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Abstract

Effects of plasma pressure and the presence of nitrogen on growth of carbon nanotubes (CNTs) and their properties were studied by using
microwave plasma chemical vapor deposition (MPCVD) (pressure=600—-3300 Pa) and electron cyclotron resonance chemical vapor
deposition (ECR-CVD) (pressure=0.3-0.6 Pa) systems. CH4/H, and CH,4/N, were used as source gases, and Co as the catalyst. The structures
and properties of CNTs were characterized by using field emission scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM), Raman spectra, and field emission /-} measurements. The results show that CNTs made by higher plasma pressure
system have a higher growth rate (typically 1-3 pm/min), smaller tube diameter, better field emission properties, and better tube quality. The
growth rate is related to the availability of carbon source. The morphology change from spaghetti-like to well-aligned CNTs is discussed in
terms of directed ions. The change in field emission properties is reasoned in terms of geometric enhancement factor and screening effect for
different tube morphologies. The presence of nitrogen plasma can have the following effects: increasing tube diameter, increasing
straightness of CNTs, forming of bamboo-like CNTs, deterioration of field emission properties, and shifting of Raman peak toward lower-
frequency side (or increasing residual tensile stress).
© 2004 Elsevier B.V. All rigths reserved.
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1. Introduction

Carbon nanotubes (CNTs) have been of great interest to
scientists and industrial communities due to their unique
properties and diverse applications (such as in nanoelec-
tronics [1-3], scanning probes [4], supercapacitors [5,6],
hydrogen storage [7-9], and as field emitters [10—12]) since
their discovery by lijima [13] in 1991. There are two basic
types of techniques presently available for CNT fabrication:
vaporization methods (e.g., arc discharge) [13 14] and laser
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ablation [15]. Another type are chemical vapor deposition
(CVD) methods in which the CNTs are synthesized by the
catalytic decomposition of hydrocarbons over a transition
metal catalyst [e.g., thermal CVD [16-20], hot filament
chemical vapor deposition (HFCVD) [21], microwave
plasma chemical vapor deposition (MPCVD) [22-27], and
electron cyclotron resonance chemical vapor deposition
(ECR-CVD) [28-30]. According to the above researches, it
is well known that the structures and properties of CNTs are
highly process-dependent. The arc discharge and laser
ablation methods can grow both single-walled nanotubes
(SWNTs) and multiwalled nanotubes (MWNTSs). In contrast,
the CVD methods are generally more favored to synthesize
the well-aligned or spaghetti-like MWNTs.

The vaporization methods (e.g., arc discharge and laser
ablation methods) involve a solid source material as well as a
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gaseous one. In these cases, the vaporized solid is absorbing
and reacting as well, so the processes are more difficulty to
control [31]. Moreover, there are other disadvantages of
these vaporization methods such as high equipment invest-
ment and low CNT yield rate. In contrast, the CVD methods
have many advantages such as relatively low equipment
cost, high CNT yield rate, and well-aligned and patterned
CNT arrays during in situ growth. So, the CVD methods
have received more investigations recently. In this study, two
kinds of plasma CVD systems (MPCVD and ECR-CVD)
were used for CNT deposition. The typical working
pressures for both systems are in the range of 600-3300
and 0.3-0.6 Pa, respectively. These relatively high-pressure
and low-pressure plasma conditions have been demonstrated
to result in significant differences in morphologies, growth
rate, and field emission properties. The purposes of this study
were to investigate the important parameters that control the
CNTs formation, and then to examine their properties,
structures, and growth mechanisms.

2. Experimental

The MPCVD and ECR-CVD systems with 2.45-GHz
(12 cm wavelength) microwave were used in this study as
typical high-pressure and low-pressure plasma-enhanced
CVD processes, respectively. Their operating pressures
have three- to four-order differences in magnitude, ranging
from 600-3300 Pa for MPCVD to 0.3-0.6 Pa for ECR-
CVD. In MPCVD, the standing wave is coupled by the
metal quarterwave cavity [31] and formed a plasma ball
with diameter of about 3 c¢m at the center of a quartz tube.
The sample is immersed in plasma during catalyst pretreat-
ment and CNT deposition. The substrate is heated by
plasma collision and its temperature is controlled by
adjusting the holder position with respect to the center of
the plasma ball. In ECR-CVD, a strong magnetic field B is
established parallel to the direction of the microwave beam.
An 875-G magnetic field is applied to maintain the ECR
conditions. An additional electrical heating coil is provided
in the substrate holder to maintain the required temperatures
to activate the catalyst on the substrate surface for CNT

formations. Furthermore, the substrate-negative DC bias in
the proper range (—50 to —200 V) is generally applied for
effective CNT grown by ECR-CVD method. It is essential
to enhance the required bombardment energy and attract
more positive depositing species without causing sputtering
effect.

The sputtered Co films on Si substrates were used as
catalysts, which were pretreated with hydrogen plasma
before CNT depositions. To examine the effect of the
presence of N,, both CH4/H, and CH4/N, are used as
reaction gases at temperatures around 630-650 °C. The
detailed catalyst pretreatment and deposition conditions are
shown in Table 1. The deposited nanostructures were
characterized by field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and
Raman spectroscopy. The field emission property was
evaluated by /-V measurement at a vacuum of 10~* Pa with
a 2-mm-diameter flat-tip anode electrode and 100-pum anode—
cathode separations.

3. Results and discussion
3.1. Film morphologies by MPCVD and ECR-CVD

The SEM micrographs of the CNTs by MPCVD are
shown in Fig. 1. Fig. 1a and b shows the top and side views
of the CNTs with CH4/H, as source gas, respectively. The
corresponding micrographs for the CNTs with CH4/N, as
source gas are shown in Fig. 1c and d. These figures show
that the typical spaghetti-like CNTs can be fabricated by
MPCVD, although the well-aligned CNTs can also be
grown under certain deposition conditions. In terms of the
effect of replacing hydrogen with nitrogen, it is shown that
the CNTs in Fig. 1d (30-50 nm in diameter) are relatively
larger in diameter and straighter in shape than those in Fig.
Ib (10-30 nm in diameter). From the previous studies
[27,30], introduction of nitrogen in the MPCVD system is a
favored condition to form so-called “bamboo-like MWNTSs”
instead of “hollow-like MWNTs.”

Fig. 2 shows the SEM micrographs of CNTs by ECR-
CVD. Fig. 2a—c shows morphologies of CNTs with CH,/H,

Table 1
Specimen designations and deposition conditions of CNTs by MPCVD and ECR-CVD methods
Designation MPCVD ECR-CVD
Pretreatment Deposition Pretreatment Deposition

MP-1 MP-2 ECR-1 ECR-2
Catalyst (thickness, nm) Co (7.5) Co (100)
Gas sources H, CH4/H, CH4/N, H, CHy4/H, CH4/N,
Flow rate (sccm) 100 10/100 10/100 20 18/2 18/2
Working pressure (Pa) 670 2130 2130 0.3 0.3 0.3
Microwave power (W) 500 800 800 800 800 800
DC bias (V) N/A (self-biasing) —100 —100 —200
Temperature (°C) ~650 (plasma heating) ~650 ~630 ~630
Time (min) 10 10 10 10 20 20
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Fig. 1. SEM micrographs of CNTs by MPCVD with Co as catalyst. (a) Top
view: CHy/H, plasma (specimen MP-1). (b) Side view: CH4/H, plasma
(specimen MP-1). (c) Top view: CH4/N, plasma (specimen MP-2). (d) Side
view: CH4/N, plasma (specimen MP-2).

as source gas, where the inset in Fig. 2a corresponds to a
micrograph at higher magnification and Fig. 2b is the image
of pressed CNTs. There is no significant difference in
appearance for CNTs with CH4/N, as source gas when
comparing Fig. 2d with others, although the tip shapes are
pyramid-like instead of round-like. It is obvious that CNTs
by ECR-CVD in Fig. 2 are much more well-aligned,
perpendicular to the substrate and greater in diameter than
those by MPCVD in Fig. 1. The diameters of CNTs with
CH4/H, and CH4/N, as source gases in Fig. 2c and d are
about 30-60 and 40-80 nm, respectively. However, it is
interesting to note that the CNTs by ECR-CVD are all
bamboo-like in structure and tip growth in model, whether
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Fig. 2. SEM micrographs of CNTs by ECR-CVD with Co as catalyst. (a)
Top view and the inset at high magnification: CH4/H, plasma (specimen
ECR-1). (b) Side view of the pressed CNTs: CH4/H, plasma (specimen
ECR-1). (c) 45° Side view: CH4/H, plasma (specimen ECR-1). (d) 45° Side
view: CH4/N, plasma (specimen ECR-2).

Fig. 3. TEM micrograph of the CNTs by ECR-CVD with Co as catalyst,
under CH4/H, plasma (specimen ECR-1).

nitrogen is present or not. The TEM image shown in Fig. 3 is
a bamboo-like CNT grown by ECR-CVD. Its compartment
thickness is generally thinner than that of bamboo-like CNTs
grown by MPCVD.

3.2. Growth mechanisms of CNTs under high-pressure and
low-pressure plasma CVD

In order to study growth mechanisms, it is required to
examine the differences in plasma generation between
MPCVD (high gas pressure) and ECR-CVD (low gas
pressure). When compared to the MPCVD system, the
main feature of the ECR-CVD system is much greater in
terms of mean free path of ion collisions. This is due to its
lower gas pressure and electron cyclotron resonance effect,
and the more directional ionized species caused by strong
magnetic field (B=875 G) and bias potential [31]. This
brings the ECR source many advantages, such as high
plasma density (typically 10'? ¢cm ™), high ionization
fraction (approach unity), and perpendicularly directed ions
with depositing species and bombardment energy.

The CNT growth rate by MPCVD is about 1-3 pm/min,
in contrast to ~0.1 pm/min by ECR-CVD. This can be due
to more depositing species for the CNT growth under higher
plasma pressure. It also implies that the mass transport is the
rate-controlling step of the deposition process. The ran-
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Fig. 4. Raman spectra of the Co catalyst-assisted CNTs. (a) MPCVD, CHy/
H, plasma (specimen MP-1). (b) MPCVD, CH4/N, plasma (specimen MP-
2). (¢) ECR-CVD, CH4/H, plasma (specimen ECR-1). (d) ECR-CVD, CH,4/
N, plasma (specimen ECR-2).
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domly directed motion of the depositing species in MPCVD
is believed to cause attachment of carbon atoms on the
catalyst surface at relative broad directions to form the
spaghetti-like CNTs. In contrast, the perpendicularly direc-
ted ions with depositing species at higher bombardment
energy in the ECR-CVD (low-pressure plasma) system can
be the cause of well-aligned CNTs.

3.3. Raman spectra and field emission properties

Fig. 4 depicts the micro-Raman spectra of CNTs by
MPCVD (curves (a) and (b)) and ECR-CVD (curves (c) and
(d)). Curves (b) and (d) correspond to CNTs by replacing H,
with N, as one of the source gases, where the D-line
corresponds to sp> bonding as well as defects of CNTs such as
pentagon and heptagon; and G-line corresponds to sp”
bonding of crystalline graphene sheets. The D-line and G-
line for curves (a), (b), (c), and (d) are (1356, 1597), (1344,
1589), (1355, 1593), and (1351, 1589) cm ™', respectively.
The corresponding /( G)/I(D) ratios are 0.90, 1.13, 0.68, and
0.74, respectively. It was reported that the tensile stress in the
carbon-based films can shift Raman peak positions to a
lower-frequency side [28,32]. In other words, the introduc-
tion of nitrogen into both high-pressure and low-pressure
plasma CVD may cause more tensile residual stress in the
deposited CNTs structures that ascribed to more defects in the
graphene layers due to higher bombardment energy of
nitrogen ions than hydrogen. The results of /( G)/I(D) ratios
indicate that the CNTs by MPCVD have a better nanotube
quality than those by ECR-CVD. It may be also due to higher
ion bombardment energy in ECR-CVD circumstance that
results in more defects in the ECR-CVD-grown CNTs.
However, if we compare the I( G)/I(D) ratio by the same
process of MPCVD or ECR-CVD, we can find that the
introduction of nitrogen in both processes increased the /( G)/
I(D) ratio. Does this seem unreasonable? But after carefully
examining the deposits, we found that the presence of
nitrogen in the plasma derived cleaner deposited films by
either MPCVD or ECR-CVD. It indicates that the higher
bombardment energy of nitrogen ions/atoms could etch out
the amorphous carbon.

Fig. 5 illustrates the J—E curves of the CNTs by MPCVD
(curves (a) and (b)) and ECR-CVD (curves (c) and (d)), in
which curves (b) and (d) correspond to CNTs by replacing
H, with N, as one of the source gases, respectively. It is
obvious that the CNTs by MPCVD with or without the
presence of nitrogen show better field emission properties.
The turn-on electric fields (Ewm-on), defined as the applied
field strength at a current density J=1 pA/cm’®, are 2.48,
3.41, 3.54, and 5.53 V/um for curves (a)—(d), respectively.
The threshold electric fields (Ey,), defined as the applied
field strength at J=10 mA/cmz, are 3.98, 6.01, 6.62, and
9.61 V/um for curves (a)—(d), respectively. On field
emission properties of CNTs, the results indicate that the
CNTs by MPCVD (high-pressure plasma) are better than
CNTs by ECR-CVD (low-pressure plasma), and the CNTs
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Fig. 5. Field emission J-E curves of the Co catalyst-assisted CNTs. (a)
MPCVD, CH4/H, plasma (specimen MP-1). (b) MPCVD, CH4/N, plasma
(specimen MP-2). (¢) ECR-CVD, CH4/H, plasma (specimen ECR-1). (d)
ECR-CVD, CH4/N, plasma (specimen ECR-2).

with the presence of hydrogen in plasma are better than with
nitrogen. The major reasons may be attributed to: (1) the
higher aspect ratios and so higher shape enhancement factor
f of CNTs by MPCVD or without the presence of nitrogen
plasma; (2) effectively increasing the emitting sites by
exposing defects on the tube stems of the spaghetti-like
CNTs; and (3) greater blocking or screening effects from the
catalysts at the tips and the neighboring well-aligned CNTs
by ECR-CVD [29].

4. Conclusions

The MPCVD (higher plasma pressure) and ECR-CVD
(lower plasma pressure) with and without the presence of
nitrogen were used to study the effects of plasma pressure
and the presence of nitrogen on growth of CNTs. The high-
pressure plasma system can provide a greater amount of
depositing carbon-based species, but in a random fashion
of motion. It results in a higher CNT growth rate and
spaghetti-like CNT formation. The low-pressure plasma
system (ECR-CVD) with proper negative bias application
can produce more directed positive depositing species with
higher kinetic energy. It gives rise to the well-aligned tip
growth CNTs. The CNTs by higher plasma pressure system
without the presence of nitrogen have better field emission
properties and tube quality (higher Raman I(G)/I(D)
ratios).
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