measurements [37], [38]. Thus irrespective of the nature of SWCNTs (shells in an
MWCNT), metallic or semiconducting, we can assume A-y7 =1000D [34].

Fig. 11 shows the equivalent distributed circuit model of an individual CNT (shell in a
multi-walled CNT)

Rs Lk L | Rg/2 Rnd2

Ca==|

e
N

ShE“ i"““""_ i‘.‘.‘.‘E.'I.f:.'r:l.'l.?."iE:E:g::::.'.'.'.'E.‘.'.'.'.'.'.'.‘:.‘.'.'.'.'.'=.........

Rmc/2} Rg/2

et

Fig. 11. Equivalent distributed circuit model of an individual CNT [34].

In this figure, Ry is the imperfect contact resistance, Rg is the quantum resistance (as the
fundamental resistance Rrin Fig. 10), Rs is the scattering-induced resistance (as Renr in (10),
(11)), Lx and Ly are the kinetic and magnetic inductances, respectively, and Cg and Cg are
the quantum and electrostatic capacitances, respectively.

The imperfect metal-to-nanotube contacts at each of the two ends of the nanotube, give rise

to an additional resistance typically about 100 KQ in series with the fundamental resistance

Rr [24], [39].

3.2. CNT Capacitance
The total capacitance of a CNT arises from two sources: the electrostatic capacitance which
is the intrinsic plate capacitance of an isolated CNT, and the quantum capacitance which

accounts for the quantum electrostatic energy stored in the nanotube when it carries current
[31, [26].
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The electrostatic capacitance is calculated by treating the CNT as a thin wire placed away from
a ground plane, as shown in Fig. 12, and its value per unit length is given by [3], [26], [30]

Cc - 2re N 2rg (16)

£ 2
cosh™ (yj ln(yj
d d

where &, d and Y are the dielectric permittivity, the CNT diameter, and the distance of CNT

from the ground plane, respectively.
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Fig. 12. Structure of an isolated CNT over a ground plane.

The electron cloud in a CNT can be assumed to be a quantum electron gas in one dimension.
Hence, this follows Pauli’s exclusion principle and it is not possible to add an electron with
energy less than the Fermi energy of the system (Ef) [40]. The quantum capacitance is used
to model the energy needed to add an electron at an available quantum state above the
Fermi level [26]. By equating this energy to that of an effective capacitance, the expression
for the quantum capacitance per unit length is obtained as [25]

_2¢?

= 17
Q hUF ( )

where Vv is the Fermi velocity in graphite [40] and is approximately 8x105 m/s [25]. Also

for a CNT, Cq is approximately 100 aF/pm [25], [26]. Since a CNT has four conducting
channels as described before, the effective quantum capacitance resulting from four parallel
capacitances is given by 4 Cg.

In [34], the following relations for the quantum capacitance per unit length of a shell in a
MWCNT have been expressed, according to the result in [25]

2¢?
Corimma =2 -~193 aF/um., (18)
CQ/Shell = CQ/chunnel X Nshell(D) ’ (19)
where
Ngu(D)=a.D+Db D>3 nm (20)
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is the number of conducting channels (spin degeneracy is already considered) in any shell,
D is the diameter of the shell, a = 0.0612 nm-1, and b =0.425.

On the other hand, in [38], the following relation for the number of conducting channels in
any shell has been reported

N,.,(D)y=aD+b D>3nm

D<6nm. (21)

Q
W | o

It should be noted that the error introduced by (20), (21), due to different chiralities, is
within 15% for all values of D [34], [38]. Note that the two regions in (21) have an overlap,
and for 3 nm < D < 6 nm, both constant and linear functions can be used without any

considerable error [38].

3.3. CNT Inductance

The total inductance of a CNT (Lcnt in Fig. 10) arises from two sources: the magnetic
inductance and the kinetic inductance (Ly and Lk in Fig. 11). In the presence of a ground
plane, the magnetic inductance per unit length is given by [25], [40]

L, = %cosh‘1 (%TyJ ~ %ln (%) : (22)

For a typical situation, the nanotube is placed on top of an insulating substrate (typically
silicon dioxide), with a conducting medium below. A typical oxide thickness is between 10
nm and 1 pm with a typical nanotube radius of 1 to 2 nm. It can be noted that the magnetic
inductance is a relatively weak function of the factor (y/d) and for typical geometries, it can
be estimated to be around 1 pH/jm [40], [41].

In one-dimensional CNT conductors, apart from the magnetic inductance, another inductive
component appears due to the kinetic energy of the electrons. The details of its derivation
can be obtained in [40]-[42]. The kinetic inductance per unit length can be expressed as [25],
[40], [41]

h

L, = )
K 2e%,

(23)

It is necessary to note that the four parallel conducting channels in a CNT give rise to an
effective kinetic inductance of Lx /4. Also as it has been shown from (23), the kinetic
inductance per unit length for a one dimensional CNT conductor is around 16 nH/pm [26],
[40], more than 4 orders of magnitude larger than its magnetic counterpart Ly (= 1 pH/pm)
[30], [40], [41], and will essentially play a vital role in high frequency applications [40].

In [34], the following relations for the kinetic inductance per unit length of a shell in a
MWCNT have been expressed, according to the result in [25]
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1
K/ channel = F X 5 ~8 nH/lum ’ (24)

L
L — K / channel 25
'K /shell Nshell ( D) ( )

where Nipent (D) has been defined in (20), (21).

4. Different Structures of CNT as Interconnect

4.1. CNT Bundle as Interconnect

While SWCNTs have desirable material properties, individual nanotubes suffer from an
intrinsic ballistic resistance of approximately 6.5 kQ that is not dependent on the length of
the nanotube [43]. As a result, the high resistance associated with an isolated CNT, causes
excessive delay for interconnect applications. To alleviate the intrinsic resistance problem,
bundles or ropes of CNTs conducting current in parallel, have been proposed and
physically demonstrated as a possible interconnect medium for local, intermediate, and
global interconnects [3], [43]. Fig. 13 shows a CNT bundle interconnect structure consists of
a signal line and two ground return paths

A oyt

; A '?'\.
A e AL A
I T 11 =4

Fig. 13. System of SWCNT interconnect bundles implementing a signal line and two
adjacent ground return paths [43].

Due to the lack of control on chirality, any bundle of CNTs consists of metallic as well as
semi-conducting nanotubes. The required relations for the parameters of CNT bundles
including the magnetic and kinetic inductances, the electrostatic and quantum capacitances,
the fundamental and scattering resistances, can be obtained from [5]. In section 5 the time
domain behaviour of a CNT bundle as interconnect is discussed based on [44].
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4.2. Multi-walled CNT as Interconnect
Fig. 14 shows a geometric structure of a Multi-Walled carbon nanotube (MWCNT) over a
ground plane.

ot
. -t
aaaaa
ot
o

MWCNT ey

------- S
Ground Plane — pin f{ { ........ /

Fig. 14. Structure of a Multi-Walled CNT over a ground plane.

In this figure, Djn and Doyt are the diameter of inner shell and the diameter of outer shell,
respectively, and y is the height of inner shell from the ground plane. Recently wide spread
studies regarding the benefits of the performance of MWCNTs as interconnect in
comparison with CNT bundles and Cu have been performed. In [34] the performance of
MWCNT interconnects has been analyzed and their circuit modelling has been discussed.
Although MWCNT has an important role in the interconnect applications, the main scope of
this chapter which follows in the subsequent section, is dedicated to the analysis of the
behaviour of CNT bundle interconnects.

5. Time Domain Response

In [44] we have discussed about the time domain analysis of a CNT bundle interconnect in a
driver-interconnect-load configuration and a new relation for the input-output transfer
function in the related configuration has been extracted. A review of the discussion
presented in [44] is brought in this section. Fig. 15 shows a CNT bundle interconnect with
resistance, capacitance and inductance per unit length of Rs, C and L respectively, driven by
a repeater of output resistance Ry and output parasitic capacitance Cou, and driving an
identical repeater with input capacitance equal to the load capacitance C;.

Fig. 15. Equivalent circuit of a driver-CNT bundle-load configuration, based on transmission
line modeling [44].

In this figure, the CNT bundle interconnect has been modelled as a transmission line. For
calculating the input-output transfer function of the configuration in Fig. 15, we need to
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derivate the total transmission parameter matrix. Using the ABCD transmission parameter
matrix for a uniform RLC transmission line of length € as given in [45]-[47], we can express
the total ABCD transmission parameter matrix of the configuration in Fig. 15 as

T T aitn(oT
r |1 Ry |1 0J1T R, C;)Sh(e f Zo sinh(674) |y Rex (26)
ol =101 |sC,,, 1[0 1 ?sinh(HTﬁ) cosh(d™0) |0 1

0

where R, =(R.+R;)/2, Z} =[(Rg+sL)/(sC), 6" =(Rg+sL)sC, and s=jw is the

complex frequency. The elements of matrix T can be written, using (26), as

(Rtr + REX +s RtrRexcout)
Zy

A, =(1+3R,C,,;)cosh(6" )+

tr—"out

sinh(67¢) (27)

B, =[R, +2R,, + 2R, RoiC,, Jcosh(671) + [Z,(1+5R, C,, )+ RexlR * Ree t SRy RaCoup)yeiy p74) (28)

tr~out Zg
C; =sC,,,cosh(6"¢)+ %sinh(@%) / (29)
0
D, =(1+25R,,C,,,)cosh(@7 1) +[sC,,, 2T + Rl SReCou )y gy (30)

0

Therefore the input-output transfer function of the configuration in Fig. 15 can be written as

-1

[1+5(R,,C,; +R,,C; +2R,,C,;)+5*(2R, R,,C,,,C; )]cosh(87 ()
R, + Ry R, R.C,,+ Rex(R Lt R.,)C -(31)
H(s):vo(s)z 1 _ tzT "'S[ : : 7T ; L+Z5C,
Vis) Ap+sCBp |+ ’ ° sinh(07¢)
2 RtrReszout ZT R.C C
+s T—i_ 0~ “Mr—out <L

For simulation purposes, we need to extract a parametric linear approximation for (31). For
this purpose, we need to calculate the equivalent linear terms for cosh(6"/) and
sinh(6"¢) / Z] , and put them in (31). Using the relation for the transfer function of a driver-

CNT interconnect-load configuration, as discussed in [47], and rigorous calculations, we can
extract the following linear expressions
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2 2 R2C2p4
Cosh(9T€)=1+[R5C€ JS+LLC€ LRC }sz

bl 21 41
QRLCHY RXC) , ([2C2* 3RILCYUS RICHH) -
+[ & e T Ta e e 42
sinh(677) RC (Lcm  RACH), (RC 2RLCH) | 3)
—Zg =sC/l| 1+ Al S+ Al + 5] s$°+ =1 + 5] S

With substituting the two terms cosh(9”¢) and sinh(6'¢)/Z! in (31), by (32) and (33), we

can obtain the linear parametric equivalent for the transfer function of (31) as

1
H(s)= 2 3 7} 5 6 (34)
1+a,s+a,s”+a,8° +a,s" +a;8° +a,s

where

al = Rtr (C

out

Cr
+Cl+C, )+ R (Cl+2C, )+ Ry f[m +C ] (35)

R.R,(C

CoCl , C1 CchJ

wiCl+C,Cl+2C,,,C, )+ R, R.Cr? [ og, 31 " CoutCL + o1

22 p4 2 293
Sf C J+R5i€ +L§'£ +R§foCL+%+L£CL: (36)

+R,,R Céz[

C2RLC2* RIS
B4 T el

R, . )[LC2®  RICr°
+[Rgx+Rtr+?CLJ[ Al + =

+[R,(C

out

2 2294
+cL)+2RexcL]{LCf ReC J

o T4l

R.C2/° L R
+ = 3' [R R (Cout+c )+R62xCL +6CL+ C RtrCOMtLJ

+R,R,C,,,CIC, (R, +R)+R,C,,LIC,, (37)

tr—"out tr~—out
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Fig. 16 shows the step response of configuration in Fig. 15, for 32 nm technology node, using
our extracted linear transfer function of (34), and HSPICE simulation.
The repeater size has been assumed 174 times larger than the minimum sized repeater,

which its parameters have been extracted from ITRS 2007 [2]. Also the load capacitance has
been considered equal to the input capacitance of repeater. Recall that 4., ~1000D [34]

where D is the diameter of each individual CNT, the mean free path of CNT (Acnt) has been
assumed 1 pm. As it is cleared from Fig. 16, there is an excellent match between the result of
our extracted parametric transfer function and HSPICE simulation result. Fig. 17 shows the
step response of configuration in Fig. 15, using our extracted linear parametric transfer
function of (34), for the contact resistance values from 1 kQ to 50 kQ. As shown in Fig. 17,
the propagation delay increases from 0.138 ns to 5.58 ns, with the increase of contact
resistance value from 1 kQ to 50 kQ.
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Fig. 16. The step response of configuration in Fig. 15, using our extracted linear parametric
transfer function, and HSPICE simulation. In this figure, the number of transmission line
model sections for HSPICE simulation, has been considered 400 [44].
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Fig. 17. The step response of configuration in Fig. 15, using our extracted linear parametric

transfer function, for various values of the contact resistance [44].

Fig. 18 shows the propagation delay of configuration in Fig. 15, using our extracted linear
parametric transfer function of (34), versus the contact resistance value, and for the CNT
bundle lengths 50 pm, 200 pm, 500 pm and 1000 pm.
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Fig. 18. The propagation delay of configuration in Fig. 15, using our new linear parametric
transfer function, versus the contact resistance value, for the CNT bundle lengths: (a) 50 pm,
(b) 200 pm, (c) 500 pm, (d) 1000 pm [44].

In this figure, the diameter of each individual CNT has been chosen 1 nm, and therefore as
discussed before, the mean free path of CNT will be 1 pm. As shown in Fig. 18, for the
length of CNT bundle equal to 50 pm, the propagation delay changes from 0.138 ns to 5.58
ns for the contact resistance values from 1 kQ to 50 kQ), i.e. a variation range of 39.43 times
the minimum value. The related delay variation ranges for the length values 200 pm, 500
pm, and 1000 pm, are 31.37, 22.61, and 15.42 times the minimum value, respectively. This
means that, the impact of the contact resistance on the propagation delay, decreases with the
increase of the bundle length. The reason is that, with the increase of the bundle length, the
role of scattering resistance which increases with the length [29], would be more important.

In Fig. 19, the nyquist diagrams for a driven CNT bundle interconnect, versus the length of
CNT bundle and the diameter of each individual CNT, have been plotted using MATLAB [23].
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Fig. 19. The nyquist stability diagrams for a driven CNT bundle interconnect; (a) versus
length; (b) versus diameter. In this figure, the space between two adjacent CNTs has been
chosen as 0.34 nm, and the length, the width and the thickness of CNT bundle, have been
considered 10 pm, 50 nm and 125 nm, respectively. Also the load capacitance has been
assumed equal to 5 fF [44].

As shown in Fig. 19 (a), by increasing the length of CNT bundle, the complex point (-1,0)
goes toward outside the diagram. So, by increasing the length of CNT bundle, the system
becomes more stable. As shown in Fig. 19 (b), by increasing the diameter of each individual
CNT, the complex point (-1,0) goes toward outside the diagram and then, the diagram goes
farther from this point. So, by increasing the diameter of each individual CNT, the system
becomes more stable. It should be noted that in simulations of Fig. 19, the driver has been
considered ideal with perfect contacts, and all individual CNTs in the bundle have been
assumed metallic. A more detailed discussion about the stability analysis in CNT
interconnects has been presented in [48].

6. Summary

In this chapter, we have studied interconnect challenges and the behaviour of carbon
nanotube (CNT) as interconnect in VLSI circuits. In this review we discussed about the two
main structures of CNT, including CNT bundles and MWCNTs, which achieve good
performance due to the parallel SWCNTs in a bundle or the parallel shells in a MWCNT.
These optimized configurations give the better characteristics including decreased delay
time in comparison with SWCNTs, which is a vital parameter for the application as
interconnect. The repeater (buffer) insertion technique that is used for the reduction of delay
time in the global interconnects, has been discussed. Also in this chapter, we analyzed the
time domain response of CNT bundle interconnect in a driver-interconnect-load
configuration, based on the formulations and discussions we have presented in the reference
[44]. At the continuation, we discussed briefly about the stability concept in CNT bundle
interconnects, versus the length and diameter of each CNT in a CNT bundle.
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