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Free-standing aligned carbon nanotubes have previously been grown above 
700°C on mesoporous silica embedded w i th  iron nanoparticles. Here, carbon 
nanotubes aligned over areas up t o  several square centimeters were grown on 
nickel-coated glass below 666°C by plasma-enhanced ho t  filament chemical 
vapor deposition. Acetylene gas was used as the carbon source and ammonia 
gas was used as a catalyst and dilution gas. Nanotubes wi th  controllable 
diameters from 20 t o  400 nanometers and lengths from 0.1 t o  50 micrometers 
were obtained. Using this method, large panels of aligned carbon nanotubes can 
be made under conditions that are suitable for device fabrication. 

Since the first observation of carbon nano- pendicular to the glass surface. The carbon 
tubes (I), numerous papers have reported nanotube arrays are fabricated by first depos- 
studies on the yield of well-graphitized nano- iting a thin nickel layer onto display glass by 
tubes, their diameter and wall thickness (sin- radio frequency (rf) magnetron sputtering 
gle or multiple) (2-4), growth mechanisms (1 7). The carbon nanotubes are then grown - - 
( 5 ) ,  alignment (6-8), electron emission prop- 
erties (9-ll), nanodevices (12, 13), theoret- 
ical predictions (14), and potential applica- 
tions (14). Alignment of the carbon nano- 
tubes is particularly important to enable both 
fundamental studies and applications, such as 
cold-cathode flat panel displays and vacuum 
microelectronics. There was little success in 
obtaining alignment of carbon nanotubes on 
large areas until the report on the growth of 
aligned carbon nanotubes on mesoporous sil- 
ica containing iron nanoparticles via thermal 
decomposition of acetylene gas in nitrogen 
gas at temperatures above 700°C (7). How- 
ever, this high growth temperature makes this 
method unsuitable for the fabrication of car- 
bon nanotubes on glass because the strain 
point of the best display glass is 666°C (IS). 

Recently, we have successfully grown 
large-scale well-aligned carbon nanotubes on 
nickel foils at temperatures below 700°C 
(16). Here we report the growth of large- 
scale well-aligned carbon nanotube arrays on 
glass at temperatures below 666°C. These 
lower temperature growth conditions are suit- 
able for electron emission applications, such 
as cold-cathode flat panel displays, which 
require carbon nanotube emitters grown per- 
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on the nickel-coated display glass by plasma- 
enhanced hot filament chemical vapor depo- 
sition (PE-HF-CVD) (1 7). 

Scanning electron microscopy (SEM) was 
used to investigate the effect of various 
growth conditions on the morphology of car- 

Fig. 1. (A) SEM micrograph of carbon nano- 
tubes aligned perpendicular t o  the substrate 
over Large areas; growth conditions are listed in 
Table 1. (0) Enlarged view of (A) along the 
peeled edge showing diameter, Length, straight- 
ness, and uniformity in height, diameter, and 
site density. 

bon nanotubes grown on nickel-coated dis- 
play glass. The growth conditions used are 
listed in Table 1. In the first experiment, 
ammonia (NH,) was introduced during the 
first 5 min without introducing C2H,. During 
this time, plasma etching was used to reduce 
the thickness of the nickel layer, resulting in 
a thickness of (40 nm. After these initial 5 
min, acetylene (C2H,) was introduced. Im- 
mediately a color change occurred, as a result 
of the growth of carbon nanotubes. The 
growth period lasted only 10 min. In order to 
examine the orientation and alignment of the 
carbon nanotubes on the glass substrates, part 
of the carbon nanotubexovered area was 
peeled off (Fig. IA, lower left) with tweezers 
to expose the glass substrate. During peeling, 
another area was crumpled (Fig. lA, lower 
right), and a long scratch was made on the 
peeled open area (Fig. lA, lower left). Under 
visual and SEM observations, the alignment 
of the carbon nanotubes across the whole 
surface was as uniform as in the upper part of 
Fig. 1A. To estimate the carbon nanotube 
length, an SEM image was taken at higher 

Fig. 2. SEM surface morphology of the nickel 
layers. (A) Etched by NH, plasma for 3 min. (0) 
Etched by N, plasma for 3 min. (C) As-sput- 
tered smooth surface. 
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magnification along the peeled edge (Fig. 
1B). Misalignment of the carbon nanotubes 
on the peeled edge is a result of the peeling 
operation. From Fig. lB, it was estimated that 
the nanotubes were about 100 nm in diameter 
and 20 p,m in length. Given the growth time 
of 10 min, the growth rate was calculated to 
be 120 pndhour, which is about five times 
faster than the value reported in (7). When 
the sequence of gas introduction was reversed 
(that is, when C,H, was introduced first, 
followed by NH, 5 rnin later), no growth of 
carbon nanotubes was observed; only amor- 
phous carbon was formed on the nickel sur- 
face under these conditions. The amorphous 
carbon layer formed in the first 5 min in C,H, 
plasma covered the nickel surface and pre- 
vented the catalytic role of nickel, so that 
there was no growth of carbon nanotubes. It 
seems that the carbon nanotubes grow only 
when NH, is introduced first, followed by 
C,H,, or when both C,H, and NH, are intro- 
duced at the same time. We conclude that 
NH, plays a crucial catalytic role together 
with the nickel layer to promote the growth of 
the carbon nanotubes. The catalytic role of 
NH, was further confirmed by the fact that 

Fig. 3. (A) SEM micrograph of carbon nano- 
tubes grown as in Table 1. The diameters are 
clearly larger than those shown in Fig. 1B. (B) 
Enlarged view of (A) showing the diameters and 
their distributions. A site density of about lo7 
tubeslmm2 was estimated. The nickel cap of 
one nanotube located at the left is missing, as 
indicated by the arrow. Because the nickel cap 
is absent, the tube is transparent and the nano- 
tube behind it is visible through the wall. 

Fig. 4. (A) SEM micrograph showing that thin- 
ner carbon nanotubes were grown on thinner 
(15-nm) nickel-coated glass. The alignment is 
not as good as that in Fig. 38. Growth condi- 
tions for this sample are listed in Table 1. (B) 
SEM micrograph showing carbon nanotubes 
with diameters as Low as 20 nm, grown under 
the growth conditions listed in Table 1. The 
image demonstrates that when the nanotube 
diameters continue to decrease, their align- 
ment is gradually lost. 

there was also no carbon nanotube growth 
when NH, was replaced by N, gas, with the 
other conditions unchanged. The surface of 
the nickel layer after the initial NH, or N, 
plasma etching was essentially the same (Fig. 
2, A and B, respectively). The plasma etching 
conditions are listed in Table 1. For compar- 
ison, Fig. 2C shows the as-sputtered smooth 
nickel surface. It is clearly shown that both 
NH, and N, plasma etching roughen the 
nickel surface, but the roughing of the nickel 

such as storage of H, and other gases (18). 
These experiments show that the thinner the 

nickel layer, the thinner the nanotubes. To ex- 
amine M e r  the effect of nickel layer thick- 
ness on carbon nanotube growth, another pair 
of experiments was started with a nickel layer 
of only 15 nm (Table 1). In one experiment, we 
again used plasma etching to reduce the nickel 
thickness by introducing NH, first and intro- 
ducing C2H2 20 rnin later. SEM micrographs of 

carbon nanotubes grown under the conditions 
listed in Table 1 (Fig. 4, A and B) show clearly 

surface is not responsible for the nucleation 
and growth of carbon nanotubes. 

that the diameters of the nanotubes are depen- 
dent on the nickel layer thickness. The typical 

In order to examine the effect of the thick- 
ness of nickel layer on the growth of carbon 
nanotubes, C,H, and NH, were introduced at 
the same time in the second experiment (Ta- 
ble 1). Under these growth conditions, no 
plasma etching occurred and the nickel layer 
remained 40 nm thick. The diameters of the 
carbon nanotubes (Fig. 3A) were much larger 
than those shown in Fig. 1B. From Fig. 3B, 

diameter in Fig. 4A is only about 65 nm, as 
compared to 240 nm in Fig. 3B. In addition, the 
alignment in Fig. 4A is not as good as in Fig. 
3B. A comparison of Figs. 4A and 4B dernon- 
strates that 20 rnin of plasma etching reduced 
the thickness of nickel layer, which in turn 

Table 1. Growth conditions for nanotubes as shown in Figs. 1 through 4. 

we estimate that the outside diameters of the 
carbon nanotubes ranged from 180 to 350 nm C,H,lNH,lN, 

(SCCM) 
Filament Plasma intensity Growth time 

current (A) (AIVIW) (min) and that most of the carbon nanotubes were 
about 250 nm in diameter. This experiment Fig. 1, A and B 

0116010 followed by 80/16010 clearly shows that nickel thickness plays a 
very important role in determining the diam- 

Fig. 2A 
0116010 

Fig. 2B 
0101296 

Fig. 3, A and B 
801 16010 

Fig. 4A 
40/16010 

Fig. 48 
0116010 followed by 80116010 

eters of the carbon nanotubes. The catalytic 
role of nickel is also clearly shown by the 
nickel cap on the tip of each nanotube (Fig. 
3B). One carbon nanotube, indicated by an 
arrow in Fig. 3B, did not have a nickel cap. 
We conclude that the carbon nanotubes were 
empty and had very thin walls, because an- 
other carbon nanotube is visible behind the 
capless one through its wall. These large carbon 
nanotubes may be useful for applications 
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Further evidence of a hollow core is 15. L C. Lapp. D. M. Moffatt. W. H. Dumbaugh. P. L 

Fig. 5. HRTEM images showing the interior and 
wall structures of a typical thin carbon nano- 
tube. (A) Cross-section view. (B) Plan view. 

resulted in even thinner carbon nanotubes with 
typical diameters of only about 20 nm. The 
comparison also shows that the alignment starts 
to worsen drastically when the nanotube diarn- 
eter is reduced to 20 nm. Therefore, for appli- 
cations requiring good alignment, diameters 
should be larger than 50 nm. 

We used high-resolution transmission 
electron microscopy (HRTEM) to determine 
the interior and wall structures of the carbon 
nanotubes (19). Figure 5A shows a cross- 
section view of a typical thinner carbon nano- 
tube. The outside diameter of this carbon 
nanotube is nearly 30 nm. It clearly shows 
that the nanotube is a multiwalled centrally 
hollow tube, not solid fiber. The fringes on 
each side of the tube represent individual 
cylindrical graphitic layers. This particular 
carbon nanotube is a structure with approxi- 
mately 15 walls of graphitized carbon. Both 
the angular bend in the structure and the 
appearance of carbon walls running across 
the diameter of the nanotube demonstrate 
structural defects suggestive of twisting of 
the nanotube structure. The lack of fringes 
inside the tube, as well as the lighter contrast 
as compared to the nanotube walls, indicate 
that the core of the structure is hollow. 

shown in Fig. 5B. This is a plan view 
HRTEM image of a single carbon nanotube 
structure (19). Here we can more clearly see 
the hollow nature of the nanotube, again rep- 
resented by the lighter contrast of the inner 
core. The disorder seen in the wall fringes 
circumventing the hollow center is most like- 
ly caused by the twistlike defects throughout 
the carbon nanotube length, as shown in Fig. 
5A. These HRTEM images definitely show 
that the structures reported in this paper are 
hollow multiwalled carbon nanotubes with 
defects existing along the tube. The defects of 
bending and twisting of the thin carbon nano- 
tubes shown in Fig. 5, A and B, are consistent 
with the SEM observation shown in Fig. 4B. 

The growth mechanism of aligned cahon 
nanotubes is ascribed in the literature to con- 
straint of the pores in either mesoporous silica 
(7) or laser-etched tracks (8). However, in our 
experiments the alignment of the carbon nano- 
tubes cannot be due to pores (7) or etched 
tracks (8) because there are no pores (7) or 
etched tracks (8) in our glass substrates, but is 
rather due to a nanotube nucleation process 
catalyzed by ammonia and nickel. In the pres- 
ence of ammonia, each nickel cap efficiently 
catalyzes the continuous synthesis of carbon 
nanotubes. As the nanotubes grow, the nickel 
cap remains on the tip of each. The alignment 
and thickness of the carbon nanotubes may be 
determined by the orientation and size, respec- 
tively, of the initial catalytic centers. With this 
method, we can envision the synthesis of large 
panels of well-aligned carbon nanotubes for use 
in many applications. 
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