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Fundamental Study of CNTs Fabrication for Charge
Storable Electrode using RF~PECVD System
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Abstract

Plasma enhanced chemical vapor deposition (PECVD) is commonly used for Carbon nanotubes (CNTs)
fabrication, and the process can easily be applied to industrial production lines. In this works, we developed
novel magnetized radio frequency PECVD systemn for one line process of CNT's fabrication for charge storable
electrode application. The systemn incorporates aspects of physical and chemical vapor deposition using
capacitive coupled RF plasma and magnetic confinement coils. Using this magnetized RE-PECVD system, we
firstly deposited Fe layer (about 200inm}) on Si substrate by sputter method at the temperature of 300[C] and
hence prepared CNTs on the Fe catalyst layer and investigated fundarnental properties by scanning electron
microscopy (SEM) and Raman spectroscopy (RS). High-density, aligned CNTs can be grown on Fe/Si

substrates at the temperature of 600[*C] or less.
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1. Introduction

Reports of the synthesis and identification of
carbon nanotubes (CNTs), multi-walled [1] and
single-walled [2], have excited great interest in
the field of carbon and related materials studies.
Extraordinary properties, such as electronic [3]
and mechanical [4] properties, have been
performed both theoretically and experimentally. It
has been important issue to search for new
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processing techniques, especially in the low
temperature  regime, which can  produce
high-quality CNTs in large quantities, while
allowing control of the fabrication process with
ease and precision. A number of techniques have
been used to synthesize CNTs including arc
discharge method [1-2), chemical vapour
deposition (CVD) [5], laser ablation [6], etc.
However, it has been shown that plasma enhanced
chemical vapor deposition (PECVD) [7] is one of
the most promising techniques for low
temperature deposition, high deposition rate,
cleanliness and low particulate levels. For low
ternperature deposition the operating gases need to
be activated using microwave, laser, radio
frequency (RF) or DC plasma to achieve
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respectable growth rates. Unless this enhanced
precursor extreme substrate
temperatures are required and this severely limits
the number of potential applications. With these
considerations in mind, an magnetized radio
frequency plasma enhanced chemical vapor
deposition (magnetized RF-PECVD) apparatus has
been set up in an effort to seek new processing
routes for high—quality and high-efficiency CNTs
production  for electrode
application. This new system incorporates aspects
of physical and chemical vapor deposition using
capacitive coupled RF
technology and magnetic confinement coils. The
capacitive coupled RF plasma source plays a role
as sputtering for Fe catalyst layer formation and
CVD for CNTs fabrication through a single line
process. A magnetic confinement coils were
incorporated to increase the plasma density around
substrate region. The confined high-density
plasma with magnetic field could affect the
properties of CNTs in a beneficial way. In this
study, CNTs properties, produced using novel
magnetized RF plasma enhanced CVD (magne-
tized PF-PECVD) system, were investigated.

activation,

charge  storable

plasma  production

2. System geometry and
description

The magnetized RF-PECVD system used to
perform CNTs fabrication consisted of magnetic
coils for plasma confinement, biased and heated
substrate and assembly reactor chamber with a
RF plasma generator and vacuum pumping system
and is shown in Fig. 1. The plasma reactor
comprised a water-cooled non-magnetic circular
stainless steel chamber with quartz windows,
which allow us to measure optical emission
spectra of the RF discharge plasma. The inner
diameter of the chamber was 250[mm]. In order to
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prevent needless plasma diffusion to the chamber
wall and thus, to enhance plasma density around
substrate region, the magnetic field was formed in
the reaction zone. Two coils, shown as coils 1 and
2 in Fig. 1, were placed coaxially surrounding the
chamber. The currents in coils 1 and 2 (It and I,
respectively) flew in the same direction. When the
current of the two coils were set as LI=I=60[A],
the magnetic field strength at the center of the
chamber was about B=250 Gauss. The heated
substrate was placed at a distance of 60{mm] from:
the powered electrode (Fe cathode), and
electrically isolated from the grounded chamber
wall in order to apply a dc bias voltage. The
substrates were pre—cleaned prior to entry into the
vacuum system where they were subjected to
additional plasma cleaning in argon plasma prior
to deposition. The plasma cleaning was carried out
at 0.1[Torr] with -300{V] DC bias voltage at the
substrate. The operating gases, such as CHy, N
and/or Oz, were introduced into the reactor with a
single gas delivery line. An RF power supply and
matching network was used to generate the
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Fig. 1. Experimental apparatus
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plasma between the two electrodes. Reflected
power was always kept to below 10[W]. The
CNTs produced were characterized using a variety
of analytical methods.

3. Experimental procedure

High quality single and multi-walled CNTs can
be synthesized on adequate catalysts, and their
size and distribution decide those of CNTs. Due to
their active catalytic function, Fe catalysts serve
as the nucleation sites for the growth of CNTs. A
Fe catalyst layer of about 200[nm] thick was
deposited from the Fe target on p-type Si (100)
wafer by using the RF sputter method. The
sputtering conditions can be optimized as follows.
The Fe film was prepared in Ar gas pressure of
50x10 [Torr], the substrate temperature of 300
[C], RF power of 500{W} and deposition time of
30{min]. The p-type Si (100) wafer having the Fe
film of about 200[nm] thick was put on the
stainless substrate stage. And hence, the plasma
chamber was pumped down to a base pressure of
5.0x10Torr] by a rotary pump, and was purged
for a few minutes with flowing nitrogen gas to
carry out plasma surface treatment on the Fe
catalyst layer. The formation of uniformly
distributed high-density nano-sized catalysts is
very important for high quality CNT synthesis
because that each nano-scale Fe particles work as
active catalysts for nucleation of CNTs. Therefore,
the plasma surface treatment was carried out in
order to form the nano-scale Fe catalysts using
the magnetized RF plasma. In this case, the RF
power was set at 400{W], while keeping the gas
pressure at S Torr). The substrate temperature
and plama treatment time were set at 600[‘C] and
10 min, respectively. Also, the magnetic flux
density near the substrate surface was about 250
G. By introducing the magnetic field to the

(10]

electrode space, the plasma generated intensively
near the target region spreads towards the
substrate along the magnetic field line, and thus
the Fe layer is subjected to a flux of bombarding
ions sufficient to cause changes in the surface
structure.  Regarding the CNT synthesis on
optimally prepared Fe catalysts, the fabrication
conditions were summarized as follows, The CNT
was prepared in a mixture gas of 80[%] CHs and
20[9] N; at a pressure of 5 Torr), Fe/Si substrate
temperature of 600[C] and RF power of 600[WI.
The magnetic fhix density near the substrate
region was about 250[G]. Deposition process was
continued for 30[min]. The CNTs samples were
evaluated using scanning electron microscopy
(SEM) and Raman spectroscopy (RS).

4. Results and discussion

Figures 2(a) and 2(b) show the images of RF
discharge taken for Nz - CH, (20[%]) gas mixtures
with RF power of 300lW] (a) and 600[W] (b). The
total gas pressure is 05[Torr]. A Fe/Si wafer
S[mm] in diameter is used as a substrate, which
is located on the anode in the CVD reactor
chamber. The optical emission spectra in these
conditions were also observed by CCD camera.

Substrate

(8) Nz-CHa (20(%])), PRF=300{W)
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Substrate

(a) N2-CHs (20{%)), PRF=600(W]}

Fig. 2. RF plasma images taken for N2-CH4
(20(%)) gas mixtures with RF power of
300(W) (a) and 600(W] (b).

In the spectrum of Fig. 2 (a), one can observe
the characteristic emission of CH radicals (390 and
430[nm]) and Cz components (515 and 560[nm]).
By performing spectral measurements in different
plasma areas, we find that intensities of Ny-related
optical emission spectral lines are nearly
independent of position, whereas intensities of
optical emission spectral lines associated with CH
and C; are significantly higher near the plasma
periphery areas. When the RF power exceeds
about 500[WI, the intense orange - yellow
emission is observed in the top part of the
discharge plasma periphery.

Fig. 3a, 3b and 3¢ show the SEM images of
CNTs synthesized using Magnetized RF-PECVD
on Fe catalysts for Nz - CHs (20[%]) gas mixtures
with RF power of 300[W] (a), 450[W] (b) and
600[W] (c). As shown in Fig. 3(c), high density
CNTs with a length of 20[um] grew on the Fe/Si
substrate. The synthesis rate was approximately
500[nmy/min]. It was found, from the results of Fig.
3b, that some carbonaceous particles or clusters
were observed in CNTs, which were grown at RF
power of 450[W]. The carbonaceous particles and
clusters were formed when the RF power
decreased below 300[W], and this did not depend
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on the substrate temperature.

(c) N2-CHs (20{%)), PRF=600(W)

Fig. 3. SEM images of CNTs synthesized using
Magnetized RF-PECVD for N2 - CH4
(20(%)) gas mixtures with RF power of
300(W] (a), 450(W] (b} and 600(W) (c)

Figure 4 shows the single phonon (first order)
Raman spectra, which were obtained using visible
photons (e.g. 5145[nm] from the Ar’ ion laser)
focused on CNTs samples with a beam size of
20lmm] using a Raman microscope. The result
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shows a microcrystalline graphite at 13498
[em')(D-band) and a crystalline graphite at
1575.3lem ')(G-band), the latter indicating the
formation of graphene CNTs. The peak at
13498[cm™] has been known to be attributed to
the carbonaceous particles, defects in the curved
graphitic sheet and tube ends. The intensity of
D-band peak is lower than that of the G-band.
This fact shows that there were few carbonaceous
particles or clusters in the CNTs synthesized in
this work. This is in agreement with the
observations in the SEM photographs of Fig. 3,
and implies that high quality CNTs have been also
synthesized in this work.
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Fig. 4. Raman spectra on CNTs samples
prepared by the magnetized RF-PECVD
system

5. Summary

A magnetized RF-PECVD system was newly
suggested for one line process of CNTs
fabrication, and some preliminary results were
investigated. The system incorporates aspects of
physical and chemical vapor deposition using
capacitive coupled RF plasma and magnetic
confinement  coils. Using this magnetized
REF-PECVD system, we firstly deposited Fe layer
(about 200[nml) on Si substrate by sputter method

124

at the temperature of 300[°C] and hence prepared
CNTs on the Fe catalyst layer and investigated
fundamental properties by scamning electron
microscopy (SEM) and Raman spectroscopy (RS).
The optimum conditions for the CNT synthesis
were found to be the gas pressure of 5[ Torr], the
CHs concentration of 20[%], the RF power of
600[W], the deposition time of 30{min], the
substrate temperature of 600[C], and the magnetic
flux density of 250[Gl. Furthermore, as the results
of optical emission analysis, the emission
intensities of CH and C; were very higher near the
plasma periphery areas, while intensities of
Ne-related emission were nearly independent of
position. It can be found, from the results of SEM
and RS analyses, that some carbonaceous particles
and clusters were seen on CNTs when the RF
power decreased below 450[W].
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