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Abstract

Carbon nanotube§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 sented explanations for the origin of these periodic
structures[7,11-13. It was suggested that the bamboo

With their unique structural, chemical, electronic, and structures might be due to effects related to the catalyst
mechanical propertiedl], carbon nanotubes exhibit particle shape, the bulk diffusion of carbon in the

potential as field emitter$2], nanometer-sized transis- catalyst, or the slow movement of the catalyst compared
tors [3], and sensor§4]. Recently, Zettl et al. fabricated to the growth rate of the CNT. In this study, we
the world’s smallest motor based on carbon nanotubesexperimentally study the growth mode and bamboo
[5], which furthers the application to nanoelectrome- structure of multiwalled carbon nanotubes. We have

chanical systemgNEMS). interpreted the results as indicating that the base growth
Carbon nanotubefCNT) can be grown in large mode predominates in our CNT growth, and that the
quantities by chemical vapor depositi¢@VD). Tran- bamboo structure is due to effects related to the diffusion

sition metals such as iron, nickel, and cobalt are com- of carbon in the catalyst.
monly used to catalyze the growtfl]. The growth

mechanisms have been studied theoretically and exper2, Experimental details
imentally [6—9], and two modes have been observed:

base growth and tip growth. The tip growth mode is | this study, films of vertically aligned carbon nan-

evidenced by metal particles at the tips of carbon oy hes were grown using a microwave plasma enhanced
nanotubes, while the metal particles remain attached tocyp system (MPCVD). The alignment of CNT in
the substrate for the base growth mdde. MPCVD has been attributed to the electric field at the

_ The bamb_oo structure observed in multiwalled CN_T edge of the plasmél4]. We note that the same growth
is characterized by segmented compartments, Which.nomber can also be used to grow diamond fi1s).

appear similar to a bamboo. Several studies have pre—pq catalyst used was an 80 nm iron film, which was

*Corresponding author. Tel+1-919-515-2474: fax:+1-019-515-  deposited on silicon wafers by DC magnetron sputtering.
7331. The iron-coated silicon was loaded into the MPCVD
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Fig. 2. Raman spectrum of the 15 min carbon nanotube sample. The
spectrum was acquired with 514.5 nm excitation.

deviations from vertical are observed. Amorphous car-
bon is evident on the film surface.

temperature ramp was initiated until the substrate tem-_ A macro-Raman spectrum of the 15 min CNT sample
perature reached 60TC, ammonia and acetylene pre- IS shown in Fig. 2. The spectrum shows pe_aks of 1588
cursors were fed into the chamber at a flow rate of 70 €M * (G mode and 1356 cm* (D mode), which have
scem and 18 sccm, respectively, and the plasma wasPeen reported for carbon nanotutd$]. The G mode
ignited. Other growth parameters were: substrate tem-'€Presents in-plane vibration of C atoms in the graphite
perature of 900°C, pressure of 20 Torr, and plasma sheet, while the D mode is ascrlk_)ed to disorderet! sp
power of 600 W. The samples were characterized by carbon and explained as defects in the curved graphite
SEM (JOEL 64008 and Raman spectroscopy. TEM sheet and tube end47] or the curved parts of carbon
was used to observe the internal structure of the carbonnanotubeg16].

nanotubes. The TEM specimens were prepared from TO study the growth of CNT, we prepared another
CNT, which were scraped from the as-grown film, and sample with a growth time of 30 min. We found that
sonically dispersed in alcohol. A carbon TEM microgrid the growth time strongly affects the structure and mor-
was then immersed into the alcohol, and the microgrid Phology of the film. The Raman spectrum of the sample
was dried in air. The adsorbed CNT were then imaged Was similar to that of the 15 min growth. An SEM

Fig. 1. An SEM image of the CNT film grown for 15 min.

in the TEM. image of the film with a growth time of 30 min is
shown in Fig. 3a. The film thickness is approximately
3. Results 50 wm, and two separate layers are apparent in the film

(see arrows Fig. 3b shows an image of the top layer
Fig. 1 shows an SEM image of a CNT film grown of the film, where a 5—7.m thick CNT mat is mixed
for 15 min. The sample is characterized as a carbonwith amorphous carbon. Fig. 3c shows the bottom layer
nanotube ‘forest’ with a thickness of20 um. The of the same film. Here, the carbon nanotube ‘forest’ is
multiwalled CNT, with an average diameter ef100 similar to the 15 min sample but with a thickness of
nm, are mostly vertical but significant curvature and approximately 3Qum.

-
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Fig. 3. SEM images ofa) a CNT film grown for 30 min, where the film exhibits two identifiable layésee arrows (b) the top layer of the
film, where the surface is covered by a carbon nanotube mat and amorphous ¢ajbamg the bottom layer of the film, where it appears that
carbon nanotube forest similar to the 15 min sample.
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Fig. 4. Low magnification TEM images ofa) CNT with bamboo Fig. 6.(a) A TEM image of a tube tip with an encapsulated catalyst.
structure. An iron particle with a hemispherical shape is shown in the A cone-like compartment terminates at the upper end of the catalyst
lower right corner of the figure. Arrows show several elongated and particle sphere, antb) a higher resolution TEM image of the tip.
relatively cylindrical compartmentgb) A tube with a tip free of a

catalyst particle(see arrow. catalyst particle. The tip has a closed structure, which

i is apparently capped with graphitic layers. The presence
The amorphous carbon is apparently a byproduct of of CNT tips free of catalyst particles indicates that the
the MPCVD process, and it appears that the deposmongrowth of our carbon nanotube film favors the base
may have occurred throughout the growth. Eventually, growth model.
this layer is mixed with a CNT mat. It is noted that the Fig. 5a displays a high magnification TEM image of
growth rate of the CNT ‘forest(the bottom layer for 5 single carbon nanotube. The arrows show a wave-like
30-min sampl® is reduced from that of the 15-min  genosition along the tube walls, which may be due to
growth. The 30-min sample showed a growth rate of the geposition of amorphous carbon along the tube walls
~1 pm/min, while the 15-min sample with a thickness  qyring growth. Fig. 5b is a high resolution TEM image
of 20 pm, exhibited a growth rate of 1.33um/min.  of the joint of the inter layers and tube walls. The inter-
The reduced growth rate may be due to a reduction Ofgraphitic layers between two compartments hava0
the supply of carbon species reaching the catalyst 'ayergraphitic sheets with a thickness ef12 nm.
as the amorphous carbon and CNT mat forms on the™ A catalyst encapsulated tip was also observed in the
film surface. same sample. Fig. 6a displays images of tip with an
TEM of the CNT samples show bamboo structure encapsulated catalyst particle. The origin of these cata-
with periodic empty compartments in the tubes. Fig. 4a yst encapsulated tips is not established, but it is likely
is a low magnification TEM image, and an iron particle  that the catalyst will affect the structure of the compart-
can be observed with a hemispherical shape. It is alsoments near the particle.
noticeable that the shape and dimension of each com- T determine the relative abundance of catalyst par-
partment changes along the tubes. Although most com-ticles at the surfaces we employed Auger electron

partments have a cone-like shape, several elongated andpectroscopfAES) for chemical analysis. Fig. 7 shows
relatively cylindrical compartments are observéske

arrows. Fig. 4b shows a tube with a tip free of a
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Fig. 5. (@ A high magnification TEM image of a single CNT. The

arrows show a wave-like deposition along the tube walls, @nda Fig. 7. AES Chemical analysis of the surface of the 15 min CNT film.
high resolution TEM image of the joint of the inter layers and tube The spectrum displays features due to C and O and no evidence of
walls. the Fe related peak at 703 eV.
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the AES of the 15 min CNT film surface. A similar appropriate, since it cannot explain the bamboo structure
spectrum was observed for the 30 min film. The spectra of the carbon nanotubes with the tips free of catalyst
are dominated by a strong carbon peak with a weakerparticles. While the catalyst shape may contribute to the
oxygen peak apparently due to adsorbed species. Ther@manotube formation, we suggest that the difference
was no evidence of the Fe peak that occurs near 703between the carbon surface and bulk diffusion in the
eV, which suggests a very small amount of iron at the catalyst causes the periodic compartment structilrs
CNT tips. A similar sample was examined after H- In this model the carbon species would react with,
plasma etching to remove the disordered carbon layer atdiffuse into, and precipitate out of the catalyst to form
the surface, and again there was no evidence of Fe inthe carbon nanotubes. The walls of the carbon nanotubes

the AES. are formed from the side surface of the catalyst mainly
via carbon surface diffusion while the inter layers form
4. Discussion from the catalyst top surface via bulk diffusion. Since

there are different diffusion rates for carbon to move

The TEM results show that there are tube tips that along the catalyst surface and through the bulk of the
are free of the catalyst, and the curvature of the inter catalyst, the growth rate of the walls and inter layers
layers between the compartments are directed towardmay be different, which leads to the formation of
the carbon nanotube tips. Although Fig. 6a exhibits a periodic compartments.
tube tip with an encapsulated catalyst particle, Auger It was observed in our samples that most compart-
analysis of the CNT surface shows that essentially no ments have cone-like structures, but several long rela-
iron was detected, which indicates that most tube tips tively cylindrical structures are also found in the same
are free of the catalyst particles. This leads us to tubes. This result suggests that the catalyst shape alone
conclude that the base growth mode predominates incannot explain the presence of different compartment
our CNT growth. This conclusion is consistent with dimensions in a single tube. It is likely that the different
other studies of MPCVD growth of CNT8]. compartment formation is related to changes in the CNT

In addition, Bonard et al[18] used electron field growth rate, which could be influenced by the supply
emission measurements to monitor the growth of carbonof the carbon containing species and possibly the pres-
nanotubes by chemical vapor deposition. It was shown ence of contaminants on the surface.
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 |n summary, aligned carbon nanotube films were

it is the first part of the nanotube to be formed. They prepared by MPCVD, and the samples were character-
also observed that the catalyst was attached to theized with SEM, TEM, and Raman spectroscopy. The
substrate. Although the partial pressure of hydrocarbonsresults show multiwalled CNT with bamboo mode struc-
in their chamber was four orders of magnitude lower tyres. Auger analysis of the CNT film shows no detect-
than conventional CVD due to the requirements of field aple Fe at the film surface, suggesting that the base
emission, this experiment provides another perspectivegrowth model predominates for this MPCVD growth.
of the CNT growth mode. The sample grown for 30 min exhibits a CNT ‘forest’
The 30 min growth sample showed a decrease in thewith a surface layer composed of a CNT mat and
growth rate of the aligned CNT forest. At the same amorphous carbon. The growth rate decreases with time,
time, excess carbon species was observed to formand we suggest that the surface layer limits the supply
amorphous carbon deposits around the CNT and at theof carbon containing species to the catalyst. The differ-
top surface of the film. The amorphous carbon deposits ent shapes of the compartments in the CNT indicate
were not observed at the roots of the nanotube forest. Athat the interplay between the catalyst and the precursor

possible explanation for the reduction in growth rates is gases will affect the carbon surface and bulk diffusion
that as the layer of amorphous carbon and carbonin the catalyst.

nanotube mat becomes thicker, and these structures
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