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S
ingle-walled carbon nanotubes (SWNTs)
have many potential applications in
areas such as electronics, energy sto-

rage, stiff composites, and sensors due to
their unique properties.1�3 This has led
to considerable efforts to improve the car-
bon nanotube growth process using the
catalytic chemical vapor deposition (CVD)
method, whether for nanotubes grown as
vertically aligned forests on surfaces4�7 or
grown in bulk reactors. For nanotube for-
ests, there has been extensive work to
maximize the growth rates and the catalyst
lifetimes.8�18

In electronics, carbon nanotubes (CNTs)
have great potential to replace copper as
interconnects in integrated circuits because
they are the only material capable of carry-
inghigh current densities over 108A/cm2.19�31

This application is more important to the
semiconductor roadmap than, for example,
the use of SWNTs as semiconductors in
field-effect transistors.19 However, CNTs will
not be used as interconnects unless the
interconnect resistance is as low as that of
the copper that it replaces. Each wall of a
CNT is a one-dimensional conductor, and
this will introduce a series resistances from
their quantum of conductance. To reduce
this resistance, wemust parallel many CNTs,
and this requires CNTs to be grown in
densities of at least 2 � 1013 cm�2.20

The densest standard forests grown to
date by Futaba et al.1 or Zhong et al.10 use Fe
as catalyst and Al2O3 as support layer. They
have an area density of 7� 1011�1012 cm�2.
This is high, but it is still a factor of ∼30 too
low for the interconnect applications. On
the other hand, typical forests grown speci-
fically as interconnects, until recently, had
densities only in the 1010 cm�2 range.22,23 The
low densities are a key reason that CNT inter-
connects have not yet been implemented by

electronics manufacturers. There is therefore
anurgentdrive to increase theCNT forest area
density. Most of the effort in nanotube forest
growth is directed toward maximizing yield,
by increasing the growth rate or catalyst
lifetime.7�17 In contrast, interconnects require
a focus on quality;area density.
Figure 1 shows a close-packed array of

cylinders of diameter,D, representing nano-
tubes and separated by a distance δ. It
turns out that existing forests are not parti-
cularly dense, occupying only about 5% of
the available area, as D, δ. Thus, there are
two ways to increase nanotube density,
either increase the packing fraction by
reducingδor reduce the nanotubediameter,
assuming that δ scales with D.
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ABSTRACT

We have grown vertically aligned single-walled carbon nanotube forests with an area density

of 1.5 � 1013 cm�2, the highest yet achieved, by reducing the average diameter of the

nanotubes. We use a nanolaminate Fe�Al2O3 catalyst design consisting of three layers of

Al2O3, Fe, and Al2O3, in which the lower Al2O3 layer is densified by an oxygen plasma treatment

to increase its diffusion barrier properties, to allow a thinner catalyst layer to be used. This

high nanotube density is desirable for using carbon nanotubes as interconnects in integrated

circuits.

KEYWORDS: single-walled carbon nanotubes . vertical forest . chemical vapor
deposition . ultrahigh density . characterization . catalyst preparation
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The diameter of SWNTs prepared by many methods
is about 1.0�1.2 nm, whether grown by laser ablation,
HiPCO, or CVD using the CoMoCAT catalyst.32�36 A
similar diameter is found using ferritin as catalyst,33

which is a well-defined nanocluster of Fe in an organic
shell. On the other hand, forest growth uses the Fe/
Al2O3 catalyst/support combination because this pre-
sently maximizes the catalyst efficiency and yield,6�12

but it tends to give CNTs with a larger than average
diameter, typically in the 2.0�4.0 nm range. Thismeans
that the area density of these forests is not as high as
possible.
The present paper describes a catalyst design that

greatly increases the nanotube area density by a factor
of 20-fold over previous densities, by reducing the
nanotube diameter.

Catalyst Modeling. We first analyze the factors that
control the nanotube area density. In CVD, ideally one
nanotube grows from each catalyst nanoparticle, so
that the density and diameter of the nanotubes are the
same as those of the original catalyst nanoparticles.
The catalyst is usually deposited as a thin film and then
annealed. This converts the catalyst film into a series of
nanoparticles by a dewetting process that is driven by
the difference in surface energy of the catalyst and the
underlying support layer.37

The interfacial energy of an ideal thin film of thick-
ness h on a substrate is given byG1 =A(σ1þ σ12), where
σ1 is the catalyst surface energy, σ12 is the cata-
lyst�support interface energy, and A is the support
area per nanoparticle. The interfacial energy of a
truncated spherical ball of top surface area S2 in
contact with the flat surface is given by G2 = (A �
S12)σ2þ S2σ1þ S12σ12, where σ2 is the support surface
energy and S12 is the contact area. The contact angle θ
of the truncated sphere is given by Young's equation
σ2 = σ12þ σ1cos(θ).

The minimum diameter of the nanoparticles
formed by dewetting occurs when G2 = G1. Using

conservation of catalyst volume, the nanoparticle dia-
meter D will vary with initial film thickness h as

D ¼ 6h sin θ

1 � cos θ
(1a)

or

D ¼ 6h
1 � cos θ

(1b)

if θ > 90�. This results in a nanoparticle density N of

N ¼ 4
πD2

(1þ cos θ)
(2þ cos θ)

(2a)

or

N ¼ 4
πD2(1 � cos θ)(2þ cos θ)

(2b)

if θ > 90�. On the other hand, themaximum theoretical
density of straight, uniform, vertically aligned nano-
tubes of diameter D occur if they form a hexagonal
array separated by the c-axis spacing of graphite, δ =
0.34 nm

N ¼ 2
ffiffiffi

3
p

(Dþδ)2
(3)

Figure 1 plots this maximum density and the den-
sity for the dewettingmechanism as a function ofD for
θ ∼ 90�, a typical contact angle seen in in situ TEM38

and compares it to the nanotube densities in some
forests of previous groups. We see that the densest
forests lie around the dewetting limit. It is clear that to
increase the nanotube density above existing values,
from eq 2, we must either decrease the diameter D or
increase the density beyond the dewetting limit.

A typical initial catalyst thickness h is 1 nm. This
would give nanotubes of diameter D∼ 6h = 4�6 nm.1

This is quite large compared to the 1.0 nm diameter
CNTs grown by the HiPCO or laser methods.32,33

Clearly, from eqs 1 and 2, the simplest way to increase
density is to decrease the catalyst film thickness. How-
ever, as h is decreased, nucleation becomes less reli-
able and the nanotube yield decreases, due to various
factors such as the diffusion of the catalyst into the
support layer. A typical example is that ofNoda et al.,7,39

who found a decline in yield for Fe thickness below
0.5 nm.

The densest forests are generally grown using the
Fe:Al2O3 catalyst:support system.1,4,6�16,39 Al2O3 works
because it inhibits the surface diffusion and sintering of
the Fe nanoparticles, helped by an interfacial reaction
of the Fe on Al2O3.

40 However, AlOx can be porous, and
it may not inhibit Fe diffusion away from the surface.
AlOx formed in different ways is known to behave
differently as a catalyst support41 because its surface
area and diffusion properties can vary. AlOx can be
deposited as Al2O3 by evaporation, sputtering or atomic
layer deposition (ALD), or deposited as Al metal and

Figure 1. Area density vs average nanotube diameter for
carbon nanotube forests, compared to that expected from
the dewetting mechanism and the ideal close-packed limit.
Also shown are data from previous groups,1,10,23,25,28

including data for horizontally grown nanotubes.43
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oxidized to AlOx by ambient or residual oxygen. Here,
we used a three-layer catalyst�support design, in
which a 5 nm Al layer is sputtered, followed by a
0.7 nm Fe layer, and finally a thin 0.5 nm Al capping
layer was sputtered. Previously, we allowed Al to be
oxidized to AlOx by exposure to air. The function of the
top (discontinuous) 0.5 nm AlOx layer is to inhibit
surface Fe diffusion, without covering the Fe.

RESULTS AND DISCUSSION

To check inward diffusion, we have analyzed the
elemental depth profiles in the Fe:Al2O3 layers after
a thermal anneal cycle (see Methods) but prior to
growth by secondary ion mass spectrometry (SIMS)

spectroscopy. Fe, Al, and O were detected by SIMS
throughout the layers (Figure 2a). The Fe concentration
(blue) decreases monotonically with depth until the
AlOx/Si interface, where a peak appears. The peak
arises from an accumulation of Fe that diffused into
the AlOx and was then blocked at the Si interface. If
nanotubes cannot grow once covered by an AlOx layer
∼1.5 nm thick, then Figure 2 shows that almost half of
the Fe catalyst is subsurface and is effectively lost to
growth activity. This is a reason that may have limited
CNT densities to 1012 cm�2.
In order to increase catalyst effectiveness, we pre-

pared a more diffusion-resistant support layer. We
sputtered a 5 nm Al layer and subjected this to a room

Figure 2. SIMS depth profiles of a sandwich catalyst nanostructure of 0.5 nm Al (top layer)/0.6 nm Fe/5 nm Al sputtered
coated on Si(100), (a) without and (b) with plasma oxidation treatment. (c) AFM image of the support layer after O2 plasma
treatment. (d,e) SEM images of Fe onAl2O3 for 0.3 nm thick Fe and 0.6 nm thick Fe, showing the decrease in particle size for the
0.3 nm case.
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temperature O2 plasma treatment. This was followed
by deposition of a 0.3, 0.4, or 0.7 nm Fe catalyst layer,
followed by a 0.5 nm top Al layer. The O2 plasma
creates a denser, fully oxidized under-layer of Al2O3.
Figure 2b shows the SIM profile for the case of plasma
oxidation treatment, again after the thermal annealing
of the catalyst/support layers. The Fe concentration
(blue) now declines monotonically with no subsurface
peak. The surface Fe concentration is also higher. The

Al2O3 layer could also be made by ALD and then
plasma oxidized to ensure full densification.
This more impermeable Al2O3 layer allows us to use

a thinner Fe catalyst layer, which, by eq 2, leads to a
lower CNT diameter and a higher density. Figure 2c
shows an AFM image of the first Al2O3 layer after the O2

plasma treatment. Figure 2d,e compares SEM images
of the Fe catalyst nanoparticles after annealing for Fe
films of an initial thickness of 0.3 and 0.6 nm. The 0.3 nm

Figure 3. SEM (A) andHRTEM (B) images of ultrahighdensity SWNT forests preparedon 0.5 nmAl/0.4 nmFe/5nmAl/Si(100) at
15mbar, 700 �C, 40 sccmC2H2 and460 sccmH2by cold-wall CVD. The 5nmAl layer had anO2 plasma treatment. (a) Tilt viewof
the as-grown sample. (b�d) Surface, side, and tilt views at higher magnifications. (e,f) High magnification HRTEM images of
the SWNTs. (g) SWNT diameter distribution from HRTEM images.
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thick Fe case is seen to have much smaller diameter
particles.
A second factor to increase the CNT density is to use

a higher C2H2 concentration. Previously, we used a
remote methane plasma6 in which the plasma created
C2H2 in situ, the active growth species. The same
growth was then reproduced in a cold wall, purely
thermal CVD system at 700 �C,42 using H2 diluted C2H2

at a total pressure of 15 mbar. Here, we increased the
C2H2 gas flow ratio to 8%. The higher C2H2 concentra-
tion may promote nucleation and growth of denser
forests. A third factor is our use of a cold wall CVD
chamber which allows rapid sample heating in a pure
H2 flow for about 5 min. This rapid heating may
suppress catalyst Ostwald ripening and subsurface
diffusion.
Figure 3a�f shows the characterization of the result-

ing nanotube forests by SEM and high-resolution
transmission electron microscopy (HRTEM). Their most
significant features include the following. (1) The for-
ests have the highest area density seen so far for direct
growth, as seen in the higher magnification SEM
images in Figure 3c,d. (2) The upper surface of the
forest is very smooth. They have fewer surface cracks,
often seen in previous SWNT forests, due to van der
Waals attraction between adjacent nanotubes.6 (3) The
mean nanotube diameter is much smaller and its
distribution is narrower than our previous SWNT
forests11 (Figure 3e�g). (4) The forests are shorter than
previously, only several micrometers high (Figure 3a),
as growth terminates in a few minutes. The higher
density may cause diffusion-limited gas access.11,18

Nevertheless, the SWNT height is enough for intercon-
nect applications. The HRTEM images in Figure 3e,f
show that the forest consists of high-quality SWNTs
with little amorphous carbon on their side walls. The
average diameter is 1.0 nm, and the diameter follows a
log-normal distribution. The diameter does not vary
with height in the forest. The diameter distribution of
0.5�2.1 nm is narrower than our previous range of
0.5�4 nm.11 This is the key result, which allows the
higher density to be achieved by the thinner catalyst
layer.
There are three basic methods which could be used

to measure the nanotube area density: first by count-
ing tubes in the TEM images, second by measuring the
sample weight gain during growth, themean diameter
and number of walls from TEM, and thereby deriving
the weight per unit length of a nanotube, and thus the
area density, and finally using the liquid-induced com-
paction method and average diameter to find the
space filling factor and thus the area density. Counting
is less reliable and was not used quantitatively. The
liquid compaction method is useful for speed, gui-
dance, and it indicates the uniformity with height. It
can also be used in patterned structures.28 Weight gain
is the most quantitative method, and it is used here

wherever possible, but it requires relatively high for-
ests. Our data generally come from this method. All
three methods give consistent results.28

Table 1 summarizes theweight gainmethod data for
three samples. The initial Fe catalyst thickness was
0.3 or 0.4 nm. The measured weight gain was 0.20 to
0.32 mg for samples of area of 105�120mm2. The forest
heights range from 6.0 to 9.9 μm. The mass density
derived fromthis varies from0.248 to0.38(0.0046g/cm3.
The resulting area density is in the range of 1.07 to
1.64� 1013 cm�2 for mean SWNT diameters of 1.0 nm.
We have also used the liquid-induced compaction

method to estimate the CNT density. The sample is
soaked in ethanol and dried in air to obtain the filling
factor.1 Figure 4a,b compares top view SEM images of a
highest density and a standard forest after the com-
paction process. The tops of the compacted regions are
colored red. The filling fraction is 71% for a high-
density forest (Figure 4a) and 6.4% for a standard forest
(Figure 4b) prepared using 1% C2H2 and 0.7 nm Fe.
A SEM cross section (Figure 4c) shows that nanotubes at
the edges are broken at their roots and shift toward the
center of SWNT blocks. This image also shows that the
density does not vary much with height in the forest.
The filling factor is given by F = (D þ δ2)/(D þ δ1),

where δ1 is the average wall-to-wall spacing in the as-
grown state and δ2 is this spacing in the liquid-com-
pacted state. The area density is then given by N =
2/(31/2(D þ δ2)

2). The ratio of F = 71% to F = 6.4%
suggests a roughly 10-fold increase in F between the
dense forests and the standard forests if the com-
pacted density is the same for both cases. (The area
density of the standard forests is known to greater
accuracy because these are higher, and weight gain is
more reliable for them.) The compacted density is
estimated to be about 0.9 g/cm3, similar to that found
by Futaba1 and less than the ideal compacted value of
1.5 g/cm3 for a 1.0 nm diameter array45 because the
CNTs are not completely straight and do cross over
each other. As δ1 . D, this is roughly consistent with a
10-fold increase in area density found by the weight
gain method.
Figure 5 shows some cross-section SEM images of

the forests. The nanotubes are seen to be very straight,

TABLE 1. Properties of Six Forest Samples Grown at 8%

C2H2 15 mbar Total Pressure and 700 �C on 0.5 nm Al/

0.3 nm Fe/5 nm Al/Si(100)a

sample 1 2 3 4 5 6

catalyst thickness (nm) 0.3 0.3 0.4 0.3 0.3 0.3
mass gain (mg) (0.003 mg 0.26 0.26 0.20 0.35 0.27 0.32
forest height (μm) 9.9 7.9 6.0 9.5 8.9 8.3
mass density (g/cm3) (0.004 0.248 0.298 0.345 0.365 0.298 0.382
area density (1013 cm�2) (0.02 1.07 1.28 1.48 1.57 1.28 1.64

a The initial catalyst film thickness, mass gain during growth, forest growth height,
the resulting mass density and area density are tabulated.
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consistent with the high density and the crowding
mechanism of alignment. The top of the forest is seen
to be the densest, whereas the lower forest (which
grows later, in root growth) is seen to be less dense.
This is perhaps because some catalyst particles are
becoming deactivated. Thus, the area density derived
by weight gain is an average value.
A density of 1.48� 1013 cm�2 is the highest value so

far achieved for a simple catalyst preparation proce-
dure. It is a factor 20 times greater than the previous
typical nanotube forests of Futaba,1 Zhong,10 or
Nessim31 (see Figure 1). It is also significantly larger
than the densities found in the recent work of
Yokoyama,23 Yamazaki,25 or Dijon28 on vias. These
CNTs had larger average diameters than here. Our
density is comparable with the density achieved by

the recent cyclic catalyst process of Esconjauegui.32

Note that the nanotube mats of Yamazaki25 are actu-
ally more space filling than ours, but they have a larger
diameter, so that their area density is not as high as
here. Our area density is 3 orders of magnitude higher
than the typical 109�1010 cm�2 found for horizontally
aligned nanotube arrays grown on quartz or
sapphire.43,44 This is not surprising as these substrates
are optimal for horizontal alignment, not for high-
density growth. The mass density of our forest of
0.25�0.35 g/cm3 compares with previous values of
0.06 g/cm3,10 which indicates how much denser the
new forests are.
Figure 6a plots the nanotube length taken from SEM

side viewsof forest height versus theC2H2partial pressure
during growth for two different Fe catalyst thicknesses.

Figure 4. Liquid-induced densification of different SWNT forests by soaking the samples with ethanol and drying in air. (a)
Ultradense SWNT sample shown in Figure 3 grown in 8% C2H2 and 0.5 nm Al/0.4 nm Fe/5 nm Al/Si(100). (b) Standard SWNT
forest grown for 1% C2H2 on 0.5 nm Al/0.7 nm Fe/5 nm Al/Si(100); other conditions same as (a). Tilted SEM images of liquid
compacted (c) ultradense and (d) standard forests of similar heights, showing the clearly higher density of (c). (e) Cross-
sectional details of the densification effect, a corner showing that the compaction does not vary much with height, implying
that the density is reasonably homogeneous. (f) Wide view of cracking.
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We see that the length increases progressively with
C2H2 partial pressure for the 0.9 nm thick Fe, as
expected as the growth rate is proportional to partial
pressure to the half power.46 On the other hand, the

growth rate decreases with C2H2 partial pressure for
the 0.4 nm thick Fe case.We tentatively attribute this to
diffusion-limited gas access in the denser forests.
Figure 6b shows the area density deduced from

weight gain measurements for the two cases. We see
that the area density corresponds about 1012 cm�2 for
the 0.9 nm Fe case. On the other hand, the area
density increases strongly with C2H2 partial pressure
for the thin 0.4 nm case. This shows that there is a
changeover in behavior, with the highest density only
occurring for the thinner Fe layer and higher C2H2

partial pressure. The higher density case leads to a
lower growth rate. This is not fully understood at
present.
Figure 7 shows some SEM images of forests grown

from 10 μm patterned catalyst layers for various Fe
thickness and various C2H2 partial pressures, each for
the same growth times. The short forests from the
0.4 nm Fe and 8% C2H2 grow to the same height in the
patterned and unpatterned cases, showing that the
diffusion distance would be under 10 μm.
Finally, we characterized the high-density nano-

tube forests by resonant Raman spectroscopy. The
overall Raman spectrum is shown in Figure 8a at two
different places on the forest, for top illumination,
grown at 8% C2H2, showing that the sample is uni-
form. Figure 8b shows the radial breathing modes
(RBMs) measured at different laser excitation wave-
lengths. The presence of strong RBM modes confirms
that the nanotubes are SWNTs, as seen by TEM. The
RBMs are excited when a given mode is in resonance
with that particular excitation energy. We have as-
signed the chiral indices of each RBM peak, based on
previous assignments for wavenumber and excitation

Figure 5. Cross-sectional SEM images of the ultradense SWNT forests (a), showing close-ups of three zones from top to
bottom of the forest (b�d). Grown at 8% C2H2 15 mbar total pressure and 700 �C on 0.5 nm Al/0.3 nm Fe/5 nm Al/Si(100).

Figure 6. (a) Nanotube length vs C2H2 fraction in growth
gas for 0.4 and 0.9 nm thick Fe catalyst. (b) Area density
derived from weight gain for 0.4 and 0.9 nm Fe catalyst vs
percent C2H2, at 15 mbar total pressure and 700 �C for
0.5 nm Al/Fe/5 nm Al/Si(100).
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energy,47�51 which are based on Kataura plots offset
by exciton binding energies. The RBMwavenumberω
(cm�1) is known to depend on the SWNT diameter D
(nm) according to the usual formula,46 ω = C1/D þ C2,
and we find by fitting (Figure 8c) that C1 = 212.36 and
C2 = 20.07.
The RBM spectra are consistent with the diameter

distribution found by TEM. After subtracting the
background, the spectra are relatively flat and fea-
tureless below 150 cm�1 in Figure 8b, except for one
mode at 145 cm�1 in the 780 nm spectrum. Convert-
ing this into diameters, as in the upper scale on
Figure 8b, there are few CNTs with diameters above
1.5 nm. Note that the multiple small peaks in the
100 cm�1 range in the 465 and 502 nm spectra are
due tomolecule excitations in the atmosphere, while
the intensity increase at low Raman shift is due to the
laser line.
Raman is useful because it detects both metallic and

semiconducting nanotubes, in contrast to say photo-
luminescence excitation. This allows us to derive the

fraction ofmetallic tubes, oncewe have an estimate for
the variation of Raman intensity with chiral angle.
Using established intensity relationships,48,52�54 we
find that the forests have a range of chiralities, with
some excess of metallic nanotubes over the random
1/3:2/3 distribution. We find 43% metallic and 57%
semiconducting tubes. The chirality distribution is
biased toward the armchair side, as in other work,
but the low chiral angles near armchair are pre-
ferred over the armchairs themselves. Figure 8c
shows the actual dominant chirality distribution.
We note that previous analysis of high-density
forests of larger diameter CNTs found a roughly
random distribution.49,51 On the other hand, control
of the catalyst or growth conditions can be used
to control the chirality distribution to be highly
semiconducting or, in a very few cases, mainly
metallic.55�57 Some growth mechanisms give a
chiral angle distribution biased toward armchair
growth.58 Clearly, the application to interconnects
requires metallic nanotubes.

Figure 7. SEM images of growth from patterned catalysts for various catalyst thickness and% C2H2 at 15mbar total pressure
and 700 �C for 0.5 nm Al/Fe/5 nm Al/Si(100).
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CONCLUSIONS

The average diameter of nanotubes grown by CVD
can be reduced toward 1.0 nm if the initial catalyst
thickness can be reduced toward 0.3 nm, provided that
the growth yield can be maintained by improving the
diffusion barrier properties of the catalyst support
layer. We have used a 0.5 nm Al/0.3�0.4 nm Fe/5 nm
Al nanolaminate catalyst, with the 5 nmAl lower barrier

layer pretreated by, for example, an O2 plasma before
coating the Fe catalyst. The highly dense SWNT forests
are grown by a cold-wall CVD to minimize catalyst
sintering. The area density of the as-grown SWNT
forests was measured by weight gain and TEM image
analysis to be 1.5 � 1013/cm2, the highest presently
reached, due to the reduction in the average nanotube
diameter.

METHODS

The Al2O3 catalyst support was made by depositing 5 nm Al
by DC sputtering and subjecting it to anO2 plasma at 0.15mbar,

20 sccm O2, with 100 W RF power, at room temperature for
20 min. The Fe layer is deposited by sputtering, with the thick-
ness calibrated from the deposition time with growth rate
determined elsewhere by XPS, spectroscopic ellipsometry, and

Figure 8. (a) Raman spectrameasured at two different places of a sample of ultrahigh density SWNT forests grown at 8%C2H2 15
mbar total pressure and 700 �C on 0.5 nm Al/0.3 nm Fe/5 nm Al/Si(100). Top illumination. The spectra were normalized to the G
bands at about 1588 cm�1, and the laser excitation wavelength is 780 nm. (b) Radial breathing mode spectra measured at the
indicated laser wavelengths. Diameter scale taken from chirality fitting. (c) Chirality distribution based on our (m,n) assignments.
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weight gain. The top Al2O3 layer is deposited as Al by sputtering
and is then oxidized by ambient air.
Nanotube growth is carried out in a cold-wall CVD chamber at

700 �C for 3 min at 15 mbar total gas pressure, using H2 diluted
C2H2, with the C2H2 gas flow ratio varying between 1% and 8%.
Prior to the introduction of the C2H2, the catalyst is exposed to a
pure H2 gas flow for 5 min. The sample temperature is ramped
up rapidly at 250 �C/min to minimize Ostwald ripening of the
catalyst.
The resulting nanotube forests are characterized by scanning

electron microscopy (SEM, Philips XL30 SFEG and Zeiss nvision
SEM/FIB) and high-resolution transmission electron microscopy
(HRTEM, JEOL 4000) operating at 80 keV. The samples for TEM
were prepared by rubbing a lacey carbon-coated copper TEM
grid on the SWNT forests, which led to the break up of the forest
and CNTs from bundle surfaces being transferred to the grid.
SIMS and Auger were carried out by Loughborough Surface

Analysis Ltd. as a service. An 18O ion beam system was used for
the SIMS analysis. The AFM image was collected on a “Dimen-
sion” AFM in height mode at 512 Hz.
The nanotube area density is primarily determined by weight

gain. The catalyst sample weight is measured before and after
growth by a Satorius microbalance (ME235S, 0.01 mg). The
samples have total weight of 120�145 mg. Tests of the mea-
surement drift confirmed that this is on the order of 0.003 mg.
The multi-wavelength Raman spectra were measured illumi-

nating the top surface of the forests using a confocal micro-
Raman system (Dylor XY800) with triple monochromator in
backscattering geometry for laser energies of 2.66�2.41 and
2.18 eV. For 2.33 and 1.96 eV, a Labram (Horiba Jobin Yvon)
system is used.
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