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Abstract This paper presents a rigorous investigation of high-
frequency effects in carbon nanotube (CNT) interconnects and
their implications for the design and performance analysis of high-
quality on-chip inductors. A frequency-dependent impedance
extraction method is developed for both single-walled CNT
(SWCNT) and multiwalled CNT (MWCNT) bundle interconnects.
The method is subsequently veri ed by comparing the results
with those derived directly from the Maxwell s equations. Our
analysis reveals for the rst time that skin effect in CNT (par-
ticularly MWCNT) bundles is signi cantly reduced compared to
that in conventional metal conductors, which makes them very
attractive and promising material for high-frequency applications,
including high-quality (Q) factor on-chip inductor design in high-
performance RF/mixed-signal circuits. It is shown that such
unique high-frequency properties of CNTs essentially arise due
to their large momentum relaxation time (leading to their large
kinetic inductance), which causes the skin depths to saturate with
frequency and thereby limits resistance increase at high frequen-
cies in a bundle structure. It is subsequently shown that CNT-
based planar spiral inductors can achieve more than three times
higher Q factor than their Cu-based counterparts without using
any magnetic materials or Q factor enhancement techniques.

Index Terms  AC conductivity, carbon nanotube (CNT), energy
storage, high-frequency, interconnect, momentum relaxation time,
on-chip inductor, Q factor, skin depth, skin effect.

l. INTRODUCTION

ARBON nanotubes (CNTs) have been proposed for VLSI

interconnect applications [1] due to their outstanding
electrical and thermal properties [2] [5]. Several works have
investigated the circuit performance of CNT interconnects. It
has been shown that single-walled CNT (SWCNT) intercon-
nects can outperform Cu interconnects signi cantly, particu-
larly for long lengths [6] [8]. More recently, it has been further
shown that multiwalled CNT (MWCNT) interconnects can also
provide signi cant performance enhancement with respect to
Cu interconnects [9]. As a very promising future interconnect
material, besides their circuit performance in terms of delay, it
is also important to investigate their high-frequency behavior.
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Fig. 1. Cross-sectional view of a CNT bundle with width W and height H.
The diameter of each CNT is D, and the interval between neighboring CNTs
is d (for densely packed, d = 0.34 nm, which is the Van der Waal s gap). ny
and ny are the numbers of CNTs along the width and height, respectively. For
MWCNT, the diameter of the innermost shell is assumed to be D/2.

This is desirable not only for future high-frequency circuit
design but also due to the fact that the signi cant frequencies!
of digital signals in VVLSI are as high as tens of gigahertz and
are expected to increase further with technology scaling [10].
For traditional metallic materials, the resistance and inductance
are known to be frequency dependent in the high-frequency
regime due to skin and proximity effects [11], e.g., resistance
increases and inductance decreases with frequency. However,
the high-frequency behavior of CNT interconnects resistance
and inductance is not well understood. For CNT interconnects,
a bundle structure is needed [7] [9], as shown in Fig. 1. There
are several unique properties of CNT bundle that restrict the
use of conventional impedance extraction tools. First of all, a
CNT bundle consists of a large number of discrete components.
Second, each CNT in the bundle is a hollow cylindrical struc-
ture. Third, there is large kinetic inductance for each CNT [12],
which cannot be captured by existing impedance extraction
tools for conventional materials.

An existing work in the literature proposed using an equiv-
alent dc conductivity to calculate the inductance of CNT
bundles [13]. In this method, a realistic CNT bundle consisting
of discrete conductors is replaced by a single solid conductor
of identical dimension with an equivalent dc conductivity.

1Signi cant frequency (fs) is the highest frequency in the frequency spec-
trum of a signal pulse up to which the amplitudes of the corresponding
frequency components are signi cant. Most high-frequency digital pulses can
be characterized using a signi cant frequency, related only to the ramp time
tr (fs = 0.34/t). Skin depth and interconnect parasitics (resistance and
inductance) are also extracted at the signi cant frequency.
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Subsequently, the inductance of the CNT bundle is extracted by
employing a widely used eld solver, FastHenry [14], on that
single equivalent dc conductivity solid conductor. However,
such an approach has several fundamental issues that need
to be justi ed. First, the treatment of discrete conductors as
a single solid conductor is not valid for all cases. While the
behavior of a very large number of discrete solid conductors
may approach that of a single solid conductor, a signi cant
difference could be induced by this treatment for small number
of discrete conductors, as have been shown in [15]. Second, the
realistic CNTs hollow cylindrical structure cannot be captured
by the approach in [13]. Most importantly, the equivalent
dc conductivity method in [13] does not take into account
the large kinetic inductance of CNTs when calculating the
magnetic inductance. As will be shown later in this paper,
kinetic inductance plays a critical role in determining the high-
frequency impedance of CNTs. Without considering Kinetic
inductance, the impedance of CNT bundles cannot be correctly
extracted in the high-frequency regime. This indicates that the
inductance extraction method outlined in [13] is awed. Since
understanding the high-frequency effects in CNT interconnects
is critical to further explore their applicability in high-frequency
circuit design, a correct frequency-dependent impedance ex-
traction method for CNT interconnects is highly desirable.

From an application perspective, CNT-based inductors have
been proposed in several works [16], [17], although these struc-
tures cannot be easily fabricated as part of the VLSI back-end
process. In [18], an SWCNT-based on-chip inductor has been
analyzed based on a modi ed inductance extraction procedure
presented in [13]. However, since the employed inductance
extraction method is awed as discussed earlier, the inductor
analysis in [18] would lead to dubious quantitative results and
conclusions. As has been highlighted in [15], CNT bundle
interconnects have fundamentally different characteristics at
high frequencies compared to conventional metals. In this
paper, we not only develop a frequency-dependent impedance
extraction method but also present a rigorous investigation of
high-frequency effects in CNT bundle structures. Our analysis
quells existing misunderstandings and provides insights that
could potentially open up new vistas in RF/mixed-signal and
off-chip applications for CNT interconnects.

This paper is organized as follows. Section Il develops an im-
pedance extraction method for CNT bundles, which can serve
as the basis for high-frequency analysis of CNT interconnects.
In Section 111, high-frequency effects in CNT interconnects are
discussed, where a rigorous analysis of skin effect in CNT
bundle structures is performed. As an application instance,
CNT-based on-chip inductors are analyzed and compared to
their Cu-based counterparts in Section 1V. Finally, conclusions
are drawn in Section V.

Il. IMPEDANCE ANALYSIS OF CNT INTERCONNECTS

From the traditional analysis of 3-D metal conductors, it is
well known that the resistance and inductance of interconnects
are strongly dependent on the operation frequency due to skin
effect and/or proximity effect [11]. Similarly, investigation of
the impedance behavior of CNT interconnects at high frequen-
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cies is necessary to quantify their skin or proximity effect.
In this section, a frequency-dependent impedance (resistance
and inductance) extraction method for both SWCNT and
MWCNT bundles (as shown in Fig. 1) is developed, which can
serve as the basis for further high-frequency analysis of CNT
interconnects.

A. Impedance of a CNT

The Drude model for ac electrical conductivity predicts [19]

ne? 1
= — . 1
= 155 (1)
where is the momentum relaxation time, n is the carrier
density, is the angular frequency, and m is the effective

mass. For the dc case ( = 0), the conductivity reduces to
o =ne? /m , so that (1) can also be written as

()= o/1+]j ) (2)
or in terms of resistivity
1+j 1 .
(V=" =2 +j — ®3)
0 0 0

where ¢ is the frequency-independent dc conductivity. For
1-D conductors, (2) reduces to conductance per unit length.
If we consider the case of a 1-D conductor with only one
conducting channel (two spin modes), it can be shown that
(see Appendix I)

Nipe? 2e2
e 4

where nyp is the number of carriers per unit length and is the
electron mean free path. For CNTSs, due to their unique conical
energy dispersion near Fermi level, the velocity is constant, and
the mean free path is given as

= F* B %)

where ¢ is the Fermi velocity ( 8 10° m/s), and g is
the momentum backscattering time. Note that g =2 here
because backscattering corresponds to momentum relaxation
from p to p, while normal scattering corresponds to momen-
tum relaxation from p to zero [20]. Hence, (3) can be rewritten
in the impedance (intrinsic) form

1. . h
—+]

h 1 .
= —— o _ ¢ -+ = — e -
Zp.u.l 292 (1 J ) 2e2 492 F (6)
where h/2e?  12.9 k . The rst term of (6) is the per unit
length scattering resistance (Rs)
h 1
S 262 ¢ - (78)

and the second term can be modeled as the inductive impedance
(J Lk),where L isthe kinetic inductance per unit length and
is equal to

h

——  8nH/ m.
4e2 E

Lk = (7b)
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Fig. 2. Equivalent circuit model [9] of each CNT shell, where Rmc is the
imperfect metal CNT contact resistance, Rg is the quantum resistance, Rg is
the scattering resistance, L is the kinetic inductance, Ly, is the magnetic
inductance, Cq is the quantum capacitance, and Cg is the electrostatic
capacitance.

In reality, besides scattering resistance, there is quantum
contact resistance (Rg) between 1-D and 3-D materials, which
is also equal to h/2e? for each conducting channel. Therefore,
for a CNT with N conducting channels and length L, the total
resistance and kinetic inductance are given by

1 h L

Rent = —(Ro+Rs*L)=-—— 1+—

CNT N( Q s*L) ONe2 (82)
L h

CNT _ =K o - 0

L = N L INEZ ¢ L (8b)

It should be noted that, for conventional metals, we only con-
sider the scattering resistance and ignore the kinetic inductance.
This is due to two reasons. First of all, the momentum relaxation
time for a metal is usually very small (on the order of 10 14 )
[19], and thus, the imaginary part of (3) is negligible for
frequencies less than a terahertz ( 1). Second, as shown
in (8), the total kinetic inductance also scales down with the
number of conducting channels N, which usually is very large
for metals, except for very small dimensions. In comparison,
the momentum relaxation time for a CNT is on the order of
10 *2 s or even larger ( 1), and the N for a CNT is small
(=2 for an SWCNT). Hence, from (6) and (8b), one can
observe that the kinetic inductance is signi cantly larger in
CNTs. It is instructive to note that since the large Kinetic
inductance of CNTSs is primarily associated with their large
momentum relaxation time, the existence of such large kinetic
inductance need not be restricted to CNTSs in the ballistic region.
The existence of large kinetic inductance in 2 m CNTSs has
also been experimentally veri ed in [21].

B. Equivalent Circuit for CNT

The aforementioned derivation of CNT impedance is con-
sistent with many theoretical or modeling works in literature
[7]1 [9], [12], [22]. Based on this understanding, the equivalent
circuit model of CNT has been proposed in [7] [9] and shown
in Fig. 2, where Rg, Rs, and Lk can be calculated using (8).

It has been shown that the mean free path of CNT ( ) is
proportional to the diameter [4] and can be approximated as [9]

©)

where D is the diameter of the CNT shell. Note that employing
this value of  obtained from measurements takes into account
the defects in the CNTs; the theoretical value of  will be
much larger than that calculated using (9) [9]. The number
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Fig. 3. Comparison of equivalent dc resistivity among SWCNT, MWCNT,
and Cu interconnects for different diameters and lengths. F m represents the
fraction of metallic CNTs in the SWCNT bundle. All CNT bundles are assumed
to be densely packed (d = 0.34 nm).

(N) of conducting channels equals two for metallic SWCNTSs.
However, for the case of large-diameter MWCNTSs, N of a CNT
shell increases with the diameter and can be approximated by
[9], [23]

N; 6.12 107 +D; + 0.425, Dj >3nm (120)
where Dj is the diameter of the ith shell in MWCNTSs. It should
be noted that the assumption in (10) is that the shells in an
MWCNT have 1/3 probability to be of metallic chirality and 2/3
probability to be of semiconducting chirality. Since MWCNTSs
have many shells in parallel, the total resistance and kinetic

inductance of MWCNTS can be obtained by

1
Rmwent =1 R (11a)
ithshell  CNT
L
LIWONT = =5 (11b)
1
ith shell

where RLy 1 is the resistance of the ith shell and can be
obtained from (8a), incorporating (9) and (10). The detailed
model and analysis of MWCNTS can be found in [9].

As per the circuit model shown in Fig. 2, besides quantum
contact resistance, there is another contact resistance (Rmc)
due to the imperfect contact condition between CNTs and other
materials. This resistance can range from zero to hundreds of
kiloohms for different growth processes. Recently, as demon-
strated in [24] [26], the Ry of CNTs could be very small
compared to the total resistance.

In order to compare the conductance of different types of
CNTs, a better way is to examine their equivalent dc resistivities
based on the calculated resistances and their diameters for
different types of CNT bundles, as shown in Fig. 3. It can be ob-
served that, for the case of SWCNT bundle with metallic frac-
tion Fm=1 or large-diameter MWCNTSs (outmost diameter
D =>10 nm), their dc resistivity would be lower than that
of bulk Cu ( 2 scm) for long lengths. On the other
hand, for SWCNT bundles with metallic fraction Fm = 1/3 or
MWCNTSs with outmost diameter < 10 nm, their dc resistivities
are always higher than that of bulk Cu.

In Fig. 2, it is also shown that there is magnetic inductance
(L) associated with CNTs, which is the traditional inductive
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Fig. 4. Geometry of two adjacent CNTs with outer diameter Doyt, inner
diameter Djp, and center-to-center distance (or pitch) S. The thickness of the
hollow cylinder t = (Dout  Din)/2, which is assumed to be the diameter of
carbon atom (0.142 nm) for SWCNTs and Doyt/4 for MWCNTS.

component due to the electromagnetic (EM) eld. The mag-
netic inductance consists of self-inductance (Lsei) and mutual
inductance (M). Since CNT is a cylindrical structure, its self-
inductance and mutual inductance can be obtained from [27]
by employing the concepts of geometric mean distance (GMD)
and arithmetic mean distance (AMD) as follows (see Appen-
dix 11 for details):

2L AMD
+

=_9.
Lseif = 5 L In D 1 L (12)
0 L2 S2 S
= _— | — + + — + — + —
M=22eLe In 1+ 5 1+ 55+ T
(13)

where L is the length of CNT, and S is the GMD between two
CNTs (equals the center-to-center distance between two CNTs
due to their cylindrical structure), as shown in Fig. 4. For hollow
concentric cylindrical structures with innermost and outmost
diameters of Dj, and Dgyt, respectively, their GMD can be
extrapolated from [28] for an arbitrary ratio of Dj,/Doyt as
follows:

INGMD = InDgyt In (14a)

In =01(a b ¢ 2+d?3) (14b)
=Dijn/Dout a=251

b=031 c=381 d=1.61. (14c)

The third term (12) is usually negligible for long lengths, where
AMD can be approximated as

2D0Ut

AMD (15)

For typical geometries, the values of (12) and (13) are on
the order of pH/ m, which is much smaller than the kinetic
inductance counterpart.

C. Impedance Extraction of CNT Bundle

The self-impedance and mutual impedance of each CNT in
Fig. 4 can be expressed as

L&NT + Lself (16)

17)

Zseit =Rent + ]
Zmutual = M

where Ren, LENT, Lserr, and M can be obtained from the
previous section, depending on the type of CNT. Note that the
self-impedance of each CNT consists of resistive and inductive
(both kinetic and magnetic) impedances. On the other hand,
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Width of Interconnect [nm]

Fig. 5. Ratio of kinetic inductance to total effective inductance of SWCNT
(with different metallic fractions F m) and MWCNT (with different diameters)
bundles as a function of interconnect width. The interconnect height is set equal
to the width; the interconnect length is 500 m.

mutual impedance only consists of magnetic component since
there is no mutual kinetic inductance. The intertube resistance
among CNTs in a bundle has been shown to be on the order
of megaohms [29] and their effect can be ignored. Employing
(16) and (17) into a CNT bundle structure, we can derive the
impedance matrix of the CNT bundle as

Zay B M e T M
Zoad = e AT (18)
i Mnl i an e Zs:rlxlf
where Z1,; is the self-impedance of the ith nanotube, and M

is the mutual inductance between the ith and jth nanotubes
in the bundle. Note that, by employing (12) and (13), the im-
pedance matrix (18) has not only considered the realistic hollow
cylindrical structure but also taken into account the discreteness
of the CNTs in a bundle. Having this impedance matrix, the
total effective impedance of the bundle can be obtained for a
given frequency by solving the matrix equation [V ] = [Z][I],
where the current matrix [1] can be extracted for a given voltage
Vo across the bundle. Note that, for very large [Z] matrices,
one can employ judicious partitioning techniques (consider-
ing current distributions in the bundle) for calculating [I].
The effective total impedance can be obtained by

Ze = Vo/sum[l] (19)
where sum[l] is the sum of the currents in each CNTSs in
the bundle for voltage Vo. The total effective resistance and
inductance can be obtained as

Re =real(Z. )
Le =imag(Ze )/ .

(20)
(21)

Since the impact of kinetic inductance has raised some con-
cerns in terms of its signi cance [6], [21], its fraction in the total
effective inductance of CNT interconnects for different cross
sections has been analyzed at low frequency (where inductance
will not change with frequency) using our method and shown
in Fig. 5. As can be observed, kinetic inductance forms a
signi cant fraction of total inductance only when the width of
SWCNT interconnects is smaller than 100 nm. However, it is
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Fig. 6. Total effective (a) resistance and (b) inductance of SWCNT and
MWCNT bundles with different diameters as a function of frequency, compared
with identical cross-sectional Cu wire. For the Cu wire, it is simulated using the

eld solver FastHenry [14]. F m indicates the fraction of metallic SWCNTSs in
the SWCNT bundle. The broken lines are the results obtain for the CNTs from
the equivalent dc conductivity method in [13].

much more signi cant in the case of MWCNT bundles. This is
because the number of conducting channels (N) of MWCNT
bundles is small compared to that of SWCNT bundles for a
given cross section [9], and the total kinetic inductance scales
down linearly with N, as shown in (8b) and (11b).

I1l. HIGH-FREQUENCY ANALYSIS OF
CNT INTERCONNECTS

A. High-Frequency Impedance of CNT Interconnects

Based on the impedance extraction procedure outlined ear-
lier, the frequency-dependent effective resistance and induc-
tance of CNT bundles can be obtained. Fig. 6 shows the
resistance and inductance of CNT interconnect, as a function
of frequency, as compared with those of a Cu wire. The inter-
connect width and height are assumedto be 2 mand1 m,
respectively. It can be observed that the resistance of Cu wire
increases dramatically in the high-frequency region due to
signi cant skin effect. However, it is interesting to observe that
the resistance/inductance of CNT bundles increase/decrease by
a small amount and saturate at high frequencies, implying re-
duced skin effect. Particularly for MWCNTS, their resistance al-
most remains unchanged (increase < 8%), implying negligible
skin effect.

For 500- m length, all the CNT cases shown in Fig. 6
(i.e., SWCNT withD = 1nmand Fm = 1, and MWCNT with
D = 20 nm or 40 nm) exhibit smaller resistivity than that of
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Fig. 7. (a) Conductor with height H and semi-in nite width (W H)

and length. The EM wave propagates in the y-direction (with the current and
E- eld in the z direction). (b) Schematic illustration of the decay of electric
eld inside the conductor along the height (y direction).

Cu (as shown in Fig. 3), which implies that, if they followed
the traditional physics of skin effect, their skin depths would
be smaller than that of Cu, and therefore, the skin effect would
have been more signi cant. However, the resistance and induc-
tance curves in Fig. 6 imply that, contrary to traditional wisdom,
the skin effect in a CNT bundle is much less signi cant. The
reason for this unusual result can be attributed to the presence
of large kinetic inductance in each CNT, which could be more
than two orders larger than the magnetic component or, in other
words, as discussed in Section II-A, due to large momentum
relaxation time in CNTSs.

B. Skin Effect in CNT Bundle Structures

In order to explain the aforementioned reduced skin effect
in CNT bundles, a rigorous investigation using Maxwell s EM
theory is preferred. The full-wave analytical modeling of EM
wave transmission for a single CNT in antenna application has
been shown in [22]. However, a fully analytical treatment of
EM wave (E- eld) attenuation inside a CNT bundle, directly
from the Maxwell s equations, is nontrivial since it consists
of a large number of discrete conductors. In order to make it
feasible, we treat the CNT bundle as a homogenous material
with longitudinal complex (ac) conductivity, as shown in (2),
and investigate the skin effect and high-frequency properties for
this CNT material.

For a good conductor, where displacement current is negli-
gible compared to the conduction current (e.g., ), one
can derive (see Appendix II1) the following relation from the
Maxwell s equations:

2E = E (22)
where and are the permeability and conductivity of the
material, respectively. Considering a semi-in nite material [as
shown in Fig. 7(a)] with height H, width W (W >> H), and
with current (or E- eld) in the z direction, the electrical eld
propagation in the direction that is perpendicular to the x  z
surface (y direction) will follow (22), whose 1-D form is

d?E,
dy?

=] E;, = 2Ez (23)
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where
(24)
and E, can be solved as
E,=Eoe Y=Epe Y1V, (25)
The rst exponential component e Y represents the ex-
ponential decay of electrical eld in y direction inside the

conductor, as shown in Fig. 7(b). The second exponential
component e J Y represents the E- eld propagation along

y direction. Substituting (2) into (24), and are obtained as
= 5% g (PEIs (26)
2 ( )3+1
- o, 1 . 2+1
= 5 (Z+1 ( )2+1 (27)
The skin depth isde nedas 1/ , which is
2 -
= © [C )E+1e (0 )2+1 (28)
0
For conventional metals ( is very small or 1),
(28) reduces to the classical skin depth
c= 2/ 0 (29)

For CNTs, the momentum relaxation time can be obtained by

B 500D
=B=-__ . 30
2 2. . (30)

Hence, the equivalent skin depths of different types of CNT
bundles can be calculated using (28) and (30) and are shown in
Fig. 8(a).

From Fig. 8(a), it can be observed that the skin depth of
Cu wire continues to reduce with frequency, whereas the skin
depths of CNTs saturate after certain frequencies due to the
existence of large kinetic inductance or large momentum relax-

ation time . The value of this saturation frequency depends
on the momentum relaxation time . Larger diameter CNTs
have larger and will saturate earlier. It is interesting to nd

that MWCNTs will not only start saturating at a relatively
lower frequency but will also have relatively larger saturated
skin depths. MWCNTSs with diameters of 20 nm and 40 nm
have similar saturated skin depths. Considering the fact that
MWCNTSs could have comparable circuit performance to that
of SWCNTSs [9], it can be expected that MWCNTSs would have
signi cant advantages in high-frequency applications.

We further evaluate the high-frequency resistance of CNT
materials, considering the structure shown in Fig. 7(a). Since
W == H, the skin effect is determined by the height H. The
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Fig. 8. (a) Skin depth of different types of CNT material, as well as Cu, as
a function of frequency. (b) Ratio of high-frequency effective resistance with
respect to dc resistance for different types of CNT bundles and Cu.

total current of the conductor shown in Fig. 7(a) can be calcu-
lated as

JedA=  ()+E-dA

H/2
2W o ()oEooe y+e(y H) dy
0

=W ()-Eo-E 1 e H (31)

where Eg is the incident electric eld, and is given by (24).

From Fig. 7(b), one can derive the E- eld on the x  z surface
of conductor, Esyrt, as
Esurf = Eo(1 +e¢ H) (32)

Therefore, the effective resistance per unit length can be calcu-
lated as:

*(1+e M

()@ e F)
(33)

Esu rf = Re

R. =R
e TRE T 2W -

Fig. 8(b) shows the ratio of R, with respect to dc resis-
tance as a function of frequency, for H =1 m. It can be
observed that the resistance of Cu increases dramatically at
high frequencies, whereas the resistance of CNTs saturates at
high frequencies. Particularly, MWCNTSs exhibit only a small
increase (< 9%). It should be noted that this slight increment
in the resistance of MWCNTSs is for the case with conductor
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