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Growth of aligned carbon nanotubes by plasma-enhanced chemical vapor
deposition: Optimization of growth parameters
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Direct-current plasma-enhanced chemical vapor deposition~CVD! with mixtures of acetylene and
ammonia was optimized to synthesize aligned carbon nanotubes~CNTs! on Co- or Ni-covered W
wires with regard to wire temperature, wire diameter, gas pressure, and sample bias. A phase
diagram of CNT growth was established experimentally in this optimization process. It was revealed
by transmission electron microscopy that Co-catalyzed CNTs encapsulated a Co carbide
nanoparticle at their tip, disagreeing with a previous report that Co particles were located at the base
of CNTs CVD grown on Co-covered Si substrates@C. Bower et al., Appl. Phys. Lett.77, 2767
~2000!#. This leads to the conclusion that the formation mechanism of aligned CNTs depends
significantly on the catalyst support material as well as the catalyst material itself. Since the sample
bias strongly affected the morphology of CNTs, the selective supply of positive ions to CNT tips
was possibly responsible for the alignment of growing CNTs. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1382848#
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I. INTRODUCTION

Since their discovery by Iijima,1 carbon nanotubes
~CNTs! have attracted great attention in materials scie
and technology. Due to their high aspect ratios, small
radii of curvature, and high chemical stability, CNTs are e
pected to be very promising as field electron sources, e
for flat panel displays.2,3 In the practical application of CNTs
as field electron sources, aligned CNTs should be grown
rectly onto the desired locations of a large substrate.

Li et al.4 first demonstrated that aligned CNTs can
grown directly on Fe nanoparticles embedded in mesopo
silica by chemical vapor deposition~CVD!. Efforts have
since been made to synthesize aligned CNTs on various
strates using CVD-based techniques.5–11 Recently, severa
groups applied these techniques to the selective and d
growth of aligned CNTs on patterned substrates.12–14 Thus,
CVD-based methods might be promising as techniques
align CNTs for their field emission applications. Very r
cently, we synthesized aligned CNTs on W wires cove
with Co or Ni films using direct-current~dc! plasma-
enhanced CVD~PECVD!, and were able to optimize th
growth conditions of aligned CNTs. In this optimization pr
cess, we noticed that positive ions in plasma played a
role in controlling the growth morphology of CNTs, and th
CNTs grew on Co-covered W wires via so-called tip grow
mode.15–17 In what follows, we report these recent finding

a!Electronic mail: tanemura@system.nitech.ac.jp
1520021-8979/2001/90(3)/1529/5/$18.00

loaded 26 Aug 2010 to 133.68.192.94. Redistribution subject to AIP licens
e
p
-
.,

i-

us

b-

ct

to

d

y

including a phase diagram of CNT growth experimenta
determined for a C2H2– NH3 /W-wire system.

II. EXPERIMENTAL DETAILS

Figure 1 schematically shows a dc PECVD system u
for growing CNT. A W wire spot-welded to two stainles
steel rods is set at a distance of;10 mm from a disc elec-
trode of Co or Ni~wire diameters employed were 10–10
mm!. After evacuating the CVD chamber to 131025 Torr or
lower, a thin film of Co or Ni~;80 nm thick! catalyzing the
CNT growth was deposited onto the W wire b
Ar1-sputtering the disk electrode at 0.1 Torr. Mixtures
C2H2 and NH3 ~0.012–2.4 Torr! were then introduced to the
reevacuated chamber. The partial pressure ratio of C2H2 and
NH3 was always kept at 1:2. Application of a negative
potential~2500 V! to the resistively heated W wire induce
a glow discharge, growing CNTs on the W wire. The CN
growth behavior was investigated at wire temperatu
~growth temperatures! from 300 K to 1200 K. The growth
duration was 20 min. The morphology and structure
samples thus prepared were determined by scanning ele
microscopy ~SEM! and transmission electron microscop
~TEM!, respectively. For TEM, CNT-covered W wires we
directly mounted on a sample holder.

III. RESULTS AND DISCUSSION

A. Optimization of growth temperature

Figure 2 shows typical SEM images of Co-coated
wires after PECVD at different growth temperatures. CN
9 © 2001 American Institute of Physics
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aligned themselves perpendicular to the wire surface a
narrow temperature range of 750–800 K@Fig. 2~b!#. No
CNT formed on wire surfaces at the temperatures outs
this range @Figs. 2~a! and 2~c!#. The diameter, average
length, and site density of the CNTs in Fig. 2~b! were 20–
130 nm,;5 mm, and;63107 mm22, respectively. The op-
timum temperature for aligning CNTs was independent
the catalyst material, CVD pressure, and wire diameter. C
growth was limited to the catalyst-covered area on the w
surfaces~Fig. 3!, suggesting that the growth area of CNTs
easily controllable by the selective deposition of catal
film.

Figure 4 shows the TEM image of a typical CNT grow
on a Co-covered surface, proving that the CNT actually p
sesses a tubular structure. The tip of the CNT is closed
encapsulates a nanoparticle~arrowhead!. The electron-
diffraction pattern~EDP! of the tip area~inset in Fig. 4! is
composed of regularly arranged spots, ensuring the mo
crystallinity of the nanoparticle. By careful analysis, the sp
arrangement was confirmed to match the (210̄) reciprocal
lattice net of Co3C ~tri-cobalt carbide!, allowing us to con-
clude that the CNTs grown with Co catalyst encapsulate
cobalt carbide nanoparticle at their tip.

No structural difference was recognized between C
and Ni-catalyzed CNTs. For the Ni-catalyzed CNTs, ho
ever, the nanoparticles occupying the CNT tips were pure
as determined by EDP, i.e., the carbide formation did
take place for Ni-catalyzed CNTs. This result may reflect
fact that there exists no stable carbide in the Ni–C ph
diagram.18

The encapsulation of a nanoparticle at CNT tips sugg
that CNTs grew via the so-called tip growth mechanism.15–17

In this mechanism, carbon species produced by the ads
tion and decomposition of C2H2 on the ‘‘front-exposed’’ sur-
face of catalyst nanoparticles diffuse around the nanopar
surface and/or through the nanoparticle, and ultimately p
cipitate at the ‘‘rear’’ of the nanoparticle to form a CNT~Fig.
5!. Thus, the catalytic nanoparticle is raised from the s
strate surface. Such an encapsulation of nanoparticle
CNT tips has been reported for CNTs CVD grown with

FIG. 1. Schematic diagram of the experimental setup for PECVD. Du
metal deposition, the disk electrode was kept at24 kV.
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FIG. 2. SEM images of Co-coated 30mm wire surface after PECVD at
C2H2 /NH350.2/0.4 Torr. Growth temperature:~a! room temperature,~b!
750 K, and~c! 1200 K.

FIG. 3. SEM image of CNTs grown on a Co-patterned 30mm wire surface
after PECVD at C2H2 /NH350.2/0.4 Torr. Growth temperature:750 K.
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and Pd catalysts.6,7,12 Bower et al., however, synthesized
CNTs on Co-covered Si using microwave PECVD of a m
ture of C2H2 and NH3, and found no particle at the CN
tips.10,13They detected by TEM Co particles, not cobalt c
bide particles, at the base of CNTs, and concluded that C
grew on Co-covered Si via the so-called base grow
mechanism.15,19 We suppose that the formation mechanis
of CNTs strongly depends on the catalyst support materia
well as on the catalyst itself.

FIG. 4. TEM image of a Co-catalyzed CNT grown on a 30mm wire by
PECVD at 750 K; C2H2 /NH350.2/0.4 Torr. Inset: EDP from the CNT top
region.

FIG. 5. Schematic representation of the tip-growth mechanism of CN
loaded 26 Aug 2010 to 133.68.192.94. Redistribution subject to AIP licens
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B. Effect of CVD gas pressure and wire diameter

The effect of CVD gas pressure up to 2.4 Torr (C2H2

<0.8 Torr, NH3<1.6 Torr) on the growth behavior of CNT
was examined at the optimum temperature previously
scribed. Since the partial pressure ratio of C2H2 and NH3 was
always kept at 1:2, we hereafter represent the PECVD p
sure with C2H2 pressure (Pace).

With Ni catalyst, densely distributed aligned CNTs cou
be grown on 10mm wires atPace50.1– 0.3 Torr, but no CNT
at Pace,0.1. The CNTs increased their length asPace in-
creased. The average length of CNTs grown atPace

50.3 Torr was up to 6mm. Lengthened CNTs aggregate
into conical shaped bundles on a 10mm wire at Pace

50.4 Torr~Fig. 6!. On a 30mm wire, by contrast, CNTs even
aligned atPace as high as 0.8 Torr. Thus, the optimum pre
sure range for aligned CNT growth crucially depended
the wire diameter.

Compared with Ni catalyst, Co catalyst shifted the op
mum pressure zone to a lower side. On 10mm wires, CNTs
aligned atPace,0.2 Torr, while conical shaped bundles an
stalactitelike structures~arrowheads in Fig. 7! formed at
Pace50.2 and 0.8 Torr, respectively. By contrast, align
CNTs grew atPace<0.2 Torr~see Fig. 2! on 30mm wires and
even atPace50.8 Torr on thicker wires.

.

FIG. 6. SEM image of 10mm wire surface after PECVD at 750 K
C2H2 /NH350.4/0.8 Torr. Catalyst: Ni.

FIG. 7. SEM image of 10mm wire surface after PECVD at 750 K
C2H2 /NH350.8/1.6 Torr. Catalyst: Co. Arrowheads indicate typical stala
titelike structure.
e or copyright; see http://jap.aip.org/about/rights_and_permissions



in
n
e

st
o
r
u
ys

ss

wt

D

ly
hi

he
y

th
te
re

s
ve
w
th
th
a

of

d
sur-

of
ed
o-
-
h

al
-
d

re
.

1532 J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Tanemura et al.

Down
A phase diagram of the C2H2–NH3/W-wire system for
CNT growth determined with the aid of SEM is presented
Fig. 8. In the figure, experimentally determined upper a
lower limits of pressure for the CNT alignment are also d
picted as a function of the wire diameter. For both cataly
with an increase in the wire diameter, the upper limit f
aligned CNT rises, resulting in a wider optimum pressu
regime. The synthesis of aligned CNTs on wide-area s
strates will therefore readily be achieved in our PECVD s
tem.

C. Effect of sample bias

To elucidate the role of plasma in the PECVD proce
CVD with and without plasma atPace50.2 Torr were carried
out for Co-coated 30mm wires. This combination of the
pressure and wire diameter is one of the optimum gro
conditions of aligned CNTs~see Fig. 8!. As previously dem-
onstrated, CNTs grown by CVD with plasma, or PECV
were well aligned and densely distributed@see Fig. 2~b!#. By
contrast, CNTs due to CVD without plasma, namely, pyro
sis of hydrocarbon gas, were sparsely distributed and ex
ited a complicated growth mode@Fig. 9~a!#. Some of them
were characterized by helical or looped structures. A hig
CVD pressure merely led to an increase in the site densit
lengthened CNTs of random figure@Fig. 9~b!#. Such a ran-
dom configuration has been reported for CNTs grown by
pyrolytic decomposition of hydrocarbon gases at eleva
temperatures.20–23Since pyrolysis methods generally requi
higher temperatures ~900–1300 K! for CNT
growth,4,5,11,14,20–23CVD at temperatures up to 1200 K wa
also examined. Well-aligned CNTs were, however, ne
formed by pyrolysis in our experimental system. Thus,
may conclude that plasma-composing positive ions, ra
than radicals or excited molecules, play a decisive role in
alignment of growing CNTs. To confirm this conclusion,
positive potential~500 V! was applied to a 30mm wire

FIG. 8. Phase diagram of the C2H2–NH3/W-wire system for CNT growth.
Solid and dashed lines indicate empirical demarcation lines of pressu
aligned CNT growth for Co~s, d! and Ni ~n, m! catalysts, respectively
NG indicates nongrowth or nonaligned.
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sample to induce plasma during CVD atPace50.2 Torr. As
expected, no CNT was grown by this inverse mode
PECVD @Fig. 9~c!#.

As is well known, an electric field is locally enhance
around protrusions present on an electrostatically biased
face. This suggests that the electrostatic field at the tips
CNTs would be strong enough to attract positively charg
ions to their tips. In fact, for a fiber 40 nm in diameter pr
truding from a biased~2500 V! substrate surface, for ex
ample, the field strength~F! at the tip is estimated to reac
53107 V/cm from a calculation widely used for CNT field
emitter tips:24,25

F5V/~ar 0!,

where V, a, and r 0 are the bias potential, the geometric
factor ~usually a55 for CNTs!, and the tip radius, respec
tively. Positive ions in CVD plasma would therefore be fe

of

FIG. 9. SEM images of Co-coated 30mm wire surface after~a!, ~b! CVD
without plasma, and~c! inverse mode PECVD. C2H2 /NH3 pressure:~a!, ~c!
0.2/0.4 Torr, and~b! 0.8/1.6 Torr. Growth temperature: 750 K.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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selectively to tips rather than to tube bodies. This selec
supply of positive ions might reduce the lateral mechan
stress exerted on the tube, and hence align CNTs along
field lines.

IV. CONCLUDING REMARKS

DC PECVD with C2H2 and NH3 gas mixtures was opti
mized to synthesize aligned CNTs on Co- or Ni-covered
wires with regard to wire temperature, gas pressure, w
diameter, and sample bias. Each aligned CNT tip was cap
with a Co carbide or Ni nanoparticle, suggesting that
tip-growth mode dominated in the Co and Ni/W wire syste
The optimum PECVD temperature~750–800 K! was inde-
pendent of catalyst material, PECVD pressure, and wire
ameter. The optimum pressure region for aligned C
growth became wider with an increase in wire diameter,
plying that the fabrication of aligned CNTs on large-ar
substrates would readily be achievable in our PECVD s
tem. Excess PECVD pressures led to the aggregation
lengthened CNTs into conical and stalactitelike structur
Since the sample bias significantly affected the morphol
of CNTs, our final conclusion is that the selective feeding
positive ions to CNT tips is responsible for the alignment
growing CNTs.
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