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Influence of plasma condition on carbon nanotube
growth by rf-PECVD

Y. H. Man, Z. C. Li and Z. J. Zhang’

Carbon nanotubes (CNTs) have been synthesized from Ar-CH4 mixtures using rf-plasma enhanced
chemical vapor deposition (rf-PECVD) at 500°C. Reduction gases such as H, and NH;3 were found
unnecessary for carbon nanotube formation compared to thermal CVD. The relationship between
the growth of CNTs and the plasma condition in PECVD has been investigated by in situ self bias
measurement. Plasma conditions were controlled by changing the interelectrode distance, rf power
and the applied substrate negative bias. By increasing the interelectrode distance and rf power, the
spatial density of CN'Ts was on a rise as a result of the increase in ions density and self bias. As the
applied substrate negative bias increased, the spatial density of CNTs decreased possibly due to the

positive ions over bombarding effect.
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Plasma enhanced CVD (PECVD) has been recognized as one of
the viable fabrication techniques of carbon nanotubes (CNTs) to
produce vertically aligned nanotubes on patterned substrates at
relatively low temperature [1-4]. A variety of plasma reactors
have been used to grow carbon nanotubes. According to the
types of plasma source to generate the gas discharge there are
three main plasma reactors. One is direct current plasma CVD
with a bias voltage of several hundred volts imposing on the
cathode (sample) to initiate the dc discharge between the
cathode (sample) and the anode [1-2,5-7]. Another common
plasma reactor is microwave plasma CVD which uses a 2.45
GHz microwave generator to supply power for the plasma
[8-11]. Radio frequency plasma CVD, divided into inductively
coupled plasmas (ICPs) and capacitively coupled plasmas, also
provides high-density plasma source with 13.56 MHz power
supply for CNTs growth [3-4,12-27]. The types of plasma
reactor greatly affected the plasma condition and thus the
growth environment for CNTs.

It has been revealed that the CNT growth was strongly
influenced by the plasma condition. The plasma condition could
be controlled through varying the react pressure, temperature,
plasma power and deposition (CH,;, C,H,;, C,H,) to etching
(NH;, H,) gas flow ratios, to control the crystallinity and the
surface morphology of carbon nanotubes [1,5,9,14-15,19,21].

Besides, by the application of dc bias to the substrate during the
growth, the alignment and spatial density of CNTs have a
significant change [10,12]. Furthermore, the plasma condition
could also be changed by varying the interelectrode distance in
PECVD resulting in the variation of diameter and density of
CNTs [27]. However, how the plasma condition exactly affects
the growth of CNTs is not clear. There have been a few
mentions on the plasma diagnostics to enhance our
understanding of growth mechanisms. Luckily, several groups
have investigated the influence of rf self-bias on the surface
morphology and structure of diamond-like carbon (DLC) film
during PECVD [28-30]. In this work, we attempted to use the
self-bias to evaluate the plasma condition and further to
illustrate the relationship between the growth of CNTs and
plasma conditions.

The present paper focuses on the influence of the plasma
condition on the surface morphology of CNTs using in situ
self-bias plasma diagnostics. CNTs were grown at the
temperature lower than the glass softening temperature (about
550°C) without additive gases such as NH; and H, by
capacitively coupled rf-PECVD system. Plasma condition was
controlled by modulating rf power, interelectrode distance and
the negative bias imposed on the substrate. The correlation
between the growth morphology and the plasma condition is
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discussed.

Experimental details

Carbon nanotube was synthesized in a homemade rf-
PECVD reactor, as shown in Fig.1 (a). The reactor consists of
two equal parallel plate electrodes, with diameter of 80 mm,
housed inside a high vacuum stainless steel chamber. A gas
showerhead at the upper electrode was utilized to keep the
growth of CNTs uniform. The upper electrode is connected to a
13.56 MHz power supply capacitively coupled through a
matching network and the lower electrode simultaneously
holding the substrate is grounded. A negative dc bias ranging
from 0 to -100 V is applied to the lower electrode. The
interelectrode distance can be varied from 1 to 8 cm.

17 nm thick Al was deposited as the buffer layer between
Fe catalyst layer (3 nm thick) and Si wafer by electron-beam
evaporation at room temperature. The process for the growth of
CNTs consists of three steps: (1) heat treatment; (2) Ar plasma
pretreatment and (3) Ar-CH, plasma treatment. After the rf-
PECVD reactor chamber was evacuated to a base pressure of
about 107> Pa, substrate was heated in a vacuum atmosphere
without any reductive gases. Ar gas was then introduced into
the chamber and maintained at 0.9 Torr with a flow rate of 100
sccm when the synthesis temperature reached 500°C. At the
second step, Ar plasma was introduced at 30 W for 5 min to
pretreat the catalyst. CH, gas was then introduced into the
chamber and kept at 1 Torr, initiating the synthesis process.
After 20 min synthesis, the sample was cooled down by
mechanical pump. At the third step, various rf power (30, 50,
70, 100 and 150 W) and CH4/Ar ratio (1:0, 1:2, 1:5) were
employed for the parametric study.

During the whole PECVD process, in situ plasma
diagnostics were carried out. The rf power produces a plasma
between the electrodes, as shown in Fig. 1(b). The higher
mobility of the electrons than that of the ions in the plasma
creates a sheath next to the electrodes with an excess of ions.
Thus the plasma develops a positive voltage with respect to the
electrodes [31]. The sheaths act as diodes, so that the electrodes
acquire dc self-bias voltages equal to their peak rf voltage [32].
The self-bias was measured by a voltmeter (equivalent circuit
was shown in Fig. 1(a)). The surface morphology of CNTs
under different plasma conditions was characterized by
scanning electron microscopy (SEM).
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FIG. 1. (a) Schematic diagram of the rf-PECVD system with a plasma
diagnostic apparatus for self-bias measurement and additional negetive bias
applied to the substrate; (b) Electron and ion distributions which creat sheaths

between the neutral plasma and the electrodes.
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Results and discussion

H, and NH; were often used during thermal CVD and
PECVD to reduce the catalyst and etching by-products such as
amorphous carbon. In our work, we attempted to synthesize
CNTs from Ar-CH4 mixtures without adding H, and NH; Both
thermal CVD and rf PECVD were applied to synthesize CNTs
for comparison. Figure 2(a) and 2(c) show the surface
morphology of Fe film without and with pretreatment under Ar
plasma for 5 minute before CNTs growth. The Fe film was
transformed into more uniformly agglomerated small particles
compared to the Fe film annealed without pretreatment. As is
shown in Fig. 2(b), large amounts of particles with sporadic
carbon nanotubes were deposited on the substrate by thermal
CVD. From the inset of Fig. 2(b), energy dispersive X-ray
spectrum (EDS) analysis showed that the intensity of carbon
element was larger than the iron indicating the particles were
carbon. In contrast, under rf PECVD CNTs were grown
uniformly on the substrate with the length about 1 pm and outer
diameter of 20 nm without any amorphous carbon. It was found
that reduction gases such as H, and NH; were not necessary for
carbon nanotube formation during PECVD compared to
thermal CVD. In thermal CVD, CH, does not dissociate in the
gas phase and the nanotube production is entirely due to the
surface reaction of CH, on the catalyst surface. With no H, or
NH; added, catalyst particles would keep oxidation or be
poisoned due to the deposition of amorphous carbon, resulting
in a poor growth of CNTs. In contrast, plasma reactors produce,
through electron impact as well as neutral reactions, great
amounts of C,H, radicals and ions from the methane feedstock,
all of which contribute to the nanotube production [33].

FIG. 2. (a) and (c) corresponding to the SEM morphology of catalyst film
without and with pretreatment under Ar plasma for 5 minute before CNTs
growth; (b) and (d) was the SEM morphology of CNTs grown by thermal CVD
at 900°C and by rf-PECVD at 500°C, respectively.

CNTs were synthesized from Ar-CH,; mixtures using
rf-=PECVD under different growth environment. The growth
morphology of CNTs and plasma condition were investigated
as a function of the interelectrode distance, the rf power and the
applied substrate bias.

First, the impact of plasma power on the growth of CNTs
was investigated. Plasma power is a variable that can
significantly alter the growth environment. Here, the CNTs
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were prepared at the interelectrode distance of 6 cm with
CH,/Ar ratio of 1:0. Plasma power was varied from 30 to 100
W. As is demonstrated from Fig. 3(a), (b) and (c), with the
moderately increase in the rf power, the length of CNT remain
almost unchanged while the spatial density showed a
significantly increase. Moreover, by increasing the power input
the purity of CNTs had a great improvement. A large amount of
carbon particles were deposited on the substrate when the rf
power was 30 W. At 70 W, scarce CNTs with fewer carbon
particles can be seen. Further increasing the power input,
carbon nanotubes become cleaner. Thus, the rf power greatly
influences the spatial density and purity of CNTs. Figure 3(d)
illustrated the relationship between rf power and self bias. The
dc self bias rises gradually with the rf power increased. The bias
voltage (V,) for a resistive plasma will vary roughly with rf
power (W) and pressure (P) as [34]

Self bias (

30 40 50 60 70 80 90 100
Power (W)

FIG. 3. SEM images of the CNT grown at the rf power of (a) 30 W, (b) 70 W
and (c) 100 W, (d) self bias versus rf power.

In this section, the pressure was kept as a constant. Therefor, as
the rf power increased, the self bias also increased. And the
sheath voltage accelerates the positive ions to give the
bombardment needed to create hydrocarbon radicals for the
CNTs growth.

Next, we investigated the effect of the interelectrode
distance on the growth of CNTs. The CNTs were synthesized at
rf power of 150 W with CH,/Ar ratio of 1:2. Figure 4(b), (c)
and (d) shows the surface morphology of CNTs synthesized at

the interelectrode distance of 2 cm, 4 cm and 6 cm, respectively.

At 2 cm, very short (less than 100 nm long) and sporadic CNTs
were grown on the substrate with a small amount of amorphous
carbon particles (which was also confirmed by EDS). When the
interelectrode distance increased to 4 cm, sparse CNTs can be
seen without amorphous carbon. The average outer diameter
and length of CNTs were about 20 nm and 500 nm. Further
increasing the interelectrode distance to 6 cm, the spatial
density of CNTs increases and the length up to 1 um. Thus, the
interelectrode distance strongly influences the morphology of

CNTs, which is likely due to the change in the plasma condition.

Self bias generated due to the difference in mobility between

DOI: 10.5101/nml.v2il.p37-41

ions and electrons in plasma was in situ measured by a
voltmeter as a function of the interelectrode distance. Figure 4(a)
revealed dependences of interelectrode distance on self bias. It
was found that self bias rises gradually with the interelectrode
distance increased. In the dc-PECVD system with two equal
parallel plate electrodes, the operating pressure (p) and the
electrode gap (d) are constrained by the relation pxd = constant
[35]. However, there is no quantitative statement about the
relationship between p and d with respect to rf-PECVD. We
observed that, with the electrode distance increases, there is a
slight reduction in the pressure during the rf-PECVD process.
According to formula (1), with the increase of the interelectrode
distance, the pressure decreased slightly resulting in a small
increase in the self bias. The sheath voltage accelerated the
movement of the positive ions to the substrate. Among them,
hydrocarbon radicals and ions benefit the CNTs growth.
Therefore, with the interelectrode distance increased, higher
density ions and hydrocarbon radicals are generated which
contribute to the CNTs growth.
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FIG. 4. (a) Dependences of interelectrode distance on self bias; SEM images of
the CNT synthesized at the interelectrode distance of (b) 2 cm, (c¢) 4 cm and (d)

6 cm.

Finally, we investigated the influence of the applied
substrate negative bias on the growth of CNTs. CNTs were
grown at the interelectrode distance of 6 cm with CH,/Ar ratio
of 1:5 and rf power of 50 W. The applied substrate bias varied
from 0 to -80 V. Figure 5(b), (c) and (d) shows the SEM images
of CNTs synthesized at the applied substrate bias of 0, -20 and
-40 V, respectively. When the substrate is grounded (0 V),
high-spatial density CNTs were grown on the substrate. After
the substrate was imposed on a bias of -20 V, SEM
characterization shows sporadic nanotubes grown on the
substrate. Compared to the sample obtained at -20 V, the spatial
density of CNTs grown at -40 V was much lower. The spatial
density of CNTs demonstrated a strong dependence on the
magnitude of the applied bias. Figure 5(a) shows the variations
of self bias with applied substrate negative bias. It was found
that the self bias rose slightly from 100 V to 122 V as the
negative bias increased from 0 V to -80 V. The voltage applied
on the substrate can be controlled to modulate both ion energy
and plasma species density. By increasing the applied substrate
negative bias, positively charged ions such as Ar"and H' are
accelerated to the substrate resulting in the bombardment. The
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sheath voltage and the applied substrate negative bias together
possibly over-accelerate the positive ions to the substrate and
thwart the CNT growth. The dc biasing appeared to have a
strong effect on the growth of CNTs even though more
systematic studies are required to comfirm the effect of dc
biasing on the self bias and sheath voltage during the growth of
CNTs using PECVD.
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FIG. 5. (a) Variations of self bias with the applied substrate negative bias; SEM
images of the CNT synthesized at the negative bias of (b) 0 V, (c)-20 V and (d)
-40 V.

The entire height of the growing CNTs is submerged
inside the sheath. Plasma conditions strongly influenced the
sheath voltage and the growth environment of CNTs. When the
plasma condition varied as a function of the interelectrode
distance, the rf power and the applied substrate bias, the self
bias and sheath voltage also changed. When the interelectrode
distance and the rf power increased, the voltage of self bias rose
siginificantly. By increasing the applied substrate bias the
voltage of self bias also showed a gentle rise. On the other hand,
the interelectrode distance, the rf power and the applied
substrate bias had a strong influence on the morphology of
CNTs. That is to say, plasma condition greatly influenced the
carbon nanotube growth during rf-PECVD. Through self bias
we illustrated the relationship between the plasma condition and
the growth of CNTs.

Conclusions

CNTs have been synthesized from Ar-CH, mixtures using
rf-=PECVD. Reduction gases such as H, and NH; were found
unnecessary for carbon nanotube formation during PECVD
because plasma reactors produce a large amount of C,H, radicals
and ions from the CH, feedstock, which contribute to the
nanotube production. Especially, the effects of the plasma
condition on the growth morphology of CNTs have been
investigated as a function of the interelectrode distance, the
plasma power and the applied substrate bias, combining with the
self bias measurement. The relationship between the plasma
condition and the growth of CNTs would be favorable for further
well-controlled aligned carbon nanotubes growth.
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