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For the practical application of carbon nanotubes
to electron emtter, especially for field emission dis-
plays (FEDs), the achievement of vertically well-
aligned carbon nanotubes is prelerential'™ Due (o
the vertical stability of a geometrical dimension,
multi-wall, mstcad ol single-wall, could give the
lacility for the formation of vertically well-ahigned
carbon nanotubes. Conscquently, multi-walled car-
bon nanotubes would be regarded as the promising
candidates for the nanotubes field emitter in FED.!
llowever. even i multi-walled case, the alignment
of carbon nanotubes as a vertical-tvpe directly onto
the substrate surface would be a difficult barrier to
OVETCOMe,

To practically achieve the vertical alignment of
carbon nanelubes onto the subsirate surface, the
carbon nanolubes should be produced and simulta-
neously verlically aligned onto the substrate sur-
lace. The manipulation of as-fonmed carbon nanotubes
as a vertical-type onlo the substrate surlface might
not be a good choice tor the practical application,
because 1t needs an accurate skillful techmque.
Recently, the plasma technique has been chosen as
an adequate method to provide a simultaneous reac-
tion process for carbon nanotubes formation with
vertical alignment.” In detail, the application of the
negative hias vollage during the plasma reaction has

been reported to align carbon nanotubes as a verti-
cal direction to the substrate surface.”

This work presents one of the possible methods
Lo achieve a well-alignment ol carbon nanotubes as
a vertical direetion Lo the substrate. We applied neg-
ative high bias voltage durmg microwave plasma
cnhanceed chemical vapor deposition reaction. Fnally,
we achieved the vertically well-aligned carbon nan-
otubes bundles directly onto the substrate surface.
Based on these results, we discussed the causes for
carbon nanotubes formation according to the reac-
tion process,

EXPERIMENTAL SECTION

We deposited carbon nanotubes tilms on the nickel
coated 1.0x1.0mm* Si substrate in a horizontal-
type MPECVD syvstem. Nickel coating could be
achicved by radio frequency (RF) sputlering svs-
tem. In RF-spultering experiment, we used Ar gas
with 30 mTorr total pressure under 300 W RFE
power condition. The thickness of nickel on 81 sub-
strate 1s about 100 nm atter 10 min sputtering.

Before the carbon nanotubes deposition reaction.
we cleaned the substrate with 11 plasma for a few
minutes. CI1, and 11, were used as source gases. [o
clucidate the ettect of the bas voltage on the Torma-
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Table 1. Experimental conditions ol carbon nanotubes lormation

Microwave Source Flow rates of  Substrate Tatal Reaction
Kinds ot samples power 2ases SOLICE 2ases Temp. Pressure time
Sample without bias CII,. CH,: 30 sccm
voltage 300 W 11, I1,: 170 scem 7001C 10 Tarr [0 min
Sumple with bias voltuge CH.. CH,: 2.5 scem
(-400 V) 600 W 11, I1;: 537.5 scem 900C 80 Torr 3 min

tion of the vertical alignment of carbon nanotubes,
we deposiled carbon nanotubes via two different
ways, namely, cither the presence of hias vollage or
without bias voltage. 7abfe | shows the experinen-
tal conditions of carbon nanotubes formation according
to the ditterent reaction process.

‘The detailed morphologies of carbon nanotubes
were investigated by using field emission scanning
electron microscopy (FESEM),

RESULTS AND DISCUSSION

Alter 10 min deposition reaction, we lirst imvest-
gated the surface mmages of as-deposited carbon
nanotubes {ilms onto the substrate. Fig. 1 shows
SEM image ol carbon nanotubes on nickel coated
St substrate without applied bias voltage. The cracked
image m Fig. 1 would be due to the damaged nickel
layer by the plasma. As previous report, the cracked
surface of nickel layer 15 indispensable to initiate
the growth of carbon nanotubes.” The injection of
carbon species into the crack of nickel laver could

#ig. 1. SEM image of carbon nanotubes on nickel coated Si
substrate without apphied bas voltage.

mitiate the fomation ol the carbon nanotubes on S1
substrate by the catalytic cffeet of mickel. And then,
carbon nanotubes could grow on the St substrate
surface with the nickel capped on the end position
of carbon nanotubes.”

In this case, we could only observe the formation
of the relatively large size (diameter = ~100 1un)
carbon nanotubes on the substrate. The large size
diameter indicates that it must be a multi-walled
nanotubes, Unfortunately, we could not obtain the
vertical-type carbon nanotubes alignment onto the
substrate surface under this condition. On the other
hand. carbon nanotubes places hornzontallv. The
nuniber density ol carbon nanotubes under this con-
dition 1s not so high.

We consider that the cause for the large size
diameter and the low density ol carbon nanotubes
on the substrate may be attributed to the amount of
nickel. It was reported that the diameter of carbon
nanotubes increased with increase the thickness of
the metal laver on the substrate.'¥ After deposition
reaction, we could obviously observe a thick nickel
laver with cracks. These results obviously reveal
that a large amount of nickel would be existed dur-
mg carbon nanotubes formation reaction. So, a rel-
atively large size nickel cluster, instead of small size
nickel clusters. can be formied and it tends Lo partice-
ipate in the formation of carbon nanotubes. Conse-
quently, a large size diameter of carbon nanotubes
can be produced. Furthermore, due to the lack of
optimal size nickel clusters for carbon nanotubes
formation, the number density of carbon nanotubes
on the substrate would be a low.

Fig. 2 shows SEM mmage of carbon nanotubes on
mckel coated S1 substrate under the condition of the
presence of applied bias voltage. The high-magni-
fed 1image was also shown in the inset of 79g. 2. In
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Fig. 2. SEM image of carbon nanotubes on nickel coated Si
substrate with applied negative bias volage (—300 V). The
high-magnified image was also shown in the inset.

this case, we applied negative high bias voltage
(=400 V) duning carbon nanotubes formation reac-
tion. Detaled experimental conditions were shown
n Table 1. As shown m Fig. 2, we could readily
abserve the high density of carbon nanotubes for-
mation. Noticeably, carbon nanotubes uniles n
groups and lorms bundles. I'urthenmore, these bun-
dles well align as a vertical direction to the substrate
sirface. Actually. these bundles were composed numer-
ous carbon nanotubes as shown in the inset of Fg.
2. Although the exact mechamsm of carbon nano-
tubes bundles formation cannot be well identified,
we are sure that these kinds of morphologies would
be suilable for the clectron emitter application. For
example, the cone-type shape like this one seens to
be suitable for the fabrication of clectron emitter
gun. In addition, this shape can be applicable to use
as a tip of scanning probe microscope,

The number density of carbon nanotubes 1s much
more enhanced than that under no bias voltage con-
dition. On the other hand, the diameter (~ 20 nm) of’
carbon nanotubes is reduced, as compared with that
under no bias voltage condition. In addition, as shown
m Fig. 2, we did not observe any cracked swrface
image like that of Fig. 1.

The causes for these results may be attributed to

the cffeet of negative high bias vollage. Negative
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high bias vollage application 1o the substrale can
induce high plasma densitv on the surface of the
substrate. So, during plasma reaction, the surface
temperature of the substrate might be high enough
for melting nickel laver. And then, the melted
nickel would be etched awav by the plasma or it can
participate as a catalyst to fonm carbon nanotubes,
No image coneerming the cracked surlace ol Fig. 2
conlimis that the amount ol nickel would be
decrcased dunng nanotubes [ormation. Indeed. 1t
was reported that a few amounts of nickel nan-
ograins on the substrate was sullicient to form the
high density of carbon nanotubes.® Therctore, due
to the decrease of nickel density and the high sur-
face temperature of the substrate, relatively small
size nickel clusters can be readily formed. Conse-
quently, the possibility for the tormation of a rela-
tively small size (~ 20 nm) carbon nanotubes during
plasma reaction can be increased. Furthermore, the
lfacility Tor formuing small size nickel cluster would
be enhanced by the application of negative high
bias voltage. Therelore, the number density of car-
hon nanotubes would be enhanced, Vertically well
alignment and the formation ol carbon nanotubes
bundles were also considered to be due to negative
high bias voltage application during carbon nano-
tubes formation.

CONCLUSIONS

Without bias application, we could merely observe
the relative large size (=100 nm) carbon nanotubes
onto the substrate surface. They merely place onto
the substrate swrtace as a hornzontal-type. On the
other hand. vertically well-aligned carbon nano-
tubes bundles on nickel coated Sisubstrate could be
obtained in MPLECVD system by the application of
the high negative bias voltage. Negative bias volt-
age application was considered to enhance the num-
ber density of carbon nanotubes with the reduction
of the diameter size. In addition. vertically well
alignment and the formation of carbon nanotubes
bundles were also considered to be due to negative
high bias voltage application duning carbon nano-
tubes formation.
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