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Abstract This paper reviews the current state of research
in carbon-based nanomaterials, particularly the one-dimensional
(1-D) forms, carbon nanotubes (CNTs) and graphene nanoribbons
(GNRs), whose promising electrical, thermal, and mechanical
properties make them attractive candidates for next-generation
integrated circuit (IC) applications. After summarizing the basic
physics of these materials, the state of the art of their interconnect-
related fabrication and modeling efforts is reviewed. Both elec-
trical and thermal modeling and performance analysis for
various CNT- and GNR-based interconnects are presented and
compared with conventional interconnect materials to provide
guidelines for their prospective applications. It is shown that
single-walled, double-walled, and multiwalled CNTs can provide
better performance than that of Cu. However, in order to make
GNR interconnects comparable with Cu or CNT interconnects,
both intercalation doping and high edge-specularity must be
achieved. Thermal analysis of CNTs shows signi cant advantages
in tall vias, indicating their promising application as through-
silicon vias in 3-D ICs. In addition to on-chip interconnects,
various applications exploiting the low-dimensional properties
of these nanomaterials are discussed. These include chip-to-
packaging interconnects as well as passive devices for future gener-
ations of IC technology. Speci cally, the small form factor of CNTs
and reduced skin effect in CNT interconnects have signi cant
implications for the design of on-chip capacitors and inductors,
respectively.

Index Terms Capacitor, carbon nanomaterials, double-walled
carbon nanotube (CNT), energy storage, graphene nanoribbon
(GNR), high-frequency, inductor, interconnects, multiwalled CNT,
single-walled CNT, skin effect, through-silicon vias (TSVs).
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Fig. 1. Some allotropes of carbon exhibiting different dimensionalities.
Except diamond (a), which is an sp3-bonded structure, other allotropes (b),
(d)—() are sp2 bonded and can be regarded as derivatives of 2-D graphene (c).
(a) Three-dimensional diamond. (b) Three-dimensional graphite. (c) Two-
dimensional graphene. (d) One-dimensional nanotube. () One-dimensional
nanoribbon. (f) Zero-dimensional fullerenes.

I. INTRODUCTION

CARBON ATOM with its distinct types of valence bonds

forms various allotropes [1], as shown in Fig. 1. While
its 3-D structures, namely, diamond and graphite, are well-
known, it also forms low-dimensional allotropes collectively
known as carbon nanomaterials, such as 1-D carbon nanotubes
(CNTSs) [2] and 0-D fullerenes [3]. Graphene, a 2-D single layer
of graphite, is the most recent addition to this list since its
discovery a few years ago [4], although its electronic structure
and properties have been theoretically studied as far back as
1947 [5].

Carbon nanomaterials have extraordinary physical properties
that make them exciting prospects for a variety of applica-
tions in microelectronics/nanoelectronics [6], [7], spintronics
[8], [9], optics [10], as well as material science [11], me-
chanical [12] and biological fields [13], and even fundamental
areas like relativistic quantum mechanics and condensed matter
physics [14]. Particularly in the nanoelectronics area, CNTs and
graphene nanoribbons (GNRs) have aroused a lot of interest
in their applications as energy storage (such as supercapacitors
[15]), energy conversion devices (including thermoelectric [16]
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TABLE |
PROPERTIES OF CARBON NANOMATERIALS RELEVANT TO VLSI
INTERCONNECTS AND PASSIVES

Graphene or
Cu | SWCNT | MWCNT ENR
Max C(“/S‘Z‘:;z‘)lenmy 107 | >109132] | >109133] | >108[4]
Melting point (K) 1356 3800 (graphite)
Tensile strength (GPa) | 0.22 |22.242.2[34]| 11-63 [12]
Thermal conductivity
(X10°W/m-K) 0385 [1.75-5.8 [35]| 3[37] |3-5138],[39]
Temperature Coefficient
T 4 4 <1.1[40] |-1.37[41]1| -1.47 [42]
of Resistance (X107~ /K)
Mean free path (nm) @ ; 5x10*
room lerglper;lurg 40 Z107143] 2[Z4J1’(") 1X10° 45]

* MFP of MWCNTs depends on their diameters. The measured value shown
here is for the MWCNT with outmost shell diameter of 100 rnm.

and photovoltaic [17] devices), field emission displays and
radiation sources [18], nanometer semiconductor transistors
[4], [19]-[22], nanoelectromechanical systems (NEMS) [23],
[24], electrostatic discharge (ESD) protection [25], as well as
interconnects [26]-[29] and passives [30], [31], due to their
extraordinary electrical, thermal, and mechanical properties [4],
[12], [32]-[46]. A summary of the key properties of carbon
nanomaterials relevant to this paper is provided in Table I. The
sp? bonding in these materials, which is stronger than the sp?
bonds in diamond, makes graphene the strongest material ever
measured [47]. The properties of graphite, which is also an
sp?-bonded structure, provide first hints toward the remarkable
properties of CNTs and GNRs. The charge carrier densities in
graphite are almost equal for electrons and holes (ne  np

7 10*/cm3) and measured mobilities are on the order of
10* cm2/V «'s at room temperature and 10° cm2/V +sat 4.2 K
[48]. Graphene and CNTSs also have very high current carrying
capability (at least two orders of magnitude higher than that of
Cu) [4], [32], [33]. In addition, CNT and GNR are found to have
long mean free paths (MFPs) at low bias due to weak acoustic
phonon scattering and suppressed optical phonon scattering at
room temperature [43], [49]. Unlike the scattering mechanisms
in a 3-D conductor, where scattering can occur at small angles
and the required momentum is relatively low, the backscattering
(180 angle) in 1-D conductor requires much higher momentum
and thus the scattering is weak, leading to larger momentum
relaxation time or mean free path. All of these unique properties
indicate that CNT and GNR could be potentially employed
as alternative materials for next-generation nanoscale intercon-
nects, which can enhance the electrical performance as well
as eliminate electromigration reliability concerns that plague
nanoscale Cu interconnects [50], [51].

As reliability concerns put a question mark on the continued
use of Cu (due to increasing resistivity, current density, and on-
chip metal temperatures) at the nanoscale [52]-[54], this paper
provides a comprehensive review of the physics of these carbon
nanomaterials, current status of their fabrication and modeling,
and their prospects for replacing standard interconnect metals
in applications ranging from on-chip interconnections to energy
storage and packaging elements for integrated circuit (IC)
applications. It provides an overview of the state of the art of
CNT and GNR interconnect-related fabrication and modeling
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(5, 0) Zigzag CNT
Armchair GNR

(3, 3) Armchair CNT

Fig. 2. Schematic view of CNT and GNR made from a graphene sheet.
(a) zz-CNT and ac-GNR. (b) ac-CNT and zz-GNR. The unit lattice vectors
of graphene a1 and a are shown at the upper-left corners. The dashed arrows
represent the circumferential vector C of CNT. Red lattice lines indicate the
circumference shape of CNT, and blue lattice lines indicate two possible edge
shapes of GNR.

efforts. In addition, it presents a comparative analysis of these
materials with standard interconnect materials, thereby provid-
ing guidelines for their design and fabrication in prospective
applications. It also proposes novel passive devices (inductors
and capacitors) based on CNTs for energy storage applications
by exploiting their specific low-dimensional properties.

This paper is organized as follows. Section Il introduces the
basic physics of carbon nanomaterials. Recent progress and
remaining challenges in the fabrication of these materials are
outlined in Section Ill. Detailed discussion of both electrical
and thermal modeling of carbon nanomaterials is presented
in Section 1V. Various applications for these materials are
explored in Section V, including on-chip interconnects and
passive devices, through-silicon vias (TSVs) in 3-D ICs, and
off-chip/packaging applications. Finally, Section VI draws a
brief summary.

Il. PHYSICS OF CARBON NANOMATERIALS

Nanostructures, such as CNTs and GNRs, have unique prop-
erties that include low-dimensional conduction and low density
of states at the Fermi level [55]. Some of their fundamental
properties relevant to interconnect applications are discussed in
the following paragraphs.

A. Crystal Structure of Carbon Nanomaterials

To understand the physics of CNTs or GNRs, it is necessary
to study their atomic structure. Both CNTs and GNRs can
be understood as structures derived from a graphene sheet,
which is a single layer of carbon atoms packed into a 2-D
honeycomb lattice structure. A CNT can be thought of as a
rolled-up graphene sheet in which the edges of the sheet are
joined together to form a seamless tube, while a GNR can be
obtained by patterning graphene to a strip, as shown in Fig. 2.

The dashed arrows in Fig. 2 show the circumferential vector
C, whose direction is also the direction of the roll-up for a
CNT. The vector is defined as C = ne+a; + me«ay, where a;
and a, are the lattice vectors of graphene, and n and m are the
chiral indexes. As such, the chiral indexes (n, m) uniquely de-
fine the “chirality,” or the direction of the roll-up, fora CNT [1].
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(b) (©

Fig. 3. (a) Band structure of graphene forms hexagonal cones in the vicinity
of the Fermi energy. The apexes of the six cones are called Dirac points. The
formation of a nanotube cuts the energy landscape into slices of allowed states
(wave vector is quantized). The locations of the cross section of the cut lines
in k-space with the cones determine whether the resulting band structure is
(b) metallic or (c) semiconducting.

The length of C is the circumference of CNT, from which its
diameter D can be calculated as follows:

D=[Cl/ =2 nZ+mZ+mn )
where a is the lattice constant of graphene (= 0.246 nm). In
Fig. 2(a), the circumferential vector C =5 a; + 0 ap, hence,
the CNT rolled up along C is identified as (5, 0). In this
case, because the circumferential edge of CNT has a zigzag
shape (shown in red), it is also called a zigzag CNT (zz-CNT).
Similarly, for the case shown in Fig. 2(b), the CNT is identified
with the chiral indexes (3, 3), and because the circumferential
edge of the CNT has armchair shape, it is called an armchair
CNT (ac-CNT). All zz-CNTs have indexes n or m = 0, while
ac-CNTs have n=m. The two cases shown in Fig. 2 are
special cases where the circumferential vector of CNT is either
along the lattice vectors (n or m =0) or along the exact
direction between two vectors (n = m). For other directions
of circumferential vector, the CNTSs are called “chiral.”

The chirality of a GNR, on the other hand, is defined by the
edge shape as shown in Fig. 2 (in blue), which is perpendicular
to the circumferential vector for a CNT. As a result, the GNR
(shaded) in Fig. 2(a) is armchair, while the one in Fig. 2(b) is
zigzag.

B. Electrical Properties

The band structure of graphene is the basis for understanding
the electronic behavior of CNTs and GNRs. The Brillouin zone
of graphene is shown in Fig. 3(a), where the cones represent
the electron energy dispersion of graphene close to the Fermi
energy. It can be calculated by a simple tight-binding approach
[1]. The band structure of graphene is unique in the sense that
the E k relation is linear for lowest energies near the six
corners of the 2-D hexagonal Brillouin zone, leading to zero
effective mass for electrons and holes [56] (for more details, see
the Appendix I). Due to this linear “dispersion” relation at low
energies, electrons and holes near these six points behave like
relativistic particles described by the Dirac equation for spin
1/2 particles [6]. Hence, the electrons and holes are called Dirac
fermions, and the six corners of the Brillouin zone [the apexes
of the six cones shown in Fig. 3(a)] are called the Dirac points.

Since a CNT can be regarded as a seamless rolled-up
graphene sheet, it has periodic boundary conditions around the
circumference. This periodicity requires that the wave vector
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Fig. 4. Band structures of (a) ac-CNT (n =m =20, D = 2.7 nm) and
(b) zz-GNR (N = 26, w = 11 nm), where N is the number of hexagonal
carbon rings across the width of GNR, w is the width of GNR, and a is the
lattice constant.

along the circumference be quantizedas |[C| =1 or C « k =
2 «i, where i is a nonzero integer, and is the electron wave
length. The quantization condition is reflected in the Brillouin
zone as slices cut out of the band structure, indicated by the
solid lines in Fig. 3(a). The separation between the slices is
2 /|C| = 2/D, and their orientation depends on the nanotube
“chirality” or index (n, m) [55]. For a specific tube diameter and
chirality, if there is a slice cut exactly at the apex of the cones
[as in Fig. 3(a)], there is no bandgap between the conduction
and valence bands, as shown in Fig. 3(b). Such nanotubes are
metallic. If the slices cut elsewhere on the cones, there will
be a bandgap around the Fermi energy, as shown in Fig. 3(c),
and such nanotubes are semiconducting. The condition for
achieving metallic tubes is expressed as n  m = 3i, where i
is an integer [1] (for more details, see Appendix II). Hence,
ac-CNTs are always metallic [see the bandstructure shown in
Fig. 4(a)], while zz-CNTs could be metallic or semiconducting,
depending on the chiral indexes (n, m). For a natural mix of
CNTs, statistically, one-third of the CNTs are metallic, and the
other two-thirds are semiconducting [1]. Since the spacing of
slices is inversely proportional to D, larger-diameter nanotubes
have more slices with smaller spacing between slices, which
leads to smaller bandgaps for semiconducting CNTSs.

Although GNRs are also derivatives of graphene, the dif-
ference between CNTs and GNRs arises from the boundary
condition: the wave function along the CNT circumference
is periodic, while the wave function along the GNR width
vanishes at the two edges. Thus, the wave vector quantization
inGNRisw =i+ /2orwe k = «i, where w is the width
of GNR, and i is an integer. Armchair GNRs (ac-GNRs) can
be either metallic or semiconducting, depending on the num-
ber (N) of hexagonal carbon rings (shown in Fig. 2) across
the width: metallic when N =3i 1 (the transverse wave
vector with respect to the Dirac point, Kgransverse = N /7w,
where n is an integer; for N =0, Kgransverse = 0, imply-
ing that the zeroth subbands pass through the Dirac points),
and semiconducting when N =3i or 3i+1 ( Ktransverse =
(n+1/3) /w or  Kgransverse=(n  1/3) /w), where i is an
integer. In comparison, zigzag GNRs (zz-GNRs) are always
metallic and independent of N. While the band structure of
ac-GNRs are similar to that of zz-CNTs, the electronic states
of zz-GNRs are more complicated than those of ac-CNTs.
Particularly, the zz-GNRs have the “dispersionless band” or
“zero mode,” which originates from the edge states [57], [58]:
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TABLE I
CONDITIONS OF METALLICITY FOR CNT AND GNR (n, m IS THE
CHIRALITY INDEX OF CNT, N Is THE NUMBER OF HEXAGONAL
CARBON RINGS, AND i IS AN INTEGER)

Armchair Zigzag Chiral
CNT metallic norm=3i n-m=3i
GNR N=3i-1 metallic (w>10 nm)

almost flatband appears within the region of 2 /3 < |ka|
[shown in Fig. 4(b)]. According to the band structure, zz-GNRs
are always metallic. However, when wire width is smaller than
10 nm, neutral zz-GNRs will have small bandgap because of
the staggered sublattice potential from magnetic ordering once
electron spin is considered [19], [59]. The bandgap of zz-GNRs
increases with decreasing wire width (the bandgap, in electron-
volts, is 0.933/(w + 1.5), with w in nanometers).

Since the focus in this paper is on the metallicity of CNTs
or GNRs, Table Il summarizes the conditions of metallicity for
both CNTs and GNRs.

C. Heat Transport Properties

The measured high thermal conductivity of CNTs [35]-
[37] and GNRs [38], [39] is higher than that of diamond
(' 2000 W/m « K). It is important to understand the heat trans-
port mechanism in CNTs/GNRs to get an insight into their
outstanding thermal properties. Since the following analysis
will be valid for both CNTs and GNRs, we will only discuss
the case of CNTs.

One important heat transport property of CNT (due to its
low dimensionality) is the quantization of thermal conduc-
tance, which is theoretically analyzed in [60]. The quantum of
thermal conductance G, is G§" = 2k3T/3h, where kg is
Boltzmann’s constant, T is the temperature, and h is Planck’s
constant. Recently, quantization of thermal conductance of
CNT has been observed experimentally for individual CNTs
[61] and agrees well with the theoretical prediction [62].

Another important heat transport property is that phonons
dominate the heat conduction in CNTS, unlike electrons in tra-
ditional metals. According to the simultaneous measurement of
thermal conductivity and electrical conductivity of SWCNT
with a diameter of 1.4 nm, the measured value of / T is
two orders of magnitude larger than the Lorentz number 2.45
10 8 W+ /K2 [35]. This implies that the electron contribution
to heat transport is very small, and that Wiedemann—Franz law
[63] will not be valid for CNTSs. It is the phonon contribution
that dominates the thermal conductance in CNTs. This can
be understood from the different bandgaps of electron energy
dispersion and phonon energy dispersion (Fig. 5). At low
temperatures, thermal conductance of CNT is quantized, and
the phonon contribution of thermal conductance Ggﬂ] = 4G}
due to four acoustic phonon modes [60]. Note that in Fig. 5,
there are only three distinct acoustic phonon branches because
there is degeneracy in transverse acoustic modes (the lowest
acoustic phonon modes). The thermal conductance due to elec-
trons satisfies Wiedemann—Franz law and can be calculated
as GI' = 4G¥" (theoretical electrical conductance G = 4e?/h
at low temperature), which is equal to the phonon thermal

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 9, SEPTEMBER 2009

20 F
~ 15k
-
g
- 10 +
=
5
acoustic phonons
0 . . . .
0 0.1 0.2n 0.3n 0.4n
k|T]|

Fig. 5. Phonon dispersion of a (10, 10) armchair CNT. The three lines passing
through the origin represent acoustic phonon modes, while others are optical

phonon modes. T is the translation vector, and its magnitude can be calculated

by |T| = 32 D/dg, where dg is the greatest common divisor of (2n + m,
2m + n) for (n, m) CNT [1].

conductance counterpart (Gg,}). However, when temperature
increases, the number of contributing electron modes remains
four due to the large energy gap between the lowest subbands
(on the order of 100 meV, see Fig. 4), which implies that
G remains at 4G§". However, as temperature increases, the
population of phonon modes increases dramatically (governed
by Bose-Einstein distribution) since the energy gap between
the low energy phonon branches is typically less than 10 meV
(see Fig. 5) [1]. As a result, the electron contribution to the
heat transport becomes vanishingly small with increasing tem-
perature. This has been theoretically shown in [60], where the
G}j‘/Gg,‘1 decreases from 1 at low temperatures to < 0.1 at room
temperature. Since we are interested in IC applications, where
the operating temperature is well above the room temperature,
the dominant contribution to heat transport in CNTs will be
from phonons.

I1l. FABRICATION AND INTEGRATION

While CNT/GNR fabrication technologies have progressed
rapidly since their inception, they are still relatively immature
for integration into current very-large-scale integration (VLSI)
technology. Since fabrication of interconnect will be a common
basis of further applications (passive devices and off-chip)
discussed in this paper, we will review the current status and
challenges of CNT/GNR interconnect-related fabrication in this
section.

A. CNT Interconnect Fabrication

The high resistance (see Section IV-A) associated with an
isolated CNT (greater than 6.45 k for an SWCNT) necessi-
tates the use of a bundle (rope) of CNTSs [64], [65], conducting
current in parallel to form a good electrical interconnection. For
CNT interconnect applications, in order to outperform Cu, high
density and high quality of CNT bundles will be preferred. The
former requirement will increase the number of CNTs ina given
area, which will increase the conductance accordingly, the latter
one will reduce the defects and scatterings and result in long
MFP and low resistance. As per a CMOS back-end process
requirement, the growth temperature of CNT interconnects
should be kept below 400 C.
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Fig. 6. Schematic of a “bottom-up” CNT process sequence [27].

Because of these requirements, chemical vapor deposition
(CVD) methods are most suited for interconnect applications
since they allow selective growth, large area deposition, and
aligned CNT bundle growth. The growth temperature depends
on the type of nanotube to be grown and the catalyst composi-
tion, and lies in the range from 400 C to 1100 C [66]. CVD
methods first require preparation of metal catalyst particles on
a substrate. The catalyst materials are transition metals (such as
Fe, Co, and Ni). These catalyst particles are then submitted to
a reduction treatment by heating with a reducing gas (such as
H, or NH3). Finally, carbon-rich deposition gas (hydrocarbon
gas, such as CyHp, and CH,) as a source is let into the
furnace, where the hydrocarbon molecules are decomposed at
the surface of the catalyst particles to allow carbon deposition
at the edge of the particles, and therefore, CNTSs are synthesized
at the sites of the catalysts. Diameter of the nanotubes are
determined by the size of the catalyst nano particles. The
catalyst particles can stay at the tips of the growing nanotube
during the growth process, or remain at the nanotube base on
the substrate, depending on the adhesion between the catalyst
particle and the substrate. Both SWCNT and MWCNT bundle
can be grown using CVD methods on semiconductor wafers
with standard semiconductor production equipment [67].

Until recently, it has been difficult to grow dense bundles
of SWCNTSs because the fertility of the catalyst particles for
SWCNT growth was low. Although 84% catalyst activity has
been reported in [68], the grown SWCNT bundle is very sparse,
only occupying 3.6% of the total volume. Moreover, the lack
of control on chirality means that it is difficult to ensure that
the SWCNTs forming a bundle are all metallic. Although
87% metallic fraction (Fm, fraction of metallic SWCNTSs in
a bundle) of SWCNT bundle has been reported [69], it is not
suitable for large-scale integration and the density of bundle
after separation is quite low. By using the zipping effect of lig-
uids, [70] has demonstrated that the density of SWCNT bundle
can be increased by 20 times, and more importantly, this highly
densely packed SWCNT bundle retains the intrinsic properties
of individual SWCNTSs. More recently, homogeneous SWCNT
films have been developed by assembling SWCNTSs into a dense
“CNT wafer,” enabling integration of nanodevice systems by
lithography [71].

So far, most of the CNT interconnect fabrication work has
focused on MWCNTSs, since MWCNT is easier to be fabricated
and always behaves as metallic. Two different approaches to
integrate CNTs have been investigated. “Bottom-up” approach
has been proposed in [27] as shown in Fig. 6, where the CNT
via is grown on the bottom metal layer before deposition of
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Fig. 7. CNT damascene via process proposed in [76]. (a) Via hole formation
on bottom metal. (b) TaN/Ta barrier layer, TiN contact layer, and Co catalyst
nanoparticle formation. (c) MWCNT growth all over the substrate. (d) SOG
coating. () CMP planarization. (f) Top metal formation.

dielectric. One drawback of this approach is that the tubes do
not always grow at the selected location and are sometimes
shifted and tilted from the desired locations, which makes
further processing quite challenging.

More conventionally, the etch-first approach has been
pursued by several groups [26], [28], [72], where the dielectric
is deposited and via holes are etched before growing nanotubes
[shown in Fig. 7(a)]. In this approach, catalyst treatment is a
critical issue to achieve good contact as well as good control
of CNT size. The straightforward method is to deposit a thin
catalyst layer into the etched via [26]. However, the contact
condition between grown CNT and substrate might not be good
in this method, and CNT growth can occur from the sidewalls
of the via hole, which do not contribute to conductance. In order
to grow CNTs in a controlled manner from the via bottom only
and form contacts simultaneously, a buried catalyst approach
has been developed in [73]. However, it is challenging to ensure
etchstop on the thin catalyst layerwith thickness ofonly 1-5-nm.
A multilayer buried catalyst approach has also been developed
to increase the CNT growth yield after via etching [74].

All the above methods, where the catalyst layer is either
deposited or buried have a big issue that it is hard to control
the number and size of catalyst particles when they are formed
from the catalyst films, which, in turn, will affect the control
of density and size of grown CNTSs in the bundle. In order
to solve this problem, a size-controlled catalyst nanoparticle
deposition technique has been developed in [75], where a
large number of particles are produced and selected through
a size-controlled impactor before being injected into via
holes. By using this technique, the diameter of the nanotube
has been well controlled, and the density of CNTs achieved
has been as high as 9 10''/cm? (diameter 4 nm, about
13% of volume fraction) [75], [76]. Fig. 7 shows the flow of
CNT damascene via process developed in [76]. Moreover, the
chemical-mechanical polishing (CMP) used in [76] not only
planarizes the wafer, but also opens the nanotube ends for
better contact with the second metal layer.

Most recently, low temperature (365 C) growth has been
achieved for on-chip CNT vias [29]. It has been shown that at
low temperatures, CNT via can be successfully incorporated
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