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Abstract

Carbon nanotubes(CNT) were synthesized by microwave plasma chemical vapor deposition, and the formation process and
morphologies of bamboo mode structures were systematically analyzed. Thin films of Fe on Si substrates were used as the
catalyst, and the CNT films were characterized with electron microscopy, Raman spectroscopy, and Auger electron spectroscopy.
For growth up to 15 min, the films grow with vertically aligned CNT with evidence of amorphous carbon at the top surface. For
longer growth times the films exhibit a layer of amorphous carbon and a CNT mat on top of the aligned carbon nanotube ‘forest.’
Transmission electron microscopy measurements displayed multiwalled CNT with bamboo structure and encapsulated tips some
of which contained catalyst particles. Two kinds of bamboo mode structures were observed: cone shaped, and cylindrical. The
results indicate that the CNT growth is predominantly of the base growth mode, and the formation of the compartments was
attributed to the difference in the bulk and surface diffusion of carbon species at the catalyst.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

With their unique structural, chemical, electronic, and
mechanical propertiesw1x, carbon nanotubes exhibit
potential as field emittersw2x, nanometer-sized transis-
tors w3x, and sensorsw4x. Recently, Zettl et al. fabricated
the world’s smallest motor based on carbon nanotubes
w5x, which furthers the application to nanoelectrome-
chanical systems(NEMS).
Carbon nanotubes(CNT) can be grown in large

quantities by chemical vapor deposition(CVD). Tran-
sition metals such as iron, nickel, and cobalt are com-
monly used to catalyze the growthw1x. The growth
mechanisms have been studied theoretically and exper-
imentally w6–9x, and two modes have been observed:
base growth and tip growth. The tip growth mode is
evidenced by metal particles at the tips of carbon
nanotubes, while the metal particles remain attached to
the substrate for the base growth modew10x.
The bamboo structure observed in multiwalled CNT

is characterized by segmented compartments, which
appear similar to a bamboo. Several studies have pre-
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sented explanations for the origin of these periodic
structuresw7,11–13x. It was suggested that the bamboo
structures might be due to effects related to the catalyst
particle shape, the bulk diffusion of carbon in the
catalyst, or the slow movement of the catalyst compared
to the growth rate of the CNT. In this study, we
experimentally study the growth mode and bamboo
structure of multiwalled carbon nanotubes. We have
interpreted the results as indicating that the base growth
mode predominates in our CNT growth, and that the
bamboo structure is due to effects related to the diffusion
of carbon in the catalyst.

2. Experimental details

In this study, films of vertically aligned carbon nan-
otubes were grown using a microwave plasma enhanced
CVD system (MPCVD). The alignment of CNT in
MPCVD has been attributed to the electric field at the
edge of the plasmaw14x. We note that the same growth
chamber can also be used to grow diamond filmsw15x.
The catalyst used was an 80 nm iron film, which was
deposited on silicon wafers by DC magnetron sputtering.
The iron-coated silicon was loaded into the MPCVD
chamber, the chamber was pumped to 10 Torr, ay3
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Fig. 1. An SEM image of the CNT film grown for 15 min.

Fig. 2. Raman spectrum of the 15 min carbon nanotube sample. The
spectrum was acquired with 514.5 nm excitation.

Fig. 3. SEM images of(a) a CNT film grown for 30 min, where the film exhibits two identifiable layers(see arrows); (b) the top layer of the
film, where the surface is covered by a carbon nanotube mat and amorphous carbon,(c) and the bottom layer of the film, where it appears that
carbon nanotube forest similar to the 15 min sample.

temperature ramp was initiated until the substrate tem-
perature reached 6008C, ammonia and acetylene pre-
cursors were fed into the chamber at a flow rate of 70
sccm and 18 sccm, respectively, and the plasma was
ignited. Other growth parameters were: substrate tem-
perature of 9008C, pressure of 20 Torr, and plasma
power of 600 W. The samples were characterized by
SEM (JOEL 6400F) and Raman spectroscopy. TEM
was used to observe the internal structure of the carbon
nanotubes. The TEM specimens were prepared from
CNT, which were scraped from the as-grown film, and
sonically dispersed in alcohol. A carbon TEM microgrid
was then immersed into the alcohol, and the microgrid
was dried in air. The adsorbed CNT were then imaged
in the TEM.

3. Results

Fig. 1 shows an SEM image of a CNT film grown
for 15 min. The sample is characterized as a carbon
nanotube ‘forest’ with a thickness of;20 mm. The
multiwalled CNT, with an average diameter of;100
nm, are mostly vertical but significant curvature and

deviations from vertical are observed. Amorphous car-
bon is evident on the film surface.
A macro-Raman spectrum of the 15 min CNT sample

is shown in Fig. 2. The spectrum shows peaks of 1588
cm (G mode) and 1356 cm (D mode), which havey1 y1

been reported for carbon nanotubesw16x. The G mode
represents in-plane vibration of C atoms in the graphite
sheet, while the D mode is ascribed to disordered sp2

carbon and explained as defects in the curved graphite
sheet and tube endsw17x or the curved parts of carbon
nanotubesw16x.
To study the growth of CNT, we prepared another

sample with a growth time of 30 min. We found that
the growth time strongly affects the structure and mor-
phology of the film. The Raman spectrum of the sample
was similar to that of the 15 min growth. An SEM
image of the film with a growth time of 30 min is
shown in Fig. 3a. The film thickness is approximately
50 mm, and two separate layers are apparent in the film
(see arrows). Fig. 3b shows an image of the top layer
of the film, where a 5–7mm thick CNT mat is mixed
with amorphous carbon. Fig. 3c shows the bottom layer
of the same film. Here, the carbon nanotube ‘forest’ is
similar to the 15 min sample but with a thickness of
approximately 30mm.
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Fig. 4. Low magnification TEM images of(a) CNT with bamboo
structure. An iron particle with a hemispherical shape is shown in the
lower right corner of the figure. Arrows show several elongated and
relatively cylindrical compartments.(b) A tube with a tip free of a
catalyst particle(see arrow).

Fig. 6. (a) A TEM image of a tube tip with an encapsulated catalyst.
A cone-like compartment terminates at the upper end of the catalyst
particle sphere, and(b) a higher resolution TEM image of the tip.

Fig. 5. (a) A high magnification TEM image of a single CNT. The
arrows show a wave-like deposition along the tube walls, and(b) a
high resolution TEM image of the joint of the inter layers and tube
walls.

Fig. 7. AES Chemical analysis of the surface of the 15 min CNT film.
The spectrum displays features due to C and O and no evidence of
the Fe related peak at 703 eV.

The amorphous carbon is apparently a byproduct of
the MPCVD process, and it appears that the deposition
may have occurred throughout the growth. Eventually,
this layer is mixed with a CNT mat. It is noted that the
growth rate of the CNT ‘forest’(the bottom layer for
30-min sample) is reduced from that of the 15-min
growth. The 30-min sample showed a growth rate of
;1 mmymin, while the 15-min sample with a thickness
of 20 mm, exhibited a growth rate of;1.33mmymin.
The reduced growth rate may be due to a reduction of
the supply of carbon species reaching the catalyst layer
as the amorphous carbon and CNT mat forms on the
film surface.
TEM of the CNT samples show bamboo structure

with periodic empty compartments in the tubes. Fig. 4a
is a low magnification TEM image, and an iron particle
can be observed with a hemispherical shape. It is also
noticeable that the shape and dimension of each com-
partment changes along the tubes. Although most com-
partments have a cone-like shape, several elongated and
relatively cylindrical compartments are observed(see
arrows). Fig. 4b shows a tube with a tip free of a

catalyst particle. The tip has a closed structure, which
is apparently capped with graphitic layers. The presence
of CNT tips free of catalyst particles indicates that the
growth of our carbon nanotube film favors the base
growth model.
Fig. 5a displays a high magnification TEM image of

a single carbon nanotube. The arrows show a wave-like
deposition along the tube walls, which may be due to
the deposition of amorphous carbon along the tube walls
during growth. Fig. 5b is a high resolution TEM image
of the joint of the inter layers and tube walls. The inter-
graphitic layers between two compartments have;30
graphitic sheets with a thickness of;12 nm.
A catalyst encapsulated tip was also observed in the

same sample. Fig. 6a displays images of tip with an
encapsulated catalyst particle. The origin of these cata-
lyst encapsulated tips is not established, but it is likely
that the catalyst will affect the structure of the compart-
ments near the particle.
To determine the relative abundance of catalyst par-

ticles at the surfaces we employed Auger electron
spectroscopy(AES) for chemical analysis. Fig. 7 shows
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the AES of the 15 min CNT film surface. A similar
spectrum was observed for the 30 min film. The spectra
are dominated by a strong carbon peak with a weaker
oxygen peak apparently due to adsorbed species. There
was no evidence of the Fe peak that occurs near 703
eV, which suggests a very small amount of iron at the
CNT tips. A similar sample was examined after H-
plasma etching to remove the disordered carbon layer at
the surface, and again there was no evidence of Fe in
the AES.

4. Discussion

The TEM results show that there are tube tips that
are free of the catalyst, and the curvature of the inter
layers between the compartments are directed toward
the carbon nanotube tips. Although Fig. 6a exhibits a
tube tip with an encapsulated catalyst particle, Auger
analysis of the CNT surface shows that essentially no
iron was detected, which indicates that most tube tips
are free of the catalyst particles. This leads us to
conclude that the base growth mode predominates in
our CNT growth. This conclusion is consistent with
other studies of MPCVD growth of CNTw8x.
In addition, Bonard et al.w18x used electron field

emission measurements to monitor the growth of carbon
nanotubes by chemical vapor deposition. It was shown
that electron field emission from a growing tube presents
a single, homogeneous spot, which was interpreted to
indicate that the carbon nanotube has a closed cap, and
it is the first part of the nanotube to be formed. They
also observed that the catalyst was attached to the
substrate. Although the partial pressure of hydrocarbons
in their chamber was four orders of magnitude lower
than conventional CVD due to the requirements of field
emission, this experiment provides another perspective
of the CNT growth mode.
The 30 min growth sample showed a decrease in the

growth rate of the aligned CNT forest. At the same
time, excess carbon species was observed to form
amorphous carbon deposits around the CNT and at the
top surface of the film. The amorphous carbon deposits
were not observed at the roots of the nanotube forest. A
possible explanation for the reduction in growth rates is
that as the layer of amorphous carbon and carbon
nanotube mat becomes thicker, and these structures
inhibit the diffusion of carbon species reaching the
catalysts attached to the substrate.
The mechanism for the formation of the bamboo

mode structures of the carbon nanotubes is also intrigu-
ing. Among the many proposals used to explain this
phenomenon, it has been suggested that the bamboo
structures may be due to the catalyst particle shape,
carbon diffusion in the catalyst, or the slow movement
of the catalyst compared to the growth rate of carbon
nanotubesw7,11–13x. The moving catalyst model is not

appropriate, since it cannot explain the bamboo structure
of the carbon nanotubes with the tips free of catalyst
particles. While the catalyst shape may contribute to the
nanotube formation, we suggest that the difference
between the carbon surface and bulk diffusion in the
catalyst causes the periodic compartment structuresw11x.
In this model the carbon species would react with,
diffuse into, and precipitate out of the catalyst to form
the carbon nanotubes. The walls of the carbon nanotubes
are formed from the side surface of the catalyst mainly
via carbon surface diffusion while the inter layers form
from the catalyst top surface via bulk diffusion. Since
there are different diffusion rates for carbon to move
along the catalyst surface and through the bulk of the
catalyst, the growth rate of the walls and inter layers
may be different, which leads to the formation of
periodic compartments.
It was observed in our samples that most compart-

ments have cone-like structures, but several long rela-
tively cylindrical structures are also found in the same
tubes. This result suggests that the catalyst shape alone
cannot explain the presence of different compartment
dimensions in a single tube. It is likely that the different
compartment formation is related to changes in the CNT
growth rate, which could be influenced by the supply
of the carbon containing species and possibly the pres-
ence of contaminants on the surface.

5. Summary

In summary, aligned carbon nanotube films were
prepared by MPCVD, and the samples were character-
ized with SEM, TEM, and Raman spectroscopy. The
results show multiwalled CNT with bamboo mode struc-
tures. Auger analysis of the CNT film shows no detect-
able Fe at the film surface, suggesting that the base
growth model predominates for this MPCVD growth.
The sample grown for 30 min exhibits a CNT ‘forest’
with a surface layer composed of a CNT mat and
amorphous carbon. The growth rate decreases with time,
and we suggest that the surface layer limits the supply
of carbon containing species to the catalyst. The differ-
ent shapes of the compartments in the CNT indicate
that the interplay between the catalyst and the precursor
gases will affect the carbon surface and bulk diffusion
in the catalyst.
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