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Growth and characterization of high-density mats of single-walled carbon
nanotubes for interconnects
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We grow high-density, aligned single wall carbon nanotube mats for use as interconnects in
integrated circuits by remote plasma chemical vapor deposition from a Fe– Al2O3 thin film catalyst.
We carry out extensive Raman characterization of the resulting mats, and find that this catalyst
system gives rise to a broad range of nanotube diameters, with no preferential selectivity of
semiconducting tubes, but with at least 1 / 3 of metallic tubes. © 2008 American Institute of Physics.
关DOI: 10.1063/1.3000061兴
Carbon nanotubes have unique properties that make
them valuable for electronic applications. Some applications
such as transistors require semiconducting nanotubes, while
others such as interconnects in integrated circuits 共ICs兲 or
conducting membranes require metallic nanotubes. The
nanotube type can be selected after growth by density gradient centrifugation and other methods,1 but for IC applications, economics requires nanotubes grown in place. A number of groups have shown an ability to preferentially grow
one type of nanotube,2–5 however, this is usually semiconducting tubes. It is therefore necessary to demonstrate that
preferential growth of metallic tubes is also possible.
The demand to use carbon nanotubes as IC interconnects
arises from the continued downscaling of semiconductor device dimensions, which means that the current densities in
interconnects will soon exceed the electromigration limit of
copper, ⬃6 ⫻ 106 A cm−2. Carbon nanotubes are one of the
few possible materials that can carry higher current densities
than this.6,7 This led to intensive research on how to integrate
nanotube interconnects into complementary metal-oxide
semiconductor 共CMOS兲 technology.7–10 Nanotubes satisfy
three future requirements for interconnects; a high current
density, the possibility of ballistic transport, and scalability
of size to very small diameters.7 However, it has been difficult to integrate nanotubes into CMOS technology by growing them in place, while achieving performances comparable
to existing Cu interconnects.10
Carbon nanotubes are one-dimensional conductors, and
so their conductance is limited by one quantum of conductance G0 per conducting channel. This resistance of 12.6 k⍀
acts as a series resistance, and so we want as many conducting channels in parallel as possible to minimize the overall
resistance. We must therefore produce either a very high density of single-walled nanotubes 共SWNTs兲 of up to 1014 cm−2,
or a high density of thin multiwalled nanotubes 共MWNTs兲
with contact made to every wall.
Here we focus on the growth and characterization of
high-density mats of metallic SWNTs. The nanotubes are
grown by chemical vapor deposition 共CVD兲. Interconnects
are back end of line components and so they have an upper
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process temperature of ⬃400 ° C. Thus, there are five requirements on the CVD; high density, low growth temperature, high fraction of metallic nanotubes, growth on conducting surfaces, and low defect nanotubes.
The highest density of SWNTs grown by catalytic CVD
are so far found in vertically aligned nanotube mats. It is
interesting that the highest density mats are grown using two
particular catalyst systems, Fe on an Al2O3 support or a
Co–Mo catalyst. The Fe– Al2O3 system was used in the “supergrowth” process of Hata and co-workers11,12 and also in
the remote plasma CVD process of Zhong et al.13,14 Here, we
are interested not in the height of the forest or the role of
water, only SWNT mat density, and more importantly that
both groups use the same Fe– Al2O3 catalyst system. Similarly, it is interesting that the aligned SWNT mats of
Maruyama et al.5,15 and Resasco and co-workers4,16,17 use a
similar Co–Mo catalyst.
It was found that lowering the growth temperature for
Co–Mo catalysts narrows the chirality distribution,5,16 with a
higher fraction of semiconducting tubes. This is unsuitable
for interconnects, so we develop further the Fe– Al2O3 catalyst system. The conductivity and mat density of such nanotubes have been measured previously.10,14,18
The present samples were grown using a remote microwave plasma-assisted CVD method using a 90:10 H2 : CH4
mixture as the feed gas at 15 mbar pressure at 650 ° C.13 The
catalyst consists of 0.5– 1.0 nm Fe sputtered onto 10 nm of
Al, with 0.5 nm of Al layer on top. The Al is oxidized to
Al2O3 during transfer to the growth chamber.
The nanotubes grow from the nanostructured catalyst. In
order to activate the catalyst, it is converted from a thin film
form into a series of nanoparticles on the support, its active
chemical state.18–20 In order to allow a low growth temperature, this requires careful control of the restructuring step,
separately before growth. Annealing must be carried out in a
reducing or vacuum environment, depending on the catalyst,
but prior to the admittance of the growth gas. This then allows growth at temperatures as low as 400 ° C for both
MWNTs and SWNTs.
We have characterized our SWNTs in detail. The usual
means to measure the chirality distribution is by photoluminescence excitation spectroscopy 共PLE兲. However, PLE only
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FIG. 1. 共Color online兲 Raman spectra of the radial breathing modes of a
SWNT mat sample, excited at the indicated laser wavelengths. The spectra
range is divided into zones corresponding to modes of metallic 共M11兲 and
semiconducting tubes 共S22, S33兲. Chiral index assignments are shown.
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probes semiconducting tubes. We use instead resonant Raman spectroscopy,21,22 which sees both types. The Raman
measurements were carried out on a Dilor XY800 spectrometer with triple monochromator and Ar–Kr laser and tunable
lasers. The samples are probed directly without dispersion in
surfactants.
Figure 1 shows the radial breathing mode 共RBM兲 part of
the Raman spectra of the samples measured at various laser
wavelengths. A notable feature of Fig. 1 is that the RBMs
cover a wide range of wavenumbers, which is equivalent to a
wide range of nanotube diameters, and in addition the peaks
are sharp, which helps to assign them to a specific chiral
indices, n , m.
We have made detailed chiral index assignments of the
RBM peaks. First, the RBM frequency is known to vary
inversely with the nanotube diameter, d. Second, a mode is
excited only when the laser energy is resonant with a particular electronic transition between subbands of that nanotube diameter. The transitions between subbands each vary
roughly as 1 / d, but with well-defined trends away from this
simple dependence. The transitions are displayed on a “Kataura plot” as in Fig. 2共a兲. The plotted transitions consist of
the lower energy S11 and S22 levels of semiconducting tubes,
followed by the M 11 levels of metallic tubes, followed by the
higher order S33 and S44 bands of semiconducting tubes. The
trends away from the simple 1 / d dependence fall into families, according to whether  = 共n-m , mod 3兲 = −1 , 0, or +1.
The nanotube diameter is given by d = a0共n2 + nm + m2兲1/2 / ,
where a0 = 2.461 Å is the graphite lattice constant.
The Kataura plot of transition energies is based on the
third-neighbor tight-binding plot of Popov et al.23 which includes the effects of trigonal warping 共Fig. 2兲. It does not
include the exciton binding energy, which can be included
empirically by an upward shift of ⬃0.3 eV for the S11, S22,
and M 11 transitions. Recently, Araujo et al.24 concluded that
the higher order transitions S44 and S55 have delocalized excitons with much small binding energies, so these gaps are
not shifted. The presence of a large range of tube diameters
in our sample and the rather sharp spectra allows these
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FIG. 2. 共a兲 Subband energy vs diameter plot used for the assignment. 共b兲
Fitting of the RBM wavenumber to the nanotube diameter, Eq. 共1兲, compared to the Telg fit.

higher order S33 and S44 transitions to be fitted. Some of the
assignments are given in Fig. 1.
The RBM frequencies have been fitted with the usual
relationship

 = C1/d + C2

共1兲

to give C1 = 220.4⫾ 0.7 and C2 = 7.4⫾ 0.7, as in Fig. 3. This
compares with C1 = 214.4 and C2 = 18.7 found by Telg et al.21
or C1 = 217.8 and C2 = 15.7 by Araujo et al.24 for SWNTs
dispersed in sodium dodecyl sulfate surfactant. The trend of
aligned forests to have lower C2 values follows that found by
Araujo et al.25 for supergrowth samples.
The RBM spectra show a number of interesting features.
A notable feature is that the fitted RBMs cover a wide range
of wavenumbers, equivalent to a wide range of nanotube
chiralities and diameters 共0.8– 2.2 nm兲. This is consistent
with transmission electron microscopy images for our
samples in Fig. 3. It is also consistent with Yamada et al.,12
who found a wide range of diameters in their electron microscope study, from SWNTs to double walled nanotubes to
MWNT.
The wide range of chiralities in Fig. 1 indicates that both
metallic and semiconducting nanotubes are present. The re-
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indicates that the restructuring process controls what type of
nanotubes likely to grow. Generally, control of nanotube
character during growth still needs further effort.
Infrared absorption is often used to determine sample
purity,27 which works best for a rather narrow diameter distribution. However, the standard calibrations of assigning a
background to graphitic carbon must be readjusted when
there is a much wider diameter distribution, as here. From
Fig. 4, we derive a purity of 70%.
In summary we have shown that high-density SWNT
mats grown from specific catalyst systems can have an adequate fraction of metallic nanotubes. The catalyst system
will now be developed for a metallic support.
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FIG. 3. Transmission electron microscope image of the nanotube sample.

gions of the S22 and S33 transitions of semiconducting tubes
and M 11 of metallic tubes are shown. Clearly, there is no
narrowing of the chirality distribution in our material, and
the presence of many metallic tubes is suitable for use as
interconnects. We therefore conclude that the Fe– Al2O3
catalyst is more suitable than Co–Mo catalysts for interconnect applications requiring metallic nanotubes.
We further quantified the abundance distribution by calibrating the Raman matrix elements against spectra for
HiPCo samples which are usually assumed to have the random distribution with a metallic to semiconducting ratio of
1:2. We use the empirical dependence of matrix element on
chiral angle and diameter in Luo et al.26 as a guide. We find
that our samples have a near random mixture of metallic and
semiconducting chiralities. This means that our nanotubes
are suitable for use as interconnects; there has been no preference for semiconducting tubes.
This is significant because recently Qu et al.3 claimed a
96% preferential growth of semiconducting tubes using a
rather similar catalyst system. On the other hand, we have
found that it is not just a Fe catalyst that controls nanotube
type, it can be varied by using different Fe precursors. This
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FIG. 4. Infrared spectra of S22 subband and background for purity analysis.
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