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A method allowing for the stable growth of carbon nanotubes (CNTs) on the surface
of a fibrous metal mesh substrate (SUS304) was developed with the assistance of the
microwave plasma-enhanced chemical vapor deposition process. The controlled
addition of up to �13% of O2 to the CH4 plasma reacting gas flow was found to
promote the growth of the CNTs by oxidizing the amorphous carbon and removing
the active H2 radicals. However, excessive amounts of O2 (i.e., fraction of O2 >
�13%) and H2 were found to play a negative role in the growth of the CNTs. The
control of the density and length of the CNTs was also achieved by varying the H2

plasma reduction time and CH4 plasma reacting time, respectively. Longer H2

reduction pretreatment of the catalytic metal islands resulted in the formation of a less
dense CNT forest with craters. When the growth time of the CNTs was increased to
�20 min, their length was increased to �10 mm. However, when the growth time of
the CNTs exceeded 20 min, their length was significantly decreased, indicating that the
continuous presence of O2 in the CH4 plasma destroys the preformed CNTs due to the
oxidation reaction.

I. INTRODUCTION

Thermal chemical vapor deposition (CVD) processes
have been used by numerous researchers to grow carbon
nanotubes (CNTs) on a catalytic metal medium because
of their simplicity.1–3 However, the repeatability of the
stable growth of CNTs in thermal CVD processes is not
easy to achieve. This is because the relatively high-
temperature environment in thermal CVD processes
(e.g., tube furnace) causes the hydrocarbon sources to
be directly decomposed into amorphous carbon, which
results in the coking of the catalytic particles. Unlike
thermal CVD processes, plasma-enhanced CVD
(PECVD) processes have the advantage of maintaining
a precisely controlled local temperature condition on the
heating stage and vacuum operating conditions, which
minimize the coking of the catalytic particles due to
amorphous carbon contamination in the plasma reactor.

Given the advantages of PECVD processes, we used a
microwave plasma-enhanced chemical vapor deposition
(MPECVD) process to grow CNTs directly on a commer-
cially available metal (SUS304) substrate without pre-
formed catalytic metal particles, which can be easily
adapted to industrial applications. On the basis of guide-
lines suggested by numerous researchers,4–7 we performed
a series of MPECVD experiments to grow CNTs. How-
ever, the growth of CNTs on the surface of a catalytic
metal substrate was rarely achieved in our MPECVD-
based approach. Instead, we repeatedly observed that
amorphous carbon-made particle islands were formed
over the entire surface of the metal substrate, indicating
that the stable growth conditions of CNTs, in general
PECVD processes, exist in a very narrow window.
In this work, we conduct a systematic investigation to

find the stable formation conditions of CNTs grown on the
as-received metal alloy substrates (i.e., SUS304) without
depositing additional transition metal catalysts (e.g., Ni,
Fe, Mo, or Co) in an MPECVD process. We also suggest
possible strategies to control the length and density of
CNTs grown directly on a metal alloy substrate.
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II. EXPERIMENTAL

The growth of the CNTs was performed in an
MPECVD reactor (150 mm in diameter � 330 mm in
height). The micron-sized fibrous stainless steel
(SUS304) metal mesh substrate (25 mm in diameter �
1mm in thickness) was placed on a graphite heating stage
at �720 �C. Here, a ring-type substrate holder design was

used to press the circumference of the metal alloy

substrate so that it prevented the thermal expansion-

induced bending of the thin metal alloy substrate after

PECVD. H2 reduction treatment (i.e., H2 plasma) was then

performed to activate the metal islands on the surface of

the metal substrate. The flow rates of the reacting gases in

the microwave plasma reactor used to grow the CNTs via

2 GHz microwave-based CH4 plasma were controlled by

mass flow controllers. The mixed reacting gases were

injected into the MPECVD reactor with flow rates of

methane (�10 sccm), hydrogen (up to �50 sccm), and

oxygen (up to�5 sccm) with a total pressure of�15 Torr.

The microwave plasma input power was maintained at

500 W during the growth of the CNTs. The elemental

analysis of the metal substrate was performed by energy

dispersive x-ray (EDX) analysis, and it was found that the

SUS304 metal substrate used in this study was composed

of Fe (�70 wt%), Cr (�20 wt%), Ni (�7 wt%), C (�2

wt%), and S (�1 wt%). The physical properties of the as-

grown carbon nanostructures were characterized by field-

emission scanning electron microscopy (FE-SEM; Hitachi

Ltd., Tokyo, Japan, Model S-4200) operated at �15 kV,

transmission electron microscopy (TEM; JEOL Corp.,

Japan, Model JEM 2011) operated at �100 kV, and a

Raman spectrometry (Renishaw Co., Gloucestershire, UK).

III. RESULTS AND DISCUSSION

It is important to know the effect of the H2 reduction
time on the surface of a metal substrate, because the
growth of CNTs takes place on the catalytic metal
islands formed on the metal substrate after the H2 reduc-
tion process. It is known that the surface diffusion of
transition metal atoms enhanced by hydrogen plasma
ion bombardment results in the formation of metal
islands. Figure 1 shows the SEM images of the evolution
of the SUS304 metal substrate surface as a function of
the H2 plasma reduction time. As one can see, the aver-
age size of the metal particle islands increased with
increasing H2 reduction time. Simultaneously, the den-
sity of the metal islands was observed to decrease with
increasing H2 reduction time. These results imply that
the size and density of the as-grown CNTs can be con-
trolled by varying the H2 reduction time, because the
diameter of the CNTs is known to be very similar to that
of the seeded catalytic metal particles.8,9

After the H2 reduction process (i.e., H2 plasma treat-
ment), a controlled amount of CH4 as a carbon source
and H2 as an etching agent were added to the MPECVD
reactor to grow CNTs on the surface of the fibrous metal
substrate. Figure 2 shows the mixture of amorphous car-
bon islands and some CNT networks formed on the
fibrous metal surface. It turns out that the addition of
hydrogen was unfavorable for the growth of the CNTs,
and that it even etched out the preformed CNTs.

At this point, we turned our attention to the role of
oxygen in the MPECVD-based growth of the CNTs.
Medium oxidizers (e.g., water or acetone) are known to
act as an effective promoter of the growth of the CNTs
by (i) oxidizing the amorphous carbon, which otherwise
results in the coking of the catalytic metal particles and
(ii) removing active hydrogen radicals, which play a
negative role in the growth of the CNTs.10,11 To verify
the role of oxygen, we added a controlled amount of O2

to the CH4 plasma reactor without the addition of H2.
Figure 3 presents the morphological change of the CNTs
as a function of the amount of oxygen added. One can
clearly observe in Figs. 3(a) and 3(b) that the growth of
the CNTs was enhanced with an increasing amount of
oxygen up to a fraction of �13% in the total reacting gas
flow. However, the addition of too much oxygen (i.e.,
fraction of O2 >�13%) induced the oxidation of the
preformed CNTs, as shown in Fig. 3(c). To observe
the combined effect of H2 and O2 on the growth of
the CNTs, we then added various mixture ratios of
H2 (up to �50%) and O2 (fixed at �13%) to the CH4

plasma. When the amount of H2 was increased, the
CNTs were significantly destroyed, confirming that an
H2-rich environment is unfavorable for the homo-
geneous growth of the CNTs.

The surface of the metal substrate before and after the
MPECVD process is shown in Fig. 4(a). After the
MPECVD process, the gray SUS304 metal substrate
was covered with a black thin film. The SEM image in
Fig. 4(b) shows that the black thin film formed was com-
posed of CNTs grown in the radial direction of the fibrous
metal substrates. The TEM image of the sampled CNTs
shown in Fig. 4(c) presents the mixture of polydisperse
multiwalled CNTs (MWCNTs). In addition, Raman spec-
trum in Fig. 4(d) corroborates the presence of MWCNTs
by showing the strong peaks at 1350 cm�1 [i.e., D mode,
disorder-induced band originating from carbon (or metal)
impurities or defects] and 1576 cm�1 (i.e., G mode,
stretching mode in the graphite plane) without significant
spectrum at the low frequency (i.e., radial breathing
mode). The full width at half-maximum (FWHM)-based
D/G ratio at 1350 and 1576 cm�1 (i.e., I1350/I1576) is�0.9,
indicating that the as-prepared CNTs in this approach had
a relatively high degree of graphitization.

Here, to find the relation between the diameters of the
as-grown CNTs and metal islands, we grew CNTs on the
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metal substrates treated by various H2 reduction times,
namely 1 min, 5 min, and 10 min. The results of the
TEM image analysis indicated that the diameter of the
resulting CNTs was �16 � 2 nm for all three H2 reduc-
tion times, implying that the catalytic particle islands
with diameters of �several tens to �several hundred
nanometers, as shown in Figs. 1(f) and 1(h), were not
effectively seeded to grow CNTs in our MPECVD pro-
cess. This result also implies that the range of diameters
of the CNTs, which can be achieved in this study, is
limited (i.e., average CNT’s diameter < �20 nm). Si-
multaneously, it opens up the possibility of controlling
the density of the CNT forests, meaning that the surface

of particle islands with larger than 20 nm can be served
as a CNT-free zone.
Because the H2 reduction time strongly affected the

density and size distribution of the metal particle islands,
we believed that it would be possible to control
the density of the CNTs by varying the H2 reduction
time. To do so, we first pretreated the fibrous metal
substrate with various H2 reduction times before the
growth of the CNTs. Then, the optimum growth condi-
tions of the CNTs (i.e., CH4 = 10 sccm, O2 = 1.5 sccm)
found previously were applied. The resulting CNTs were
then analyzed by an FE-SEM. As shown in Fig. 5(a),
densely packed CNTs were formed at an H2 reduction

FIG. 1. SEM images of the surface of the metal mesh substrate treated by hydrogen reduction for (a, b) 0 min, (c, d) 1 min, (e, f) 5 min, and (g, h) 10 min.
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time of �1 min, which generated metal islands with an
average primary size of �20 nm [see Fig. 1(d)]. Howev-
er, when the H2 reduction time was increased to �5 min,
the density of the CNTs was clearly decreased, as shown
in Fig. 5(b), due to the formation of less dense metal

islands with an average diameter of �100 nm [see
Fig. 1(f)]. After 10 min of H2 reduction, the distribution
of the CNTs was inhomogeneous, due to the polydis-
persed size distribution of the metal islands with an
average size of �200 nm [see Fig. 1(h)], so that a CNT

FIG. 3. Effect of O2 addition on the growth of CNTs. Experimental conditions: H2 reduction time = 1 min, power = 500 W, total pressure = 15

Torr, T = 720 �C, CNT growth time = 10 min, CH4 = 10 sccm, H2 = 0 sccm with (a) O2 = 0.15 sccm, (b) O2 = 1.5 sccm, and (c) O2 = 5 sccm.

FIG. 2. SEM images of (a) surface of the fibrous metal substrate, (b) CNT networks, (c) amorphous carbon islands, and (d) mixture of CNTs and

amorphous carbon grown on the surface of the fibrous metal substrate treated by CH4–H2 plasma. Experimental conditions: H2 reduction time = 1

min, CH4 = 5 sccm, H2 = 100 sccm, CNT growth time = 15 min, power = 500 W, total pressure = 15 Torr, T = 720 �C.
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FIG. 4. MPECVD-assisted synthesis of CNTs. (a) Image of raw metal mesh substrate (left) and black carbon nanostructures grown on the metal

mesh substrate (right), (b) SEM image of CNTs grown in radial direction of fibrous metal mesh substrate, (c) TEM image, and (d) Raman

spectrum of the mixture of polydisperse MWCNTs sampled from the black thin film formed on the metal mesh substrate.

FIG. 5. Density control of CNTs. Experimental conditions: power = 500 W, total pressure = 15 Torr, T = 720 �C, CNT growth time = 10 min,

CH4 = 10 sccm and O2 = 1.5 sccm with H2 reduction time of (a) 1 min, (b) 5 min, and (c) 10 min.
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forest with craters (i.e., CNT-free zone) was clearly ob-
served, as shown in Fig. 5(c).

To determine the controllability of the length of the
CNTs on the fibrous metal substrates, we varied their
growth time (i.e., CH4 plasma reacting time). Highly
dense and straight CNTs oriented in the radial direction
of the fibrous metal substrates were grown for CNT
growth times (tG) of up to �20 min, as shown in Figs.
6(a) and 6(b). The average length of the CNTs reached
around �10 mm at tG = 20 min [see Fig. 6(b)]. However,
once the growth time exceeded �20 min, the average
length and density of the CNTs began to be significantly
decreased, as shown in Figs. 6(c) and 6(d). After a CH4

plasma reacting time of 60 min, we observed that the
center of the metal substrate turned a brownish color,
indicating that the preformed CNTs and metal islands
were strongly oxidized by the relatively long-term pres-
ence of O2 [see Fig. 6(e)]. However, some of the CNTs
in the edge area of the metal substrate survived the
severe oxidation, and were observed to have long and

curled nanostructures, as shown in the inset in Fig. 6(e).
Figure 6(f) summarizes the evolution of the average
length of the CNTs as a function of the CNT growth
time. It is clearly observed that the presence of O2 pro-
motes the growth of the CNTs in the early stage of the
plasma reaction, whereas it eventually leads to the de-
struction of the preformed CNTs by the strong oxidation
process in the later stages of the plasma reaction.

IV. CONCLUSIONS

In this work, we described the stable growth of CNTs
on the surface of as-received fibrous metal alloy mesh
substrates (i.e., SUS304) without adding any pure transi-
tion metal particles (e.g., Ni, Fe, or Mo) by varying the
amount of oxygen and hydrogen in the MPECVD pro-
cess. To reproduce the stable growth of the CNTs, the
addition of a controlled amount of oxygen (i.e., fraction
of O2 up to �13%) to the CH4 plasma was required.
However, the addition of an excessive amount of O2

FIG. 6. Control of the length of the CNTs. Experimental conditions: H2 reduction time = 1 min, power = 500 W, total pressure = 15 Torr,

T = 720 �C, CH4 = 10 sccm, H2 = 0 sccm, and O2 = 1.5 sccm with CNT growth time of (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 60 min:

the center area of the metal substrate (where the inset shows the edge of the metal filter), and (f) the evolution of the length of the CNTs as a

function of the CNT growth time in the MPECVD plasma process.
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exceeding �13% caused the preformed CNTs to be
destroyed by the strong oxidation process. Unlike the
role of O2 in the MPECVD process, the addition of H2

resulted in the formation of a mixture of amorphous
carbon islands and some loose CNT networks on the
surface of the metal substrates, implying that the exces-
sive hydrogen radicals in the CH4 plasma play a negative
role in the growth of the CNTs. The control of the
density and length of the CNTs was also achieved by
varying the H2 reduction time before the CNT growth
reaction and the reaction time for the growth of the
CNTs, respectively. The precise control of (i) the
amount of oxygen and hydrogen added, (ii) the H2 re-
duction time for the metal substrate, and (iii) the hydro-
carbon plasma reacting time in the MPECVD processes
make it possible to reproduce the stable growth of CNT
forests with controlled length and density.
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