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Long and high-quality carbon nanotube (CNT) arrays have been synthesized through a chemical vapor deposition process. The
Fe/Al2O3 on silicon was used as the catalyst, ethylene as the carbon source, and a gas mixture of Ar and H2 gases as the carrying gas.
It is found for the first time that the high-quality and superlong carbon nanotube array can be improved by varying the content of
hydrogen and carbon source.

1. Introduction

Carbon nanotubes (CNTs) have been extensively studied
recently due to their unique structures and excellent mechan-
ical, electrical, and chemical properties [1–14]. The special
characteristics of carbon nanotubes arise from their atomic
structures, number of walls, diameters, and lengths. For
example, CNTs can be either metals or semiconductors
depending on chirality and diameters [15, 16]. The align-
ment, diameter, and number of walls of a CNT significantly
affect its mechanical and electrical properties and thus
can impact a wide range of applications such as probe
microscopy tips [17, 18], field emission devices [19], solar
cells [7, 20], electromechanical devices [21], and structural
composites [22, 23]. Recently, new technology based on the
properties of very long aligned CNTs has been developing
rapidly. The long nanotubes can be spun into fibers [20,
24–30] that are much stronger than all current struc-
tural materials. This will allow revolutionary advances in
lightweight and high-strength applications. Intense research
efforts have been undertaken to synthesize aligned long CNTs
[31–38]; nevertheless, many limitations to the synthesis of
very long aligned CNTs remain. Recently, the Iijima [38]
group succeeded in growing 2.5 mm long aligned single-
walled carbon nanotubes of high purity using the water-
assisted chemical vapor deposition (CVD) technique. For

the synthesis of very long aligned CNTs by CVD technique,
the catalyst activity and lifetime are very important factors.
The coating of the catalyst particles by amorphous carbon
during CVD reduces the catalyst activity and stops the
growth of CNTs. The successful synthesis of very long CNTs
can be achieved if the catalyst activity and lifetime can be
enhanced [38]. The control of the diameter and number
of walls of CNTs represents one of the most basic issues
in developing nanotube growth methods. There are some
reports that the size of the catalyst used in thermal catalytic
CVD can define the diameter of as-grown nanotubes [39–
41]. This hypothesis has been supported by the observation
that catalytic particles at the ends of CVD-grown CNTs have
sizes commensurate with the nanotube diameters. The direct
growth of long CNTs with a tunable number of walls by
adjusting the catalyst thickness can be very promising due to
its simplicity and the possibility of wide applications, which
have not been yet reported. Accordingly, the developments
of synthesis techniques that can control the length, diameter,
alignment, and number of walls of the nanotubes have
become the most important part of intense research. In
the present study, we report the successful synthesis of
4 mm-long aligned CNTs by improving the flow ratio of
hydrogen in the catalytic thermal CVD technique without
waterassistance.
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Figure 1: (a) SEM images of the catalytic iron nanoparticles after the heating treatment in simulating the CNT synthesis without
introduction of the carbon source; (b) SEM image showing sidewall of well-aligned CNTs after the growth for 180 min; (c) optical image of
4.0 mm long CNT arrays after the growth for 180 min.

2. Experimental

The long aligned CNTs were synthesized using a conven-
tional CVD technique. High-quality and long CNTs arrays
were synthesized in an atmospheric pressure quartz tube
furnace having the inner diameter of 47 mm. Ar with 30%
H2 was used as a carrier gas, and pure ethylene served as
the carbon source. CNTs growth was performed in quartz
tube furnace. High-purity ethylene (99.999%) was used as
the source gas of carbon. Argon (99.999%) was used as a
carrier gas, and hydrogen (99.999%) was introduced with Ar
at 1 atm pressure.

Typical CVD growth was carried out at 750◦C. During
heating of the reactor, a steady flow of 300 sccm argon
and 150 sccm H2 was maintained into the chamber. After
the growth temperature was attained, the total gas flow
rate throughout the deposition process was maintained at
500 sccm. The optimum CVD condition was determined by
balancing the relative levels of ethylene and H2. This sharp
optimum condition was achieved for the growth of long
aligned CNTs array by studying the dependence of the height
of CNTs on ethylene-to-H2 ratios, which has been reported
earlier. In contrast to the report of Hata et al. [38] where
the catalyst was active only for 30 min, we achieved very
long time (ca. 3 h) catalyst activity by optimizing the CVD
parameters very accurately, which resulted in the growth of
aligned CNTs as long as 4 mm. Si wafers (5 mm×5 mm) with
1 µm thickness SiO2 layer were used as the substrate for the
growth of long CNTs. The Al2O3 layer of thicknesses (10 nm)
was used as a buffer layer between the Si/SiO2 substrate and
the catalyst. The Al2O3 layer was deposited on the substrate
on which thicknesses (1.0 nm) of Fe catalyst layer were
deposited to grow CNTs. Both the catalyst and buffer layers
were deposited by an e-beam evaporation technique. The
progress was normally for few seconds (5 s for 1.0 nm thick
Fe catalyst) to achieve catalyst thicknesses. The variation
of Fe catalyst thickness was found to be most effective for
controlling the number of walls of the aligned CNTs. The
CNTs array with thicknesses up to 4.0 mm can be synthesized
by improving the flow ratio of hydrogen to 30%. Amount

of hydrogen is much larger than the 6% of total flow gas
reported previously.

The microstructures of the deposited nanotubes were
studied by scanning electron microscopy (SEM, Hitachi FE-
SEM S4800 operated at 1 kV) and transmission electron
microscopy (TEM, JEOL JEM-2100F operated at 200 kV).
TEM samples were prepared by drop-casting CNT/ethanol
solutions onto copper grids in the open air. Raman mea-
surements were performed on Renishaw in Via Reflex with
excitation wavelength of 514.5 nm and laser power of 20 mW
at room temperature.

3. Results and Discussion

Long CNTs array up to 4.0 mm was synthesized through a
chemical vapor deposition process. The experimental results
showed that the synthesis of aligned CNTs is very sensitive
to the CVD parameters. The large amount of hydrogen
during CVD plays a critical role in synthesizing long aligned
CNTs. The hydrogen acts like a weak oxidizer and helps
to remove the amorphous carbon deposited on the catalyst
surface during CVD. The deposition of amorphous carbon
layer on the catalyst surface reduces the activity and lifetime
of the catalyst; as a result long continuous CNTs cannot
be synthesized. By optimizing the CVD parameters and the
hydrogen concentration, it is possible to grow long CNTs
with high reproducibility.

It seems that upon heating to CNTs growth temperature
the Fe nanoparticles formation occurred from the thin Fe
layer. These particles were then trapped in the holes of
the Al2O3 surface. The shape of the metal particles was
also guided by the dip traps of the Al2O3 surface, and the
appropriate shape of the nanoparticles is very important
for growing high-quality CNTs. The surface morphology of
the Fe-coated Al2O3 surface was also studied by scanning
electron microscopy (SEM) (Figure 1(a)), and the Fe film
breaks into uniform nanoparticles with an average size of
about 14 nm. SEM images of the aligned CNTs deposited
for 30 min by using Fe catalyst layer (1.0 nm) are shown
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Figure 2: (a) and (b): growth length of CNT array with time at 750◦C and with ethylene and carrier-gas flow rates at 500 sccm.

500 nm

(a)

5 nm

(b)

Figure 3: (a) Transmission electron microscopy (TEM) image of the typical CNTs. (b) High-resolution TEM image of the CNTs.

in Figure 1(b), which indicates high-quality aligned CNTs
without any defect. Figure 1(c) shows that the height of
aligned CNTs is up to 4 mm.

Figure 2(a) compares the side views of the CNT arrays
synthesized with different growth times of 10, 30, 60, 120,
and 180 min. The CNTs are highly aligned with each other
in the above arrays. The plot of variation of growth rate
with time for 5 h deposition is shown in Figure 2(b). The
average growth rate is ca. 0.54 µm/s in the first 3 hours. In
the case of the aligned CNTs grown from a 1.0 nm thick Fe
layer, the growth rate of CNTs was found to not vary for
long time. The plot indicates gradual slow decrease in the
growth rate of CNTs in the first 3 hours. The growth rate is
directly related to the catalyst activity during deposition. The
balance between the rate of amorphous carbon deposition
on the catalyst surface and removal of that amorphous
carbon layer by hydrogen is the factor keeping the catalyst
active for a long time. However, with increasing time the
rate of amorphous carbon deposition increases compared
to the rate of removal, which results in the decrease in
the catalyst activity; the growth rate decreases followed
by saturation, and finally the growth terminates due to
the termination of catalyst activity. Figures 3(a) and 3(b),
respectively, show the transmission electron microscopy
(TEM) and high-resolution TEM images of individual CNTs
grown for 180 min. The outer diameters of CNTs are around

12 nm, and the inner diameters are about 9 nm. The CNTs
synthesized by this approach are all multi-walled with the
interlamellar distance of 0.34 nm.

The CNT arrays had been further investigated by Raman
spectroscopy. The intensity ratios of D-band to G-band
intensity ratio may reflect the structure integrity of the
CNTs in the clean arrays. Figure 4(a) shows typical Raman
spectra of the top surfaces in the CNTs arrays synthesized
with the growth times of 10, 60, and 180 min. The D-band
and G-band are located at about 1337 cm−1 and 1571 cm−1,
respectively. Figure 4(b) carefully compares the ID/IG values
from the top of the CNTs arrays. It was found that the ID/IG
values remain almost unchanged with the increasing growth
times for both cases. In other words, the synthesized CNTs
show high structure integrity.

The growth mechanism of long CNT arrays had been
previously investigated by several groups [28, 29]. For
instance, Peng et al. [28] found that the catalyst played a
critical role in the structure and size of the resulting CNTs
during a chemical vapor deposition process. A tiny variation
in the catalyst composition produced the so-called pearl-
like CNT which was very important to the spinnability of
the CNT array. In this work, we also believe that the high-
performance catalyst should be responsive for the high-
quality CNT array without the assistance of water. It was
found that uniform nanoparticles could be produced upon
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Figure 4: (a) Raman spectra of the CNT arrays grown for 10 min, 60 min, and 180 min. (b) Dependence of the ID/IG on the growth time
from the top of the CNT arrays. Here ID and IG correspond to the peak intensities of D-band and G-band, respectively.

heating treatment of the catalyst in mimicking the synthetic
condition. More efforts are underway.

4. Conclusions

In summary, we have developed a catalyst structure con-
sisting of a thin Fe film on a dense Al2O3 buffer layer that
was deposited on a Si substrate by e-beam evaporation.
This catalyst lifetime was prolonged (>120 min), resulting
in growth of CNT arrays that are 4 mm long. These CNT
lengths are much longer than those reported previously.
Increasing fraction of hydrogen was found to reduce the
formation of amorphous carbon and to extend the catalyst
life. Our synthesis of long CNT arrays requires a very low
fraction of ethylene and large fraction of hydrogen.
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