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Carbon nanotubes (CNTs) are grown vertically aligned on Fe catalytic particles deposited on a silicon oxide
substrate at temperatures ranging from 550 to 950 °C by thermal chemical vapor deposition of acetylene. All
CNTs have a bamboolike structure in which the curvature of compartment layers is directed toward the tip,
irrespective to the growth temperature. Most of tips are closed and free from the encapsulation of Fe particle.
However, the CNTs grown at 550 °C sometimes encapsulate the Fe particle at the closed tip. On the basis of
experimental results, we provide a detailed growth model for the bamboolike structured CNTs grown using
thermal chemical vapor deposition.

Introduction
Since discovered by Iijima,1 research on the carbon nanotubes
(CNTs) has attracted a lot of attention in the past decade due to
their important applications. For example, the CNTs can be used
as electron field emitters of flat panel displays,2,3 atomic force
microscope/scanning tunneling microscope probes,4 and hydrogen storagers.5 However, many possible applications require
mass production of high-quality CNTs. To date, various
synthetic methods, e.g. arc discharge,6,7 laser vaporization,8
pyrolysis,9 and plasma-enhanced10 and thermal chemical vapor
deposition (CVD),11,12 have been developed. Recently, the
synthesis of CNTs using the CVD method has been extensively
studied because of relatively lower growth temperature (below
1000 °C) compared to arc-discharge or laser vaporization
methods. Moreover, the CVD method offers a route to control
over the diameter, length, and alignment of CNTs.
Understanding of the growth mechanism of CNTs would help
in controlled growth and development of new synthesis methods.
However, the complexity of the growth process makes it difficult
to investigate at the molecular level. Given the different synthetic
techniques, a variety of growth mechanisms were suggested.
In the syntheses using plasma-enhanced CVD, the catalytic
particles were usually encapsulated at the tip of CNTs,10,13,14
which was explained by adopting a tip growth mechanism.15
Wang and co-workers reported the capped Fe catalytic particles
in the bambooshaped CNTs synthesized by the pyrolysis method
and proposed a tip growth mechanism involving two sized
catalytic particles.16 In contrast, Dai and co-workers suggested
a base growth mechanism that the CNTs grow upward from
the metal particles attached to the substrate.12,17
In the present work, we have grown the vertically aligned
CNTs on Fe-deposited SiO2 substrate in a wide temperature
range 550-950 °C by thermal CVD of acetylene (C2H2).
Transmission electron microscope images reveal that all CNTs
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have a bamboolike structure independently of growth temperature. The curvature of compartment layers in the bamboolike
structure is always directed to the tip. It is also found that the
tips are closed and usually not encapsulated with catalytic
particles except a small fraction of CNTs grown at 550 °C,
which is different from those grown by plasma-enhanced CVD
and pyrolysis methods. Therefore, we propose a base growth
model for the bamboo-shaped CNT growth using thermal CVD.
Experimental Section
The 20 mm × 30 mm size p-type Si(100) substrates with a
resistivity of 15 Ω‚cm were thermally oxidized. The thickness
of silicon oxide (SiO2) layer was estimated to be approximately
300 nm. A 100-nm-thick Fe film was thermally deposited on a
SiO2 layer under a pressure of 10-6 Torr. The Fe-deposited SiO2
substrates were dipped in a diluted HF solution for 200 s and
then loaded with face down direction on a quartz boat placed
in quartz CVD reactor. The deposited Fe film was pretreated at
750-950 °C by NH3 gas with a flow rate of 100-200 sccm
for 20-40 min in order to form the Fe particles in nanometer
size. This step is crucial in controlling the size and the vertical
alignment of CNTs.18 The CNTs were grown on the Fe particles
using C2H2 gas with a flow rate of 40-80 sccm for 10 min at
600, 750, 850, and 950 °C.
As the growth temperature decreases to below 600 °C, the
growth of CNTs was not successful by using the procedure
described above. Therefore, for the growth at 550 °C we used
a modified CVD reactor that consists of two different temperature zones heated separately by resistive heating coils.19 The
first and second heating zones were maintained at 850 and 550
°C, respectively. The Fe/SiO2 substrates were loaded on a quartz
boat placed in the second heating zone. The reactants heated in
the first heating zone are brought into the second heating zone
for the CNT growth.
The CNTs were examined by a scanning electron microscope
(SEM) (Hitachi S600) to measure the alignment, configuration,
and diameter distribution of CNTs. A transmission electron
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Figure 1. SEM micrographs of vertically well-aligned CNTs grown
on Fe-deposited SiO2 substrate at 950 °C: (a) uniformly grown CNT
with a length of 100 µm; (b) magnified top view showing the diameters
in the range 100-200 nm and the closed tips.

microscope (TEM) (Philips CM20T, 200 kV) was used to
investigate the structure of CNTs. TEM analysis was performed
on the CNTs dispersed on a carbon TEM microgrid after
separating from the substrate by ultrasonic treatment in acetone.
Results
Figure 1 shows SEM micrographs for the vertically wellaligned CNTs grown on Fe-deposited SiO2 substrate, under the
condition that C2H2 gas flows with a rate of 40 sccm for 10
min at 950 °C. The CNTs are grown with an uniform length of
100 µm. A magnified top view, as shown in Figure 1b, reveals
the diameters in the range 100-200 nm, closed tips, and clean
surface without any carbonaceous particles. The tips are tilted
with a few degree angles from vertical direction. The CNTs
grown at 850, 750, 600, and 550 °C are vertically aligned on
the substrate as well, while the length and diameter are
dependent on the growth temperature.19,20
Figure 2a-e shows TEM images of the CNTs grown at 950,
850, 750, 600, and 550 °C, respectively. The CNTs have a
bamboolike structure over the wide temperature range. The TEM
images reveal the closed tip without any encapsulated Fe
particles (see arrows 1) and the compartment layers whose
curvature is directed toward the tip (see arrows 2). Open roots
separated from the Fe particles are found (see arrows 3). The
inset of Figure 2c clearly shows that the CNT grown at 750 °C
has no encapsulated Fe particle at the closed tip and the
compartment layers with a curvature directed to the tip. In Figure
2e, the majority of tips are free of encapsulated Fe particle, but
some of the tips are encapsulated with Fe particles (see arrows
4), which were not found from the CNTs grown at higher
temperatures. The diameters of CNTs grown at 600-950 °C
are widely distributed in the range from 50 to 300 nm, but those
of CNTs grown at 550 °C are uniformly distributed in the range
20-30 nm. The average of diameters decreases with decreasing
growth temperature.
Figure 3a is a high-resolution TEM (HRTEM) image showing
the bamboolike structure of CNT grown at 950 °C. The
crystalline graphitic sheets of wall (indicated by arrow 1)
combine with those of compartment layer (indicated by arrow
2), resulting in an increase of wall thickness. There are some
defective graphitic sheets at the surface of wall as indicated by
arrow 3. Figure 3b is a TEM image of the bamboo-shaped
CNTs grown at 550 °C, clearly showing an Fe-particle-free tip
(see arrow 1) and an Fe-particle encapsulated tip (see arrow
2). The curvature of compartment layers is oriented to the
closed tip, regardless of Fe-particle encapsulation (see arrows
3). The crystallinity of graphitic sheets is much worse than
that of CNTs grown at 950 °C.
Figure 4 is a HRTEM image for the wall of a CNT grown at
950 °C. There is a joint between the wall (indicated by arrow

Figure 2. TEM images of CNTs grown at (a) 950 °C, (b) 850 °C, (c)
750 °C, (d) 600 °C, and (e) 550 °C. All CNTs exhibit a bamboolike
structure. The arrows 1 indicate the closed tips with no encapsulated
Fe particle. The arrows 2 correspond to the compartment layers whose
curvature is directed to the tip. The arrows 3 indicate the open roots
separated from Fe particles. The arrows 4 in (e) indicate the Fe-particle
encapsulated tips.

1) and the compartment layer (indicated by arrow 2). The
number of graphitic sheets at the wall is significantly influenced
by the presence of joint. If one follows the downward direction
(see the marked positions), the wall thickness reduces from 9
to 6 nm and increases to 9 nm after a joint with compartment
layer, subsequently decreasing to 8 nm. The crystalline graphitic
sheets of wall combine with those of compartment without any
defects as indicated by arrow 3. Despite the change in wall
thickness, the outer diameter remains almost same. The graphitic
sheets of wall are aligned to the tube axis with an angle of about
5˚ (see 4 and ] marks). The crystalline graphitic sheet
(indicated by mark 4) becomes defective and finally vanishes
at the outside as indicated by arrow 4. The outer graphitic
sheets continuously disappear along the tube.
Discussion
The present experimental results show that all CNTs grown
at temperatures ranging from 550 to 950 °C have the bamboolike
structure in which the curvature of compartment layer is directed
toward the closed tip. The bamboo-shaped CNTs were synthesized using arc discharge,21-25 pyrolyis,16 vapor phase growth,26

Bamboolike Structured Carbon Nanotubes

Figure 3. (a) HRTEM image for the bamboolike structure of CNT
grown at 950 °C. The wall (indicated by arrow 1) connects with the
compartment layers (indicated by arrow 2), resulting in increasing
the wall thickness. The arrow 3 indicates defective graphitic sheets at
the surface of wall. (b) TEM image of bamboo-shaped CNTs grown at
550 °C, showing an Fe-particle free tip (see arrow 1) and an Fe-particle
encapsulated tip (see arrow 2). The curvature of compartment layers
has a direction toward the tip for both CNTs (see arrows 3).

Figure 4. HRTEM image for the wall of a CNT grown at 950 °C,
showing a joint between the wall (indicated by arrow 1) and the
compartment layer (indicated by arrow 2). Following the downward
direction, the thickness of wall changes (see arrow-marked positions).
The graphitic sheets of wall combine with those of compartment without
any defects as indicated by arrow 3 and are aligned to the tube axis
with a tilted angle of about 5˚ (see 4 and ] marks). The crystalline
graphitic sheet (indicated by mark 4) becomes defective and finally
vanishes at the outside as indicated by arrow 4.

and plasma-enhanced CVD.13 However, the curvature of
compartment layer in the bamboo-shaped CNTs grown using
plasma-enhanced CVD and pyrolysis methods is directed to the
root, which is opposite to that of our present works. As
mentioned in the Introduction, the tips of those CNTs are
encapsulated with catalytic particle, which was justified by tip
growth mechanism. On the other hand, base growth mechanism
would be adequate to describe the closed tips that are free of
encapsulated catalytic particles as well as the compartment
curvature directed to the tip. The base growth model is
apparently inconsistent with the catalytic-particle encapsulated
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tips of CNTs grown at 550 °C. However, since the curvature
of compartment layers is directed to the tip for all CNTs,
irrespective to the encapsulation of catalytic metal, the base
growth model can be applicable. We suggest that the encapsulated Fe particle may not participate in overall growth process.
Encapsulation of catalytic metal particles has been explained
by the occurrence of melting at the metal surface due to the
size effect and the interfacial effect between metal and
graphite.17,24,26,27 We noted that the outer diameter of CNTs
grown at 600, 750, 850, and 950 °C is at least larger than 50
nm, while it is narrower than 30 nm for the CNTs grown at
550 °C. A greater decrease of melting point is expected for
smaller Fe particles, and thus, the melted Fe particles are
possibly encapsulated in narrower CNTs.
Saito and Yoshikawa reported a TEM image of bambooshaped CNTs grown by arc discharge.21 One end of the tube is
capped with Ni catalytic particle, and the curvature of conical
compartment layers is oriented to the opposite of the Ni particle.
A growth model was suggested that the dissolved carbons
diffuse into the bottom of the conical Ni particles, segregating
as graphite at the bottom and the side of the Ni particles.28 Our
HRTEM images are incorporated with their results, in which
the graphitic sheets of wall are tilted with an angle of few
degrees to the tube axis and the graphitic sheets at the outside
continuously extinct. There is more work to conjecture the
growth model of bamboo-shaped CNTs particularly grown by
arc discharge.23-25,29
The base growth model was early developed for catalytic
carbon filament growth by Baker et al.30 They concluded that
the filament can grow upward from the metal particles that
remain attached to the substrate. The Dai group suggested that
the growth of vertically aligned multiwalled CNTs using thermal
CVD of ethylene at 700 °C follows the base growth mechanism.12 They also suggested a base growth of single-walled
CNTs grown using CVD of methane, based on the TEM image
of closed tube ends that are free of attached or encapsulated
metal particles.17
Here we present a base growth model of bamboo-shaped
CNTs, which comprises the following structural features
observed from TEM images. There is no encapsulated catalytic
metal particle at the closed tip. The curvature of the compartment
layer in the bamboolike structure is directed to the tip. The
graphitic sheets at the wall are aligned to the tube axis with an
angle of few degrees. The compartment joins with the wall
without any defects, resulting in increasing the wall thickness.
The outer graphitic sheets continuously vanish along the tube,
so the outer diameter remains almost same.
Schematic diagrams of the base growth model are shown in
Figure 5. Carbons produced from the decomposition of C2H2
adsorb on the catalytic metal particle. Then they diffuse via
surface and bulk of metal particle to form the graphitic sheets
as a cap on the catalytic particle (see Figure 5a). The formation
of hexagons may be catalytically promoted by the assistance
of the catalytic metal particle.31 As the cap lifts off the catalytic
particle, a closed tip with inside hollow is produced (see Figure
5b). The motive force departing from the catalytic particle may
be the stress accumulated under the graphitic cap. The size of
catalytic particle limits the diameter of growing tube. Since the
wall grows toward the vertical direction with a few degrees
angles, the outer graphitic sheets disappear continuously due
to the pushing-out force from the reaction site of catalytic
particle. The carbons accumulated at the inside surface of
catalytic particle, probably mainly via bulk diffusion, can form
the compartment graphitic sheets. The compartment graphitic
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structured CNTs. The growth model illustrates whereby the wall
grows toward vertical direction and connects periodically with
the compartment layers. Our growth model would provide an
insight into understanding the complicated growth process of
CNTs.
References and Notes

Figure 5. Schematic diagrams of a base growth model.
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