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Abstract. To support experimental investigations, a model based on Chemkin™

software was used to simulate gas phase and surface chemistry during plasma-enhanced
catalytic CVD of carbon nanotubes. According to these calculations, gas phase

composition, etching process and growth rates are calculated. The role of several carbon
species, hydrocarbon molecules and ions in the growth mechanism of carbon nanotubes
is presented in this study. Study of different conditions of gas phase activation sources

and pressure is performed.

1 Introduction

Carbon nanotubes (CNTs), firstly observed in 1991 [1]
on a negative electrode during electric arc discharge, are
considered to be very perspective materials for different
applications [2,3]. However, more recently, the Catalytic
Chemical Vapor Deposition (C CVD) is believed to be the
most fruitful method for nanotube synthesis. Besides the
ability to produce high yield of well aligned CNTs [4], the
localized [5], low-cost [6] and low temperature [7] growth
is possible. Unfortunately the number of defects, due to
the low temperature catalytic growth, is also higher and
the growth mechanism is not so well described as for
the electric arc discharge method and the laser ablation
method [5].

Chemical vapor deposition (CVD) is widely used for
the manufacturing of coatings, powders, fibers, integrated
circuits and composites. Chemical vapor deposition may
be defined as the deposition of a solid on a heated surface
from a chemical reaction in the vapor phase [8]. There are
different types and modifications of CVD such as: Atmo-
spheric Pressure Chemical Vapor Deposition (AP CVD),
Plasma Enhanced Chemical Vapor Deposition (PE CVD).

In previous works we presented the study of the plasma
influence on gas phase mechanism [g] and different CCVD
activation modes on the growth of CNTs [10]. The pur-
pose of this paper is to further explore different param-
eters on the growth of CNTs in the Plasma Enhanced
Hot Filament Catalytic Chemical Vapor Deposition (PE

HF CCVD). The influence of filament temperature
and operating pressure is discussed and confronted
with the simulation model.

2 Synthesis and computational model

The Ultra High Vacuum (UHV) CVD chamber used for
the synthesis of CNTs and diamond is described in more
details elsewhere [10-12]. This reactor allowed perform-
ing four different types of deposition synthesis. Thermal
CCVD where infra-red halogen lamp was used to heat the
substrate, PE CCVD with additional direct-current glow
discharge in the gas phase, HF CCVD with tungsten fil-
aments placed above the substrate and a mixture of the
two last modes (PE HF CCVD).
The gas inlet of 100 sccm, mixture of 20 C2 Ha/ 79 Hy/

1 NHg, was activated by hot-filaments and glow discharge.
The four tungsten filaments were placed two by two above

the sEbstrate 5 mm and 10 mm, rgspectively. Filaments
were heated to'1900 K or 2225 K and plasma power P, ~

1 W was used. The operating pressures of 5 mbar and
10 mbar were investigated.

For the gas phase simulations of PE HF CCVD syn-
thesis of nanotubes, the CHEMKIN [13] software was
used. This collection of software consisted of various pro-
grams such as: AURORA which allowed the simulation of
electrons density, ion density for thermal or non-thermal
plasma where temperature of gas Ty differed from temper-
ature of electrons T,. In the case of the carbon nanotube



formation by a PE HF CCVD process, the incoming gas
was activated by hot filaments and the simulation domain
lied between the filaments and the plasma, hence the SPIN
program was used to simulate this reactor region in (1D)
spatial dimension. For the simulations of gas phase chem-
istry of the C,H,/H,/NH3z mixture, a total of 45 species
(29 neutral species and 16 charged species) and more than

200 reactions were used. Surface reaction mechanism was

based on the Grujicic model [14] for CVD growth, which

had been ext,emzed to emplox 10 surface carban a h%d -
carbon species (CxHy, 2°2 x > 0,5 > y = o) and cobalt

as catalytic nanoparticle. The model equations and reac-
tion schemes for both gas phase and surface mechanism
were described in more details in our previous work [9].
It was postulated that the catalytic particle in these con-
ditions, with diameter around a few nanometer, were in
liquid form [15]. It was believed that the catalytic growth
mechanism of carbon nanotubes was based on the Vapor-
Liquid-Solid (VLS) model which was first proposed to
explain the growth of carbon nanofibers [16,17]. In this
model the carbon feedstock gas decomposed over the cata-
lyst nanoparticle surface. Then carbon dissolved inside the
catalyst creating a liquid metal carbide compound, which
accumulated until a supersaturation was reached. Then
carbon precipitation occurred to form a nanotube [18-20].

3 Results and discussion

It was previously experimentally observed that ideal syn-
thesis conditions in our set-up are as follows: operat-
ing pressure of P = 10 mbar, inlet gas composition of
100 scem (20% CpHaz, 79% Hz, 1% NH3), filament tem-
perature Tr = 2200 K, plasma power P, =1 W, substrate
temperature Ts = 975 K and time of growth f = 15 min.
These conditions are further refereed to standard condi-
tions. The deposited product was examined by Scanning
Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). SEM images of vertically oriented
dense film of synthesized CNTs with bimetallic catalyst
(Fe/Co layer of ~1 nm) on TiN /Si(100) and cobalt cat-
alyst on Si(100) are shown in Figures 1a and 1b, respec-
tively. Whatever the substrate and the active catalysts,

growth of oriénted nanotubes is, olgsetlﬁfed. Exl%%rimental
oth cases.

growth rates G are ~o.5Um/min in is is in

very good agreement with simulated rate of 0.8 ym/min.

3.1 Effect of the filament temperature

When the filaments were turned off in the same set-up,
only few tubular structures were observed [10]. These re-
sults triggered studies of different growth conditions. It is
expected that not only the on/off status of hot filaments
may influence the deposited products, but also different
temperatures of filament can bring significant changes.
The role of the high temperature filaments T# ~ 2000 K is
mainly to deliver a large decomposition of molecular hy-
drogen H> to atomic hydrogen H which plays a main role
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Fig. 1. Dense film of CNTs grown on (a) TiN/Si(100) and (b)
Si(100). Operating pressure of P = 10 mbar, inlet gas com-
position of 100 scem (20% Cz2 Hz, 79% H2, 1% NHs), filament
temperature Tr = 2200 K, plasma power P, =1 W, substrate
temperature Ts = 975 K and time of growth f = 15 min.

in etching of the surface and in preventing amorphous car-
bon synthesis [9]. Atomic hydrogen can be produced also
by the primary plasma through electron impact dissoci-
ation of H, [21]. However for a sufficient H production
by plasma reactions, a plasma power much higher than
1 W is needed. Another way to obtain a sufficient amount
of atomic hydrogen require starting from a different gas
inlet, however this is not the purpose of our study.

The experimental study and modeling is performed
at Tg = 1900 K where the hydrogen decomposition is
expected to be lowered compared to T = 2200 K. In
Figure 3 is shown the SEM image of the as-prepared sam-
ple. It is obvious that a rare occurrence of CNTs is ac-
quired. The growth rate is experimentally estimated to
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Fig. 2. Number densities of gas phase species close to the
surface in PE HF CCVD with filament temperature 1900 K
and 2200 K, respectively.

Fig. 3. Deposition of tiny carbon nanotubes on Si(100). Same
experimental conditions as in Figure 1, except different tem-
perature of filaments Tr = 1900 K.

G ~ 1 nm/min, three orders of magnitude lower. This

slow rate of CNTs production can be clearly explained
by our simulation model. The 300 K difference of fila-
ment temperature does not cause significant change to the
atomic hydrogen abundance ([Hl2200x = 7.4 X 101* cm™3,
[Hl1000x = 2.4 X 10* ¢cm™3), neverthelessrelevant varia-
tions of carbon and hydrocarbon species can be calculated
(Fig. 2). A decrease of the filament temperature implies
only a slight increasing of the acetylene dissociation, be-
cause of the higher stability of C;H, at higher tempera-
tures. However the products of the dissociation are differ-
ent. Concentration of hydrocarbons with a high hydrogen
content increased, like CHy, C2Hy, C2 Hsand CoHg. They
are expected to be responsible for the deactivation of cat-
alytic particle [22]. On the other hand, abundance of car-
bon species (C, C;) and hydrocarbons with low hydrogen
content (CH, C2H) decrease significantly.
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Fig. 4. Carbon nanowalls produced in operating pressure of
5 mbar, the rest experimental conditions are the same as in
Figure 1.

This leads to conclusion that different decomposition
paths occur, or that due to a lower thermal energy decom-
position of higher hydrocarbons was not complete. The
abundance of carbon monomers decrease by around two
orders of magnitude (from 10'* ecm™3 with T¢ = 2200 K
to 10° em ™3 with T¢ = 1900 K), the dimer C, decreases
by one order of magnitude (10’ cm™3 and 10% cm™3, re-
spectively), and CH, CoH species decrease around a half
order of magnitude. It should also be mentioned that no
significant changes are observed in the concentration of
nitrogen-containing species and charged species.

3.2 Effect of the operating pressure

No carbon nanotubes were synthesized, when standard
conditions were kept, except an operating pressure set at
5 mbar. Also Bratescu et al. [23] are not able to produce
CNTs below 10 mbar using a PE CCVD process, how-
ever it should be noted that they use different gas precur-
sors. Reversely at 5 mbar carbon nanowalls [24] are grown
(Fig. 4). They are grapheme sheets grown vertically from
the substrate. Regarding the gas phase simulation, no sig-
nificant changes of hydrocarbon species abundance are ob-
served at 10 mbar and 5 mbar, respectively. Of course the
number density decreased, due to the pressure drop, how-
ever mole fractions are almost the same. However, a strong
change of the atomic hydrogen concentration can be mea-
sured. While in synthesis at 10 mbar the mole fraction of
atomic hydrogen reaches 10% of the gas mixture close to
the substrate, at an operating pressure of 5 mbar the mole
fraction of atomic hydrogen is close to 23%. Thus it is be-
lieved that hydrogen atoms play a key role in stabilizing
unclosed graphene sheets, possibly by providing hydrogen
to the dangling bonds at the edge of the graphene sheets.
These results are confirmed by Hiramatsu et al. [25]. They
also produce nanowalls by PE CVD only with the assis-
tance of hydrogen radical injection to the reactor.



4 Conclusion

Different changes in the deposited product or the growth
rate are explained by combining SEM and TEM observa-
tions with gas phase investigations. Thus it is shown that
by decreasing the hot filaments temperature in the PE HF
CCVD process, drastic decrease in the highly dehydro-
genated hydrocarbon in the gas phase is calculated and
this could explained the drop of the growth rate. By de-
creasing the pressure from 10 to 5 mbar, carbon nanowalls
instead of carbon nanotubes are deposited. This could be
relied with a large increase of the atomic hydrogen frac-
tion.

We are grateful to J. Faerber for SEM images. We acknowledge
also the French Ministry of Foreign Affairs for funding research
fellowship for one of the authors (M.G) at IPCMS, CNRS,
Strasbourg, France.
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