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We report an alternative way of preparing high-quality single-wall carbon nanotubes~SWCNTs!.
Using a triple-layer thin film of Al/Fe/Mo~with Fe as a catalyst! on an oxidized Si substrate, the
sample is exposed to a single short burst~5 s! of acetylene at 1000 °C. This produced a high yield
of very well graphitized SWCNTs, as confirmed by transmission electron microscopy and Raman
spectroscopy. We believe that the high temperature is responsible for the high crystallinity/
straightness of the nanotubes, and the rapid growth process allows us to achieve a clean amorphous
carbon (a-C) free deposition which is important for SWCNT device fabrication. The absence of
a-C is confirmed by Auger electron spectroscopy, Raman spectroscopy, and electrical
measurements. ©2004 American Institute of Physics.@DOI: 10.1063/1.1639509#

The remarkable electronic and mechanical properties of
carbon nanotubes have generated an intense interest in their
deposition methods over the past few years.1 Arc discharge
and laser ablation are some of the initial deposition tech-
niques that demonstrate the growth of these one-dimensional
structures.2,3 Since then, much effort has been made to exert
a certain degree of control on the type, location, and chirality
of the tubes. Recently, chemical vapor deposition~CVD! on
patterned catalysts has proven to be one of the most promis-
ing methods of controlling the growth position of single and
multiwall carbon nanotubes.4–7 In this letter, we demonstrate
an alternative way of achieving high-quality single-wall car-
bon nanotubes~SWCNTs! on substrates without the deposi-
tion of amorphous carbon (a-C) by using a high temperature
coupled with very rapid growth. The issue ofa-C is one
which has not been extensively studied in SWCNT growth,
although it is of prime importance in fabricating a working
SWCNT electronic/electrical circuit, because unwanteda-C
can cause short circuits. Thea-C is deposited due to the
decomposition~thermal pyrolysis! of the hydrocarbon gases
used. Some attempts have been made to prevent the forma-
tion of a-C such as the addition of hydrogen~which etches
a-C) into the deposition process together with the hydrocar-
bon gas or by performing growth at very high gas pressures
(.1 atm) which would inhibit the ‘‘C’’ species from sticking
to the substrates and therefore prevent the accumulation of
carbon.4,6 In these cases, the presence ofa-C has been stud-

ied using transmission electron microscopy~TEM! and
atomic force microscopy~AFM!.4,6 However, TEM studies
the nanotubes directly~not the substrate! and AFM cannot
confirm the chemical composition~e.g., noa-C) on the sub-
strate.

For electronic device applications, a fast and ‘‘clean’’
growth method for SWCNTs without the presence ofa-C is
essential. In this work, an approach based on high tempera-
ture (1000 °C) and rapid growth (;5 s of acetylene, C2H2)
is used to achieve high-quality SWCNTs withouta-C. This
technique takes advantage of the high growth rates that have
been observed previously for SWCNTs (.1 mm/s).8,9 Sus-
pended SWCNTs were grown across a network of pillars;
such structures enable the possibility of fabricating electronic
devices using SWCNTs. The absence ofa-C was confirmed
using Auger depth profile spectroscopy and electrical mea-
surements on the noncatalyst regions of the substrate surface.
In our previous work, Auger spectroscopy was used to verify
the presence or absence ofa-C on the substrate during
growth of vertically aligned multiwall carbon nanotubes by
dc-plasma enhanced CVD.10

The SWCNTs were grown by thermal CVD using a 1 in.
quartz tube vacuum furnace. Initially, the oxidized silicon
substrates are coated with a thin-film catalyst@Al ~10 nm!/
Fe~1 nm!/Mo~0.2 nm!#11 by sputtering and these are placed
in the quartz tube which is evacuated to 0.2 mbar. Thin-film
catalyst layers have been used for depositing SWCNTs11–13

and this technique allows reliable and accurate patterning of
the catalyst using lithographic techniques. The samples are
heated up to 1000 °C for 35 min and maintained at 1000 °C
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for 10 min, in 500 sccm of flowing helium at 15 mbar. The
helium is then shut off and the tube is evacuated
(,1 mbar) before the introduction of a single burst of acety-
lene (;5 s) into the chamber. The acetylene flow rates used
ranged from 50 sccm to 250 sccm, corresponding to chamber
pressures of 0.7 to 2.7 mbar. After this, He is introduced into
the system again and the chamber is cooled to room tempera-
ture. The flowing He was found to be crucial as it removes
residual oxygen which could cause the nanotubes to be
removed/burned from the substrate at temperatures greater
than 800 °C.

Figure 1 shows an example of the rapid growth process
on a substrate prepared with the triple-layer metal catalyst
@Fig. 1~a!# and straight SWCNTs grown from patterned cata-
lyst dots@Fig. 1~b!#. It is important to note that the yield of
nanotubes observed is high despite the short deposition time
(;5 s). Nanotubes with lengths in the range of 5–10mms
were observed which gives a deposition rate of about 1–2
mms/s. This deposition rate is similar to that found by other
authors.8,9 The existence of SWCNTs was confirmed by
TEM. The TEM samples were prepared by performing CVD
depositions on the triple-layer catalyst deposited onto SiN
grids. Figure 1~c! shows a TEM image of single-wall tubes.
An important observation of the TEM study is that most of
the SWCNTs were found to be isolated or to exist in bundles,
and that isolated nanotubes had a diameter of;1.3 nm. On
rare occasions, double-wall nanotubes were encountered.
The Raman investigation@Fig. 1~d!# shows the signatures of
well-crystallized SWCNTs, namely a strong presence of ra-
dial breathing modes at 183 cm21 ~which is indicative of
SWCNTs with diameters of 1.3 nm!, a very small disorder
peak (D) and narrow graphitic peak (G) with characteristic
G splitting.14 We found that at temperatures from
700– 800 °C, the majority of the structures were curly mul-

tiwall carbon nanotubes. At 900 °C, curly SWCNTs were
observed but with a significant number of multiwall nano-
tubes among the SWCNTs. The best temperature condition
for growing straight SWCNTs was 1000 °C. Our findings are
similar to that found in metallocene-assisted CVD of
hydrocarbons.15 This method produces multiwall carbon
nanotubes at lower temperatures (;700 °C) and a combina-
tion of multiwall and single-wall nanotubes are produced at
much higher (.900 °C) temperatures.

In order to control the position and to a certain extent the
density of nanotubes, a network of pillars@W(50 nm)/
SiO2(30 nm)/Al(10 nm)/Fe(1 nm)/Mo(0.2 nm)#, 500 nm
in diameter and 2mm pitch was fabricated using electron-
beam lithography. As shown in Fig. 1~b!, suspended straight
SWCNTs were found to grow out of the pillars. In addition,
the nanotubes tend to self-assemble across the network of
pillars forming nanotube bridges, which has also been re-
ported by other authors.7,16 Employing further lithographic
steps, two point contacts of aluminum were contacted onto
individual nanotubes.

The presence ofa-C was first investigated by Auger
electron spectroscopy~AES! using a Physical Electronic PHI
680 Auger nanoprobe. For this purpose, anin situ 2 keV
Ar-ion gun was used to sputter the surface and provide
depth-resolved chemical analysis. In literature, nanotubes are
typically grown using CVD methods with hydrocarbon gases
~methane, ethylene, and acetylene! at temperatures ranging
from 700 to 1000 °C with deposition times varying between
1 and 10 min.8,9,11–13At such temperatures, the thermal hy-
drocarbon decomposition may cause deposition of amor-
phous carbon on the noncatalyst regions of the substrate.
Figure 2~a! shows the Auger depth profile of the surface for
a deposition of 10 min with acetylene at 1000 °C in the ther-
mal CVD system. This condition produced 30 nm ofa-C on
the SiO2 surface which indicates significant pyrolysis of
C2H2 at 1000 °C. With a very short deposition time
(;5 s), no surface carbon layer is observed as shown in Fig.
2~b!. Micro-Raman was also performed on the noncatalyst
substrate surface for the 10 min deposition and 5 s deposi-
tion. As shown in Fig. 3, the 10 min deposition produced
a-C on the surface, characterized by theD and G broad
peaks, whereas the 5 s deposition yielded no detectableD
andG peaks. Both spectra were normalized to the first-order
crystalline-silicon peak (;500 cm21) for a realistic com-

FIG. 1. ~a! Scanning electron microscopy~SEM! image of a SWCNT pre-
pared with a rapid growth process (;5 s). ~b! SWCNT grown between
pillars containing the triple-layer catalyst.~b! TEM image showing
SWCNTs.~c! Example of high-quality Raman spectrum of SWCNT.

FIG. 2. Auger depth profile of the unpatterned SiO2 with ~a! 30 nma-C for
a deposition of 10 min, and~b! 1 nm a-C for a very fast growth (;5 s).
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parison. These findings show that ana-C film was not de-
posited on the surface. Macroscopic probes connected to a
multimeter were also used to test the resistivity across the
SiO2 substrate surface. In the case of the 5 s deposition, a
large resistance (.Mohms to out of range! was found
whereas at longer deposition times (.1 min), a surface re-
sistance as low as 1 kV was measured. It is important to note
that the low resistance of surfacea-C can affect the fabrica-
tion and characterization of SWCNT devices. Current–
voltage (I –V) measurements were also performed on two
point contacts on individual nanotubes and on the substrate,
see inset in Fig. 4. In areas where the substrate was contacted
without nanotubes, no current was detected~i.e. ,1 pA).
Where the nanotubes were contacted, the nanotube resistance
could be measured. TheI –V plot for a Al-contacted
SWCNT gives resistivity values of 100 to 500 kV, see Fig. 4.
The high resistance of the nanotubes measured here is prob-
ably due to the poor contact resistance of Al and recent find-
ings indicate that Pd would have been a much better choice
as a contact material (;tens of kV!.17

In conclusion, we have demonstrated a simple way to
deposit single-wall carbon nanotubes by CVD without the
co-deposition of unwanteda-C. By using a shot burst of
acetylene, a high yield of highly crystallized, straight single-
wall nanotubes could be obtained without the simultaneous
growth of a-C as was verified by Auger depth profile, Ra-
man spectroscopy, and electrical measurements. We found
here that the catalytic deposition of SWCNTs occurs at a
substantial rate~deposition rates of 1–2mm per second!
compared to the self-pyrolysis of the hydrocarbon gas used,
and this can be advantageously employed for the industrial
growth of carbon nanotubes. By coupling of afastannealing
time altogether with afast deposition process, another route
for the rapid production of carbon nanotubes on substrates
will be possible.
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FIG. 3. Raman spectra showing the presence and absence ofa-C for a very
fast ~a! and long deposition~b! growth time, respectively.

FIG. 4. I –V curves of the SWCNT at different temperatures. A reference
I –V from Al electrodes without a nanotube shows that the current is in the
noise threshold (,0.3 pA). This confirms that there is no leakage from the
substrate~i.e. no surface carbon from deposition process!. The inset shows a
SEM image of a suspended SWCNT grown with the rapid growth technique,
which is then contacted using two Al electrodes.
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