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Comparison between SWCNT Interconnects
and Copper Interconnects for GSI and TSI
Integrated Circuits
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Abstract—Carbon nanotubes are an extremely attractive option
as interconnects for giga (GSI) and tera (TSI) scaled integrated
circuits. They are promising candidates to replace copper
interconnects. This paper presents a study of single-walled carbon
nanotubes (SWCNTSs) and copper as interconnects. The circuit model
is presented and a comparison between isolated SWCNT and
SWCNT bundle at different lengths is studied, analyzing their
frequency, attenuation and delay time. For this purpose, the
interconnects were simulated using the LTSpice software.

Keywords—Carbon nanotubes, copper, interconnects, integrated
circuits.

HE miniaturization of integrated circuits is quite

challenging in interconnect projects. New technologies are
being studied to overcome copper interconnects limitations in
circuits, such as electrical proprieties and electromigration
reliability, especially in technology below 45 nm [1],[2]. The
optical interconnects, radio frequency or wireless
interconnects, and carbon nanotubes (CNT) interconnects are
some of the candidates to replace copper interconnects [2]-[5].
Among the possibilities, the CNTs interconnects have great
advantages for GSI and TSI integrated circuits [1]-[6]. They
are considered efficient solutions to improve copper
interconnection problems, such as delay, power dissipation and
resistance to electromigration. According to the International
Technology Roadmap for Semiconductors (ITRS) [7], the 22
nm technology node is the technology that should be used by
the year 2016.
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The CNTs have led to considerable interest among scientists
since its discovery, in 1991 by lijima, due to its excellent
electrical, thermal and mechanical proprieties. Its current-
carrying capacity are up to 10'° A/cm? much greater than the
capacity copper, which is less than 10" A/cm? [1],[5]. The
mean free path of the CNT is larger than the copper’s mean
free path, allowing a ballistic transport beyond a great
extension, which results in a lower resistivity [1]-[5].
Furthermore, the high thermal conductivity of the CNT is very
important in its use as interconnects. These proprieties enable
to a good electromigration reliability of the CNT, which is one
of the major limitations on the performance of copper
interconnects [1],[5],[6].

The CNT structure can be formed by a rolled-up graphene
sheet, known as single-walled carbon nanotube (SWCNT), or
by several concentric tubes forming a multilayer, called multi-
walled carbon nanotube (MWCNT). The nanotube can be
metallic or semiconductor, depending on the chiral angle and
the chiral indexes of its structure [1],[2],[6]. Since MWCNTSs
have smaller mean free path than SWCNTSs, they are less
favorable for use in interconnects [1],[5]. However, the
resistance of an isolated SWCNT can achieve high values.
Thus, the arrangement of several SWCNTs in parallel is
necessary, which is called a SWCNT bundle, so that it has a
greater performance compared to copper interconnects [1],[3].
In this work, a comparison between SWCNT, SWCNT bundle
and copper at different lengths is studied, analyzing their
frequencies, attenuation and delay time. The 22 nm technology
node was used. A similar comparison was done in [8], but now
we are including copper interconnects, leading to a more
accurate study.

Il. SWCNT INTERCONNECT MODELING

A. Resistance of CNT

The resistance of a SWCNT consists of three parts: the
contact resistance between the metal and the nanotube (Rc),
the quantum resistance (Rq) and the scattering resistance (RS).
The contact and quantum resistances are independent of CNT
length. However, the scattering resistance depends on the
length of the nanotube [1]-[5]. When the length of the
SWCNT is less than its mean free path, which is typically 1
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pm [1], the electron transport in the nanotube is essentially
ballistic and the resistance does not depend on the length of
the nanotube. If the length of the SWCNT is greater than the
mean free path, there is the addition of the scattering resistance
[1]-[3]. Equations (1) and (2) show the resistance of a CNT,

Rent = Re+Ra;if t oy < Ayt (1)
Rent = Re+Rg +Rs;if oy > Aoyt (2)

where Iyt is the length of the CNT. The contact resistance can
achieve the value of 100 kQ [1],[3]. However, CNT with
diameter around 1 nm has contact resistance in the order of
few kilo ohms or even hundreds of ohms, indicating that it can
be neglected when compared to the quantum resistance [4]. In
this work, the contact resistance was considered to be perfect,
i.e., Rc = 0. The quantum and scattering resistance are given in
(3) and (4).

h
Rq = — = 6,45k (3)
de
h (1
Rs = —2[ﬂ] (4)
4e” \ Acnt

where e is the electron charge and h is the Planck’s constant.
The quantum resistance is equally divided into each side of the
metal-nanotube contact [1]-[4].

B. Inductance of CNT

The motion of electrons carried by a conductor is modeled
by the inductance, which consists of the magnetic and kinetic
inductance [1]-[4]. The magnetic inductance is calculated
considering that the CNT is a very thin wire, with diameter d,
and positioned at a distance y from the ground plane. The
magnetic inductance is calculated by (5). The Kinetic
inductance is given by the kinetic energy stored in each
conducting channel of the CNT for an effective inductance.
Equation (6) calculates the kinetic inductance.

H y
=—"—In| = 5
b 2 n(dj ©)

L—h
“ 2e2vF

(6)

where vg is the Fermi’s velocity, which is 8x10° m/s for the
CNT. Considering d = 1nm e y = 1um, Ly is 1.4pH/um
[2],[3]. The Kinetic inductance value is 16nH/um [1]-[4].
Since each CNT has four conducting channel in parallel that
do not interact, the effective kinetic inductance is Ly/4 [1]-[3].
A good approximation of the total inductance Lcyy is 4nH/Um

B3]
C. Capacitance of CNT

The capacitance of a SWCNT is formed by two parts, an
electrostatic and a quantum capacitance [1]-[5]. The
electrostatic and quantum capacitance are given, respectively,
by (7) and (8).
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The electrostatic capacitance is influenced by the
surrounding environment, regarding neighbors and ground
planes of the CNT. Consideringd =1 nmandy =1 pum, Cg is
30aF/um. The quantum capacitance refers to the influence of
the quantum energy stored in the nanotube when it carries
current. The value of the quantum capacitance is 100 aF/um
[1],[2]. Considering the four conducting channels described
previously, the total capacitance of the CNT is given by (9).

Cg -4C
Cont = < (9)
Ce +4Cq

Hence, the equivalent circuit model for an isolated SWCNT

is shown in Fig. 1.

CNT

l Transmission Line l

Rc/2 Rg/2 * Rs lent Rs Lent * Rg/2 Rc/2
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4Cq 4Cq
I Ce I Ce
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Fig. 1 Interconnect model of an isolated SWCNT

1. SWCNT BUNDLE INTERCONNECT MODELING

The SWCNT bundle has a lower resistance than the isolated
SWCNT, which is necessary to achieve comparable
performances to copper interconnects [1],[2]. SWCNT bundle
interconnects are formed by several SWCNTs packed in
parallel. It is assumed that all SWCNTSs are identical, metallic
and that each one has the same potential [5]. Considering d as
the diameter of the nanotube and x is the distance between the
centers of two adjacent nanotubes, the SWCNT bundle can be
densely packed, if x = d, or sparsely packed, if x > d. It is
known that there is a separation between each nanotube due to
Van der Waal’s gap, which is at least 0.32 nm [1]. Therefore,
the number of carbon nanotubes ncyy available can be
calculated by (10) and (11) [1]-[3].

n, .
Ny Ny —7,|f 1 nyeven

Nent = N (10)
nyNy — ———;if :nodd
n [—W_d} S L L (11)
= ; = +
W X H (\/5 )X
2
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where w is the width and h is the height of the SWCNT bundle
interconnect. Thus, ny and ny are the number of CNTs along
the width and the height, respectively [1]-[3]. At the 22 nm
technology node, considering SWCNT bundle dimensions of
22 nm width and 44 nm height [1],[5] and considering the
separation between each nanotube due to Van der Waal’s gap,
the amount of SWOCNTs can be calculated and is
approximately 600.

The resistance and inductance of the SWCNT bundle, with
nent SWCNTS, are calculated by (12) and (13).

Rent

Rpundie = (12)
Nent
Lent

I-bundle = (13)
Nent

Considering that all SWCNTSs are in the same potential,
since all contacts between CNTSs in the bundle are identical
and that each SWCNT has the same mean free path (1), it is
possible to assume that the interaction between adjacent CNTs
in a SWCNT bundle is weak, and they carry currents
independent of each other [1]-[5].

The SWCNT bundle capacitance is obtained by the
combination of the quantum capacitance of all SWCNTSs in
parallel, called the quantum capacitance bundle Co™"*®, which
is in series with the SWCNT bundle electrostatic capacitance
Ce™"" [1],[2]. The quantum capacitance is calculated by (14).
Since the quantum capacitance is in series with the
electrostatic capacitance, the total capacitance of the SWCNT

bundle is obtained by (15).
CNT

bundl
Co" =Cq  “Neyr (14)
CIkz)undle _Cgundle
Cbundle = Cgundle " Cgundle (15)

The Co™"™™ can be neglected for large values of neyr, and
the value of the SWCNT bundle capacitance is approximately
equal to its electrostatic capacitance [1],[4],[5],[6]. Srivastava
et. al. [1] shows that the nanotubes inside the bundle are
electrostatically shielded from the ground planes, and can be
neglected. The edge nanotubes are the main contributors to the
electrostatic capacitance of the SWCNT bundle. For 22 nm
technology node, the capacitance of the SWCNT bundle is
approximately 135aF/um [1].

IV. COPPER INTERCONNECT MODELING

A. Resistance of Copper

The resistance of copper can be calculated using the
following equation,

p-l
w-t
where | is the length of the copper, w is its width, t is its
thickness and p is its resistivity. The resistivity of the copper ,
in nanometer scale, is formed by the combination of the
superficial scattering and boundary scattering [3],[4],[9],[10].
These phenomena correspond to the parameters pes and pys,

Re, = (16)
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proposed by Fuchs and Sondheimer (pgs) and by Mayadas e
Shatzkes (pms) [3],[4]- Therefore, the resistivity of the copper,
in nanometer scale, is calculated by (17).

(pFS *Puvs ) l
w-t
According to [2],[11], the value of the resistivity of copper in
the 22 nm technology for local interconnects is 4,666 pQ-cm.
However, the value of the copper’s resistivity gets to 5,8 pQ-
cm for minimum values of the wire width [3],[4],[9]-[13]. In
this work the value of 5,8 uQ-cm for resistivity will be used in
the 22 nm technology, that meets the requirements of ITRS

[7].
B. Inductance of Copper

The self-inductance L and the mutual inductance M of the
copper interconnection in nanometer scale is obtained using
(18) and (19),

Reu 17)

ko {|n(2—')+1+ O.22(W+t)} 8)
2 w+t 2 |
m=to! {m(z—'j-ui} (19)
27 S |

where h is the height of the wire above the plan connected to
earth, [, is the permeability and s is the space between the
wires [2]-[4]. The total inductance of the copper L¢, is given
by the sum of the self and mutual inductance.

C. Capacitance of Copper

The capacitance of the copper interconnection is calculated
by the sum of the coupling between two adjacent wires Cc and
the capacitance connected to the ground plan Cg [2]-[4]. These
capacitances can be obtained by (20) and (21) [3],

3.19
w
—+2.22
h s+0.7h
Cy=e 0.76 0.12 (20)
S t
+1.17| — o —
s+1.51h t +4.53h
¢ h 0.09 W 1.14
1.14— m +0.74 —9
+2. +1.5
Co=c S S w S (21)
0.16 1.18
w h
+1.16| —— o —
w+1.87s h+0.98s

where ¢ is the relative permissiveness for a dielectric constant.
Considering (20) and (21) and according to [1],[7], for a
dielectric constant equal to 2, the value of the capacitance of
the copper Cc, is approximately 150aF/pum, which will be used
in this work.

The models in L, in w and in T are used as interconnects
models for coppers [9]. Since the model in =« is frequently used
as distributed line [2],[4], it will be used in this work. Fig. 2
shows the interconnect model of copper [9].
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Fig. 2 Interconnect model of a copper

The precision of the model is determined by the number of
segments ‘N’ that it has. A chain with more than three
segments in 7 provides an error less than 3% [4]. In this work,
three segments in © will be used.

V. RESULTS AND ANALYSIS

A. Local Interconnections

Considering the simulation of each interconnection using
the circuit of Fig. 3, the frequency in -3dB (fs4s) Was obtained
using local interconnections (Ient < Aent ), in other words, its
passing band, verifying the maximum velocity that each
interconnection supports.

—{ INTERCONNECTION }—
Vin C_r

—— Cload

Fig. 3 Simulated circuit for each interconnection

Fig. 4 illustrates the behavior of the frequency of local
interconnects, for different lengths. It is verified that, as the
length of the interconnect increases, the frequency lowers. This
occurs since the values of resistance, inductance and
capacitance increases. These parameters are decisive in the out
signal, being the signal more distorted as these values
increases. It is noted that the SWCNT bundle and the copper
have greater bandwidth than the isolated SWCNT, for any
length. Besides that, the SWCNT bundle only has comparable

Volume 9, 2015

Interconnection
Isolated
SWCNT 253 GHz
10nm SWCNT bundle 66 THz
Copper 232 THz
Isolated
SWCNT 300 GHz
ICNT <JAcnT 100nm SWCNT bundle 20 THz
Copper 51 THz
Isolated
SWCNT 230 GHz
lum SWCNT bundle 4.7 THz
Copper 4.2 THz

Therefore, it was chosen the same frequency, below the
cutoff frequency of the three materials, to analyze and compare
the attenuation (A) and the time delay in propagation (t4) of the
three lengths. In this way, it is possible to show the behavior of
the signal in the bandwidth. Table Il shows the comparative
study between the isolated SWCNT, SWCNT bundle and
copper, for the frequency of 200 GHz.

Table Il Study of the interconnects with length in the range of

lent < Aent
Freq. L Material A(dB) ta(ps)
Isolated
SWCNT -2.10 0.46
10nm SWCNT 0.01 0.00
bundle
Copper 0.00 0.00
Isolated
SWCNT -1.55 0.51
200GHz 100nm SWCNT 0.01 0.00
bundle
Copper 0.01 0.00
Isolated
SWCNT -0.39 1.07
SWCNT
lpm bundle 0.06 0.01
Copper 0.00 0.07

bandwidth to copper for length above 700 nm.

B0
50
40

Frequency X Length

—+—Isclated SWCNT |

o
I
E a0 —=— SWCNT bundle
=
E
o7 20 e Copper
-
10 i S

-——r

100 200 300 400 500 600 700 800 900 1000
Length (nm)

Fig. 4 Frequency versus length for local interconnects
The local interconnects of 10nm, 100nm and 1um of length
were minutely analyzed. Table | shows the frequency in -3dB
of each material, for the analyzed lengths.

Table | Frequency in -3dB of each material, for leyt <At

Local

| Length(L) |

Material

f.3d8
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From the analysis of Table Il, it is possible to observe, at the
frequency of 200 GHz, the attenuation of the signal and the
delay of the isolated SWCNT. In this frequency, the delay of
the isolated SWCNT is significant comparing to the period of
the signal, that is 5ps, since the lower delay (for I = 10nm) is
approximately 10% of the input signal period. However, for
this same frequency, it is observed that the attenuation and the
delay of SWCNT bundle and of copper are insignificant. This
indicates that both materials have better performance, being
more favorable to be used in local interconnects.

Thus, to better analyze the attenuation and the delay time of
SWCNT bundle and of copper, the same procedure was done,
comparing only both materials, for the frequency of 1THz.
Table 111 shows this comparative study between SWCNT
bundle and copper.
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Table 111 Study of SWCNT bundle and copper

interconnections with length in the range of lcnt < Acnt

Freq. L Material A(dB) ta(fs)
10nm SWENT 0.01 113
bundle
Copper 0.00 0.22
1THz 100nm SWCNT 0.06 1.36
bundle
Copper 0.01 2.40
SWCNT
1um bundle 1.45 6.47
Copper -0.13 56.23
Analyzing Table IlI, it is possible to observe that, at a

frequency of 1 THz, the attenuation and the delay of the signal
increases as the length of the interconnects increases.
Considering the length of 100 nm, the delay time of the copper
interconnection is bigger than SWCNT bundle delay time,
which the greatest delay value (for I = 1um) doesn’t achieve
1% of the period of the input signal (1ps). This shows that,
even though the bandwidth of the copper is bigger, the delay
of SWCNT bundle is smaller. Thus, for local interconnections,
the SWCNT bundle has comparable performance to that of
copper [1].

Regarding attenuation, it is verified that, for some lengths,
this has positive values. This occurs mainly when there is a
peak on the graph of the frequency before it starts to decline.
This peak is because of the resonant effect caused by the
inductance, when this one has comparable values to the
resistance and to the capacitance of the interconnection [14].
Therefore, this resonant effect was observed only in local
interconnections of SWCNT bundle and of copper. Fig. 5
shows the magnitude versus frequency plots of the isolated
SWCNT, SWCNT bundle and copper for 100nm length. It is
possible to observe the resonant effect in both the SWCNT
bundle and the copper plots.
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Fig. 5 Magnitude versus frequency plots for the isolated

SWCNT (upper), the SWCNT bundle (middle) and the copper

(under) with 100nm length

T
10000THz

B. Intermediate Interconnections

Similar to the local interconnects, the frequency in -3dB of
the intermediate interconnects (Icnt > Acnt) Were obtained, to
see which maximum velocity the interconnect supports. Fig. 6
illustrates the behavior of the frequency of intermediate
interconnects, considering different lengths.

As local interconnects, as the length of the interconnect
increases, the frequency decreases. Besides that, the SWCNT
bundle and the copper have better performance than the
isolated SWCNT, considering any length. However, for
intermediate interconnects, the SWCNT bundle has bigger
bandwidth than the copper, for any length.

Frequency X Length

T —+— [solated SWCNT
—8— SWCNT bundle
Copper

100 200 300 400 500
Length (pm)

Fig. 6 Frequency versus length of intermediate interconnects

The intermediate interconnects of 10pm, 100um and 500pum
of length were minutely analyzed. Table IV shows the
frequency in -3dB of each material, for different lengths.
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Table IV Frequency in -3dB of each material, for lcyt > Acnt

Volume 9, 2015

Copper 0.00 0.00

10MHz 100pm SWCNT -0.01 0.05
bundle

Copper -0.04 0.54
SWCNT

500um bundle -0.04 1.07

Copper -1.85 10.24

Intermediate .
Interconnect Length (L) Material .3
Isolated
SWCNT 2.6 GHz
10pm SWCNT bundle 527 GHz
Copper 34 GHz
Isolated
SWCNT 32 MHz
lenT > Acnt 100pm SWCNT bundle 4.2 GHz
Copper 345 MHz
Isolated
SWCNT 13MHz
500um SWCNT bundle 165 MHz
Copper 14 MHz

The frequency of 1IMHz was chosen, since it is below the
cutoff frequency of three materials, so that the attenuation A
and the delay time of propagation t; are compared and
analyzed considering the three lengths. Table V shows the
comparative study between the isolated SWCNT, SWCNT
bundle and copper.

Table V Study of the interconnects with lengths in the range of

lent > Zent
Freq. L Material A(dB) tq(ns)
Isolated
SWCNT -0.02 0.08
10pm SQ’X{%’TET 0.00 0.00
Copper 0.00 0.00
Isolated
SWCNT -0.03 5.59
1MHz 100um Sgll\fd'}g -0.01 0.05
Copper -0.04 0.56
Isolated
SWCNT -1.98 102.17
SWCNT
500pm bundle 0.00 1.10
Copper -0.03 13.01

Considering Table V, it is possible to observe that the
attenuation and the delay time of the isolated SWCNT
increases when the length of the interconnect increases. In this
frequency, the delay in propagation of the isolated SWCNT is
significant related to the period of the input signal, that is 1ps,
being more than 10% of this period for a 500um length. It is
also possible to notice the increase in the delay time of the
copper interconnect, being 1.3% of the period of the input
signal for the length of 500um.

For better analyzing the attenuation and time delay of
SWCNT bundle and copper, the same procedure was
followed, comparing only these two materials, for the
frequency of 10MHz. Table VI shows the comparative study
between SWCNT bundle and copper.

Table VI Study of SWCNT bundle and copper
interconnects with length in the range of lcnt > Acnt

Freq. L Material A(dB) ta(ns)
SWCNT
10pum bundle 0.00 0.00

ISSN: 1998-4464 294

Analyzing Table VI, it is observed that, as the length of
interconnects increases, the attenuation and the delay time of
the copper interconnect signal are significant. The propagation
delay of the copper interconnects, for | = 500um, gets to 10%
of the period of the input signal (100ns). On the other hand,
the SWCNT bundle presents insignificant values of attenuation
and delay in propagation. Therefore, for intermediate
interconnections, the SWCNT bundle has better performance
than the copper interconnect.

VI. CONCLUSIONS AND FUTURE PROSPECTS

In this work, a comparative study between isolated
SWCNT, SWCNT bundle and copper interconnects with
different lengths was performed. The SWCNT bundle
interconnects have better performance if compared to isolated
SWCNT interconnects. In addition, the SWCNT bundle
interconnects present better performance than copper
interconnects considering attenuation and delay time. It was
also observed that the SWCNT bundle can be used in circuits
with very high frequencies, above tera Hertz, without
distorting the input signal. In addition, the SWCNT bundle
interconnects present better performance than copper
interconnects considering attenuation and delay time. The
smaller the interconnection length, the better the circuit
performance. Therefore, SWCNT bundle interconnects are
promising in the use in GSI and TSI integrated circuits.

For future prospects, these interconnects should also be
analyzed in GSI and even TSI integrated circuits, such as
nanoelectronic circuits.
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