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carbon nanotubes as interconnects in future integrated circuits are defined.
e methods of their characterisation are described. The need to grow nanotubes
1. Introduction
The continued scaling of semiconductor devices in VLSI integrated
circuits means that there is a replacement of many of the traditional
materials used. Copper has replaced aluminium in interconnects, low
dielectric constant materials have replaced SiO2 as the inter-metal
dielectric, while high dielectric constant oxides like HfO2 have
replaced SiO2 as the gate oxide.

Interconnects are the metal wires which pass current between the
transistors and are oriented both vertically and horizontally, see Fig. 1.
There is a need at the22nmnode andbeyond to consider replacingCuas
the interconnect. This is for two reasons. First, the current density carried
by the interconnects will exceed the maximum current density of
6×106 A/cm2 that copper can carry before it could fail due to electro-
migration [1], Fig. 2. Carbon nanotubes (CNTs) are the only material
(except graphene)which can carry amuchhigher current density, being
able to carry up to ~109 A/cm2 before failure [2,3]. This is clear from the
initial current vs. voltage plot found by the Yao et al [2], Fig. 3.

The second reason is time delays in the integrated circuit. As
dimensions have shrunk, the time delay is no longer dominated by the
switching time constant of the transistor but to the RC time constant of
the interconnect, due to the interconnect resistanceR and its capacitance
to the surroundings C (Fig. 4). Long nanotubes can have lower resis-
tances,which cuts down the RC time constant for long interconnects [1].

A third reason for possibly using nanotubes is the aspect ratio. It is
difficult to make copper interconnects which have a large aspect ratio
(height/length) for putting into deep vertical holes [4]. Here, the
interconnect (or Via) is not limited by its current density or resistance,
just by its manufacturability.

Despite these three advantages of carbon nanotubes, their use as
interconnects is not trivial, because of quantum effects. The resistance
of a nanotube-based interconnect must be comparable or lower than
n).
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that of the copper equivalent. Now, the resistivity of a copper wire
increases as its diameter gets smaller, because of side-wall scattering,
as shown in Fig. 5. This is equivalent to the copper wire becoming
more like a one-dimensional conductor, bulk scattering continues, but
side-wall scattering increases as a proportion.

The conductivity of a one-dimensional conductor like a carbon
nanotube is limited by one quantum of conductance G0/conducting
channel. For nanotubes, there are two conducting channels/wall of the
nanotube. The factor two arises because in the band structure of any
metallic nanotube wall, there are two bands that cross the Fermi level.

The quantum of conductance appears as a series resistance in the
overall equivalent circuit.Nanotubes arewell known forhaving aballistic
conductance, which enhances their conductance at moderate lengths,
but the quantum conductance limits their resistance at short lengths.
Thus, the overall resistance of a nanotube interconnect is given by

R = Rq + rL
� �

= 2n

where Rq is the quantum of conductance, Rq=12.6 kΩ/channel, r is
the incremental resistivity/unit length of the nanotube, L is its length,
and n is the number of walls in the interconnect (Fig. 6). Clearly, in
order to minimise the resistance of the interconnect and make it less
than the Cu equivalent, the objective is to maximise the number of
walls in the interconnect space.

There are two possibilities for nanotube interconnects tomaximise n,
use one or more multi-walled nanotubes (MWNTs) or use a very high
densityof singlewallednanotubes (SWNTs).MWNTs are alwaysmetallic
because they always have one wall which is metallic. However, the
problemwith MWNTs is that only the outer wall tends to carry current,
unless the innerwalls are properly contacted, and current is forced down
them. On the other hand, SWNTs can be either semiconducting or me-
tallic, and it is essential that the fraction ofmetallic SWNTs ismaximised.

The conductance of nanotubes is complex, because it is non-linear,
Fig. 3. At low voltages, carrier scattering in CNTs is low, and resistance
is low. Then, above a voltage of ~0.2 V, the scattering increases
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Fig. 2. Current density as a function of year and technology node in the ITRS roadmap.

Fig. 1. Schematic of vertical and horizontal interconnects in an integrated circuit. Fig. 4. Time delays in integrated circuits as a function of technology node.
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markedly, as now carriers can be scattered by optical phonons,
particularly the zone boundary phonons equivalent to the graphite K
point, as realised by Yao et al [2]. The resistance vs voltage has been
evaluated by Park et al [5], which allows us to extract a resistance/unit
length (r) outside the ballistic regime, for both the low field and high
field regimes. Note that interconnects will be operating for supply
voltages of 0.5 V or under, so that they must be operating in the low
voltage regime, or there is a fault.

Overall, the wall density in the interconnect diameter must be
maximised. For MWNTs, their typical geometry tends to have a sizable
inner tube radius, so that much of their cross sectional area is wasted.
Fig. 3. Current vs. voltage for a single wall nanotube, after Yao [2].
Thus, if MWNTs are used, it is essential to use small diameter MWNTs
and to maximise their density. The inter-wall spacing is roughly
constant, and similar to the c-axis spacing of graphite, 3.38 Å. For
SWNTs, the minimum diameter is 4 Å, but such nanotubes have high
free energy and are only made by template growth. The realistic
minimum diameter is more like 8 Å. Calculations show that a SWNT
areal density of order 1014 cm−2 are required for interconnect
applications. This will be found to be a very high requirement,
compared to the state of the art.

Due to the one-dimensional nature of the conductance, it is useful
to compare the resistance of CNT interconnects with that of copper, as
a function of their length [6] as in Fig. 7. This plot has been calculated
for a density of 1014 cm−2 so it is optimistic. Fig. 7 emphasises that for
short interconnects, Cu has a lower resistance than CNTs. The CNT
resistance is constant because the extra length does not increase
resistance in the ballistic regime. The CNT resistance begins to
increase after 1 μm outside the ballistic regime, and is now lower
than that of Cu, provided the CNT density is high enough. We see that
this is so, if the density is over 1013 cm−2.

There are two approaches to work on CNT interconnects. First are
those measuring ultimate performance, which tends to use single
nanotubes between two points [7,8]. The second is for in-situ growth
by chemical vapour deposition (CVD)[9–18], first with ‘blanket’ films
and then in Via holes. Note that it is uneconomic to grow bulk
nanotubes, sort them, and then expect to place them in holes. This is
not a credible manufacturing process.

Existing work on CNT interconnects has been carried out by Kreupl
et al [11–14], and more recently by Awano et al [15–18]. The
interconnects grown by both groups are MWNTs. Awano et al [17]
have attempted to increase the nanotube density, but are still at about
1011 to 1012 cm−2. Recently this group [18] used chemical mechanical
Fig. 5. Copper resistivity vs. interconnect's line-width.



Fig. 8. Schematic of the three steps to nanotube growth, on surfaces.

Fig. 6. Resistance vs. nanotube length in low voltage regime, from [2].
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polishing to cut the top off the MWNTs tomake electrical contact with
the inner walls and thus lower the resistance.

Interconnects are ‘back end of line’ (BEOL) components in
integrated circuits, in which the process temperature cannot exceed
400 °C, otherwise there is damage to the inter-metal dielectric.
Therefore, the production requires five aspects to be considered,

1. areal density
2. growth temperature
3. fraction of metallic nanotubes
4. growth on conducting metallic surfaces
5. electrical quality

The highest density of nanotubes is found in vertically aligned
arrays, mats or forests. Various groups have been able to grow vertical
arrays of MWNTs [19–24] and SWNTs [25–42]. Many cases involve the
use of an Fe catalyst on a Al2O3 support [21,29–36]. Some others use a
mixed Co–Mo catalyst on a SiO2 or Al2O3 support [25,38]. The vertical
alignment arises from the high density, and is an indication that the
density is above about 2.1011 cm−2. The work on high vertical arrays is
often directed at achieving the highest mats. This is not the case for
interconnects, we are interested in achieving the largest areal density.
The combination of factors 1, 2 and 4 above is likely to prove quite
difficult.

The temperature limits to growth need special attention. The
growth process is thermally activated, so at first sight it is expected to
be difficult to grow at the low temperatures needed. In practice, the
growth process (for nanotubes on surfaces) consists of three steps
[42–44](Fig. 8); first the catalyst is deposited as a thin film, second the
film is annealed to convert it into a series of catalytically active
nanoparticles, and third the nanotubes are grown from the catalyst
particles. In CVD, each particle forms a separate nanotube, of about the
same diameter.
Fig. 7. Calculated resistance vs. length for copper and nanotube interconnects.
The re-structuring of the catalyst into nanoparticles occurs in the
solid phase by creep [45]. This is thermally activated and easily occurs
below the catalyst melting temperature. It is driven by surface energy
minimisation. The contact angle of the droplet on a surface is given in
terms of interface energies by Young's equation. Forming the
nanoparticles occurs by de-wetting and requires a finite contact
angle to the support. The re-structuring process is often the rate-
limiting step, not the growth itself. The re-structuring step has been
observed by in-situ microscopy [45]. The re-structuring temperature
can be lowered, if it is carried out prior to exposure to the hydrocarbon
growth gas in either a vacuum or in a reducing atmosphere [43]. The
ambient gas adsorbs on the catalyst surface and this changes its
surface energy, and promotes de-wetting. Often the catalyst becomes
oxidised during sample transfer to the growth chamber. It is necessary
Fig. 9. In-situ TEM images of Ni catalytic nanoparticles after re-structuring in an
ammonia atmosphere.



Fig. 12. In-situ photoemission spectra of Fe 2p edges for Fe on SiO2 and Fe on Al2O3 [57].

Fig. 10. TEM image of nanotubes, from ref [47].
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to reduce the oxide. Depending on themetal, molecular hydrogenmay
not reduce the oxide; ammonia is more effective. An example is
shown in Fig. 9 for Ni in low pressure ammonia atmosphere. After the
re-structuring, the growth occurs by turning on the growth gas. Using
this method Cantoro et al [42] were able to achieve growth of SWNTs
at temperatures as low as 400 °C.

It is also found that a mild plasma is most effective in converting
the catalyst into small nanoparticles, especially as the maximum
density of particles are needed for high density arrays. Cantoro et al
[46] recently found this for MWNTs, following Hofmann et al [43].
Note, however, that strong plasma assistance during growth can be a
disadvantage as it disorders the nanotube walls. Only remote plasmas
should be used for interconnect applications.

Two particular catalyst-support combinations are found to give
high density mats, Fe on Al2O3 and Mo–Co catalyst on silica. On the
other hand, Fe on SiO2 support is less effective. On the other hand the
Mo–Co combinationworks because the Mo oxidises and separates the
Co as a metal on its surface, where it de-wets into active nanoparticles
[39].
Fig. 11. Radial Breathing Mode assignments of nanotube mat [47].
We grew high density SWNT mats using the Fe–Al2O3 combina-
tion. First a 20 nm layer of Al is deposited, which oxidises into Al2O3.
Then a 0.5–1 nm layer of Fe is sputtered, and then another 0.5 nm
layer of Al is deposited. The catalyst is heated up to growth
temperature of 650 °C in hydrogen. A remote microwave plasma is
ignited and growth is carried out in a 10:1 mixture of H2 and CH4 at a
pressure of 15 mTorr.

The nanotubes formed by the Fe–Al2O3 combination were fully
characterised by high resolution transmission electron microscopy
(TEM) andmulti-wavelength Raman. Fig.10 shows a TEM image of the
nanotube mat. Each nanotube type is defined by its integer chiral
indices n, m. Fig. 11 shows the Raman spectra in the region of the
radial breathing modes (RBMs). The Raman is measured on the mat,
as grown, without dispersing them in a surfactant. The RBM
vibrational frequencies vary inversely as the nanotube diameters.
They are only excited when the laser energy resonates with an optical
transition. The transition energies vary inversely with the nanotube
diameter in the so-called Kataura plot. This allows us to assign each
RBM mode peak to a SWNT of particular chiral index based on its
wavenumber and on its resonant energy [47]. The assignments were
Fig. 13. Schematic of behaviour of various metal nanoparticles on oxide support.



Fig. 15. Side view SEM of nanotube mat grown from 0.5 nm Fe catalyst on TiN.

Fig. 14. SEM image of Ni, Co and Fe film on TiN surface after plasma treatment.
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carried out for our samples, as they extend over a wider diameter
range than previous assignments [48–52]. We find that the RBM
wavenumber ω (cm−1) varies with the nanotube diameter d (nm) as

ω = C1 = d + C2

with C1=220.4 and C2=7.4. This compares with evaluations of
C1=214.4 and C2=18.7 found by Telg et al [48] and C1=217.8 and
C2=15.7 by Fantini et al [50,51] for HiPCo tubes dispersed in
surfactant.

The assignments are shown in Fig. 11. The RBMs divide into certain
regions, those corresponding to semiconducting (S) tubes and those
corresponding to metallic (M) tubes. We see that there are a large
fraction of metallic tubes. The peak heights cannot be directly
converted into abundances. We used the matrix elements of Luo
et al to [53] derive approximate abundances. We estimate that
approximately 1/3 of the tubes in our samples are metallic. This is the
same as in a uniform distribution. It is consistent with the wide
distribution found by Hata et al [29,32] in their samples also grown
from a similar Fe on Al2O3 catalyst system.

This conclusion is important as in many cases, lowering the growth
temperature or developing particular selective catalysts leads to the
preferential growth of more semiconducting tubes. This was found by
Maruyama et al [25] for the Co–Mo system, Bachilo et al [54], Dai et al
[55], and also recently by Qu et al [56] for the Fe –Al2O3 system. This
latter result shows that the catalyst and the growth conditions are
critical.

The reason for the different behaviour of Fe on Al2O3 and SiO2 was
studied by a combination of in-situ photoemission and AFM
measurements [57,58]. Fig. 12 shows the core levels of a nominal
0.3 nm thick Fe catalyst layer on SiO2 and on Al2O3 supports during
growth. This shows that on SiO2, the Fe is in its metallic state, whereas
there is a slight peak due to Fe3+ oxide, due to a thin interfacial Fe
oxide in contact with the Al2O3. The oxide helps to anchor the metallic
Fe nanoparticle to the support oxide, and stop it from sintering into a
larger particle. The AFM measurements [57] then showed that the Fe
nanoparticles had a much narrower diameter distribution on Al2O3

than on SiO2. An analysis of the resulting nanotubes in TEM found a
narrower diameter distribution. This indicates that the Fe particles
were less prone to sintering on Al2O3. This effect is modelled
schematically that Fe on Al2O3 has a weak enough interaction to
allow the de-wetting, but a strong enough interaction to inhibit the
surface diffusion of the Fe balls, and the sintering (Fig. 13).

Despite the excellent results obtained by us on the Fe–Al2O3

system, it is clear that it is not possible to use this combination for
interconnects, as Al2O3 is an insulator. Its results are only guidance.
Nanotubes must be grown on conducting substrates for electrical
contact. We have now carried out preliminary work for Fe catalysts on
Ta and TiN layers. These two metals are widely used in microelec-
tronics as diffusion barriers. Ta was previously used as a barrier layer
by Horibe et al [16]. Metals are generally less favourable as catalyst
supports because their higher surface energy discourages the catalyst
de-wetting. However, Ta is one of the better metals [59,60] and is used
by Awano et al [17]. We have found that de-wetting can be induced by
a mild plasma treatment, followed by growth in normal thermal CVD
conditions. Fig. 14 shows an SEM image of 0.5 nm Ni, Co or Fe on TiN
after treatment. Fig. 15 shows a SEM image of a resulting nanotube
mat grown a 600 °C. These nanotubes are so far only MWNTs.
2. Summary

The requirements for nanotubes to be used as interconnects in
future integrated circuits are described. The conditions for the growth
of the nanotubes by chemical vapour deposition are defined in terms
of low temperature, high density, metallic quality and growth on
metallic substrates. Some examples of nanotubes grown by CVD are
given, and their characterisation using TEM and Raman is described.
Preliminary work on growing nanotubes on metallic substrates is
described.
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