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Carbon nanotubes �CNTs� were grown on Si substrates by rf CH4 plasma-enhanced chemical vapor
deposition in a pressure range of 1–10 Torr, and then characterized by scanning electron
microscopy. At 1 Torr, the CNTs continued growing up to 60 min, while their height at 4 Torr had
leveled off at 20 min. CNTs hardly grew at 10 Torr and amorphous carbon was deposited instead.
CH4 plasma was simulated using a one-dimensional fluid model to evaluate the production and
transport of radicals, ions, and nonradical neutrals. The amount of simulated carbon supplied to the
electrode surface via the flux of radicals and ions such as CH3, C2H5, and C2H5

+ was consistent with
estimations from experimental results. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2150599�
I. INTRODUCTION

Carbon nanotubes �CNTs� have excellent physical and
electronic properties such as high electrical conductivities,
field emission capabilities, and tensile strengths, and are
widely studied for various possible applications, e.g., field
electron emitters, scanning probes, and electronic devices.1

Among various CNT production methods, plasma-enhanced
chemical vapor deposition �PECVD� is an advantageous
technique because it can yield vertically aligned single/
multiwalled CNTs �SWNTs/MWNTs� and carbon nanofibers
�CNFs� at low substrate temperatures �Tsub=550 °C
for SWNTs,2 �280 °C,3 370 °C �Ref. 4� for MWNTs,
and 120 °C for CNFs �Ref. 5��. Low temperature operation
is crucial for the application of CNTs in LSIs. While it is
often mentioned that the electron-impact dissociation of hy-
drocarbons and the generation of radicals in plasmas lowers
the CNT growth temperature, it is still unclear how the
plasma contributes to the CNT growth through the radical
production.

To investigate the role of plasma in PECVD of CNTs,
diagnostics utilizing optical emission spectroscopy �OES�
and mass spectrometry have been extensively carried out, as
has plasma modeling.6–11 OES has an advantage in its spatial
resolution of the measurements, while mass spectrometry
can detect even nonradiative species of high molecular
weight. Plasma modeling is suitable for analysis of the over-
all behavior of plasma species. Denysenko et al.10 analyzed
an inductively coupled Ar/CH4/H2 plasma for PECVD of
vertically aligned carbon nanostructures using quadrupole
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mass spectrometry and OES, and compared the results of the
number densities of neutrals and ions with estimations by a
zero-dimensional rate equation. Delzeit et al.6 used a
zero-dimensional model to characterize CH4/H2 plasmas for
CNT growth and suggested enhancement in CH4 dissociation
by collision of H atoms. Hash et al.8 performed one-
dimensional simulations of dc C2H2/NH3/Ar plasmas for
CNT production. They revealed the effect of dc bias by ex-
amining electron temperatures and densities of electrons,
ions, and neutrals. Examples of modeling of CH4 plasmas,
like the present work, are also found in literature on the
deposition of carbon films12–14 although their CH4 pressure
ranges �pCH4

=10–250 mTorr� are relatively lower than that
suitable for CNT growth �1–10 Torr�.

To understand the mechanism of CNT growth and con-
trolling CNT characteristics, we focused our discussion on
carbon-containing species. Eres et al.15 showed the tendency
for the relative fraction of small-diameter CNTs to increase
with the incidence rate of carbon-containing molecules.
Their results indicate the possibility of controlling CNT char-
acteristics by external tuning of the carbon supply. Estima-
tion of the carbon amount in CNTs and plasma gas-phase
enables us to obtain insights into the mechanisms of CNT
growth with respect to the following points: �1� interaction of
plasma gas-phase with catalyst material and catalyst activity;
�2� identification of precursor species for CNT growth; �3�
evaluation of the sticking probability of radicals on a catalyst
surface; and �4� the effect of various process parameters.

In this study, we analyzed the amount of carbon depos-
ited on the substrate from the experimental results of
PECVD performed at pCH4

=1–10 Torr. Using scanning

electron microscopy �SEM�, we measured the length, diam-
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eter and number density of the deposited CNTs. We com-
pared these experimental results with computational estima-
tions from the fluxes of precursor species onto the substrate,
using one-dimensional plasma fluid modeling. The effect of
pCH4

on CNT growth is discussed from the viewpoint of the
quantitative estimation of the carbon supply.

II. EXPERIMENTAL DETAILS

Figure 1 shows a schematic of the configuration of the
present electrodes set in a SUS reactor with an inner diam-
eter of 20.3 cm and a height of 27.6 cm. The separation d
between the powered and the grounded electrodes is 1.5 cm,
and the distance between the ring gas showerhead and the
powered electrode is also 1.5 cm. This showerhead uni-
formly feeds CH4 for deposition and H2 for reduction of
catalysts. The powered electrode is a circular plate 8.0-cm in
diameter with a hole 2.5 cm in inner diameter, through which
a quartz rod 2.3 cm in diameter guides the infrared �IR� to
heat the substrate. The diameter of the grounded electrode is
6.4 cm. The lower end of the quartz rod is 1.5 cm apart from
the grounded electrode, on which Si substrates are placed.
The substrate temperature Tsub is kept constant by a tempera-
ture controller �Thermo Riko Co. Ltd., GVL298� with a ther-
mocouple. The powered electrode is connected to a
13.56 MHz rf generator �RF Power Products Inc., RFPP-
RF5S� through a matching unit �ASTECH Corp., RC-11 and
TH-5R�. The plasma ignites between the electrodes and the
gases are fed with their flow rates controlled by mass flow
controllers �STEC Inc., SEC-400�. The gas pressure is mea-
sured with a capacitance manometer �Megatorr Corp.,
COLD-31S07E�.

By an electron beam evaporator �ULVAC Inc., EBV-
6DA�, a three-layered catalyst film �Al2O3/Fe/Al2O3,
3 nm/3 nm/3 nm� was deposited onto Si substrates �N-
doped, �100�� with a 15 nm thick SiO2 layer. During the
preparation, the film thickness is monitored by a quartz crys-
tal deposition controller �ULVAC Inc., CRTM-5000�. Fe
works as a catalyst for CNT growth, and Al2O3 is a catalyst
support.16 The three-layered structure is suitable to obtain
nanometer-sized catalyst particles.17

In the experiment, the reactor was first pumped down to
about 10−6 Torr. Next, the Si substrate on the grounded elec-
trode was heated to 500 °C in 1 min in H2 gas �H2

99.99999% pure� at 4–5 Torr. Then, the catalyst was re-
duced in H2 plasma for 10 min. After that, Tsub was increased

FIG. 1. The electrode configuration of the PECVD system.
to 650 °C, CH4 �99.99% pure� was introduced, and pCH4
was
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set at the desired values. The growth time T was 3–60 min
in the present experiment. After deposition, any CH4 remain-
ing in the reactor was purged by H2 to avoid deposition of
amorphous carbon during the cooling process that followed.
Then, plasma and the IR light were turned off. H2 was fed
until Tsub reached 300 °C. Note that we had confirmed that
CNTs do not grow in CH4 �without plasma� even at Tsub

=650 °C. Other experimental conditions are listed in Table I.
The CNTs obtained were characterized using a SEM �Hitachi
High-Technologies Corp., S-4800�.

III. PLASMA MODELING

We analyzed the carbon sources in CH4 plasmas �pCH4
=1–10 Torr, gas temperature=650 °C� using a one-
dimensional fluid model in the x direction; the electrode con-
figuration is shown in Fig. 2. The simulation consists of cal-
culations of continuity equations, Poisson’s equation, and an
electron energy conservation equation. The detail of the nu-
merical scheme is based on earlier works.18–21 The number
densities nj of electrons, neutrals and ions �subscript j repre-
sents species� are calculated spatiotemporally by the follow-
ing continuity equations:

�nj

�t
+ �� j = Sj , �1�

� j = zjnj� jE − Dj � nj , �2�

where � j is the flux. Sj is the source term representing the
production and consumption of particles through reactions. E
is the electric field, zj is the sign to distinguish the species
�electrons and negative ions: zj =−1, positive ions: zj = +1,
neutrals: zj =0�, � j is the mobility, and Dj is the diffusion
coefficient.

E is given as E=−�V from the following Poisson’s
equation:

TABLE I. Experimental conditions.

Process Parameter Value

Reduction H2 pressure 4–5 Torr
H2 flow rate 50 sccm
Input power 50 W
Period 10 min

Growth CH4 pressure 1–10 Torr
CH4 flow rate 30 sccm
Input power 100 W
Period 3–60 min
FIG. 2. The electrode configuration assumed in the simulation.
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�2V = −
e

�0
�n+ − n−� , �3�

where V is the potential in the gap between the electrodes, e
is the elementary charge, �0 is the permittivity of free space,
and n+ and n− are the total numbers of the densities of posi-
tively and negatively charged particles, respectively.

The mean electron energy �̄ �= 3
2kBTe where kB is the

Boltzmann constant and Te is the electron temperature� is
determined by the following electron energy conservation
equation:

�

�t
�ne

3

2
kBTe	 + �qe = − e�eE + Senergy, �4�

where qe is the total energy flux determined by the following
equation:

qe =
5

3
�e

3

2
kBTe −

5

3
neDe��

3

2
kBTe	 . �5�

The boundary conditions at the electrode surfaces �x
=0,d� for Eqs. �1� and �2� were, respectively, taken as

�e�x = 0,d� = − �ion�+, �6�

�+�x = 0,d� = − �+n+ � V , �7�

V�0� = Vrf sin�2�ft� , �8�

V�d� = 0. �9�

Here, �ion is the secondary electron emission coefficient, Vrf

is the amplitude of the applied rf voltage �400–670 V, with
a constant power density=0.36 W/cm3�, and f is the power
source frequency �13.56 MHz�. At the electrode surface, re-
flection and loss of radicals, CH, CH2, CH3, C2H5, and H are
assumed, and their sticking coefficients are 0.025, 0.025,
0.01, 0.01, and 0.01, respectively.10

The input parameter of this model, the electron drift ve-
locity We, and the rate coefficients k of electron-CH4 reac-
tions were obtained from a Boltzmann equation analysis us-
ing a set of the electron collision cross sections of CH4.22

The reaction rate coefficients k for H2, CH2, CH3, C2H2,
C2H4, C2H5, C2H6 were estimated from their reaction cross
sections.10,23,24 The mobilities and diffusion coefficients of
charged species, except electron mobility, the secondary
electron emission coefficient ��ion=0.01�, the initial energy
for secondary electrons �=1.0 eV�, the detachment coeffi-
cient �=3.69�10−11 cm3/s� and the recombination coeffi-
cient �=0.0 cm3/s� are cited from Gogolides et al.20 Dj of
neutral species in the CH4 plasma were calculated as referred
to in Herrebout et al.25 An overview of the species �nonradi-
cal neutrals, ions, radical neutrals� taken into account in the
present model is given in Table II. The reaction processes
among electrons, ions, excited atoms and molecules taken
here and their reaction rate coefficients are listed in Tables
III–V: 28 for electron-neutral, 15 for ion-neutral, and 25 for

neutral-neutral reactions.
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IV. RESULTS AND DISCUSSIONS

A. SEM analysis of CNT growth

Figure 3 shows SEM micrographs of the CNTs growth at
pCH4

=1–10 Torr for 10 min. The CNTs grown at 1 Torr are
vertically well aligned with a high density. At 4 Torr, CNTs
are longer than those grown at 1 Torr; however, their number
density is less than at 1 Torr and the CNTs appear entangled.
CNTs hardly grew at 10 Torr under the present experimental
conditions.

Lin et al.27 performed CNT growth by electron cyclotron
resonance and microwave PECVDs with CH4/H2 at
2.3–4.5 mTorr and 4.5–25 Torr, respectively, and noted a
great amount of carbon supply and random orientation at
high pressures. Delzeit et al.6 grew CNFs using a CH4/H2

inductively coupled plasma across a pressure range of
0.5–20 Torr, and reported that the number density of CNFs
obtained below 1 Torr was low and that amorphous carbon
was deposited at high pressures. These tendencies for pres-

TABLE II. Ionic and neutral species taken into account in the simulation.

Particle Species

Nonradical neutral H2, CH4, C2H2, C2H4, C2H6, C3H8

Ion H2
+, CH2

+, CH3
+, CH4

+, CH5
+, C2H2

+,
C2H4

+, C2H5
+, C2H6

+, CH2
−, H−

Radical neutral H, CH, CH2, CH3, C2H5

TABLE III. Electron reactions with molecules.

Reaction Reference

CH4+e−→CH4
*+e− �2 vib.�a 21

CH4+e−→CH4
++2e− 21

CH4+e−→CH3
++H+2e− 21

CH4+e−→CH3+H+e− 21
CH4+e−→CH2+2H+e− 21
CH4+e−→CH+3H+e− 21
CH4+e−→CH+3H+e− 21
CH4+e−→CH3+H− 21
CH4+e−→CH2

−+2H 21
H2+e−→H2

++2e− 10 and 23
H2+e−→2H+e− 10 and 23
CH2+e−→CH2

++2e− 10 and 24
CH2+e−→CH+H+e− 10 and 24
CH3+e−→CH3

++2e− 10 and 24
CH3+e−→CH2+H+e− 10 and 24
CH3+e−→CH+2H+e− 10 and 24
C2H2+e−→C2H2

*+e− �3 vib.�a 10 and 24
C2H2+e−→C2H2

++2e− 10 and 24
C2H4+e−→C2H4

*+e− �2 vib.�a 10 and 24
C2H4+e−→C2H4

++2e− 10 and 24
C2H4+e−→C2H2+2H+e− 10 and 24
C2H5+e−→C2H5

++2e− 10 and 24
C2H5+e−→C2H4

++H+2e− 10 and 24
C2H5+e−→C2H4+H+e− 10 and 24
C2H6+e−→C2H6

++2e− 10 and 24
C2H6+e−→C2H5

++H+2e− 10 and 24
C2H6+e−→C2H5+H+e− 10 and 24
C2H6+e−→C2H4+2H+e− 10 and 24

a
vib.: vibrational excited state.
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sure dependence, i.e., the CNT orientation and production of
amorphous carbon, were also observed in the present experi-
ments with CH4.

The length, diameter, and number density of CNTs at
different CNT growth times T evaluated from the SEM im-
ages are shown in Fig. 4. At pCH4

=1 Torr, CNTs grew lin-
early up to T=60 min. CNTs grown at 4 Torr are longer than
those at 1 Torr; however, the growth leveled off at about T
=20 min, when the length was about 6 �m. After T
=20 min at 4 Torr, CNTs grew in diameter but not in length.
In the SEM analysis done in the present work, a lot of amor-

TABLE IV. Ion-neutral reactions �Ref. 10�.

Reaction
Rate coefficient

�cm3 s−1�

CH3
++CH4→CH4

++CH3 1.36�10−10

CH3
++CH4→C2H5

++H2 1.2�10−9

CH4
++CH4→CH5

++CH3 1.5�10−9

CH4
++H2→CH5

++H 3.3�10−11

CH5
++C2H6→C2H5

++CH4+H2 5.0�10−10

C2H2
++CH4→C2H3

++CH3 4.1�10−9

C2H2
++CH4→C3H4

++H2 6.25�10−10

C2H2
++CH4→C3H5

++H 1.44�10−9

C2H4
++C2H4→C3H5

++CH3 3.9�10−10

C2H4
++C2H4→C4H8

+ 4.3�10−10

C2H4
++C2H6→C3H6

++CH4 2.03�10−13

C2H4
++C2H6→C3H7

++CH3 1.32�10−11

C2H5
++C2H2→C4H7

+ 6.7�10−10

C2H5
++C2H4→C3H5

++CH4 3.1�10−10

C2H5
++C2H4→C4H9

+ 3.0�10−10

TABLE V. Neutral-neutral reactions. Tgas is the gas

Reaction Rat

CH3+H→CH4 7.0�10−

CH3+H→CH2+H2 1.0�10−

CH3+C→C2H2+H 8.3�10−

CH3+CH→C2H3+H 5.0�10−

CH3+CH2→C2H4+H 3.3�10−

CH3+CH3→C2H6 3.7�10−

CH3+CH3→C2H5+H 5.0�10−

CH3+CH3→C2H4+H2 1.7�10−

CH3+C2H5→C3H8 4.2�10−

CH2+H→CH+H2 2.7�10−

CH2+CH→C2H2+H 6.6�10−

CH2+CH2→C2H2+H2 1.1�10−

CH2+CH2→C2H4 1.7�10−

CH2+CH4→2CH3 1.7�10−

CH2+CH4→C2H4+H2 1.7�10−

CH2+C2H6→C3H8 4.0�10−

CH+CH→C2H2 2.0�10−

CH+CH4→C2H5 1.0�10−

CH+CH4→C2H4+H 1.0�10−

H+CH4→CH3+H2 2.2�10−

H+C2H2→C2H+H2 1.0�10−

H+C2H4→C2H3+H2 9.0�10−

H+C2H5→C2H4+H2 5.0�10−

H+C2H5→2CH3 6.0�10−

H+C2H6→C2H5+H2 2.4�10−
Downloaded 17 Jan 2006 to 133.87.26.100. Redistribution subject to 
phous carbon was observed as deposited on the upper ends
and sidewalls of CNTs for T�10 min at 4 Torr. It is thought
that CNT growth stopped at a certain T and that deposition of
amorphous carbon started instead, because the tips of the
CNTs were thickly covered by amorphous carbon at T
=60 min. A similar feature, that CNTs keep growing at low
pressures and stop growing at high pressures, is seen for
C2H2/NH3; Chhowalla et al.28 reported that CNTs continued
growing for 30 min �4 Torr, dc plasma�. On the other hand,
the experiment by Bower et al.29 showed that CNTs stopped
growing around 5 min �20 Torr, microwave PECVD�. These
results indicate the presence of a pressure factor that limits
CNT growth.

The CNT number density at 1 Torr had its peak of
�1.4�1011 cm−2 at T=10 min and decreased thereafter. Its
value was about twice that at 4 Torr. The CNT number den-
sity at 4 Torr seems almost constant at around 3.4
�1010 cm−2 irrespective of T. Gas pressure seems to be a
critical parameter in CNT growth by PECVD.

The present experimental data of the length, diameter
and number density of CNTs is used later to calculate the
amount of C deposited.

B. Simulation results

Figure 5�a� shows the fluxes of primary species flowing
onto the surface of the grounded electrode �average over an
rf cycle� at pCH4

=1–10 Torr. The fluxes of C2H4, C2H6,
C3H8, and H2 increased with pCH4

. On the other hand, those
of positive ions, C2H5, CH3, CH2, CH, H, and C decreased.

rature in K.

fficient �cm3 s−1� Reference

25
p�−7600/Tgas� 10

26
10
25
25

p�−6800/Tgas� 10
�−16000/Tgas� 10

25
25
10
25
10
25
25
10
10
25
10

as�3 exp�−4045/Tgas� 10
p�−14000/Tgas� 10
p�−7500/Tgas� 10

10
10

as�1.5 exp�−3730/Tgas� 10
tempe

e coe

12

10 ex
11

11

11

11

11 ex
8 exp
12

10

11

11

12

11

11

10

10

10

10

20�Tg
10 ex
10 ex
11

11

15�Tg
AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



014302-5 Okita et al. J. Appl. Phys. 99, 014302 �2006�
Among these species, CH2, CH, and H decreased for recom-
bination processes listed in Table V to produce species with
high molecular weights.

In the present analysis, C2H4, CH3, C, and C2H5 were
the major neutrals as shown in Fig. 5�b�. C2H4 was produced
through the recombination of CH3, CH2, and CH. Among the
radicals, the absolute densities of CH3 and C2H5 were 2–3
orders of magnitude higher than those of CH2 and CH. The
quantitative order of the fluxes, �C2H4

��CH3
��C2H2

��C2H6
��CH2

��CH, is similar to the results by Tachibana

et al.30 Considering the factors of the sticking coefficients of
radicals,10 it is speculated that the positive ions, CH3 and
C2H5 are main species that fulfill the role of supplying car-
bon to the substrate in the present modeling.

C. Estimation of carbon amount

We estimated the number of C atoms per unit substrate

FIG. 3. SEM micrographs of CNTs grown for 10 min at pCH4
of �a� 1 Torr,

�b� 4 Torr, and �c� 10 Torr. Scale bar, 1 �m.
area and compared the values of the experimental and simu-
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lation results, NC and NC� , respectively. For the calculation of
NC, we assumed that each MWNT has 6 layers, from an
additional observation by transmission electron microscopy,
and that its interlayer distance is 0.335 nm. A graphene sheet
contains C atoms of 3.81�1015 cm−2 theoretically. Data of
the mean CNT length, the outer diameter and the number

FIG. 4. Experimental results of �a� the length, �b� the diameter, and �c� the
number density of CNTs grown at pCH4

=1–10 Torr.

FIG. 5. Pressure dependence of the time-averaged fluxes and the number
densities of species in the CH4 plasmas at pCH4

=1–10 Torr; �a� fluxes flow-
ing onto the substrate surface and �b� number densities averaged over the

electrode gap.

AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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density were taken from Fig. 4. NC� was given as the C
amount per unit area supplied as radicals and ions from the
CH4 plasma. We integrated the fluxes of radicals, ions, and
nonradical neutrals incident on the surface of the substrate
during the growth time T. Their sticking coefficients sj are
assumed to be sCH=0.025, sCH2

=0.025, sCH3
=0.01, sC2H5

=0.01, and sn �nonradicals neutrals�=0.10 The sticking coef-
ficients of ions is set at sion=1.31 NC� is given as NC�
=
 jCjsj� jT, where Cj is the carbon atom content in species j
�e.g., CCxHy

=x�.
NC and NC� calculated for pCH4

=1 and 4 Torr and T
=3–20 min are shown in Fig. 6. The present estimation
shows that NC is of the same order of magnitude as NC� . The
shortage of NC relative to NC� would be due to the loss caused
by the production of amorphous carbon, and, crucially, the
surface coverage ratio of catalyst would affect the experi-
ments.

V. CONCLUSIONS

We performed CNT growth experiments by CH4

PECVD at pCH4
=1–10 Torr, and investigated the contribu-

tions of radicals and ions to CNT growth by simulating CH4

plasma using a one-dimensional fluid model.
At 1 Torr, CNTs continued growing up to 60 min. At

4 Torr, CNTs grew longer and thicker than at 1 Torr; how-
ever, their length had leveled off by 20 min and their density
was lower than at 1 Torr. CNTs hardly grew at 10 Torr.
These results indicate that an optimum value exists for the
carbon supply for CNT growth, and that an oversupply of
carbon induces the production of amorphous carbon.

The simulation showed the pressure dependence of the
fluxes of plasma species to the substrate surface. The carbon
supply estimated from the simulation results, even by a
simple model, was consistent with the amount of deposited

FIG. 6. Number density of carbon atoms: experimental results for the CNTs
grown at 1 Torr and 4 Torr �full squares and plus signs�, and simulation
results for those supplied as radicals and nonradical neutrals at 1 Torr and
4 Torr �full circles and crosses�.
carbon as calculated from the experimental results.

Downloaded 17 Jan 2006 to 133.87.26.100. Redistribution subject to 
In the present simulation, the sticking coefficients of the
nonradical neutrals were treated to be zero in spite of their
high fluxes into the substrate. For further realistic evaluations
of CNT growth from the viewpoint of carbon supply, more
detailed information on the surface reactions of nonradical
neutrals as well as that for radicals and ions will be neces-
sary.
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