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Abstract
The effects of H2 plasma pretreatment on the growth of vertically aligned carbon nanotubes (CNTs) by varying the flow rate of the precursor gas

mixture during microwave plasma chemical vapor deposition (MPCVD) have been investigated in this study. Gas mixture of H2 and CH4 with a

ratio of 9:1 was used as the precursor for synthesizing CNTs on Ni-coated TiN/Si(1 0 0) substrates. The structure and composition of Ni catalyst

nanoparticles were investigated by using scanning electron microscopy (SEM) and cross-sectional transmission electron microscopy (XTEM).

Results indicated that, by manipulating the morphology and density of the Ni catalyst nanoparticles via changing the flow rate of the precursor gas

mixture, the vertically aligned CNTs could be effectively controlled. The Raman results also indicated that the intensity ratio of the G and D bands

(ID/IG) is decreased with increasing gas flow rate. TEM results suggest H2 plasma pretreatment can effectively reduce the amorphous carbon and

carbonaceous particles and, thus, is playing a crucial role in modifying the obtained CNTs structures.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) undoubtedly have become one of

the most studied advanced materials because of their novel

electrical, mechanical and chemical characteristics. Potential

applications harvesting the unique properties of CNTs have

already been explored in fields such as the field-effect transistor

[1], sensor [2,3], field emission display [4,5] and nanoscale

interconnects [6].

Many methods have been developed to prepare the catalysts

and to grow the CNT, such as high pressure arc [7], laser

ablation [8], thermal chemical vapor deposition (CVD) [9] and
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plasma-enhanced CVD (PECVD) [10], reasonably to control

the catalysts; sizes and densities of CNTs are decided by those

of the catalysts. Among these, PECVD methods are particularly

attracting due to their specificities, for example vertical

alignment of CNTs production, low synthesis temperature as

compared to arc, laser ablation, CVD, etc., and well-controlled

as patterned for nanotubes [11–17]. On the other hand, long and

dense arrays of aligned CNTs can readily be obtained by CVD

processes [18,19]. Consequently, CVD has become one of the

prominent methods to synthesize high purity, high yield CNTs

for practical applications.

Nevertheless, depending on the detailed process parameters,

the structure of the obtained CNTs and, hence, their associated

electronic and mechanical properties are diversified and,

sometimes, controversial. There have been several attempts

in trying to control the structure of CNTs by methods including
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the pretreatment of the metal films used for CNTs growth or

direct control of structure by varying synthesis parameters [20–

28]. For the former, the plasma etching transformed the metallic

catalytic layer into catalytic nanoparticles and was applied to

control the density of CNTs [29]. However, in order to avoid the

formation of metal silicide at high temperatures, buffer layer

was adopted in the annealing process [21]. Herein, the effects of

H2 plasma pretreatment on the growth morphology and

structure of CNTs synthesized on Ni/TiN/Si substrates by

using the microwave plasma chemical vapor deposition

(MPCVD) method are systematically investigated in this

article.

2. Experimental details

The substrates used in the experiments were 6-in. p-Si(1 0 0)

wafers, which were cleaned by using the RCA standard clean

procedures to remove chemical impurities and particles. The

RCA clean is the industry standard for removing contaminants

from wafers. Here, the RCA cleaning procedure has three major

steps used sequentially: (I) Organic Clean: removal of insoluble

organic contaminants with a 5:1:1 H2O:H2O2:NH4OH solution;

(II) Oxide Strip: removal of a thin silicon dioxide layer where

metallic contaminants may accumulate as a result of (I), using a

diluted 50:1 H2O:HF solution; and (III) Ionic Clean: removal of
Fig. 1. SEM images of Ni catalyst nanoparticles at the various H2 pla
ionic and heavy metal atomic contaminants using a solution of

6:1:1 H2O:H2O2:HCl.

A 20-nm thick layer of TiN followed by a 7-nm thick layer of

Ni was deposited on the cleaned substrate with a power of

800 W at a sputtering pressure of 6.4 � 10�3 Torr. A 915 MHz

microwave plasma chemical vapor deposition (MPCVD)

system was used to grow CNTs. The base pressure of the

system was better than 2 � 10�3 Torr. During the growth of

CNTs, the substrates were heated using a graphite heater. The

experiment details are as follows: first, we obtained the Ni-

coated substrates (Ni/TiN/Si) from PVD deposition and second,

the Ni-coated substrate processed via H2 plasma pretreatment at

550 8C for 10 min with various H2 flow rates, namely 200, 300

and 400 sccm. Herein, the Ni catalyst layer was converted into

nanoparticles, which were examined by the scanning electron

microscopy (SEM, Hitachi S-4000) and the high-resolution

transmission electron microscopy (HRTEM, JEOL, JEM-

2100F). Third, as pretreatment finished, then for the synthesis

of CNTs a H2:CH4 = 9:1 gas mixture was introduced into the

chamber at 550 8C for 10 min prior to deposition. In our

MPCVD system, the substrate was heated directly by a

resistively heated graphite stage and its temperature was

measured using a thermocouple attached directly to the upper

surface of the stage. The total pressure in the chamber was kept

at 20 Torr while the gas flow rates, which were controlled
sma pretreatment flow rates of (a) 200, (b) 300 and (c) 400 sccm.
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independently using separate mass flow controllers, were

increased from 200 to 400 sccm. The obtained aligned CNTs

were investigated by means of SEM, TEM techniques. In

addition, a Renishaw-1000 Raman spectroscopy equipped with

a charge coupled device detector, operating at a wavelength of

514.5 nm and a power of 100 mW, was employed to

characterize the crystalline quality of the obtained CNT films.

3. Results and discussion

The synthesis of CNTs by CVD often involves three main

steps: (i) decomposition of hydrocarbon gas at the surface of

catalyst nanoparticles; (ii) diffusion of resultant carbon atom in

the nanoparticles to form the nucleation seed; and (iii)

precipitation of carbon atoms at the nanoparticles interface

to form CNTs. As a result, the size and chemical composition of

metal nanoparticles have been considered as the dominant

factors in determining the diameter and structural perfection of

CNTs [16]. Thus, as the first step of this investigation, we

examined the effect of H2 plasma pretreatment on the Ni metal

catalyst layer sputtered on TiN coated Si substrate. As is

illustrated in Fig. 1, the Ni metal catalyst layer was transformed
Fig. 2. TEM images of Ni catalyst nanoparticles at the various H2 plasma pretrea

identified via energy dispersive X-ray spectroscopy.
into nanoparticles after the H2 plasma pre-treatment, and the

size and distribution of these nanoparticles are very much

dependent on the flow rate of H2 during plasma pretreatment. In

addition, from the SEM observations, it appears that higher

flow rate of H2 plasma pretreatment is favored in promoting the

formation of uniform Ni nanoparticles. Furthermore, the

enhancement of hydrogen gas [30] in plasma treatment can

provide extra exciting hydrogen (H*). Herein, the Ni layer not

only aggregates gradually but also etches via exciting

hydrogen. This leads Ni particles to become smaller due to

the support of hydrogen at the same temperature.

In order to characterize the nature of the H2 plasma-induced

nanoparticles, the cross-sectional transmission electron micro-

scopy (XTEM) analysis was performed. As is shown in Fig. 2,

the particle sizes of Ni catalyst metal layers treated by H2

plasma etching are rather insensitive to the flow rate, with the

average size being approximately 20–30 nm. Nonetheless, the

apparent crystallinity and the geometric shape of the Ni catalyst

particles were significantly affected by various H2 plasma

pretreatment flow rates. As is evident in Fig. 2(a) and (b), at the

flow rates of 200 and 300 sccm the Ni catalyst particles are

rather disordered with a broad-based shape, while at flow rate of
tment flow rates of (a) 200, (b) 300 (c) 400 sccm, and (d) the catalyst particle



Fig. 3. SEM images of CNTs at the various H2 plasma pretreatment flow rates of (a) 200, (b) 300 and (c) 400 sccm.
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400 sccm the Ni catalyst particles (please see Fig. 2(c))

appeared to be more crystallized and have a semispherical

shape. Such a morphology difference is not surprising because

at the higher flow rate, the atoms in the catalyst particle can

move around easier via H2 plasma etching than at the lower

flow rate. Moreover, it has also been suggested [31] that, in the

plasma environment, the H2 plasma plays a role in reducing Ni

nanoparticles, and hence may also be beneficial for subsequent

nucleation and growth of CNTs. Fig. 2(d) also shows that the

catalyst particle identified via energy dispersive X-ray spectro-

scopy. This evidence can clearly present that the nickel catalyst

is formed.

Fig. 3 shows the cross-sectional SEM images for CNTs

grown at three synthesis flow rates: (a) 200, (b) 300 and (c)

400 sccm. It clearly demonstrates that CNTs synthesized at the

flow rate of 400 sccm not only displayed the vertically aligned

morphology but also exhibited much more uniform size

distribution and superior aspect ratio, with the average diameter

of 30–40 nm and several micrometers in length. In addition, the

Raman spectra of the respective CNT samples described above

(as shown in Fig. 4) also display consistent results. Briefly, the

Raman spectra reflect the characteristics of some specific

vibration modes. For CNTs, the two most prominent peaks in

Raman spectra center at �1360 and �1580 cm�1 and have

been frequently referred as D-band and G-band, respectively.

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, on the other hand,

corresponds to the E2g mode of graphite, and is related to the

vibrations of sp2-bonded carbon atoms in the two dimensional

hexagonal lattice of the graphite layer. Consequently, the

intensity of G-band, to some extent, reflects the degree of

crystallinity in the graphite structure, while the intensity of D-

band represents the impurities, defects or lattice distortions in

CNTs.

The intensity ratio of D and G bands (ID/IG) is related to the

size of the sp2 carbon cluster in the graphene sheet and is nearly

proportional to the defect density as proposed by Ferrari and

Robertson [32]. We calculated the ID/IG ratio for the three CNT

films pretreated by different flow rates and obtained the values

of 0.98, 0.92 and 0.85 for flow rates of 200, 300 and 400 sccm,

respectively. The results clearly indicate that ID/IG ratio

decreases with increasing flow rate, suggesting that a lower

degree of structural disorder could result from more intense H2

plasma pretreatment. In addition to reducing the degree of

disorder in the obtained CNTs, we note from the SEM pictures

shown in Fig. 3 that higher flow rate of H2 plasma also

effectively prevents the formation of amorphous carbon and

carbonaceous particles. The question is does this have anything

to do with the morphology modification in the Ni catalyst

particles caused by the flow rate of H2 plasma? In order to

answer this question, we tried to seek direct microstructural



Fig. 4. Raman spectra of CNTs at the various H2 plasma pretreatment flow rates

of 200 sccm (&), 300 sccm (~) and 400 sccm (*), respectively.

Fig. 5. TEM image of CNT synthesized at the H2 plasma pretreatment flow rate

of 400 sccm and the inset shows the SAD pattern of CNTs graphitic layers.
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evidence to reveal the relevance between the structure of CNTs

and the particle morphology of Ni catalyst.

Fig. 5 shows the HRTEM picture of two CNTs grown on the

Ni catalyst particles treated by H2 plasma at the flow rate of

400 sccm. The spindle-shaped Ni catalyst particle existent

within the CNTs consisting of concentric graphite layers

suggests that the growth mechanism of the obtained CNT might

have followed that proposed by Juang et al. [33]. In addition,

the inset of Fig. 5 shows the selected area diffraction (SAD)

pattern [34,35] of CNTs graphitic layers. The two bright

streaking spots very close to the central transmitted beam are

the (0 0 0 2) basal plane reflections from the two sides of the
tubule. The double split of the (0 0 0 2) reflection is due to the

cone shape of the graphitic layers.

In that, an embryonic Ni catalyst particle is formed in the

course of H2 plasma pretreatment because of the difference of

interfacial energies between Ni catalyst particle/substrate and

Ni catalyst particle/gas. It, then, acts to enhance the catalytic

decomposition of CH4 to liberate carbon atoms. The change of

elastic energy and surface energy of carbon layer caused the

radius of curvature of Ni catalyst particle becoming smaller.

The increased gradient of surface energy, in turn, enhances the

surface diffusion of carbon atoms from bottom to the top of Ni

catalyst particles. It appears that, at the higher flow rate of

plasma pretreatment, the formation of the semispherical Ni

catalyst particles (please see Fig. 2(c)) somehow is beneficial

for the abovementioned mechanism to prevail. The details of

how the morphology of the catalyst particle affects the

subsequent CNT growth, however, are not clear at present and

further investigations are in order.

4. Conclusions

In summary, we had combined SEM, Raman and TEM

techniques to investigate the effects of various H2 plasma

pretreatment flow rates on growing CNT films on Ni/TiN/Si

substrates by using MPCVD. From SEM observations, the flow

rate of pretreatment plasma not only affects the density of the

obtained Ni catalyst nanoparticles but also modifies their

morphology. As is evident from the results of Raman spectra

and XTEM observations, such changes in the Ni catalyst

particles have, unexpectedly, resulted in significant effects in

the morphology and crystallinity of the obtained CNTs. The

observations presented here may provide a practical way of

fabricating CNTs with much improved field emission

characteristics.
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