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Carbon nanofibers (CNFs) were grown in the porous anodic aluminum oxide (AAO) thin film grown on the Si
wafer by electron cyclotron resonance chemical vapor deposition using cobalt as the catalyst. A larger Co
particle electrodeposited in the AAO pore channel produced vertically aligned CNFs with a tube diameter in
compliance with the pore size of the AAO template. On the other hand, a smaller Co particle resulted in CNF
growth with a nonuniform distribution of the tube diameter and a sparse tube density. Amorphous carbon
residue produced under the plasma-assisted CNF growth condition seemed to play an essential role leading
to the observation. A growth mechanism is proposed to delineate the volume effect of the electrodeposited
Co catalyst on the CNF growth confined in pore channels of the AAO template.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

For many technical applications of carbon nanotubes (CNTs) and
nanofibers (CNFs), such as interconnects for integrated circuits [1],
CNT purification by zeolite supports [2] and field emission emitters
[3,4], CNTs/CNFs are required to be selectively grown in a confined
region. Unlike CNT/CNF growth in an open space, the geometric
configuration of a confined space will restrain the transport behavior
of the precursor gas species and the catalyst area directly exposed to
the precursors, thereby resulting in a growth kinetics different from
CNT/CNF growth on a blank substrate. This is more likely to occur to
CNT/CNF growth by plasma-assisted chemical vapor deposition
(PACVD). Because of the applied sample bias and reactive radicals as
well as ionic species, etch and deposition of graphitic structure and
carbonaceous residue under a typical PACVD condition can be greatly
affected by the spacial geometry. Due to highly aligned pore channels
and a nanosized pore diameter, anodic aluminum oxide (AAO) has
been widely used as a template to regulate CNT/CNF growth by
catalytic chemical vapor deposition (CVD) [5–9]. The high aspect ratio of
AAO pore channels provides a distinct CNT/CNF growth environment
from that on an open substrate. This is particularly true for CNT/CNF
growth via the tip-growthmode. Because the close contact between the
catalyst particle and the pore wall can disturb carbon diffusion over the
catalyst surface, carbon transport via surface diffusion to the bottom of
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the catalyst particle for facilitating growth of graphene sheets, as some
models proposed, seems unlikely. Moreover, hydrogen radicals, which
are believed to play an essential role affecting the resultingmorphology
and microstructure of CNTs/CNFs under an open growth condition, are
prohibited from reaching the bottom of the catalyst particle in the
confined pore channel, thus leading to the formation of CNTs/CNFswith
a nanostructure different to some extent from that in an open space.

In this study, we grew CNTs/CNFs in the AAO template by electron
cyclotron resonance chemical vapor deposition (ECR-CVD), and
studied the particle size effect of the electrodeposited Co catalyst on
CNT/CNF growth in the pore channel. CNFs can be grown under a
synthesis condition similar to that for CNTgrowth, and, very often, can
be produced simultaneously with CNTs during nanotube growth.
Furthermore, CNFs usually have similar superficial morphological
features like CNTs, they are thus often referred to as CNTs in the
literature. In the study, many carbon nanostructures grown in AAO
pore channels exhibited morphological and crystalline features more
like carbon nanofibers as defined by Melechcko et al., we will
hereafter use carbon nanofibers (CNFs) through the report [10].
2. Experimental

The preparation of the AAO template was started with sputter
depositing an aluminum thin film 2 µm thick on the 4 in. Si wafer. In
order to prepare highly aligned AAO pore channels, two-step
electrochemical anodization was performed. The detail of the
anodization procedure has been previously described [7,11]. After
the second anodization step, an Al layer ~200 nm thick was
deliberately remained beneath the AAO template, and used as the
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substrate for Co catalyst electrodeposition. Electrodeposition of Co
was carried out in the electrolyte mixture of CoSO4 and H3BO3 by
applying an AC voltage of 12.3 Vrms. The size of the Co particle in AAO
pore channels was tuned by varying the deposition time. To deposit
CNFs in the AAO template, the Co catalyst was first treated with the H2

plasma at 600 °C for 10 min in the ECR-CVD system. CNF growth was
then carried out in a gas mixture of CH4 and H2 (5 sccm/25 sccm) at
600 °C for 35 min under the following growth conditions: power
750 W, substrate bias −100 V, working pressure ~2×10−3Torr. CNFs
on the AAO template were characterized by scanning electron
microscopy (SEM, JEOL JSM-6500F), transmission electron microscopy
(TEM, Philips TECNAI 20), Raman spectroscopy (Jobin Yvon LabRam
HR), and focus ion beam (FIB, FEI Nova 200).
3. Results and discussion

Fig. 1 shows the SEM image of Co particles electrodeposited in the
AAO template for 75 s. Co particles were uniformly electrodeposited at
the bottom of AAO pore channels. Because of the AAO pore channel
confinement, the diameter of the deposited Co particle was in
accordance with the AAO pore diameter, ~80 nm. The size and thus
the height of the electrodeposited particle in AAO pores increased
with the electrodeposition time. Fig. 1(b) shows the plot of the height
of the Co particle as a function of the electrodeposition time. Fig. 2
shows the side-view SEM images of CNFs grown out of the AAO
template with Co catalysts electrodeposited for various times. For
sampleswith Co catalysts deposited for 45 and 60 s (Fig. 2(a) and (b)),
CNFs had irregular shapes with a sparse tube density and a diameter
smaller than the AAO pore size. On the other hand, as the catalyst
deposition time increased to 75 and 90 s (Fig. 2(c) and (d)), vertically
Fig.1. (a) SEM image of the AAO templatewith the Co catalyst electrodeposited for 75 s;
(b) (solid curve) the plot of the Co particle size (height) as a function of the Co
electrodeposition time.
aligned CNFs were grown out over the AAO surface with a tube
diameter close to the AAO pore size. From Fig. 2(a) and (b), a residual
deposit can be clearly seen to cover a large area of the AAO surface.
Amorphous carbon (α-C) residue is usually an inevitable byproduct
during CNF growth by plasma-assisted CVD process [7,12,13]. Raman
spectra (not shown) showed a low intensity ratio of the G band to
D band (IG/ID b0.36) for samples with the Co catalyst deposited for
b60 s, indicating that a significant amount of α-C was deposited on
the AAO template during the CNF growth. The occurrence of the α-C
deposit appeared to be closely related to the distribution of CNFs
grown out of the AAO pores. The α-C was heavily deposited around
CNFs, but became scarce away from the CNFs. This suggests that the CNF
growth was accompanied by the concurrent α-C deposition in the AAO
pore channel.

Fig. 3 shows the cross-sectional SEM images of CNFs grown in the
AAO template. CNFs grown with a smaller Co particle size were
seriously distorted in shape and some were capped in the AAO pore
channels (marked by circles) by the α-C deposit as shown in Fig. 3(a)
for the Co catalyst deposited for 60 s. Most CNFs had a diameter
smaller than the AAO pore size and those CNFs extending out of the
AAO pores had a gradual decrease in the tube diameter along the tube
shaft. It can be clearly seen that the lower part of CNFs inside the pore
channels was embedded by lumps of precipitate (marked by arrows).
For those pore channels from which CNFs were completely detached
during SEM specimen preparation, the pore wall surface exhibited a
scaly and wrinkled feature, suggesting that CNF growth was
accompanied by precipitation of, probably, α-C. On the other hand,
according to Fig. 3(b), CNFs grown with the Co catalyst deposited for
90 s had the growth direction much more compliant with the pore
channel, and were vertically aligned after extending out of the pore.
Fig. 3(c) shows the SEM image of the AAO template treated with the
same CNF deposition condition but without the Co catalyst. The top
portion of the AAO exhibited a clean but jagged feature, suggesting
that the AAO template surface was subject to plasma etch during the
PACVD process. It have been reported that CNTs/CNFs could be grown
in the AAO template without metallic catalysts [14,15]. However, no
CNF growth was observed in the study, and the pore wall surface was
very smooth. The observation implied that the Co particle played a
major role not only catalyzing the CNF growth but also facilitating
deposition of the α-C residue.

The TEM image of an FIB prepared sample with the Co catalyst
deposited for 90 s is shown in Fig. 4(a). The CNF growth time of the
sample was deliberately controlled to keep the length of the CNFs
smaller than the height of the AAO pore channels. It can be clearly
seen that cone-shaped catalyst particles were present at the tip of the
CNFs, indicating that the CNF growth in the AAO template was via the
tip-growth mode. Because some Co particles remained at the pore
bottom of the AAO template, the electrodeposited Co particle must be
ripped apart during the CNF growth. Co particle fragments were also
observed inside the CNF shaft. Fig. 4b shows the TEM image of several
nanofibers grown with the Co catalyst deposited for 90 s. The CNFs
were separated from the AAO template by ultrasonic agitation in
ethanol. Some Co particles were stuck to the root of the CNFs. They
were likely those originally left at the AAO pore bottomduring the CNF
growth but detached from the pore channels with the CNFs during
TEM sample preparation. The inset is a high-resolution TEM (HRTEM)
image for the area near the tip of a CNF grown with the Co catalyst
deposited for 90 s. The CNF had ~61well-ordered graphitic layers near
thebottomof the cone-shapedcatalyst particle,whichhad the interlayer
distance of ~3.7 Å. For comparison, CNFs grownwithCo deposited for 60
and 75 s had ~34 and ~53 graphitic layers, respectively.

The vapor–liquid–solid model is a commonly accepted CNT/CNF
growth mechanism, which suggests that carbon diffusion in the
liquefied metal catalyst is a required step for CNF growth. The cone-
shaped catalyst and the segmentation of Co particles shown in the
TEM images are an implication of Co liquefaction during the CNF



Fig. 2. SEM images of CNFs grown for 35 min on the AAO template with different Co catalyst sizes: (a) 45 s; (b) 60 s; (c) 75 s; and (d) 90 s.

1303C.-C. Lin et al. / Diamond & Related Materials 18 (2009) 1301–1305
growth in the AAO template. It has been proposed that a temperature
gradient can be developed in the catalyst particle as the concentration
distribution of the dissolved carbon is nonuniform in the particle [16].
The catalyst has a higher temperature in the region supersaturated
with carbon, and graphene sheets develop from the region with a
smaller carbon concentration [17]. We thus propose that the particle
segmentation probably resulted from the temperature gradient
developing in the Co particle. The top portion of the Co particle
was liquefied earlier than the bottom portion due to the quicker
supersaturation with carbon, which was supplied by the inflowing
carbonaceous plasma species under the CNF growth condition. As the
liquefied Co particle moved upward with the growing CNF shaft, the
Co particle was eventually separated leaving the unliquefied part at
the bottom of the AAO pore channel. Besides, because Co has a
reasonablewetting strengthwith aluminum oxide [18,19], it was likely
that the capillary force might assist in lifting the liquefied Co particle
and thus allow easy precipitation of graphitic sheets at the bottom of
the liquefied particle.

As discussed above, CNF growth on the AAO template was
accompanied by deposition of α-C, and more α-C was deposited for
a smaller Co particle. The α-C accumulation on the pore wall surface
could hinder the motion of the liquefied catalyst particle in the pore
channel, thereby changing the moving direction and geometric shape
of the catalyst during the CNF growth. This can explainwhymost CNFs
grown under a condition of heavy α-C deposition showed a twisted
feature inside the pore channels and had a fiber diameter smaller than
the AAO pore size. In addition, from Fig. 4b, many nanosized particles,
probably Co, adhered to the tube surface of the CNFs. It is possible that
the roughwall surface of the AAO pore channel, resulting from theα-C
deposition, disturbed themovement of the liquefied Co particle on the
tip of the growing CNF, and thereby stripped off surface atoms from
the Co catalyst particle, which might later agglomerate and adhere to
the growing CNFs.

ThegrowthmechanismofCNFs inAAOpore channels is schematically
illustrated in Fig. 5. The AAO pore channels not only limit the flow
direction and the flux of plasma species toward the Co catalyst but also
define the exposed area of the Co particle, which is roughly the pore size
of theAAOtemplate. Because theheightof theopenpore channel ismuch
larger than that of all the Co particles under study, it seems unlikely that
the Co particle size can significantly affect the diffusion behavior of
gaseous species in the pore channel at the beginning of the CNT growth.
Therefore, the impinging rate of carbonaceous andhydrogen radicals and
ions onto the catalyst surface should be independent of the height of the
Co particle. Once adsorbed and decomposed on the Co catalyst surface,
carbon species may diffuse on the surface and dissolve into the particle.
The Co particle becomes supersaturated with carbon on the top region
earlier than the lowerpart, resulting in thedevelopmentof a temperature
gradient in the particle and thus Co liquefaction occurs earlier in the top
region. Carbon atoms precipitating at the bottom of the liquefied Co
segment then grow into graphitic sheets, forming carbon nanofibers in
the AAO pore channel via the tip-growthmode. Because etching theα-C
deposit by plasma species is not effective in the pore channel due to the
high aspect ratio, removal of carbonaceous deposit in the pore channel is
more sluggish than on the AAO template surface. Carbon dissolution into
the Co particle becomes the major pathway for reducing surface
concentration of the carbon deposit. Because carbon becomes saturated
more quickly in the smaller particle than the bigger one, more α-C may
remain on the particle surface. If the α-C deposition prevails over CNF
growth, extensive α-C accumulation can occur on the top of the catalyst
and the pore wall, thus retarding the CNF growth. The α-C deposit can
modify the geometric shape of the liquefied catalyst and thus diminish
active catalytic area, thereby leading to growth of CNFs with a smaller



Fig. 3. (a) Side-view SEM image of CNFs grown for 35 min in the AAO templatewith Co catalyst deposited for 60 s. CNFs capped by the surfaceα-C layer aremarked by circles, andα-C
deposits embedding CNFs are marked by arrows; (b) and (c) are cross-sectional SEM images for CNF grown for 35 min on the AAO template with Co catalyst deposited for 90 s and
without the Co catalyst, respectively.
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diameter and a distorted shape. In the extreme situation, the pore
opening may be completely blocked by the α-C deposit before the CNF
grows out of the pore, thus terminating the inflow of the precursor
species and stopping the CNF growth. On the other hand, the bigger Co
Fig. 4. TEM images of CNFs grownwith the Co catalyst deposited for 90 s: (a) an FIB prepared
pore channels by ultrasonic agitation. The inset is the high-resolution TEM image of the are
particle dissolvesmore carbon atomsand, therefore, accumulation ofα-C
on the surface can be effectively diminished, making CNF growth in the
pore channel more favorable. Once CNFs grow out of the AAO pore
surface, plasma etch becomes effective to remove excessive carbon
sample of which CNFs were inside the AAO pore channels; (b) CNFs separated from AAO
a near the tip of a CNF.



Fig. 5. Schematic illustration of CNF growth mechanism in the AAO pore channel:
(a) CNF growth with a large Co catalyst; (b) CNF growth with a small Co catalyst. The
dots stand for carbon dissolved in the Co particle, and the number and size of the dots
denote the amount of carbon dissolved. Detailed description about the growth
mechanism is given in the text.
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deposit on the Co catalyst and plasma precursors can reach the catalyst
surface without much obstacle. Thus CNFs can be grown continuously
under a growth condition similar to that in an open space.

4. Summary

CNFs were grown in the AAO template by ECR-CVD using
electrodeposited cobalt as the catalyst. The tube density, diameter
and tube alignment of CNFs grown in AAO pore channels strongly
depended on the size of the electrodeposited Co particle. Carbon
dissolution in the Co particle at the bottom of the pore channel
induced a temperature gradient and Comelting in the particle, leading
to the segmentation of the Co particle in the AAO pore channel. When
the Co catalyst particle was small, heavy deposition of α-C took place
in the pore channel under the plasma-assisted CVD condition, and the
CNF growth was adversely affected. A growth mechanism was
proposed to delineate the effect of the Co catalyst size on the CNF
growth in the AAO pore channels.
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