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Abstract

Ion beam sputtering has been used for the sequential deposition of metal multilayers on various substrates to control
the density of single-walled carbon nanotubes (SWNTSs) synthesized by chemical vapor deposition. Underlayers (10-20
nm) of Al and Ir were found to activate the substrates for SWNT growth with Fe as active catalyst. Adding Mo as co-
catalyst gives increased production of SWNTs and the density can be controlled by varying the thickness of the different
metal layers. High-resolution transmission electron microscopy and Raman scattering are used to characterize the

SWNTs. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) exhibit extraordi-
nary mechanical and unique electronic properties
and hence have been receiving much attention in
recent years for their potential in nanoelectronics,
field emission devices, scanning probes, high
strength composites and many more applications.
In the early years of CNT research, the primary
approaches to produce nanotubes consisted of laser
vaporization [1] and arc-evaporation of graphite
electrodes [2]. More recently, catalytic decomposi-
tion of hydrocarbon or CO feedstock with the aid
of supported transition metal catalysts — also
known as chemical vapor deposition (CVD) —
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has become popular to produce both single-walled
and multiwalled nanotubes (SWNTs, MWNTs) [3—
14]. The ability to grow nanotubes on patterned
substrates and in vertically aligned arrays and the
simplicity of the process have made CVD an at-
tractive approach [7,11]. A variation of this without
supported catalysts but relying on gas phase py-
rolysis [15] or CO disproportionation [16] has also
been proposed.

The choices for the catalyst, substrate, and the
method to transfer the catalyst to the substrate are
critical to the success of CVD of nanotubes.
Typically, the catalyst precursor and structure di-
recting agents or other additives, if any, are in a
solution which is evaporated and calcined to pre-
pare the catalyst formulation on the substrate [7—
10]. Chen et al. [5] used a Ni-MgO catalyst in
methane decomposition to produce MWNTs and
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their experiments indicated that the rate deter-
mining step in nanotube growth depended on the
feedgas and its flow rate as well as temperature.
Pan et al. [6] used a sol-gel process involving tet-
raethoxysilane, aqueous solution of iron nitrate
and ethyl alcohol to prepare a porous catalyst that
produced very long (up to 2 mm) MWNTs from a
flow of 9% acetylene in nitrogen. Kind et al. [8]
adopted a micro-contact printing to transfer iron-
containing gel-like catalysts from a hydrophilized
elastomeric stamp to the substrate and demon-
strated MWNT growth from acetylene. Their
study suggested that numerous factors such as the
catalyst, nature and concentration of ink, anneal-
ing time, substrate material, and temperature have
impact on the outcome of CVD. Recognizing the
large parametric space, Cassell et al. [9] introduced
a high throughput combinatorial optimization
technique for catalyst development and success-
fully used it to grow ~100 um tall MWNT towers.
This process was also used in multilayer assembly
of CNTs [10]. Solution-based catalyst preparation
is often found to produce only MWNTs with the
exception of [7,13,14]. Another notable problem
with the various solution-based catalyst prepara-
tion techniques discussed above is the difficulty in
confining the catalyst within patterns, particularly
in small feature sizes needed for device develop-
ment. In this regard, nanochannel alumina tem-
plates made by anodization have been helpful in
growing highly ordered arrays of MWNTs [11].
Various physical deposition approaches have also
been used to apply the catalyst to the surface in-
cluding electron-gun evaporation [I12] and
magnetron sputtering [17], though these also pro-
duced only MWNTs. In this Letter, we report
preparation of thin catalyst films by ion beam
sputtering and growth of SWNTs on a variety of
patterned and unpatterned substrates.

2. Experimental

Our approach uses ion beam sputtering for the
deposition of the metal catalyst to grow SWNTs.
The metals used in these experiments are 99.9+%
pure and are sputtered using a VCR Group In-
corporated Ion Beam Sputterer, model IBS/

TM200s. The catalyst used to grow the SWNTs
consists of two components: a metal underlayer
and an active catalyst. The candidate materials for
the underlayer includes Ir, Al, Nb, and Ti and the
thickness of the metal underlayer is varied from 1
to 20 nm. The metal used as active catalyst is Fe.
Mo is also added to the Fe in some trials in order
to modify the density of the SWNTs.

We have studied a variety of substrates such as
Si wafers, Si atomic force microscope (AFM)
cantilevers, fused quartz, mica, amorphous carbon
and highly oriented pyrolytic graphite (HOPG).
The substrate with the catalyst formulation is then
inserted into the CVD reactor which consists of a
quartz tube within a high temperature furnace and
mass flow controllers [9]. Argon (Scott Specialty
Gases, 99.999% pure) flow (1000 sccm) is used to
purge the reactor while the furnace is heated to 900
°C. After the furnace reaches 900 °C, it is allowed
an additional 5 min for the temperature to equili-
brate. The gas flow is then switched to 1000 sccm
of methane (Scott Specialty Gases, 99.999% pure),
for 10 min. The gas flow is switched back to argon
after the growth process to purge the methane
from the tube and to prevent back flow of air into
the tube. The furnace is then allowed to cool below
300 °C before exposing the NTs to air. Exposure
to air at elevated temperatures can cause damage
to the NTs.

3. Results and discussion

We first investigated thin layers of iron on
various substrates. No SWNTs were grown with
0.1-1.0 nm Fe on smooth clean substrates. How-
ever, if there are scratches or other small particles
on the substrate, then a few SWNTs were found
growing off these structures (Fig. 1a). This level of
SWNT growth for most applications would be
highly unsatisfactory; however, it does show the
lower limit of the growth possibilities. Next, an Ir
underlayer was added to increase the surface
roughness and provide more active nucleation
sites, and the effect of varying its thickness was
investigated with Fe layer thickness fixed at 1 nm.
A 5 nm thick underlayer of Ir did not promote the
growth of the SWNTSs; however a 20 nm under-
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Fig. 1. SEM images of SWNTs on a silicon substrate showing a range of possible densities that can be grown. The active catalyst is 1.0
nm Fe deposited onto an underlayer of (a) 0 nm (b) 20 nm Ir, (c) 1 nm Al, and (d) 10 nm Al. Cases (c) and (d) also have 0.2 nm Mo as
co-catalyst. The tubes seen in (a) and (b) are individual SWNTs, while the tubes seen in (c) and (d) are SWNT ropes.

layer of Ir did increase the density of the SWNTs
(Fig. 1b). Increasing the Ir thickness further to 40
nm did not enhance the yield of SWNTs. It is
important to note that a 1 nm active catalyst layer
(Fe) is adequate to produce nanotubes with the
addition of an underlayer such as Ir. Previous
work on CVD of MWNTs [10] clearly showed that
nucleation and growth of nanotubes increase with
a decrease in catalyst layer thickness at a fixed
growth temperature.

A thin layer of Mo as co-catalyst was also ad-
ded to the formula and did produce a slight in-
crease in the density of the SWNTs grown.
However, if the Ir underlayer is not used, then the
Mo has no effect and there are no SWNTs grown.
Several other metals (Al, Nb, and Ti) were also
tried as the underlayer. Of these, only Al increased
the production of SWNTs and Nb and Ti were not
useful. In fact, the quantity of SWNTs produced
with the Al underlayer was much greater than that
with Ir underlayer and therefore, optimization of
Al underlayers was also undertaken. The thickness

of the Al underlayer was then varied and found
that the density of the SWNTs grown increases
with an increase in Al underlayer thickness from 1
to 10 nm (Fig. 1c, d). Increasing the thickness of
the Al underlayer beyond 10 nm does not produce
a noticeable increase in the density of the SWNTs.
Varying the Mo thickness yielded best results (in
terms of density) with 0.2 nm of Mo. These results
demonstrate that the density of the SWNTs can be
controlled from sparse distribution of individual
tubes to thick mats of SWNTs ropes, as shown in
Fig. 1.

Fig. 2 shows TEM results confirming that the
nanotubes grown are in fact SWNTs. Fig. 2a shows
two individual SWNTs grown with 20 nm Ir/1.0
nm Fe/0.2 nm Mo from the tip of an AFM canti-
lever. Notice how the two individual SWNTs are
coming together, the start of rope formation. Fig.
2b shows a thick mat of SWNT ropes grown on a
silicon substrate using a 10 nm Al/1.0 nm Fe/0.2 nm
Mo formulation. The diameter range is estimated
to be 0.9-2.7 nm with most tubes at 1.3 nm. Of a
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Fig. 2. TEM of (a) two individual SWNTs growing off of the end of an AFM cantilever prepared from a 20 nm Ir/1.0 nm Fe/0.2 nm
Mo catalyst formulation and (b) a dense mat of SWNT ropes grown from a 10 nm Al/1.0 nm Fe/0.2 nm Mo catalyst formulation on
silicon. The amorphous carbon in (a) is not from growth but deposited within TEM.

total count of 48 tubes, the diameter distribution is
found to be (in nanometers) 0.9 (10%), 1.3 (44%),
1.8 (29%)), 2.2 (10%), and 2.7 (6%).

The above observations are also consistent with
Raman analysis. Raman spectra were obtained
with System 2000 micro-Raman spectrometer
(Renishaw Product) in the back scattering con-
figuration. We used 2 mW laser power on the
sample with 1 um focus spot. 514 and 633 nm
excitation lasers were employed to achieve metal-
lic and semiconducting nanotube resonance Ra-
man enhancement. Spectra were taken at least in

three different spots to ensure the reproducibility
for peak intensities. As extensively studied before,
nanotube G band zone is formed through graphite
Brillouin zone folding. According to group theory,
the tangential mode (TM) exhibits A, E; and E,
symmetry that are Raman active [18]. Our sample
Raman spectrum (Fig. 3) shows the characteristic
narrow G band at 1590 cm™' and signature band
at 1730 cm™! as single wall CNTs. We also ob-
served the strong enhancement in the low fre-
quency region for the radial breathing mode
(RBM) from 633 nm laser excitation. As shown in
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Fig. 3. Raman spectrum of the CNTs.
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previous studies [19], one-dimensional density of
state of metallic nanotube near Fermi level has the
first singularity band gap between 1.7 and 2.2 eV,
which will be resonant with 633 nm (1.96 eV)
excitation line to the RBM. The excitation shift
from 514 to 633 nm is probably due to the cou-
pling between conduction electron and phonon.
We used o =248 cm~! in the equation Qgpm
(cm™') = a/d (nm) to estimate the nanotube di-
ameter [20]. Clearly, we have a very broad diam-
eter distribution in the sample ranging from 1.14
to 2 nm as shown in Fig. 3, with dominant dis-
tribution around 1.16 nm. The smaller diameter
nanotube sample is resonant enhanced with exci-
tation of 633 nm which indicates that different
diameter ensembles couple the frequency mode

with laser field with different efficiencies. The
strong enhancement in 633 nm excitation [21]
shows that our sample preferentially consists of
metallic nanotubes. We do recognize the fact that
the Breit-Wigner—Fano line shape is missing for
the metallic nanotubes which, we believe, is re-
lated to the bundle effect [22]. Our curve fit results
show the tangential G band in this diameter re-
gion with both 633 and 514 nm excitations include
A and E, modes (at 1595 and 590.9 cm™!, re-
spectively), as well as E, mode (at 1548.4 and
1545 cm™', respectively) [19,20]. The central
graphite frequency 1586 cm™! is very substantial

in the 633 nm laser excitation, another indication
of high metallic percentage of nanotubes in the
sample [21].

Fig. 4. (a) SEM of a SWNT deposit where the catalyst was deposited through a 400 mesh TEM grid used as a mask. (b)—(d) are higher
magnification SEM images corresponding to just one grid. (b) Boundary between the area with the catalyst and masked area, (c) higher
magnification of the area with nanotubes in (b), (d) higher magnification of the masked area in figure (b), and (¢) a TEM image

showing the vertical profile of the mat.
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Fig. 4 shows the ability to apply standard
masking techniques to catalyst preparation. Here
SWNTs were grown on a Si surface that was
masked with a 400 mesh TEM grid and then had
the catalyst (10 nm Al/1.0 nm Fe/0.2 nm Mo)
deposited through the holes of the grid. Fig. 4b,
¢, and e show the dense mat of SWNTs in the
open areas of the TEM grid while Fig. 4b, d
show that no SWNTs grow within the area that
was masked by the bars of the TEM grid. Fig. 4b
also shows the boundary between the area with
the catalyst and the masked area and that this
boundary is very well defined. Much smaller and
more intricate patterns can be developed with the
application of more advanced masking and
lithographic techniques for applications in field

emission displays and other nanodevice develop-
ment. Additionally, geometrical arrangements can
also be used to deposit the catalyst onto a single
face of a multisided object (such as an AFM
pyramidal cantilever).

Catalyst characterization was performed on the
metal underlayers using a Hitachi HD-2000. Fig. 5
shows a high-resolution TEM and X-ray line scan
of the 10 nm Al/1.0 nm Fe/0.2 nm Mo formula-
tion. The TEM image reveals that the Fe and Mo
form nanometer sized particle that are distributed
across the entire surface. The insert in Fig. Sa
shows that the particles formed by this process are
at least as small as 2 nm in diameter. Particles
smaller than 2 nm are difficult to distinguish from
the normal fluctuations within the pixel intensities.

| T S S T P ) |

Fig. 5. (a) TEM (z-contrast mode) of the 10 nm Al/1.0 nm Fe/0.2 nm Mo catalyst formulation. The inset is an enlargement of the
indicated area showing particles as small as 2 nm in diameter. The white spots are aggregations of Fe and Mo, the dark gray is the Al
underlayer, and the black areas are holes through the metal film. (b) X-ray line scan of the first of two particles in (c) showing that the

white particles are composed of Fe and Mo.
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The X-ray line scan across these particles show
that they are indeed Fe/Mo catalytic particles.

4. Conclusions

Ion beam sputtering has been used for the de-
position of active catalysts and metal underlayers
onto a variety of surfaces for the growth of SWNTs.
The metal underlayer appears to increase the sur-
face roughness and provide more active nucleation
sites. The thickness of the catalyst layer and un-
derlayer can be varied to produce the desired density
of NTs on the surface. Shadow masking can also be
applied in order to pattern the catalyst onto the
surface. TEM results indicate that the active cata-
lyst forms numerous particles on the metal under-
layer with many of these particles as small as 2 nm in
diameter. X-ray analysis shows that these particles
are the Fe/Mo catalyst. Though most of the CVD
work in the literature is about MWNTs, a theoret-
ical study [23] suggests the amenability of CVD to
grow SWNTs with small catalyst particles, avail-
ability of low carbon levels and high kinetic energy
(>900 °C) which is proved by our results here. Our
approach to catalyst preparation is preferable to the
use of liquid based catalysts to avoid difficulties
associated with restraining the catalyst to small
patterned areas. This approach also works well with
a variety of substrates such as silicon, SiO,, quartz,
HOPG and amorphous carbon since the metal does
not seem to react with any of these surfaces. At-
tempts to grow nanotubes on copper surfaces with
the same catalyst formulation have failed which
may be due to the alloying of underlayer metals with
copper. The technique presented here would be
useful in certain applications wherein metallic con-
tact between the SWNTs and the substrate is es-
sential, for example, ohmic contact, electrical
devices, sensors, and emitters.
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