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Abstract

The growth behavior of carbon nanotubes synthesized from C,H, using thermal chemical vapor deposition method
has been investigated. The formation of catalytic cobalt nanoparticles was much enhanced when using NHj; as the
environment gas, whereas NH; introduced during nanotubes growth does not play a key role in growing the vertically
aligned nanotubes. The role of NHj is to obtain the high density of nucleation sites for nanotube growth by inhibiting
amorphous carbon generation in the initial stage of synthesis. We found unexpected behavior in terms of the length and
growth time during nanotube growth. The length of the nanotubes is inversely proportional to the size of nanoparticle

just in the initial stages of growth and thick catalyst.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have attracted con-
siderable interest because of their unique physical
properties and may potential applications [1].
Different diameter and chirality of nanotubes give
rise to diverse chemical, physical and mechanical
properties. CNTs have been synthesized by nu-
merous techniques, such as arc discharge [2], laser
ablation [3], catalytic chemical vapor deposition
(CVD) [4,5], etc. Compared to arc discharge and
laser ablation, CVD has been used to produce
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highly purified CNTs in large quantities and also
to obtain CNTs vertically aligned on substrates for
use as electron emitters. Moreover, this process
makes it possible to control the size and growth
density of CNTs by dispersing the catalyst on
substrate and adjusting the reaction parameters.
Especially, thermal CVD compared to plasma-
enhanced CVD is better for large area synthesis.
To research growth mechanism and realize device
applications, controlled growth of well-aligned
CNT is essential. The properties of CNTs criti-
cally depend on the catalyst thickness and re-
action gas.

In this work, we describe experiments that sys-
tematically explore the effect of NH; on the cata-
lyst film and vertical alignment of CNTs, and the
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effect of predeposited catalyst film on growth rate
of CNTs with growth time.

2. Experimental details

In this study, the growth of CNTs was per-
formed using a thermal CVD system already de-
scribed in [6,7]. The standard pretreatment and
growth conditions are shown in Fig. 1. Cobalt
(Co) was deposited on the silicon wafer with
thermally grown silicon oxide by r.f. magnetron
sputtering. The specimen was placed into the
quartz reactor for growing and the chamber was
pumped down to less than ~10~3 Torr using a
mechanical pump. Before reaching the growth
temperature at 750 °C, H, (80 sccm) and Ar (70
sccm) were fed into reactor. The synthesis tem-
perature and pressure were about 750 °C and 50
Torr, respectively. After the temperature and the
pressure were stabilized, NH; instead of H, was
introduced for 10 min. C,H, gas was then intro-
duced with a flow rate of 5 sccm. The growth time
was varied from 1 to 20 min. The samples were
then cooled in Ar and H, flow ambient. The above
standard pretreatment and the growth conditions
might be replaced by various conditions according
to the purpose of experiments. To investigate
CNTs, high resolution scanning electron micro-
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Fig. 1. Schematic diagram of pretreatment and growth condi-
tions employed in this study.

scopy (HRSEM, Hitachi S4300), high resolution
transmission electron microscopy (HRTEM,
JEOL, JEM-3000F), and atomic force microscopy
(AFM, Veeco, CP-R) were used.

3. Results and discussion

We observed the effect of NH; gas on formation
of Co nanoparticle during pretreatment. The scale
is the same in all the images in Fig. 2. Figs. 2a—c are
the SEM images of the morphology of Co layer
annealed at 750 °C for 10 min in H, and Ar am-
bient. The corresponding thickness of the Co layer
is4, 8, and 10 nm in images a, b, and c, respectively.
In 4 nm thick Co layer, the conglomeration effect
was observed from the heating. As the thickness of
the Co layer was increased, no remarkable change
of Co layer was observed. Figs. 2d—f show the SEM
images of the Co layer annealed at 750 °C for 10
min in NH3 and Ar ambient. The Co layer was
transformed into nanoparticles. As the thickness of
the Co layer increased from 4 to 10 nm, an average
diameter of Co particles increased and the density
of nanoparticles decreased. These results suggest-
ed that Co layer agglomerated to become large

Fig. 2. SEM images of (a)-(c) the morphology of Co layer
annealed in Hy/Ar ambient and (d)—(f) the Co layer annealed in
NH;/Ar ambient at 750 °C for 10 min: (a) and (d) Co layer of
4 nm; (b) and (e) Co layer of 8 nm; (c) and (f) Co layer of 10 nm.
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particles by thermal energy during pretreatment.
And both small nanoparticles and partially thin
layers were etched and then removed by NHj; gas.

Figs. 3a—c and d-f show the SEM images of
CNTs grown on pretreated Co layers corre-
sponding to Figs. 2d—f at 750 °C for 10 min using a
mixture of C,H,/NHi/Ar and a mixture of
C,H,/H,/Ar, respectively. The scale is the same in
all the images in Fig. 3. The vertically aligned
CNTs were grown on substrate when NH3 was not
introduced. By adding NH; gas, the growth rate of
CNTs decreases [9]. Figs. 3g-i show the TEM
images corresponding to Figs. 3d—f. The CNTs are
multiwalled CNTs with outer diameter range from
25 to 35 nm and consists of hollow compartments,
looking like a bamboo structure that is well known
in the vertical growth of CNTs on a catalytic metal
deposited substrate.

Fig. 3. (a)-(c) SEM images of CNTs grown using a mixture
of C;H,/NHj/Ar. (d)—~(f) SEM images of CNTs grown using
a mixture of C,H,/H,/Ar: (a) and (d) grown on nanoparti-
cles corresponding to Fig. 2d; (b) and (e) grown on nano-
particles corresponding to Fig. 2e; (c) and (f) grown on
nanoparticles corresponding to Fig. 2f. (g-i) TEM images of
CNTs corresponding to (d—f), respectively.

Fig. 4a shows the SEM images of the 10 nm
thick Co layer pretreated at 750 °C for 30 min in H,
and Ar ambient. The catalyst layer was agglomer-
ate with increasing treatment time when NH;
was not introduced. The size of nanoparticles was
similar to that of Fig. 2f. We pumped out H, gas
after pretreatment and introduced the chamber
with NH; (80 scem) for 0, 1 and 2 min, and then
C,H; (5 scem) and H; (80 scem) instead of NH;
were introduced. Figs. 4b—d show the SEM images
of CNTs grown for 10 min in C,H,/H,/Ar ambient
after NH; introducing for 0, 1 and 2 min, respec-
tively. It was not observed that the morphology of
pretreated catalyst was abruptly changed. The
alignment and density of CNTs was improved ac-
cording to increase introducing time of NHj.

The above experimental results indicate that
NH; gas introduced during CNTs growth doesn’t
play a key role in growing the vertically aligned
CNTs. The vertical alignment of CNTs is due to
van der Waals interactions between neighboring
CNTs along the direction normal to the substrate.
The appropriate density of nanoparticles on sub-
strate is crucial in growing vertically aligned
CNTs. A prior NH; treatment is necessary for
obtaining high density of nucleation sites for CNT
growth by inhibiting amorphous carbon genera-

Fig. 4. SEM images of (a) the 10 nm thick Co layer pretreated
at 750 °C for 30 min in H,/Ar ambient and CNTs grown for 10
min in C,H,/Ar/H, ambient after NH; introducing for (b) 0
min, (¢) 1 min and (d) 2 min.
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tion in the initial stage of synthesis, and thereby,
protects the Co particles from the cover by
amorphous carbon [10-13].

Fig. 5a shows the variations of an average di-
ameter of CNTs and catalyst with thickness of
Co layer. The diameters were measured using
HRTEM and AFM. CNTs were grown at 750 °C
for 10 min under C,H,/H,/Ar ambient after NHj;
pretreatment for 10 min. The catalyst was an-
nealed at 750 °C for 10 min in NH; and Ar am-
bient. The average roughness increased with the
thickness of Co layer. As the thickness of the Co
layer was increased from 4 to 16 nm, an average
diameter of Co nanoparticles was increased from
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Fig. 5. (a) Dependence of the average diameter of CNTs and
catalyst nanoparticles on thickness of Co layer. (b) Dependence
of the length of CNTs on growth time. CNTs were grown at
750 °C in C,H,/Ar/H, ambient after NH; pretreatment for
10 min.

52.3 to 108.8 nm. And the diameter of the CNTs
increases linearly because the diameter of the cat-
alyst tends corresponding to the diameter of the
MWNTs for thermal CVD [14].

Fig. 5b shows the length versus the growth time
for the CNTs grown at 750 °C in C,H,/H,/Ar
ambient. NH; pretreatment was carried out using
Ar (70 sccm) and NH; (80 sccm) at 750 °C for
10 min. The thickness of Co layer is 3, 6, 10, and
16 nm, respectively. We observed that the length of
CNTs varied according to the thickness of Co
layer and growth time. When the CNT’s growth
time is below 3 min, the length of CNTs is in-
versely proportional to the CNT’s diameter re-
gardless of the catalyst’s thickness. But, when
the growth time surpasses 3 min, the length of the
CNTs increases and then decreases with the
thickness of Co layer. In a case when the catalyst’s
thickness is 3 nm, the growth rate rapidly de-
creases when the growth time reaches 3 min. But
when the thickness is 6 nm and over 10 nm, there is
a prominent decrease in the CNT’s growth rate
after 7 and 10 min, respectively. This result does
not agree with previous report [8]. However, in our
experimental conditions, CNT growth cannot oc-
cur when Co layer is much thicker than 25 nm. In
general, the diffusion of carbon is mainly operative
in the growth of CNTs. Therefore, in small and
dense Co particle, the diffusion time for carbon
atoms to arrive at the growth site would become
short, resulting in accelerating the growth rate of
CNTs. When the growth time is increased, carbon
atoms cannot be adsorbed to the surface of Co
particles due to the carbonaceous particles easily
covering the surface of the Co particles and may
not easily reach the bottom of the substrate due to
the compact CNTs highly populated on the sur-
face as shown in Fig. 3. In large Co particle, the
diffusion length of carbon atoms increase and the
growth rate decrease. Finally, when the size of Co
particle is much larger than the diffusion length,
CNTs growth cannot occur.

The above experimental results indicate there is
critical thickness of catalyst showing the difference
tendency in growth rate although the critical
thickness of catalyst can be changed because the
growth conditions are dependent on the equip-
ment or research group.
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4. Summary

We have grown the vertically aligned CNTs on
Co deposited SiO, substrates using thermal at
750 °C. For the CNTs growth, the role of NHj is
to obtain high density of nucleation sites for CNT
growth by inhibiting amorphous carbon genera-
tion in the initial stage of synthesis. In case of
using the Co film deposited in a large area, the
diameter of CNTs always depends on the size of
catalyst particles. But the length of CNTs inversely
proportions to the size of catalyst particles just in
that the catalyst that is thicker than 10 nm and the
initial stage of CNTs growth though the critical
thickness and time is changed according to re-
search group. In order to realize better controlla-
ble growth of CNTs, the more quantitative
analysis of catalyst and CNTs should be investi-
gated in future study.
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