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Abstract

To examine the role of nitrogen, Co- and Ni-coated substrates were pretreated with three different gas compositions to compare
the pretreated catalyst surfaces; the Fe, Co and Ni foils were subjected to carbon nanotube(CNT) growth experiments with CHy4
H and CHyN as source gases; the catalyst pretreatment plus the CNT growth experiments on Co- and Ni-coated Si substrates2 4 2

were carried out using both microwave plasma chemical vapor deposition and electron cyclotron resonance chemical vapor
deposition(ECR-CVD) under different nitrogen-containing gases. The results show that the role of nitrogen may be summarized
as follows: by comparing with hydrogen plasma, the bombardment energy of nitrogen plasma is greater. Therefore, the presence
of nitrogen during CNT growth can keep the front catalyst surface clean and active to prolong surface passivation to enhance
carbon bulk diffusion. The higher temperature due to higher bombardment energy of nitrogen plasma can promote agglomeration
effects during catalyst pretreatment and the initial stage of CNT growth to produce larger size nano-particles. The presence of
nitrogen is a favorable condition for formation of the bamboo-like CNTs, but not a necessary condition. Another favorable
condition for formation of the bamboo-like CNTs is to deposit CNTs by ECR-CVD.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the discovery of carbon nanotube(CNT) by
Iijima through the arc discharge methodw1,2x, the
nanostructured materials have become the hottest
research topics in the world including their synthesis
methods, growth mechanisms, property measurement,
computational modeling, manipulation techniques and
their potential applicationsw3x. The CNTs high Young’s
modulus (f1.8 TPa) w4x, high aspect ratio structure,
low density and unique electrical properties make them
promising materials for use as tips of scanning tunneling
microscope or atomic force microscopew5x. The excel-
lent field emission properties also make them suitable
as electron field emitters for field emission displays
w6,7x. The assembly of CNTs into electronic circuits or
as a field-effect transistor have pointed out an amazing
future for nanotube electronic and spintronic device
applicationsw8–13x. However, the mechanical and elec-
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trical properties of CNTs are highly depending on their
chirality, diameter and structural defectsw14x.
The single-walled carbon nanotubes(SWNTs) have a

more perfect graphite layer and can be synthesized by
laser ablation or arc discharge methodsw14x. However,
the as-grown deposits from the above methods need
post purification processes, and the lack of well devel-
oped manipulation techniques so far retards the schedule
of CNT commercialization. The chemical vapor depo-
sition (CVD) methods, including microwave plasma
enhanced CVD(MPCVD) w15–20x, thermal CVDw21–
25x, hot filament CVD and electron cyclotron resonance
CVD (ECR-CVD) w27x, can directly be used to grow
the aligned CNTs on a substrate. Moreover, the catalyst
film yparticle on the substrate can be patterned by many
methods, such as lithography, transfer printing, evapo-
ration or sputtering. The nanotubes can then be selec-
tively grown on the catalyst-patterned substrates. The
unique advantages of CVD methods, by comparing with
other methods, are no need of post-treatments, i.e.
purification and manipulation, and the ease of scaling
up for mass production. But, its main disadvantage is
the tendency to mainly form MWNTs with larger diam-
eter and more defects, instead of SWNTs. The ‘hol-



1852 C.H. Lin et al. / Diamond and Related Materials 12 (2003) 1851–1857

Table 1
Plasma pretreatment conditions for Co and Ni catalysts by MPCVD method

Specimen Catalyst Gas Flow rate Pressure Power Time
designation (thickness in nm) (sccm) (Torr) (W) (min)

P1 Co(10) H2 100 16 600 10
P2 H yN2 2 90y10 16
P3 NH3 100 9

P4 Ni (10) H2 100 16
P5 H yN2 2 90y10 16
P6 NH3 100 9

Table 2
Specimen designations of CNTs deposited by MPCVD method

Specimen Catalyst Gas Flow rate Pressure Power Time
designation (thickness) (sccm) (Torr) (W) (min)

F1 Fe foil (0.5 mm) CH yH4 2 10y100 16 960 10
F2 CH yN4 2 10y100 16 960 10

F3 Co foil (0.5 mm) CH yH4 2 10y100 16 960 10
F4 CH yN4 2 10y100 16 960 10

F5 Ni foil (0.5 mm) CH yH4 2 10y100 16 960 10
F6 CH yN4 2 10y100 16 960 10

MP1 Co(7.5 nm) CH yN4 2 10y100 16 960 10
MP2 Co(7.5 nm)ySiO (10 nm)2 CH yN4 2 10y100 16 960 10
MP3a CoSix CH yN4 2 10y100 16 960 10

Pretreatment conditions of all specimens: H 10 sccm, 16 Torr, 960 W, 10 min.2

The catalyst for specimen MP3 was prepared by coating with 7.5 nm Co film and followed by two-step rapid thermal annealing in Na
2

atmosphere at 6008C for 60 s and 7608C for 20 s to form CoSi .x

lowed’ and ‘bamboo-like’ structures of CVD-grown
MWNTs have seen investigated thoroughlyw15–38x. It
is believed that the bamboo-like MWNTs possess higher
defect density than the hollow MWNTs and the SWNTs.
The influence of nitrogen on the growth mechanism

of carbon-based materials has also been previously
investigatedw15–38x. Kurt and Karimi w39x found that
as the amount of nitrogen increases, the alignment of
the CNT lattice is gradually lost. Jung et al.w33x
proposed that the role of nitrogen would be either to
enhance the formation of graphite layer on the catalyst
surface or to increase the separation of the graphitic
layers from the catalyst. The change in the reaction
kinetics at the catalyst surface due to activated nitrogen
plays a key role for the bamboo-like CNT growth. Ma
et al. w38x and our studies by MPCVDw27x also
demonstrated that nitrogen can enhance bamboo-like
CNT formation. However, we found that the bamboo-
like CNTs can often be formed with or without the
presence of nitrogen in the ECR-CVD system. The
purpose of this work was to examine the effects of
nitrogen during catalyst pretreatment and CNT growth
stages on the structure of CNTs.

2. Experimental

To examine the role of nitrogen, three experiments
were carried out. For the first MPCVD experiment, the

Co- and Ni-coated substrates were pretreated with three
different gas compositions(i.e. hydrogen, hydrogeny
nitrogen or ammonia plasma) to compare the pretreated
catalyst surfaces. The detailed conditions are shown in
Table 1. For the second experiment, the Fe, Co and Ni
foils were subjected to CNT growth experiments with
CH yH and CHyN as source gases. The detailed4 2 4 2

conditions are shown in Table 2. The depth profiles of
the metal foil substrates after wiping off the CNTs were
analyzed by secondary ion mass spectrometry(SIMS).
For the third experiment, the catalyst pretreatment plus
the CNT growth experiments on Co- and Ni-coated Si
substrates were carried out by using both MPCVD and
ECR-CVD under different nitrogen-containing gases.
For MPCVD experiments, the temperatures of catalyst
pretreatment and CNT deposition could reach 600–650
8C due to plasma heating. For the ECR-CVD experi-
ments, the temperatures of the catalyst-coated substrate
during pretreatment and CNT deposition were;650 8C
by providing additional electrical heating, and an 875 G
magnetic field strength was applied to maintain the ECR
condition. The specimen designation, catalyst pretreat-
ment and CNT deposition conditions are shown in
Tables 2 and 3 for MPCVD and ECR-CVD, respectively.
The deposited nano-structures were characterized by
field emission scanning electron microscopy(SEM),
transmission electron microscopy(TEM), and high-
resolution transmission electron microscopy.
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Table 3
Specimen designations of CNTs deposited by ECR-CVD method

Pretreatment Specimen designa-
tion and their dep-
osition conditions

ECR1 ECR2

Catalyst Ni Co
Gas sources H2 CH4 CH yN4 2

Flow rate(sccm) 20 20 18y2
Working pressure(mTorr) 2–3 2–3 2–3
Microwave power(W) 800 800 800
DC bias(V) y100 y100 y200
Temperature(8C) ;650 ;630 ;630
Time (min) 10 15 20

3. Results and discussion

3.1. The effect of nitrogen content during plasma catalyst
pretreatment

It is known that absorption of carbon by catalyst from
the gas phase and precipitation of carbon to form CNTs
are just part of the catalytic reactions. The growth of
CNTs can involve many complicated catalytic steps
including surface conditions due to reactions in plasma
catalyst pretreatment. In order to examine the effect of
nitrogen content in the plasma pretreatment on subse-
quent catalytic reactions during CNT growth, three
catalyst pretreatment atmospheres with different nitrogen
contents were studied(as listed in Table 1). The SEM
micrographs of the catalyst-pretreated substrates are
shown in Fig. 1. For the Co catalyst, the pretreated
catalyst surfaces by three different plasma atmospheres
are depicted in Fig. 1a, b and c, respectively. It is
obvious that the pretreated surface in Fig. 1c by ammo-
nia plasma is quite different from other two surfaces,
where the plasma contains the highest percentage of
nitrogen. In other words, the higher momentum of
nitrogen plasma may give rise to a greater bombardment
energy and temperature to agglomerate or melt more
nano-particles to become bigger particles. It may follow
by reacting with the Si substrate to form Co-silicide to
become many inter-connected islands. For the Ni cata-
lyst, similar phenomena are observed in Fig. 1d, e and
f, where the particles in Fig. 1f become spherical in
shape, signifying that the melting occurs during pretreat-
ment. Different pretreatment behaviors between Co and
Ni catalysts may relate to the difference in activation
energy of reactions with the Si substrate to form silicides
of Co and Ni. This is in agreement with the fact that it
is more difficult to form Ni-silicides than Co-silicides.
It is also noted that the particle density in Fig. 1d is the
smallest among them. This may relate to lower energy
of the hydrogen plasma compared with the nitrogen
plasma attacking the Ni film to produce nano-particles.
The results here signify that the pretreatment plasma
can be used to manipulate the favorable surface condi-

tions for subsequent CNT growth. The effect of nitrogen
content in the pretreatment plasma on growth of the
catalyst-assisted CNTs is under investigation.

3.2. The effect of nitrogen on carbon diffusion during
CNT growth

There are many reports directlyw38x or indirectly
w22,33,34x; w40x to prove that the nitrogen-contained
plasma can induce bamboo-like CNT formation. How-
ever, it is well known that catalytic reactions during
CNT growth can involve very complicated processes.
The first involves the selectivity effect(composition
effect) of the catalyst, so that the same precursor through
different catalytic reactions may result in different prod-
ucts. The second involves the adsorption or absorption
on the catalyst surface, which would change the catalyst
surface energy and its electronic state. The third involves
the structure of the catalyst, such as, particle size,
crystallographic structure and surface compositions,
where the catalytic reaction is often structure sensitive.
In order to examine the effect of nitrogen on CNT

growth, three different pure metal foils(Fe, Co and Ni)
approximately 0.5 mm thick were used as substrates and
pretreated by hydrogen plasma and than followed by
CNT growth by MPCVD under CHyH and CHyN4 2 4 2

atmospheres, respectively. The detailed conditions are
shown in Table 2(specimens F1–F6). The catalyst-
assisted CNTs on metal foils were then wiped off by a
cloth with alcohol. The CNT-wiped metal foils were
followed by depth profile analyses of SIMS with a 5
Ays sputtering rate. The depth profiles of three CNT-˚
wiped metal foils are shown in Fig. 2a, c and e for a
CH yH plasma atmosphere, and Fig. 2b, d and f for a4 2

CH yN plasma atmosphere, respectively. Under a CHy4 2 4

H plasma atmosphere, it indicates that the carbon2

concentration is a rapidly decreasing function of depth;
especially showing an abrupt drop approximately 0.2
mm depth. In contrast, under the CHyN plasma atmos-4 2

phere, the carbon concentration is a more slowly
decreasing function of depth. The carbon concentration
at 0.7mm depth remains significant. In other words, the
presence of nitrogen can enhance carbon diffusion into
the catalysts. This may relate to the enhanced bombard-
ment effect of the nitrogen plasma compared with that
of the hydrogen plasma in delaying the surface passi-
vation. A clean catalyst surface from the proper bom-
bardment may provide a high diffusion site density for
carbon diffusion. Furthermore, it is noted that a signifi-
cant amount of nitrogen atoms diffuse into the Fe, Co
and Ni metal foils. This implies that the crystallographic
structure and compositional changes may also cause
variation in catalytic reactions, as mentioned in the
previous paragraph.

3.3. The role of nitrogen in bamboo-like CNT formation

It was proposed that the presence of nitrogen is a
main factor in forming the bamboo-like CNTs
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Fig. 1. SEM micrographs of the pretreated catalyst-coated substrates for different catalyst materials and pretreatment conditions:(a) Co (specimen
P1); (b) Co (specimen P2); (c) Co (specimen P3); (d) Ni (specimen P4); (e) Ni (specimen P5); and(f) Ni (specimen P6). The corresponding
insets are at the higher magnifications.

w22,33,34,38x. From SIMS analysis in the previous
section, it seems to indicate that the presence of nitrogen
can more greatly enhance the carbon diffusion. In order
to examine the role of nitrogen on bamboo-like CNT
formation, both MPCVD and ECR-CVD methods were
adopted to grow CNTs using different nitrogen contain-
ing atmospheres. The detailed deposition conditions are
shown in Tables 2 and 3 for MPCVD and ECR-CVD

methods, respectively. The results show that the bamboo-
like CNTs can only be formed with the presence of
nitrogen in the MPCVD method. In contrast, for the
ECR-CVD method, bamboo-like CNT can be produced
with or without presence of nitrogen. The typical TEM
micrographs of the bamboo-like CNTs by ECR-CVD
and MPCVD methods are shown in Fig. 3a–e for
specimens ECR1, ECR2, MP1, MP2 and MP3, respec-
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Fig. 2. SIMS depth profiles of the metal foil substrates(Fe, Co and Ni foils) after wiping off the catalyst-assisted CNTs deposited under two
different atmospheres(CH yH s10y100 sccmysccm, or CHyN s10y100 sccmysccm): (a) Fe foil, CH yH (specimen F1); (b) Fe foil,4 2 4 2 4 2

CH yN (specimen F2); (c) Co foil, CH yH (specimen F3); (d) Co foil, CH yN (specimen F4); (e) Ni foil, CH yH (specimen F5); (f) Ni4 2 4 2 4 2 4 2

foil, CH yN (specimen F6).4 2

tively. Fig. 3a shows a bamboo-like CNT without the
presence of nitrogen(CH s20 sccm only). The typical4

SEM and TEM micrographs showing the morphologies
of the bamboo-like CNTs by ECR-CVD and MPCVD
methods are depicted in Figs. 4 and 5, respectively. Fig.
4 for a sample produced using the ECR-CVD method
was taken after pressing down the CNTs to facilitate
examination, and the inset is a magnified image to show
the catalyst shape. The as-deposited CNTs are perpen-
dicularly well aligned CNTs. The bamboo-like CNTs in
Fig. 5 from the MPCVD method are spaghetti-like in
shape, where nitrogen predominates the atmosphere
(CH yN s10y100 sccmysccm).4 2

From Figs. 3 and 4, it is worth noting that the shapes
of the catalysts can be divided into three groups, i.e.
pear-like, pyramid-like and cork-like. Another fourth
group in Fig. 3e is the typical shape of base-growth
CNTs due to strong chemical bonding with the substrate.
The results show that the pear-like catalysts(Fig. 3a,
for Ni catalyst) are often found on CNTs deposited
without the presence of nitrogen by both MPCVD and
ECRCVD methods. In contrast, with the presence of
nitrogen, the pyramid-like catalysts(Fig. 3b, for Co
catalyst) are predominant on CNTs deposited by the
ECR-CVD method, and the cork-like catalysts(Fig. 3c
and d, for Co catalyst) by the MPCVD method.
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Fig. 3. TEM micrographs of the bamboo-like CNTs deposited by
ECR-CVD or MPCVD at different gas compositions:(a) Ni catalyst,
CH plasma(specimen ECR1); (b) Co catalyst, CHyN plasma4 4 2

(specimen ECR2); (c) Co catalyst, CHyN plasma(specimen MP1);4 2

(d) Co catalyst, CHyN plasma(specimen MP2); (e) CoSi catalyst,4 2 x

CH yN plasma(specimen MP3).4 2

Fig. 4. Typical SEM micrographs of the ECR-CVD grown CNTs after
pressing down the tubes(Specimen ECR1).

Fig. 5. Bamboo-like CNTs grown by MPCVD(specimen MP1).

As regards the sizes of CNTs or catalysts, it was
found that the sizes of catalysts or CNTs or both are
often smaller for CNTs deposited with CHyH than4 2

with CH yN by MPCVD or ECR-CVD methods. Such4 2

a difference in size is more obvious for CNTs grown
via MPCVD. The sizes of CNTs less than 5 nm are
attainable by MPCVD without the presence of nitrogen.
For the ECR-CVD method, the sizes of most CNTs as
in Fig. 3a are smaller than in Fig. 3b. This may be
explained by the lower bombardment energy of the
hydrogen plasma compared to the nitrogen plasma. In
other words, the higher surface temperature due to
nitrogen bombardment may enhance the agglomeration
effect causing more nano-particles to melt together to
become bigger catalysts and therefore CNTs. The smaller
catalyst was proposed to favor the growth of hollowed
CNTs w32x. Because, as the size of catalyst particle
decreases, the ratio of surface area to volume would
increase and the surface diffusion of carbon would
dominate, instead of the bulk diffusion. However, this
statement seems to be not applicable to CNTs synthe-
sized by ECR-CVD. The catalyst size of;20 nm in
Fig. 3a is small in size, but it forms bamboo-like CNTs
instead of hollowed CNTs, even though there is no
nitrogen present. As mentioned in the previous para-
graph, the bamboo-like CNTs can be formed with and
without the presence of nitrogen using ECR-CVD. The
reason behind this may be reasoned by the following
arguments: the working pressure of ECR-CVD is in the
millitorr range, lower than typical ranges used in thermal
CVD or MPCVD (1–100 Torr). It means that the carbon
concentration in the ECR-CVD system is much less,
though the concentration of the dissociated species is
higher. In other words, the activity and cleanness of the

top surface of the catalyst particles are higher in the
ECR-CVD system, and this will provide more adsorption
andyor accommodation sites on the catalyst surfaces for
diffusion of carbon species. This will greatly promote
more inner precipitation sites at the bottom surfaces of
the catalysts to form the bamboo-like CNTs.
What is the formation mechanism of the bamboo-like

CNTs? From the present results, the following parame-
ters seem to aid in promoting the formation of bamboo-
like CNTs: (1) the presence of nitrogen or other heavy
gases;(2) keeping an active and clean top surface of
the catalyst particles;(3) prolonging carbon bulk diffu-
sion of the catalysts;(4) larger catalyst size; and(5)
preventing atmospheric reactions to form a passivation
layer on the catalyst surfaces. Conditions(2) and (3)
can explain the reasons why ECR-CVD often forms
bamboo-like CNTs. The presence of nitrogen is essen-
tially to fulfill conditions (2) and(3).
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4. Conclusions

The results of the catalyst pretreatment experiments
by using three different nitrogen-containing gases signify
that the pretreatment plasma can be used to manipulate
favorable surface conditions for subsequent CNT
growth. The results of the CNT growth experiments
with Fe, Co and Ni catalyst foils as substrates and CHy4
H or CH yN as source gases indicate that the presence2 4 2

of nitrogen can enhance the carbon diffusion in the
catalyst foils. The experiments on CNT growth by both
MPCVD and ECR-CVD under different nitrogen-con-
taining atmospheres were conducted. The results show
that the presence of nitrogen can promote formation of
the bamboo-like CNTs, but they can also be formed
without the presence of nitrogen using ECR-CVD. By
comparing with hydrogen, the role of nitrogen during
catalyst pretreatment and possibly at the initial stage of
CNT growth is to promote nano-particle agglomeration
due to greater bombardment energy. The role of nitrogen
in CNT growth or bamboo-like CNT formation is
basically to prolong the passivation of the front catalyst
surface to enhance carbon diffusion.
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