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Abstract The effects of H, flow rate during plasma
pretreatment on synthesizing the multiwalled carbon
nanotubes (MWCNTs) by using the microwave plasma
chemical vapor deposition are investigated in this study. A
H, and CH,4 gas mixture with a 9:1 ratio was used as a
precursor for the synthesis of MWCNT on Ni-coated TaN/
Si(100) substrates. The structure and composition of Ni
catalyst nanoparticles were investigated using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The present findings showed that
denser Ni catalyst nanoparticles and more vertically
aligned MWCNTSs could be effectively achieved at higher
flow rates. From Raman results, we found that the intensity
ratio of G and D bands (Ip/lg) decreases with an increasing
flow rate. In addition, TEM results suggest that H, plasma
pretreatment can effectively reduce the amorphous carbon
and carbonaceous particles. As a result, the pretreatment
plays a crucial role in modifying the obtained MWCNTSs
structures.
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Introduction

Carbon nanotubes (CNTs) [1] undoubtedly occupy a
unique position among advanced materials because of its
novel electrical, mechanical, and chemical characteristics
[2-4]. With these useful properties, CNTs are good can-
didates for various applications, such as field-effect
transistors [5], sensors [6], field-emission displays [7, 8],
and nanoscale interconnects [9].

CNTs can be synthesized by a variety of techniques,
such as arc discharge, laser ablation, and plasma-enhanced
and thermal chemical vapor depositions (CVDs) [10-13].
Although the former two techniques are suitable for large-
scale production of CNTs, they cannot be used for self-
assembly on material surfaces. CNTs synthesized by CVD
are known to be longer than those obtained by other pro-
cesses. It is possible to grow dense arrays of aligned CNTs
by CVD [14], as well. Therefore, CVD is one of the
prominent methods for synthesizing high-purity, high-yield
CNTs for practical applications. Meanwhile, control of the
CNT structure has a technical advantage in that the struc-
tural diversity leads to different electronic and mechanical
characteristics. Several attempts have been made to control
the structure of CNTs by various methods, including the
pretreatment of the metal films on which CNTs are grown
[15] and the direct control of structure by varying synthesis
parameters [16]. In particular, plasma etching can be used
to transform a catalytic layer into catalytic nanoparticles,
which might be applied to the density control of CNTs. In
addition, however, to avoid the formation of metal silicide
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at a high temperature, a buffer layer was adopted in the
annealing process [17].

In this study, the effects of H, flow rate during plasma
pretreatment on the synthesis of MWCNTSs on a Ni/TaN/Si
substrate by using a microwave plasma chemical vapor
deposition (MPCVD) system are investigated. The struc-
ture and composition of Ni catalyst nanoparticles are
investigated by using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Raman
spectroscopy equipped with a charge-coupled device
detector is used to study the effect of flow rate on the
intensity ratio of G and D bands (/p/lg), which, in turn,
measures the amounts of the amorphous carbon and
carbonaceous particles in the MWCNTs.

Experimental Details

The substrates used in the experiments were 6-inch
p-Si(100) wafers which were cleaned using standard RCA
cleaning procedures to remove chemical impurities and
particles. For the growth of MWCNTs, three steps were
followed: (1) a 7-nm layer of nickel (Ni) and a 20-nm layer
of tantalum nitride (TaN) were deposited on the substrate
in a PVD system (800 W at a sputtering pressure of 6.4 x
1073 torr). (2) the Ni-coated substrate was submitted to a
procedure called hereafter as pretreatment, which consisted
of its annealing at 550 °C for 10 min in a H, plasma. The
pretreatment was performed at different H, flow ratios
(100, 200, and 300 sccm) in a 915-MHz microwave plasma
chemical vapor deposition (MPCVD) system. This proce-
dure converted the Ni layer in Ni nanoparticles distributed
on the substrate surface. (3) Methane gas was then admitted
in the plasma chamber (90 sccm H, and 10 sccm CHy) for
the CNTs growth with the substrate kept at 550 °C for 10
min (The total pressure in the chamber was kept at 20 torr,
while the gas flow rates were increased at step 2 and 3). Ni
catalyst nanoparticles were examined by scanning electron
microscopy (SEM, Hitachi S-4000) and high-resolution
transmission electron microscopy (HRTEM, JEOL, JEM-
2100F). Synthesis of aligned MWCNTSs was investigated
by means of SEM and TEM. In addition, Raman spec-
troscopy was performed in a Renishaw 1000 Spectrometer
equipped with a charge-coupled device detector and
operated at a wavelength of 514.5 nm and at a power of
100 mW.

Results and Discussion
In this study, we confirm the strong dependence of the

catalyst morphology on the process parameters. In previous
results, there were evidences that the morphology of the

catalyst was dependent on the H, plasma treatment time
[18], H, concentration [19], and H, gas flow rate [20]. In
this article, we kept the substrate temperature (550 °C) and
treatment time (10 min) the same as in the prior report [20]
and choose the H, flow rate as the single parameter. The
synthesis of MWCNTs by CVD often involves three main
steps: (1) decomposition of hydrocarbon gas at the surface
of the catalyst nanoparticles; (2) diffusion of resultant
carbon atom in the nanoparticles to form the nucleation
seed; and (3) precipitation of carbon atoms at the nano-
particle interface to form MWCNTs. It is well known and
often proposed that the size and chemical composition of
metal nanoparticles determine the diameter and structural
nature of the MWCNTSs [21].

Ni catalyst metal layers transformed into nanoparticles
after various H, flows rate during plasma pretreatment are
illustrated in Fig. 1. From this figure, it is clearly observed
that higher H, flow rate during plasma pretreatment lead to
denser Ni catalyst nanoparticles. With etching by H,
plasma, the Ni catalyst metal layers break into small
islands. SEM observations confirm that the H, plasma
pretreatment plays an important role in promoting the
uniform formation of Ni nanoparticles. The particle sizes of
Ni catalyst metal layers treated by H, plasma etching are
about 20-30 nm, which are displayed in the cross-sectional
TEM images in Fig. 2. It is interesting to note that the
geometries of the Ni catalyst particles were obviously
affected by the H, flow rate during plasma pretreatment. As
shown in Fig. 2, at the flow rates of 100 and 200 sccm, the
Ni catalyst particles have broad-based shapes, whereas at a
flow rate of 300 sccm, the Ni catalyst particle has a
semicircle-like shape. Such a morphology difference is not
surprising because at a higher flow rate, the atoms in the
catalyst particle can move around more easily via H,
plasma etching than at a lower flow rate. In the plasma
environment, the H, plasma plays a role in reducing Ni
nanoparticles as suggested in Ref. [22]. These observations
also indicate that the geometry of a large catalyst particle
can be reshaped more easily at a higher flow rate for the
MWCNTs nucleation and growth.

Figure 3 shows the cross-sectional SEM images of the
MWCNTs grown at a 90 sccm H,/10 sccm methane
composition based on the three different pretreatments flow
rates of 100, 200, and 300 sccm, respectively. Amorphous
carbon and carbonaceous particles were decreased and
denser vertically aligned MWCNTs were obtained for a
higher flow rate pretreatment, as shown in Fig. 3. In
addition, the MWCNTSs shown in Fig. 3¢ were 30—40 nm in
diameter and several micrometers in length. From this
observation, the ability of Ni catalyst particles to change
their shape can also explain why in the present experiment
the highest density of MWCNTs was synthesized at the
flow rate of 300 sccm. We confirmed that the Ni layer not

@ Springer
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Fig. 3 SEM images of CNTs with various H, flow rate during plasma
pretreatment of (a) 100, (b), 200 and (c¢) 300 sccm

only aggregates gradually but also etches via exciting H,.
Furthermore, the significantly long lifetime in the presence
of H, can be explained by its gasification effect [23]. H, is
beneficial to keep the exposed surface clean of carbon and
prevent catalyst deactivation [24]. The size and distribution
of these nanoparticles are dependent on the flow rate of H,
during plasma pretreatment. This leads Ni particles to
become smaller at the support of H, from the same tem-
perature. Herein, it appears that a higher flow rate of H,
plasma pretreatment favors the formation of uniform Ni
nanoparticles from the SEM observations. Furthermore, the
enhancement of H, gas [20] in plasma treatment can pro-
vide extra exciting H, (H*). Therefore, much higher carbon
productivity is obtained in the presence of H,.

The structure of MWCNTSs, which is obtained from the
Ni catalyst particles treated by H, plasma at the flow rate of
300 sccm, is displayed in Fig. 4. An embryonic Ni catalyst
particle is formed in the course of H, plasma pretreatment
because of the difference of the interfacial energies
between Ni catalyst particle/substrate and Ni catalyst par-
ticle/gas, with its catalytic decomposition of CH, to
liberate carbon atoms. The change of elastic energy and
surface energy of the carbon layer caused the radius of
curvature of the Ni catalyst particle to become small. The
rising gradient of the surface energy, then enhanced
the surface diffusion of carbon atoms from the bottom to
the top of the Ni catalyst particles. Therefore, significantly,
a spindle-shaped Ni catalyst particle exists within the
MWCNTSs. The details of MWCNT growth mechanisms

Fig. 4 TEM image of CNT synthesized with the H, flow rate during
plasma pretreatment of 300 sccm
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can be found elsewhere [25]. In addition, the TEM image
reveals that there are well-graphitized layers, and the
direction of graphite basal planes is parallel to the tube
axis, as illustrated in Fig. 4.

Raman spectroscopy was used to investigate the vibra-
tional characteristics of the carbon samples. Raman spectra
of MWCNTs obtained at H, flow rate during plasma pre-
treatment of 100, 200, and 300 sccm are illustrated in
Fig. 5. All the Raman spectra display two broad bands at
1,330 cm™' (D-band) and 1580 cm™' (G-band). The D-
band is associated with the vibrations of carbon atoms with
dangling bonds in plane terminations of “disordered
graphite” or glassy carbons. The G-band corresponds to the
E>, mode of graphite and is related to the vibration of sp>-
bonded carbon atoms in the two-dimensional hexagonal
lattice of the graphite layer. In addition, the G-band indi-
cates the degree of crystallinity in the graphite structure,
whereas the intensity of the D-band represents the impu-
rities, defects, or lattice distortions in MWCNTs.

Ferrari and Robertson [26] proposed that the intensity
ratio of G and D bands (Ip/lg) is related to the sp2 carbon
cluster sizes in the graphene sheet and is nearly propor-
tional to the defect density. The Ip/I ratio is 0.96, 0.92 and
0.84, respectively, which is shown in Fig. 6. This means
that the MWCNTs present a lower degree of structural
disorder by using H, plasma pretreatment. In fact, H, flow
rate can promote the formation of uniform Ni nanoparti-
cles, and then, to control the surface morphology of the
catalyst film. Many parameters can influence the mor-
phology of the catalyst (pretreatment time, power of rf or
microwave, H, pressure, substrate temperature, catalyst
film thickness and so on), in this study we kept all of them

300 sccm

Intensity (a.u.)

100 secm

800 1000 1200 1400 1600 1800 2000
Raman shift (cm1)
Fig. 5 Raman spectra of CNTs with various H, flow rate during

plasma pretreatment. The Raman spectra of all samples show the
D-band and G-band around 1,360 and 1,580 cm_l, respectively
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Fig. 6 Ip/lg ratios of CNTs as a function of H, flow rate during
plasma pretreatment

constant and only changed the flow rate in order to indirect
check this case of Ni nanoparticles via H, plasma pre-
treatment. Results indicated that the Ip/lg ratio decreases
with increasing flow rate. From the analysis of Raman
spectra, we observed that the higher flow rate induces the
amorphization of the lattice and formation of defects in
MWCNTs, indicating the decrease of the degree of disor-
der in MWCNTs. This result is consistent with the SEM
observations. Actually, hydrogen is believed to influence
the surface orientations of the catalyst by lattice re-struc-
turing, which consequently influences the carbon deposit
structure [27-30].

Conclusions

In summary, we combined SEM, Raman and TEM tech-
niques to investigate the effects of H, flow rate during
plasma pretreatment on the synthesis of the MWCNTs.

We synthesized MWCNTs by using MPCVD on
Ni/TaN/Si substrates. From SEM observations, higher flow
rates lead to denser Ni catalyst nanoparticles. In addition,
the results of Raman spectra and TEM indicate that the
morphologies of MWCNTs transform from amorphous
carbon to a crystalline graphite structure or finite-sized
graphite structure, depending on the H, flow rate during
plasma pretreatment. A decrease in the number of defects
and optimized morphologies therefore is believed to play a
significant role in improving the field-emission character-
istics observed in the future.
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