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Abstract. A hybrid model, called the Hybrid Plasma Equipment Model (HPEM) was used to study an
inductively coupled plasmain gas mixtures of H, or NH3 with CH, or C,H, used for the synthesis of
carbon nanotubes or carbon nanofibers (CNTS/CNFs). The plasma properties are discussed for the
different gas mixture at low and moderate pressure, and the growth precursors for CNTS/CNFs are
analyzed. It isfound that C,H,, C,H,4, and C,Hg are the predominant moleculesin CH, containing
plasmas beside the feedstock gas, and serve as carbon sources for CNT/CNF formation. On the other
hand, long chain hydrocarbons are observed in C,H, containing plasmas. Furthermore, the background
gases CH,4 and C,H, show a different decomposition rate with H, or NH3 addition at moderate
pressures.

1. Introduction

Carbon nanotubes (CNTs) were first discovered by lijima, in 1991 when he synthesized
fullerenes (Cgo) in an arc discharge reactor[1]. Since then CNTs gained alot of attention dueto
their unique physical, chemical and electronic properties, as well astheir wide potential
applications including nanoel ectronics[ 2], hydrogen storage[ 3], and field emission deviced[4].
Carbon nanobutes are divided into two categories due to their different structureq5]: single-
walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTS). Special
structures of MWCNT s are the multi-walled carbon nanofibers (MWCNFs) where the angle
between the graphite basal planes and the tube axis is nonzero.

Several methods can be used for the synthesis of CNTS/CNFs, such as arc discharged[ 6], laser
ablation[7], thermal chemical vapour deposition[8], and plasma enhanced chemical vapour
deposition (PECV D)[9-31]. Among these growth techniques, PECV D has become avery
promising technology for the direct synthesis of vertically aligned CNTS/CNFs used for field
emission deviceq 32-35]. A variety of plasma sources, such as microwave discharges(MW)][9,
10], hot-filament(HF)[11], dc-glow discharges(DC)[12-14, 26, 27], RF capacitively coupled
plasmas(CCP)[ 15, 16] and RF inductively coupled plasmas(ICP)[17-24, 30, 31], have been used
to generate a plasma of typical feedstock mixtures such as CH, or C,H, mixed with either H, or
NHs. The recent progressin PECVD for CNT/CNF synthes s has been summarized in table 1
and 2.

Cui et al.[9] used a microwave CH4/NH; plasma and showed that aligned bamboo-like CNTs
were deposited under their conditions. The effects of growth temperature and gas phase
chemistry variations on the nanotube nucleation and growth structures were investigated. Their
results indicated that both substrate temperature and carbon concentration in the gas phase had
significant effects on the microstructure of aligned multi-walled tubes. Another demonstration
on growing aigned CNTsin microwave C,H,/NH; plasma was reported by Bower et al.[10].
The alignment mechanism was studied in their paper. It was shown that the electrical self-bias



field imposed on the substrate surface from the plasma environment enabled a vertically oriented
growth of MWCNTS.

Optical emission spectroscopy studies were performed by Gulag[11] in a plasma-enhanced hot
filament CVD system for CNT growth for comparison with kinetic simulations of the plasma.
They found that the formation of CN and HCN species significantly changed the density and
morphology of the CNTswhen NH; was diluted to the C,H, plasma.

Chhowalla et al.[12] explored the growth process conditions for vertically aligned CNTs by dc-
PECVD. Theinfluence of the Ni catalyst dimensions, bias voltage, deposition temperature,
C,H>:NH; ratio and pressure on the formation of the CNTs was studied. They showed that
nanotube growth occurred by diffusion of carbon through the Ni catalyst particle, which moved
up to the nanotube tip. The plasma composition of adc C,H,/NH; plasma used for growing
vertically aligned CNTs was anayzed by Bell et al.[13] by mass spectrometry. H,, N, and HCN
were found as the major neutral species beside C,H, and NH;. The dominant detected ions were
NH;" and C,H,", besides NH,", NH,*, HCN" and C,H". Therole of NH; in CNT growth was
investigated in their work. They found that NH3 had two key rolesin the CNT formation:
generating atomic hydrogen to remove excess carbon and suppressing the decomposition of
acetylene. An optimum C,H,/NH; gas ratio of around 20/80 was determined in the experiment
giving riseto aminimum in H, density. Hofmann et al.[14] have successfully grown vertically
aligned CNFs at atemperature as low as 120 °C using a dc-PECV D system. A systematic study
of the temperature dependence of the growth rate indicated alower activation energy of 0.23 eV
in the PECVD system than in the thermal CVD system (1.2-1.5eV). They suggested that the
diffusion of carbon on the catalyst surface is the rate-determining step at low temperature.
Okita et al.[15] investigated the effects of hydrogen on CNT formation in a capacitive CH4/H,
plasmain the pressure range of 1~10 Torr, atotal flow rate of 30 sccm, 4 W input power and a
growth time of 10~90 minutes. They concluded that the gas ratio of CH4/H, = 27/3 at agrowth
time of 10 minutes was efficient for CNT growth, and the amount of carbon atomsin the CNT
agreed well with results from 1D fluid ssimulations (see below). The hydrogen etching effect on
CNTswas also studied by performing H, plasma treatment on as-grown CNTs. Their results
indicated that MWCNTSs were not etched by the H, plasma. Two-dimensiona carbon nanowalls
were deposited in CCP-PECV D with C,F¢(CH,/CF,4)/H, mixtures by Hiramatsu et al.[16].
Indeed, the authors found that the carbon nanowalls grown using CH4/H, were waved and thin
instead of vertically aligned.

The plasma most often used in the literature for CNT/CNF growth is the ICP. Delzeit and co-
workerg[17] carried out a study of growing MWCNTSs on silicon substrates with multilayered
Al/Fe catalysts in an inductively coupled CH4/H, plasma. A detailed parametric study was
undertaken by varying the inductive power, pressure, temperature, gas composition, catalyst
thickness, and the bias power on the substrate. The detailed experimental conditions are listed in
Table 2. Due to the low inductive power, the system worked in the capacitive mode (the so-
called E-mode). A transition from MWCNTs to MWCNFs was observed when increasing the
bias power on the lower substrate. Their global simulation showed an e ectron temperature and
electron density of about 1.75 eV and ~10" cm™ at the conditions under study.

Cruden et al.[18] applied ultraviolet absorption and optical emission spectroscopy under
conditions similar to[17] (see Table 2). The density of CH; detected in the plasma was in the
order of 10" cm™®, and increased with pressure and power. The gas temperature was estimated
between 700 and 1000K, i.e. less than the growth temperature of 1273 K on the substrate. An
effective electron temperature of around 2.5-3.3eV was obtained.

Similar studies were performed by Matthews et al.[19] in the same ICP reactor as Delzeit but
with a C,Hy/H, mixture. Both MWCNTs and MWCNFs were synthesized. It was concluded that
the bias power on the substrate played a key role in the transition from MWCNTs to MWCNFs.
At a high substrate power free-standing MWCNFs could be grown. In addition, their results
further indicated that the ion bombardment weakened the adhesion of the catalyst particles and
lead to the tip growth mode under high substrate power.



An effort of synthesizing SWCNTSs at low temperature in an ICP-PECVD system was reported
by Yang and co-workerg[20, 21]. The low ICP power was found more efficient for SWCNT
growth under their conditions.

Ostrikov et al[22] used a low-frequency (0.46MHz) ICP-PECVD system to deposit carbon
nanostructures with a mixture of Ar/H,/CH,4. Their results indicated that the aligned carbon
nanotip structures were predominantly grown by the molecular and radical units, whereas the
plasma-grown nanoparticles were crucial components of polymorphous carbon films.

Vertically aligned carbon nanofibers were synthesized by Caughman et al.[23] using an ICP-
PECVD system at 50 mTorr in a mixture of C,H,/H,. The other conditions are listed in Table 2.
They found that nanofibers grown in hydrogen-rich plasma tend to be straight and cylindrical,
while those grown in carbon-rich plasma tend to be broad-based and conelike. Their optical
emission measurements indicated that surface reactions play a key role in the plasma chemistry
and that hydrogen and molecular carbon (C,) could be related to the growth results.

Lin and co-workers reported an experimental investigation of an inductive C,H,/H, plasma
under a pressure of 20 mTorr and 500 °C for CNF growth[24]. They have measured the
intensities of C, species and H atoms by optical emission spectroscopy, as well asthe energy and
flux of ions incident on the substrate surface by an impedance meter. The line intensity of C,
was found to increase with C,H,/H, ratio while the hydrogen atom density decreased
accordingly. The relative density of C, and H atoms, as well as the ion current collected by the
substrate electrode, increased with ICP power, which led to the increase of the growth rate of the
CNFs. Moreover the etch effect upon the effective removing of the a-C on the catalyst surface
is further enhanced by ion bombardment.

Wei[25] carried out a comprehensive study of the growth of vertically-aligned CNFsin an ICP-
PECVD system under the conditions mentioned in Table 2. Mass spectroscopy was used to
determine the plasma composition in the experiments. Long chain hydrocarbons were detected
in their experiments, which poisoned the catalyst and prevented the growth of CNFs. The a-C on
the catalyst surface could be efficiently removed by decreasing the gas pressure. The influence
of dilution of NH; was also investigated.

To control CNT/CNF growth, it is necessary to have a good insight in the plasma behaviour.
This can be obtained by computer simulations. Several efforts have been attempted in the past
decades. A one-dimensional simulation was carried out by Hash et al.[26, 27] for a dc plasma
used for CNT growth with a gas mixture of Ar/C,H,/NHs;. 24 species and 140 reactions were
taken into account in their model. The simulation conditions were a pressure of 8 Torr, a flow
rate of 100 sccm of argon, 50 sccm of NH3 and 25 scecm of CoHp, Tgpsrae OF 700 °C, Ty Of
450 °C. A complete dissociation of NH; was observed in the simulations at relatively low bias of
-325V. The Ar” ions were found the dominate ions followed by C,H," and NH,". The effect of
bias on gas temperature was also discussed in the paper.

The amount of carbon in CNTs grown by a capacitvely coupled (CC) CH, plasma was predicted
by Okita et al.[28] using one-dimensional fluid simulations combined with experimental
measurements. The simulation results were consistent with experiment. The effects of hydrogen
and pressure on the CNT formation in a CC CH4/H, plasma was further investigated in [29]. H,
CHs, CHs" and C,Hs" were found to be the major radicals and ions, respectively. By analyzing
the pressure dependence, the results suggested that both radical and non-radical neutrals played
an important role as CNT growth precursors.

Denysenko et al.[30] performed detailed numerical simulations with a global model for
depositing vertically aligned carbon nanostructures in an ICP-PECVD system. A gas mixture of
Ar/CH4/H, was used in their study. The densities and fluxes of radicals and charged species as
well as the effective e ectron temperature, and methane conversion factor were calculated under
various conditions. Their results showed that the deposited cation fluxes generally exceed those
of the radical neutrals. The conversion rates of methane and hydrogen was found very high
(~99%) in their study. Furthermore, Ostrikov et al.[31] reported a two-dimensional simulation of
nanoassembly precursor species in an inductive Ar/H,/C;H, plasma The number density and
fluxes of the main building blocks and surface preparation species involved in the nanoassembly
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of carbon-based nanopatterns were calculated in their study. They showed that the nanopattern
quality might be affected by the process parameters and the non-uniformity of the surface fluxes
of each particular species.

The current status of the technology of depositing CNTs by PECVD, including equipment,
plasma chemistry, diagnostics and modelling, as well as mechanisms, was recently reviewed by
Meyyappan[36]. It is stated that significant progress was achieved in the use of plasma-grown
structures for various applications, but modelling efforts were very minimal[36].

From the literature review above, we can see that CNTS/CNFs could be synthesized under either
moderate pressure (1~10 Torr) or low pressure (10s of mTorr) in a PECVD system (see Table 1
and 2). During the synthesis process, methane (CH,) and acetylene (C,H,) are popular feedstock
gases for the carbon source. A dilution by H, and NH; is often used to obtain hydrogen-rich
plasmas, in order to produce ‘clean” CNTS/CNFs. However, most of the above works focus on
how to grow CNTS/CNFsin low-temperature PECV D, whereas the role of the plasma during the
process of synthesizing CNTS/CNFs, as well as the key precursors for CNT growth, still remain
more or |ess unclear.

To investigate the plasma chemistry for a CNT-PECVD system, a systematic study with the 2D
Hybrid Plasma Equipment Model (HPEM)[37-42] is carried out in our group. An ICP reactor,
more specifically, atransformer coupled plasma (TCP) reactor is used in the ssimulations for two
reasons: first, the TCP system is widely used in the semiconductor industry, because it is simple
to construct and offers high ionization efficiency compared to dc or RF capacitive discharges. In
addition, the TCP reactor has an independent RF power supply to the substrate which can be
useful in the growth of nanotubes in vertical alignment. Second, some experimental effort has
been explored on synthesizing nanotubes in such system in the past decadeq17-19]. These
experimental data can be used to validate our simulation results.

Four kinds of feedstock gas mixtures (i. e, CH4/H,, CH4/NH3, C,Hy/H,, and C,H,/NH,3) are
studied in this work for two different pressures: 50 mTorr and 1 Torr, corresponding to the low
and moderate pressure range investigated in the experiments (see above and Table 2). The paper
is organized as follows. a short description of the model is given in section 2, followed by the
plasma chemistry of CH4/H, (NH3) and C,H»/H, (NH3). In section 3, the numerical results are
discussed. The conclusion and outlook will be summarized in section 4.

2. Description of the model

2.1. The Hybrid Plasma Equipment Model

The Hybrid Plasma Equipment Model (HPEM) has been developed at the University of Illinois
by Kushner and coworkers[37-42] and addresses the plasma physics and chemistry in a modular
fashion. The HPEM has been applied to a variety of reactor types in low temperature
plasmag43]. The main modules of HPEM are the Electromagnetic Module (EMM), Electron
Energy Transport Module (EETM), and Fluid Kinetics Module (FKM). The plasma quantities
are generated by iterating between these different coupled modules. A short review of these
three modules is given in the following, more details can be found in the publications of
Kushner et al., the devel opers of the HPEM[37-42].

After defining the reactor geometry and initial operating conditions, the first module EMM
calculates the electromagnetic fields within the reactor volume by solving Maxwell equations.
These fields are used as inputs in the EETM, where the electron density, electron temperature,
electron energy distribution function and electron impact reaction rates are computed with a
Monte Carlo procedure or the Boltzmann equation. Subsequently, the FKM calcul ates densities
and fluxes of the various plasma species (i.e. heavy particles and electrons) with continuity
eguations, and the electrostatic field with Poisson’'s equation. This electrostatic field is used as
input again in the EMM. This cycle isiterated until convergence. The schematic of the modular
HPEM isgiveninFig. 1.

2.2 The plasma chemistry for CNT/CNF growth



As mentioned above, the plasma species densities are calculated with continuity equations, i.e.,
balance equation with different production and loss terms, determined by chemical reactions.
Thelatter are specific for each gas mixture under study.

EMM p—>» EETM

FKM

Figure 1. Schematic of the modular HPEM

a. Methane-hydrogen plasma chemistry (CH4/H,)

CH, and CH4/H, plasmas have been used very frequently in ICP reactors for CNT formation in
the past decadeq[15, 17, 18, 20, 21, 28-30].

After a sengitivity analysis, 33 species (electrons, ions, radicals and background neutrals) along
with 58 electron impact reactions, 115 ion-neutral reactions, and 45 neutral-neutral reactions are
taken into account in our model. The details are listed in Tables 3-6. Besides the inlet gas
(CH4/H,), some higher order neutral molecules (CsHg, C,Hs CoH,4, C;H,) are aso included in our
model, because they were found to be formed in the plasma at high densitieg44]. Some radical
and ionic species (e.g. CsHy, C3Hy',...) as well as the negative ions are not incorporated in the
model, although they might be present in a CH,4 plasma, but they have much lower densities.
Note that the electron impact reactions are treated with energy dependent cross sections, whereas
theion and neutral reactions are described by rate coefficients.

b. Acetylene-hydrogen plasma chemistry (C,H./H>)

C.H, is another popular gas used for the synthesis of carbon nano-films and carbon
nanotubeg 10-14, 23-27, 31]. Compared to methane, it can yield more highly polymerized ions
and has a much stronger and faster tendency to form dust. The measurement of Deschenaux et
al.[45] showed the formation of higher mass hydrocarbon cations and anions up to nearly 200
amu. The dominance of the species with an even carbon atom number is a distinct feature of
C,H, discharges.

One—dimensional fluid simulations of capacitive C,H, plasmas have been performed for
nanoparticle formation by De Bleecker et al.[46] and Mao et al.[47] in our group. The results
showed that negative ions played a key role during the nanoparticle formation. However, the
negative ions are not included in the current study because our preliminary simulations based on
the mechanism proposed in [47] show that the magnitude of negative ions is at least one order
smaller than that of electrons in an inductive acetylene discharge. Therefore the negative ions
will not be considered in the current study to save computational effort.

Table 7 gives an overview of the 47 different species besides electrons considered in the model.
The type of speciesincluded in the model is based on experimental observations of Deschenaux.
et al.[45]. There are indeed more highly polymerized ions and neutrals included than in the
CH4/H, model (c.f. Table 3). 105 reactions involving 31 electron-impact reactions, 29 neutral -
neutral reactions and 45 ion-neutral reactions are taken into account (see tables 8 -10).

c¢. Addition of ammonia (NHs)

When NHj; is used as dilution gas instead of H,, an extra number of 22 species, 43 electron-
impact reactions, 48 ion-neutral reactions and 67 neutral-neutral reactions were added to the
model. All the details are given in tables 11-14.

2.3 Diffusion and wall deposition losses



Besides chemical reactions in the discharge, species can also be lost by diffusion to the reactor
walls followed by deposition. The overall diffusion coefficient D; of neutral speciesj in the gas
mixture can be calculated by Blanc’slaw[48],

Pa — 5P
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where Dj; is the binary diffusion coefficient of speciesj in every background gasi [49],
.. :i kBTgaS 477kBTgas/rr|]]-j2 (2)
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kg is the Boltzmann constant, Ty, IS the gas temperature in Kelvin, py isthe total gas pressurein
Pascal, m; isthe reduced molecular massin amu, gj; is the binary collision diameter in A.
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and Q, (HJ) isthe diffusion collision integral given by[49]
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with W=T_ /¢, & :(gi +e, )ﬂzand constants A = 1.06036, B = 0.15610, C = 0.19300, D =
0.47635, E = 1.03587, F = 1.52996, G = 1.76464 and H = 3.89411. All data needed to calculate
the diffusion coefficients of all the plasma species included in the models were adopted from
[44] and [47].
For ions both motilities and diffusion coefficients are considered. The ion mobility of an ionic

species| in the background gasi can be calculated from the low-electric-field Langevin maobility
expression[48]
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where ¢; in A%is the polarizability of the background gas and is taken from [44] and [47] for all
ions. The overall ion mobility 4 of ion j in the gas mixture can again be obtained by Blanc's
law; see above. Finally, theion diffusion coefficient can be derived from Einstein’ s relation
. _ kT
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where T, represents the ion temperature which is assumed to be equal to the gas temperature.
Finaly, a sticking model, where the deposition of species at the wall is described, is applied to
treat the plasma—wall interactions. The sticking coefficients assumed for the different radicals
can be found in Table 15. For the ions a sticking coefficient of 1 is assumed, because they will
be neutraized. For the molecules, a sticking coefficient of 0 is used, as they are considered to be
reflected at the walls.
It should be noted that the same sticking model is also applied on the substrate. Indeed, due to
the lack of reliable data, the same sticking coefficients are assumed on the substrate as on the
other walls. This is of course an approximation, because the substrate for CNT growth is
typically covered by metal catalyst nanoparticles (e.g., Ni, Fe, Al, Co; see Table 1 above), and it
is generaly assumed[50] that the hydrocarbon growth species will decompose at the surface of
these nanoparticles. This represents a sink for the hydrocarbon species, which is included in the
model by the sticking coefficients, but as the latter are taken as constant values, irrespective of
the kind of wall material, it is an approximation.
The present work focuses mainly on the bulk plasma chemistry reactions. However, the model
could be further improved by calculating detailed decomposition probabilities of the various
hydrocarbon species at the nanoparticle surface, for instance by molecular dynamics simulations,
and using these data as boundary conditions for the plasma chemistry model, in order to describe
the process of CNT/CNF growth in more detail.



Alternatively, a separate model for the catalytic growth of CNTSs, as was recently developed by
Naha and Puri[51], could be combined to our plasma chemistry model. Such a model takes into
account several mechanisms including adsorption and desorption of hydrocarbon species at the
catalyst-gaseous hydrocarbon interface, surface and bulk diffusion, nucleation, and separation of
solid undissolved carbon in nanostructured form. This model needs the predominant carbon-
containing species density near the substrate as an input parameter, which is an output of our
model. Vice versa, the surface processes provide the boundary conditions for the plasma
chemistry model. In the near future, we would like to extend our plasma chemistry model, to
take into account the decomposition of the hydrocarbon species at the catalyst nanoparticles in
more detail.

3. Results and discussion

3.1. Operating conditions

The caculations were performed for eight cases, namely for four different gas mixtures: i.e.,
CHJ/H,, CH4/NHj3, C:HJ/H,, and C,H,/NHs, and in each case for two different gas pressures: 50
mTorr representing the low-pressure range and 1 Torr for the moderate-pressure range. The gas
ratio is always 20% for CH4/C,H, vs 80% H,/NH;. Other operating conditions are: 100 sccm
total gas flow rate, 300 W source power, 30W bias power a the substrate electrode and an
operating frequency of 13.56 MHz applied to the coil and to the substrate electrode. The
substrate is heated to 550 °C. These are typica operating conditions for CNT growth, as was
illustrated in Tables 1-2.

The reactor geometry under study is a TCP reactor, which is often used for CNT growth[17-19].
It isschematically illustrated in Figure 2.

TCP geometry
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Figure 2: Two-dimensional TCP reactor geometry used in the model. The reactor is cylindrically symmetric, so only one half plane
of the reactor is shown.

3.2. General calculation results

First we show some genera calculated results, for the CH,/H, gas mixture, at low pressure (50
mTorr) and moderate pressure (1 Torr). These results are representative for the other gas
mixtures as well, unless mentioned otherwise.

The calculated 2D power density profiles at a pressure of 50 mTorr and 1 Torr are shown in
figure 3 (@) and (b), respectively. Theinput power from the RF cail (i.e. 300W) is mainly
deposited near the quartz windows below the coil. An off-axial peak is observed at both
pressures. When the pressureisincreased to 1 Torr, the region of power deposition becomes
smaller compared to that at 50 mTorr. This reduction leads to higher peak values of power
density at pressures of 1 Torr, because the total input power for both pressuresis same (i.e.
300W). The peak values of power density are 0.36 and 0.55W/cm® at 50 mTorr and 1 Torr,
respectively. In this region, the plasma electrons absorb the energy from the inductive electric
field, whichis called the “inductive region”.
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Figure 3 Calculated 2D power density profiles for a CH4/ H, gas mixture at a pressure of (a) 50 mTorr and (b) 1 Torr with gasratio
of 20:80. The operation conditions are: 100 sccm gas flow rate, 300W source power, 30W bias power at the substrate and 13.56 MHz
operating frequency at the coil and at the substrate electrode. The substrate is heated to 550 °C.

A second region of power deposition can be found above the substrate where the RF bias power
of 30W isapplied. It isclear from Fig. 3(a) and (b) that the power density in thisregion isfairly
uniform. We call this region the “ capacitive region” because the electrons absorb the energy
mainly from the electrostatic field. The peak values of power density in this region are around
0.07 and 0.02 W/cm?® at 50 mTorr and 1 Torr, respectively. Indeed at the moderate pressure of 1
Torr, the capacitive region is expanded, which results in a decrease of the maximum power
density because the total power applied on the substrate is fixed as 30W for both pressures.
Similar trends were also observed for the other three gas mixtures.
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Figure 4 Calculated 2D electron temperature profiles at the same conditionsasin figure 3

Figure 4 (a)-(b) displays the calculated 2D distributions of the electron temperature at the two
different pressures. Similar to the power deposition, the electron temperature exhibits two peaks,
i.e., in theinductive region and capacitive region, where the electrons gain energy from the
electric field. At low pressure of 50 mTorr, the €l ectron temperature shows values around
2.4~3.5 eV in the inductive region, which is comparable to the result measured by Cruden et al.
in [18]. At the moderate pressure of 1 Torr, the values of electron temperature are reduced to
1~2.5 eV intheinductive region. These results are consistent with Delzeit et al.[17] and
Ostrikov et al.[31]. In addition, the el ectron temperature remains as high as 4~6 eV in the
capacitiveregion at 1 Torr. This can be explained because at higher pressure alower electron
density isfound in the capacitive region (i.e., around 10 times |ower than the density at 50
mTorr; see below). Hence, for a given applied bias power (30W), the electrons will be able to
gain more energy.
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Figure 5 Calculated 2D electron density profiles at the same conditions asin figure 3

Figure 5illustrates the calculated 2D profiles of the electron densities at the same conditions as
in figure 3. Off-axial maxima are also observed for the electron density distribution. Thisis
because in this region the electrons are created by the deposited power. When the pressure is
increased to 1 Torr, the distribution of electrons becomes more localized. Indeed at high
pressure, there are more collisions between electrons and the other species, so that the mean free
path for electrons becomes smaller, and the el ectrons |ose their energy much faster. At 50
mTorr, the electron density shows a peak value of 3.4x10™ cm® below the coil, and it decreases
to 1x10° cm® near the walls. Slightly higher values (i.e., 8.5x10' cm® in apure CH, ICP
discharge at a pressure of 50 mTorr and a power of 500W) were reported by Beraet al.[52]. At
the moderate pressure of 1 Torr, the peak value of electron density becomes 1.7x10" cm™. This
is because the large number of collisions between el ectrons and neutrals at the moderate pressure
make electrons |ose their energy much faster, leading to the reduction of high-energy electrons,
which resultsin a decrease of the electron density.

The calculated 2D profiles of the gas temperature are plotted in figures 6(a)-(b). The substrate is
heated to 823K (i.e. 550 °C). At the low pressure of 50 mTorr, the heat transfer towards the
plasmais clearly displayed. The gas temperature gradually changes from 823 K at the substrate
to about 600K in the bulk plasma, and reaches 324K at the wall. On the other hand, at the
moderate pressure of 1Torr, the gas temperature sharply decreases near the substrate. Indeed, at
higher pressure more “cooling” species are injected into the reactor (400K in our simulation),
which leads to more species sharing the heat transferred from the substrate. Second, the
collisions between the species become more frequent at higher pressure, so that the species lose
their energy more quickly.
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Figure 6 Calculated 2D gas temperature profiles at the same conditionsasin figure 3.



The 2D number density distribution of the background gas CH, isdisplayed in figures 7 (a) and
(b) at low and moderate pressure, respectively. The density reaches a maximum near the gas
inlet and drops in the plasma due to ionization and dissociation reactions as shown in Table 4-6.
The H-abstraction reaction H+ CH, - H, + CH, isfound to be the predominant |oss process.

The rate congtant for thisreaction is very sensitive to the gas temperature (see Table 6) and its
magnitude increases two orders when the gas temperature changes from 400 K to 900 K. Hence,
this reaction is much faster at 50 mTorr where a higher gas temperature is reached (cf. figure 6 a
and b). This explains why the CH, density does not drop so rapidly at 1 Torr, asis clear from fig.
7b.
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Figure 7 Calculated 2D number density of CH, at the same conditions asin figure 3.

Similar density profiles are also observed for the other background gases (i.e. C;H,, H, and NHj;
not shown in the paper). In the discharge, several new species are formed by ionization,
dissociation and other reactions as given in table 3-14. These species will be discussed in the
next section.

3.3. Plasma chemistry in the different gas mixtures
To andyze therole of the plasma chemistry for CNT/CNF growth in an ICP-PECV D system,
the volume-averaged densities of all plasma components are calculated for the four different gas
mixtures at the two pressures under study. The results are shown in figures 8-11 for the CH,/H,
plasma, the CH4/NH; plasma, the C,H,/H, plasma, and the C,H,/NH3 plasma, respectively.
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Figure 8. Calculated volume-averaged densities of (&) neutrals and (b) charged species for the CH4/H, plasmaat pressures of 50
mTorr and 1 Torr. The other parameters are the same asin figure 3.

In the CH4/H, plasma, it is clear that H,, C;H, and C,H, are the dominant molecules at both
pressures, besides the feedstock gas CH,. Thisis consistent with the results measured by
Denysenko et al. using mass spectrometry in the pressue range of 20~70 mTorr[30]. The
primary radicals are H and CH3 at both pressures, which correlates well with the results of Oda
et al.[29] At 50 mTorr, several ions are almost of equal importance, i.e., C,H," (x=2,3,4,5) and
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CH," (x=3,4,5), aswell asH3". In general, theion densities are, however, five orders of
magnitude lower than the neutrals densities, at 50 mTorr.
Asthe gas pressure increases to 1 Torr, the densities of H,, CH, and C;H, increase, but the
density of C,H, drops dightly. Thisis because the C,H, molecules are mainly created by the
following three reactions:

CHs;+e - CH,+Hy+ € (58 eV)

CH + CH2 —H+ C2H2

CH2 + CH2 — H2 + C2H2
Indeed, the densities of the radicals CH and CH,, as well as the electrons densities decrease at
higher pressures. The pressure effect is even more pronounced for al ions (except C;Hs"), which
drop by one to three orders of magnitude. At the pressure of 1 Torr, C;Hs™ are the most
important ions, followed by CHs", C;H;" and C,H,". This behavior is correlated to the increase
of the CH, and C;H, densities. Indeed, these ions are mainly generated by reactions between
small ions (such as H,", Hs", CH," and CH3") and the molecules CH, or C,H, (see reactions 14,
18, 21, 22, 26, 28, 31, 34, 37 and 39 in Table 5). This aso explains the significant drop in
densities of H,", Hs", CH,"and CH3" ions.
It is known that CH, can hardly dissociate on the catalyst surface, whereas C,H,, C,H, and C,Hg
are characterized by alower decomposition temperature[50]. Hence, because these molecules
are also present in high densities in the CH4/H, plasma, they will probably serve as carbon
source for CNT/CNF growth. Moreover, as the hydrocarbon radicals are thought to be typical
growth precursors for amorphous carbon thin filmg[52], a significant drop in their densities
when increasing the pressure might indicate that a*“ cleaner” environment for CNT/CNF growth
could be obtained. This might explain why a higher growth rate of CNT/CNF could be achieved
at higher pressure[12].

When NHj3 is diluted into the CH, plasma instead of H,, the hydrocarbon species, such as CH,
(0<m<3, 0<n<8) and CxHy+ show similar trends as in the CH4/H, plasma, i.e., the densities of the
molecules H,, CH,4, C;H,4 and C,Hg increase with pressure, whereas the densities of most
hydrocarbon radicals and ions show a decreasing trend. It is apparent that the densities of H, and
H reach the same value as in the case when hydrogen was used as the dilution gas. Indeed, these
H, molecules arise now mainly from the NH; feedstock gas, by H abstraction reactions (see
reaction 2 and 3 in Table 14) and the three body recombination reaction (H + H + NH; — H, +
NHz). Aswill be shown later, the ammoniais indeed highly decomposed in the plasma.
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Figure 9 Calculated volume-averaged densities of (a) neutrals and (b) charged species for the CH/NHj3 plasma at pressures of 50
mTorr and 1 Torr. The other parameters are the same asin figure 3.

Moreover, the neutral species of N, and HCN, besides the NH; feedstock gas, are observed at
relatively high densities. Thisis consistent with the results reported by Bell et al. [13]. Indeed,
H,, N, and HCN were detected as major neutral species when CNTs were synthesized in the
C,H2/NH; plasma. The role of NH3 was also discussed in that paper: it was stated to be a more
effective source of atomic hydrogen compared with H,. Also from our calculationsit is clear that
H atoms are formed to alarge extent when NH; is used as the dilution gas (see figure 9a). In
addition, a significant amount of atomic nitrogen is also predicted by our model, and this
activated nitrogen can also affect the growth kinetics of CNT/CNF at the catalyst surface[53].
Finaly, the NH," ions are found to be the dominant ions, which agree well with the simulation
results of Hash et al. [26, 27].
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Figure 10 Calculated volume-averaged densities of (a) neutrals and (b) charged species for the C;H,/H, plasma at pressures of 50
mTorr and 1 Torr. The other parameters are the same asin figure 3.

In the acetylene/hydrogen plasma (see figure 10), long-chain hydrocarbons such as C,,H, and
CanHe (n=4,...,6) are formed in the discharge, and become important for both pressures. This
has been reported al'so by Wei [25] using mass spectrometry, and it was stated that they poisoned
the catalyst and prevented the growth of CNFS[25] The mgjor ions are C,H,", C4H,", C4H5", and
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CeH.," at low pressure. At the pressure of 1 Torr, the C,\Hg' (n =4,...,6) ions become
predominant. Indeed, these heavy ions are primarily created from C,H, insertion reactions (see
24-27 in Table 9). These heavy ions will probably enhance the physical sputtering on the surface
of the catayst to remove the amorphous C film. In addition, these energetic ions may weaken
the adhesion of catalyst particles, leading to the tip growth mode during the CNF formation[50].
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Figure 11 Calculated volume-averaged densities of (a) neutrals and (b) charged species for the C;H,/NH3 plasma at pressures of 50
mTorr and 1 Torr. The other parameters are the same asin figure 3.

In the C,H,/NH; discharge, on the other hand, the formation of long chain hydrocarbonsis less
important, asis clear from figure 11. N, and NH," are the predominant neutrals and ions,
respectively. Compared with the CH4/NH; plasma, the densities of H and H, are reduced with
one order of magnitude, and more striking is the drop in H density upon pressure increase, which
is opposite to the behavior in the CH4/NH; plasma (see above). The atomic hydrogen is
commonly accepted as an etchant during the CNT/CNF growth. The decrease in density of H
would reduce the etching effect in CNT/CNF growth, resulting in the enhanced CNT/CNF
growth[54].

In general, we can see that atomic carbon is hardly formed in the plasma, for the four gas
mixtures under study at two different gas pressures. Therefore we can conclude that the carbon
sources for CNT/CNF growth mainly arise from decomposition of hydrocarbon molecules on
the catalyst surface, asis also stated in [55].

To examine the conversion of the background gases, the decomposition rate (DR) is defined as
follows

volume-averaged density of background gas
density of background gas at inlet

DR=1-

()

The calculated results for the four different gas mixtures at the two different pressures are shown
in Table 16.

It is clear from the table that the background CH.,/C,H, gases have a higher DR (more than 71%)
when ammoniais used as the dilution gas. Moreover, the ammonia itself also amost fully
converted (more than 83%), which was also observed in [26]. Compared to the ammonia
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dilution, the hydrogen has almost no decomposition (around 0.2~9% in the case of CH,4 and even
negative valuesin the case of C,H,). These negative values mean that more background gas
species are formed than decomposed. Indeed, the threshold energy needed for the dissociation of
CH,/C,H, (8.8/7.5 eV) is dightly lower than that for H, (8.87€V). Hence, H, can be formed due
to dissociation of CH4/C,H,, followed by recombination of the resulting H atomsinto H,.

Asfar asthe pressure effects are concerned, the background gas CH4 has more or less the same
DR in case of ammoniadilution, and C,H, has adightly higher DR at the pressure of 1 Torr
compared to 50 mTorr when ammoniais used as the dilution gas. However when hydrogen is
the dilution gas, asignificantly lower DR of the background gases was observed at the higher
pressure. Thisis most striking for the CH4/H, plasma, where the DR of CH, drops from almost
50% at 50 mTorr to 3% at 1 Torr. Because CH,4 can hardly dissociate on the catalyst surface [50],
this would suggest that the carbon source for CNT growth isvery small inthe CH4/H, plasma at
the moderate pressure range of around 1 Torr. This might be correlated with literature [20, 21]
where such conditions were found to be favourable for the formation of SWCNT.

4. Conclusions

An ICP reactor operating in four different gas mixtures and at two pressures in the range
typically used for CNT/CNF growth was investigated by means of hybrid plasma simulations.
The feedstock hydrocarbon source gases were decomposed in the plasma, generating small and
reactive ions and neutrals. The latter can reach the substrate to provide the carbon sources for
CNT/CNF growth.

It was found that in methane containing plasmas the radicals H and CH; are the primary radicals,
C,H, and C;H, (and N, and HCN in case of ammonia dilution) are the dominant molecules
besides the feedstock gases (H./NH; and CH,). Several ions, i.e., CH," (x=3, 4, 5) and C,H,"
(x=2, 3, 4, 5), are of comparable importance. The densities of the molecules increase with
pressure, while the radical and ion densities become lower at higher pressures. Our results
suggest that C,H, and C,H, are the main precursors for CNT/CNF growth in methane containing
plasmas.

On the other hand in acetylene containing plasma, the long chain species (both neutrals and ions)
are predominant. The latter will enhance the physical sputtering and it can therefore be expected
that they can effectively remove amorphous C films on the catalyst particles. Therefore, these
long chain species probably play akey role in the formation of CNTS/CNFs.

When ammonia was used as the dilution gas, the trends of hydrocarbon species were found
similar asin the H,-dilution plasmas, but the N, and NH," species became the dominant neutrals
and ions, respectively. A significant amount of atomic nitrogen was also predicted in our model,
and these reactive nitrogen species can also affect the growth kinetics of CNTS/CNFs at the
catalyst surface.

Our smulations suggest that, under the investigated operating conditions, a high DR of the
hydrocarbon feedstock gases (either CH4 or C,H,) can be achieved when NH; is used as the
dilution gas, for both low and moderate pressure, as well as in the case of H, dilution at low
pressure. However, at the moderate pressure of 1 Torr, the DR of CH,4 isvery low in the case of
H, dilution. Because CH, cannot easily be dissociated at the catalyst surface, this suggests that
the carbon source for CNT formation is rather limited, which could correspond to conditions
favorable for SWCNT growth, asisindeed observed in literature [20, 21].

In al cases investigated, the density of atomic carbon in the plasma is found to be very low;
hence the C-supply for the CNT/CNF growth needs to come from decomposition of hydrocarbon
species at the catalyst surface itself, as is also generaly stated in literature[55]. The detailed
behavior of the hydrocarbon species at the catalyst surface is not yet taken into account in our
model. Indeed, our model only provides insight in the most important plasma species present in
the discharge, which might play arole for the CNT growth. However, in future work, we would
like to combine our plasma chemistry model, providing the fluxes of the most important plasma
species to the substrate, with a model describing the surface processes on the catalyst
nanoparticles, in order to obtain a comprehensive picture of the catalytic growth of CNTSs.
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Table 3. Different species considered in the CH,/H, model, besides electrons

Molecules lons Radicals

H, H*, Hy', Hy' H

C', CH", CH,", CHy",

CH, CH," CH.

C, CH, CH,, CHs;

C2+- CZH+1 C2H2+1 C2H3+1

CaHa CHa, Gl CoH4", CHs', CoHe'

CSHS, C4H10
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Table 4. Electron impact collisions included in the CH4/H, model and their corresponding
threshold energies, and references where the cross sections were adopted from.

No Reaction Threshold Reaction Type Reference
Energy(eV)
H.
1 €e€+H,—»>H;+€ 0.0 Momentum transfer [56]
2 €+H, 05 H, P +e 0.044 Rotational excitation [56]
3 e€+H, V5 H,®+g 0.073 Rotational excitation [56]
4 €+H,"0 5 H, D4 0.516 Vibrational excitation [56]
5 €+H," 5H,"+¢ 1.000 Vibrational excitation [56]
6 e+H,"? S5 H," g 1.500 Vibrational excitation [56]
7 e€e+H,—>H;[b3)+e 8.900 Electronic excitation [56]
8 €e+H,—»H;(Bl)+e€ 11.300 Electronic excitation [56]
9 e€e+H,—>H,(c3)+€ 11.75 Electronic excitation [56]
10 e+H,—»H,(@3) +€ 11.800 Electronic excitation [56]
11 e€+H,—»H,(Cl) +e 12.400 Electronic excitation [56]
12 e+H;—>H;(d3)+e 14.000 Electronic excitation [56]
13 e+H,—>H+H+¢€ 8.870 Dissociation [56]
14 e+H,—>H,+2¢e 15.400 lonization [56]
15 €+H,->H+H 0.0 Recombination [57]
CH,
16 € +CH;—CH,+¢€ 0.000 Momentum transfer [58, 59]
17 € +CH,“ »CHM ™ + e 0.3839 Vibrational excitation [58, 59]
18 e+CH,"?+e—-CH ™ +¢ 0.1649 Vibrational excitation [58, 59]
19 €+CH;—>CHz;+H+¢€ 8.800 Dissociation [60]
20 €+CH;—CH,+H,+¢€ 9.400 Dissociation [60]
21 e+CH;—»CH+H,+H+¢€ 12.50 Dissociation [60]
22 €+CH;—»C+Hy,+H,+¢€ 14.00 Dissociation [60]
23 €+ CH, —CH, +2¢e 12.63 lonization [61]
24 € +CH;—CH; +H+2¢ 14.01 Dissociative ionization [61]
CH;
25 €+CH;—>CHsz+¢€ 0.000 Momentum transfer [62]
26 €+CH;—>CH,+H+¢€ 9.500 Dissociation [62]
27 €+CH;—>CH+H,+€ 10.000 Dissociation [62]
28 €+ CH; —»CH; +2¢e 9.800 lonization [62]
C2H6
29 € +CHg—CHg+¢€ 0.000 Momentum transfer [63]
30 €+CHs@ -CH ™ +e 0.3766 Vibrational excitation [63]
31 €+CHg? 5CH 2 +¢ 0.1569 Vibrational excitation [63]
32 €+CHs @ -CHM™ + ¢ 0.1099 Vibrational excitation [63]
33 €+CHg—CHs+H+¢€ 7.45 Dissociation [63]
34 e€e+CHg—CH;+H,+¢€ 4.00 Dissociation [63]
35 €+ CHg—CHg +2e 11.60 lonization [63]
36 € +CHg—CHs +H +2¢e 12.65 Dissociative ionization [63]
37 €+CHg—CH, +H,+2¢e 11.81 Dissociative ionization [63]
C2H4
388 e+CH;,—>CH;+¢€ 0.000 Momentum transfer [63]
39 €+CH;Q-CH, " +e 0.3838 Vibrational excitation [63]
40 €+CH;Q SCH, Y +¢ 0.1197 Vibrational excitation [63]
41 e+CH;—->CH;+H+¢€ 6.90 Dissociation [63]
42 e +CH;—»CH,+Hs,+€ 5.80 Dissociation [63]
43 € +CH,—CH, +2¢e 11.00 lonization [63]

44 € +CH,;—CH; +H+2¢e 12.60 Dissoci ative ionization [63]
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45

46
47
48
49
50
51
52

53

55
56
57
58

e +CH, —>C2H2+ +H, +2¢€
C2H2

e +CH, »CH, + e

e +C,H, © —>C2H2(V:l) +e
€+ CH, @ 5CH, ™ + @

e +C,H, © —>C2H2(V:3) +e
e+CH,-»CH+H+¢€

e+ CH, —>C2H2+ +2€

€ +CH, >CH" +H + 2¢
CsHs

€ + CiHg »CsHg + €

€ + CiHg @ -CHV™ + &

€ + CsHg © —>C3H8(v:2) +e

€ + CsHg —>C2H5+ + CHj; + 2¢
e+ C3H3 —>(:2H4+ + CH4 + 2e
e+ C3H3 —>C2H4 + CH4 +e

14.30

0.000
0.09
0.29
041
75
11.40
16.5

0.0
0.0961
0.3593
13.92
14.19
2.1

Dissociative ionization

Momentum transfer
Vibrational excitation
Vibrational excitation
Vibrational excitation
Dissociation
lonization
Dissociative ionization

Momentum transfer
Vibrational excitation
Vibrational excitation
Dissociative ionization
Dissociative ionization
Dissociation

[63]

[63]
[64]
[64]
[64]
[65]
[65]
[65]

[63]
[63]
[63]
[63]
[63]
[63]
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Table5. lon-molecule reactions taken into account in the CH4/H, model, as well as their
reaction rate coefficients. The latter were all adopted from [66].

No. Reaction Coefficient(cm’s™)
1 H"+H, — H" +H 3.22x10 Pxexp(21856/T)
2 H"+CH—->CH" +H 1.89x10°
3 H"+CH, - CH" + H, 1.39x10°°
4 H"+CH, » CH," +H 1.39x10°
5 H*+ CH; — CH3" + H 3.32x10°°
6 H" + CH; — CH3" + H, 2.33x10°
7 H" +C,— C," +H 3.09x10°°
8 H"+CH— C," + H, 1.50x10°
9 H"+CH — CH" +H 1.50x10°
10 H" + C,Hp, — CH + H, 2.00x10°
1 H* + C,H, — C,H," + H 2.00x10°°
12 H*+ C;H; — C,H," + H, 2.00x10°
13 H* + C,H; —» CHs" + H 2.00x10°
14 H"+CH; — CH,"+H,+H 1.00x10°
15 H"+ CHy— CH,  + H 1.00x10°°
16 H" + C,H; — CoHs" + H, 3.00x10°
17 H*+ C,Hs — C,Hs" + H, + H 3.06x10°
18 H + CHs — CHs" + H, 1.65x10°
19 H,"+H—> H"+H, 6.40x10°
19 Hy"+H, > Hsy" +H 2.08x10°
20 H,"+C— CH"+H 2.40x10°°
21 H,"+ CH — CH" + H, 7.10x10°™°
22 H,"+CH — CH,  + H 7.10x10%°
23 H," + CH, — CH3" + H 1.00x10°
24 H," + CH, — CH," + H, 1.00x10°
25 H,"+CH, —» CHs +H 1.14x10%°
26 H,"+ CH; —» CH," + H, 1.40x10°°
27 H," + CH; — CH3" + H, + H 2.30x10°
28 H,"+C, — C," + H, 1.10x10°
29 H,+C, > CH +H 1.10x10°
30 H," + C;H — CH + H, 1.00x10°°
31 H," + C;H — CH," + H 1.00x10°°
32 H," + C,H, — CHs" +H 4.80x101°
33 H," + CoH, — CH,' + Hy 4.82x10°°
34 H," + C,Hs — CHs" + Ho + H 1.81x10°
35 H," + C;Hy — CoHy  + Hy 2.21x10°
36 H," + C,Hy — CoH," + Hy + H, 8.82x10°
37 Hs"+C— CH +H, 2.00x10°°
38 Hs"+ CH — CH," + H, 1.20x10°°
39 Hs;"+ CH, —» CH3" + H, 1.70x10°°
40 Hs" + CHz — CH," + H, 2.10x10°
41 Hs" + CH; — CHs™ + H, 2.40%x10°
42 Hs"+C, —» C,H' + H, 1.80x10°
43 Hs"+ C,H — CH," + H, 1.70x10°
44 Hs" + C;Hy — CoHs™ + H, 3.50x10°
45 Hs" + C;H; — CoH," + Hy 2.00x10°
46 Hs" + C;Hy; — CoHs' + H, 1.15x10°
a7 Hs" + C;Hs — CHs" + Ho + H, 1.15x10°
48 Hs" + C;Hs — CoHg" + H, 1.40x10°
49 C'+CH—C, +H 3.82x10%°
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50
51
52
53

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

C'+CH-CH" +C

C+ + CH2—> C2H+ +H
C'+CHy—» CH, +C

C+ + CH4—> CzH2+ + Hg

C+ + CH4—> C2H3+ +H

C+ + C2H4—> C2H3+ + CH

C+ + C2H4—> C2H4+ +C

C+ + C2H5—> (:2H5+ + C
CH"+H— C" +H,

CH" + Hp— CH," + H
CH"+C—C,'+H

(:H+ + CH-’ C2+ + H2

CH+ + CH2—> CzH+ + H2
CH+ + CH4—> CzH2+ + Hg +H
(:H+ + CH4—> C2H4+ +H
(:H+ + CH4—> C2H3+ + H2
CH," + H— CH" + H,

CH2+ + H2—> C:Hg+ +H

CH2+ + C—> C2H+ +H

CH2+ + CH4—> C2H4+ + H2
CH2+ + CH4—> CgH5+ +H
CH3+ +H— CH2+ + H2
CH3+ +C— CzH+ + H2

CH2+ + CH— CzH2+ + Hg
CH2+ + CH2—> (:2H3+ + H2
CH3+ + CH4—> (:2H5+ + H2
CH3+ + CzH3—> CzH3+ + CH3
CH3+ + C2H4—> C2H3+ + CH4
(:H4+ +H— CH3+ + H2
CH4+ + H2—> (:H5+ +H

CH4+ + CH4—> CH5+ + CH3
(:H4+ + C2H2—> C2H2+ + CH4
CH4+ + CzH2—> CzH3+ + CH3
CH4+ + CzH4—> CzH4+ + CH4
(:H4+ + C2H4—> C2H5+ + CH3
(:H5+ +H— (:H4+ + H2
CHs" + C— CH" + CH,
CHs" + CH— CH," + CH,
(:H5+ + CH2—> CH3+ + CH4
CH5+ + Cz—> C2H+ + CH4
CH5+ + CzH—> C2H2+ + CH4
(:H5+ + C2H2—> C2H3+ + CH4
(:H5+ + C2H4—> C2H5+ + CH4
C2+ + H2—> CzH+ +H

C2+ + C—> C+ + Cg

C2+ + CH—> C:H+ + C2

C2+ + CH2—> CH2+ + Cz

C2+ + CH4—> C2H+ + CH3
C2+ + CH4—> (:2H2+ + CH2
C2H+ + H2—> CzH2+ +H
C2H+ + CH— CH2+ + Cg
(:zH+ + CH2—> CH3+ + C2
(:zH+ + CH4—> (:2H2+ + CH3
C2H2+ + H2—> C2H3+ +H
(:2H2+ + C2H3—> (:2H3+ + C2H2

3.82x101%°
5.15x10™%°
5.15x10™%°
3.16x10™%°
9.63x10™%°
8.50x10™
1.70x10™
5.00x10™°
7.50x10™%°
1.20x10°
1.20x10°
1.00x10°°
7.50x10™%°
1.43x10%°
6.50x10°™"
1.09x10°
1.00x10°°
1.60x10°
1.20x10°
8.40x10™%°
3.60x10™%°
7.00x10™%°
1.20x10°
7.10x10%°
9.90x10™%°
1.20x10°
3.00x10™%°
3.50x10°
1.10x10™"
3.30x10™
1.50x10°°
1.13x10°
1.23x10°
1.38x10°
4.23x10™%°
1.50x10°
1.20x10°
6.90x10™%°
9.60x10™%°
9.50x10%°
9.00x10%°
1.60x10°
1.50x10°°
1.10x10°
1.10x10™%°
3.20x10™%°
4.50x10%°
2.38x10%°
1.82x10%°
1.10x10°
3.20x10%°
4.40x10™%°
3.74x10™%°
1.00x10™
3.30x10%°
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105
106
107
108
109
110
111
112
113
114
115

C,H," + C,Hy— CoH," + CH,
(:2H3+ +H— C2H2+ + H2
C2H3+ + CZH—> CzH2+ + Csz
C2H3+ + C2H3—> CgH5+ + CzH
(:2H3+ + C2H4—> (:2H5+ + C2H2
C2H4+ +H— CzH3+ + Hg
C2H4+ + C2H3—> C2H3+ + C2H4
(:2H4+ + C2H3—> (:2H5+ + C2H2
(:2H5+ +H— C2H4+ + H2
C2H6+ +H— CzH5+ + Hg
(:2H6+ + C2H2—> (:2H5+ + C2H3

4.14x10™%°
6.80x10™"
3.30x10™%°
5.00x10™%°
8.90x10™%°
3.00x10™%°
5.00x10™%°
5.00x10™°
1.00x10™"
1.00x10%°
2.47x10™%°
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Table 6. Neutral-neutral reactions taken into account in the CH4/H, model. The rate coefficients
are calculated by k=kox(T,/298)"xexp(-EJ/T,), where T, is the gas temperature (K). The
parameters ko, n, and E, are given in the table; they were al adopted from [30, 67, 68].

Rate coefficient

No. Reactions ko(cmsY) n EJR
1 H+H+M->H,+M 1.90x10*"  -0.06 0
2  CHy+ CH;— C,Hs+H, 1.70x10™ 0 11500
3  CH,+ CH,— CHs+ CHj 7.10x10™% 0 5020
4  CHy+CH,— CHy+ H, 1.70x10™ 0 0
5 CHy+CH— CHs 1.00x10™° 0 0
6 CH;+CH—>CH,+H 5.00x10° 0 -200
7  CH,+ CH; — C,H, + CH, 1.89x10™ 4.0 2754
8 CH,+C,H— C,H,+ CH, 3.00x10*% 0 250
9 CHy;+H— CH;+H, 5.82x10%3 3.0 4045
10 CHs+ CH; — C,Hs 4.10x10™ 0.4 0
11 CH3+CH;— CHs+H 5.00x10* 0 6800
12  CHs+ CH;— CHy + H, 1.70x10% 0 16000
13 CH3+CH,—> CH;+H 7.00x10" 0 0
14 CH3+CH— CH;+H 5.00x10° 0 0
15 CH;+C—C,H,+H 8.30x10 0 0
16 CHs;+H — CH, 7.00x10% 0 0
17 CHs+H — CH,+H, 1.00x10™° 0 7600
18 CHs+ C,Hs — C,H, + CH, 1.90x10™* 0 0
19 CHs+ CHs — C3Hg 4.70x10 0 0
20 CHg+ C,H; — C,H, + CH, 6.50x10™ 0 0
21  CH,+ CH, — C,H, 1.70x10™* 0 0
22  CH,+CH,— CH,+H+H 1.80x10™° 0 400
23 CHy+ CH, — CH, + H, 2.00x10 0 400
24  CH,+CH — C,H,+H 6.60x10™ 0 0
25 CH,+C—>CH+H 8.30x10" 0 0
26 CH,+H— CH+H, 7.70x10™%° 0 0
27  CH,+ CH; — C,H, + CHs 3.00x10™* 0 0
28 CH,+C,H— C,H,+CH 3.00x10* 0 0
29 CH+CH— C,H, 2.00x10™%° 0 0
30 C,Hs+ CHs — CoHg + CoHy 2.40x10* 0 0
31  C,Hs+ C,Hs — C4Hyg 1.90x10™ 0 0
32 C,Hs+ C,Hz — C,Hg + C,H, 8.00x10% 0 0
33  C,Hs+ CHs — CoH, + CoHy 8.00x10% 0 0
34  C,Hs+ C,H — C,Hy + CH, 3.00x10™% 0 0
35 C,Hs+H— C,Hg 6.00x10™ 0 0
36 C,Hs+H— CH;z+ CHj 6.00x10™ 0 0
37 CHs+H— CHy+H, 3.00x10™% 0 0
38 CHs;+H— CH,+H, 2.00x10™ 0 0
39 C,Hg+ CH; — C,Hs + CH, 1.75x10° 6 3043
40 C,Hg+ C,H — CHy + CoHs 6.00x10™% 0 0
41 C,Hg+H— CHs+H, 1.23x10™ 15 3730
42 CHy+H— CH+H, 1.00x10™° 0 0
43 C,Hs+H— CHsz+H, 9.00x10™%° 0 0
44  CH,+ C,Hg — C3Hg 4.00x10™° 0 0
45  CH,+ C3Hg — C4Hyo 1.89x10™* 0 0
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Table 7. Different species considered in the C,H./H, model, besides electrons

Molecules lons Radicas

H, H, H,', H

CoH,", CH', CH', CH,',

CoH, c, c C, CH, CH,, C,, C,H
C4H2| C6H21 CBH21 C4H+1 CGH+| C8H+1 C4H| C6H| C8H|
C10H21 C12H2 C4H2+| C6H2+| C8H2+ ClOHI C12H
CzHs', CHs" CoHa, C4Hs, CeHs
CGH41 C8H4| C8H6| ClOH6| C6H4+1 C§H4+, C8+|__|6+|
ClZHG ClOHG ) ClZHG
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Table 8. Electron impact collisions included in the C,H,/H, model and their corresponding
threshold energies, and the references where the cross sections are adopted from.

No. Reaction Threshold Energy(eV) Reaction Type Reference
1  CH,+e—-CH, +2¢ 11.4 lonization [65]
2 CH;+e—>CH +H+2¢ 16.5 Dissociative ionization [65]
3 CH;+e—C +Hy+2¢ 17.5 Dissociative ionization [65]
4 CH,+e—CH" +CH +2¢ 20.6 Dissociative ionization [65]
5 CHy+e—C +CH,+2€ 20.3 Dissoci ative ionization [65]
6 CH,+e—H"+CH+2¢e 18.4 Dissociative ionization [65]
7 CH,%+e-CH ™ +¢ 0.09 Vibrational excitation [64]
8 CH,; %+ e—CH P +e 0.29 Vibrational excitation [64]
9 CH,%+e—-CH "V +e 0.41 Vibrational excitation [64]
10 CH,+e—->CH+H+e 75 Dissociation [65]
11 H;+e—-H;+e 0.0 Momentum transfer [56]
12 H,0+e-H, P +¢ 0.044 Rotational excitation [56]
13 H, ™ +e-H, P +e 0.073 Rotational excitation [56]
14 H,"+e-H, "D +e 0.516 Vibrational excitation [56]
15 H,"+e-H, " +e 1.000 Vibrational excitation [56]
16 H; P +e-H,"+¢e 1.500 Vibrational excitation [56]
17 H,+e—H,(b3) +€ 8.900 Electronic excitation [56]
18 H,+e—H,(Bl) +¢€ 11.300 Electronic excitation [56]
19 H,+e—H,(c3) +e 11.75 Electronic excitation [56]
20 H,+e—H,(a3) +e 11.800 Electronic excitation [56]
21 H;+e—H,(Cl) +¢€ 12.400 Electronic excitation [56]
22 H;+e—H,(d3) +¢e 14.000 Electronic excitation [56]
23 H+te—->H+H+e 8.870 Dissociation [56]
24 Hy+e—H, +2¢ 15.400 lonization [56]
25 CH;+e-CH+H+e 7.5 Dissociation [65]
26 CeH,+e—>CeH+H+¢€ 75 Dissociation [65]
27 CgH,+e—-CgH+H+¢€ 75 Dissociation [65]
28 CyH,+e—>CyH+H+¢€ 7.5 Dissociation [65]
29 CpH,+e—-CpH+H+€ 7.5 Dissociation [65]
30 C4H,+€e—-CH, +2€ 10.19 lonization [69]

31 CgH,+e—CeH, +2¢e 9.55 lonization [69]
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Table 9. lon-molecul e reactions taken into account in the Co,Ho/H, model, as well as their
reaction rate coefficients. The latter were al adopted from [66].

No Reaction Coefficient(cm’s™)
1 H'+C->C)+H 3.10x10°
2 H+CH-CH +H 2.00x10°
3 H+CH->CH +H 2.00x10°
4 H'+CgH-CH +H 2.00x10°
5 H'+CH,—»CH"+H, 4.30x10°
6 H'+CH,-»CH"+H, 2.00x10°
7  H +CgH,— CgH' +H, 2.00x10°
8 Hyy+H->H'+H, 6.40x10°
9 H,yYy+C,>C, +H, 1.10x10°
10 Hy +CHy— CHy +H; 5.30x10°
11 H,"+CH->CH, +H 1.70x10™°
12 H,+CH'-CH, +H 1.70x10°
13 Hy+CgH'—> CgH,' +H 1.00x10°
14 CH+CH" ->CH +H 6.00x10™
15 CH+CH, > CH, +H 1.30x10°
16 C,H+CgH," > CgH, + H 1.20x10°
17 CH,+C, > CH" +H 1.70x10°
18 CH,+CH'-CH," +H 1.20x10°
19  CH,+ CHs - CiHs" + H, 2.40x10™°
20 CH,+CH"'- CeH,' +H 1.50x10°
21 CHp+ CH," > CeHy' 1.40x10™%°
22 CH,+CH, > CHs" +H 9.50x10™%°
23 CHy+ CHy - CH,' +H, 1.20x10°
24 CH,+ CgH, - CgHe' 1.00x10™°
25  CyH,+ CgH, - CoHe' 5.00x10™
26 C,H,+ CgHg" - CioHg" + Hy 5.00x10™
27 CyHp+ CiHg" — CioHs' + Hy 1.00x10™"
28  CyH,+ CeH," > CgH,4" 1.00x10™"
29  CyHp+ CeH,' > CgHy' + Hy 1.00x10™"
30  CH, +H;-»CHs +H 1.00x10™
31 CH," + CgHa—» CgHy + H, 5.00x10™°
32  CH,+CeH - CgH,' +H 1.20x10°
33  CH,' + CeHy—» CeHy™ + CH, 5.00x10™°
34  CH,"+CeH - CgH' + H, 1.20x10%



35
36
37
38
39
40
41

S N

CoHz + CoHz" - CiHs" + Hy
C,Hs + C4H," » CgH," + H
CoHz + C4Hz" > CeHy™ + Hy
CoHs + CgH," — CgH," + H
C,Hs" + H—> CHy" + H,
CoH3" + CsH - CgH,™ + H,
C,Hs" + CjH —» CeHy™ + H,
CoHs" + CgH — CgHy," + CH,
C, +H,» CH +H

CH +CH- CgH +H
CsH" + CjHy~ CgH," + H

3.30x10™
1.20x10°
5.00x10™°
4.00x10™%°
6.80x10™
5.00x10™°
4.00x10™
5.00x10™°
1.10x10°
6.00x10™
1.50x10°
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Table 10. Neutral-neutral reactions taken into account in the C,H./H, model. The rate coefficients are
calculated by k=kox(T4/298)"xexp(-E/RTg), where Ty is the gas temperature (K). The parameters ko, n,

and E, are given in the table, as well as the references where these data are adopted from.

Rate coefficient

No. Reactions ko(CsY) = EalR(K) Ref.
1 CH+CHyo CHy+ H 1.30x10™" 0.0 0.0 [70]
2 CH+CHyo CeHp+ H 1.30x10™ 0.0 0.0 [70]
3 CH+CiHyo CeHp+ H 1.30x10™ 0.0 0.0 [70]
4 CH+ CaHp— CugHy+ H 1.30%x10™"° 0.0 0.0 [70]
5 CH+ CyHy— CuH, + H 1.30%x10™" 0.0 0.0 [70]
6 CH+CHyo CiHs 470x10° 63 14040 (79
7 CH+CuHy— CeHs 470x10%  -63 14040  [7q]
8  H+CHso CHy + H, 5.00x10™" 0.0 0.0 [70]
9 H+CHso CiHy + H, 2.40x10™" 0.0 0.0 [71]
10 {4 CHy— CoHy+ H, 5.00x10™" 0.0 0.0 [72]
11 GH+ CHy CH, + H 6.60x10™* 0.0 0.0 (73]
12 G H + CHy CoHy + H 6.60x10™* 0.0 0.0 (73]
13 CH+ CHyo CooHp+ H 6.60x10™* 0.0 0.0 (73]
14 L H+CHy— CuH, + H 6.60x10™* 0.0 0.0 (73]
15 {4+ CHs o CoHy+ CoHy 2.91x10° 16 11170 [7q]
16 4+ CoHy— CiHy+ CoHy 4.38x10° 16 11170 [7q]
17 CH+ CoHs > CoHy + CoHa 5.00x10™* 0.0 0.0 [71]
18 CH,+H o CHs 1.40x10™ 00 13000  [79]
19 CH,+H o CHs 531x10" 116 8820  [74]
20 CH+Hyo CHy+ H 895x10° 257 1300 [y
21 CH+Hyo CHy+ H 895x10"° 257 1300 [y
22 CH+Hyo CeHy+ H 895x10"° 257 1300 [y
23 CH+Hyo CoHy+ H 895x10%° 257 1300 [y
24 CLH + Hyo CHy + H 895x10° 257 1300 [y
25 CLH+Hyo CpHy+ H 895x10° 257 1300  [7q]
26 CH+H,— CH, +H 3.75x10™" 00 16600  [79]
27 CH,+H-CH+H, 5.30x10™ 0.0 0.0 [71]
28 CH,+CH - CH,+H 8.30x10™ 0.0 0.0 [71]
29 C,Hs+ CH - CH, + CH, 8.30x10™ 0.0 0.0 [71]
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Table 11. Extra species considered when ammoniaisincluded in the gas mixture

Molecules lons Radicals
NH3 NH*, NH,", NH3", NH," NH,, NH
N2H2, NoH,4 N2H, NoH3
N, N*, No* N, N, Ny

HCN HCN* H.CN, CN

33



Table 12. Extra eectron impact collisions and their corresponding threshold energies, included when
ammoniais used as dilution gasinstead of H,. All these cross sections are adopted from [75].

No. Reaction Threshold Energy (eV) Reaction Type
1 NHz;+e— NH;+e 0.0 Momentum
2 NHz;+e— NH;+¢€ 0.1162 Vibrational excitation
3 NH;+€— NH;+€ 0.196 Vibrational excitation
4 NH;+e— NH;+€ 0.405 Vibrational excitation
5 NH;+e—>NH,+H+e¢€ 5.6 Dissociation
6 NH;+e—> NH+H+H+2¢e 89 Dissociation
7 NHz+€e— NH; +2¢ 10.2 lonization
8 NH;+e— NH, +H+2¢e 16.0 Dissociative lonization
9 NH,+e—NH,+e 0.0 Momentum
10 NH,+€e— NH,+¢€ 0.1162 Vibrational excitation
11 NH,+e€— NH,+¢€ 0.196 Vibrational excitation
12 NH,+e€— NH,+¢€e 0.405 Vibrational excitation
13 NH,+eé—>NH+H+¢€ 5.6 Dissociation
14 NH,+e—>N+H+H+2¢e 8.9 Dissociation
15 NH,+e— NH," +2¢e 11.14 lonization
16 NH,+e— NH" +H+2¢ 17.60 Dissociative lonization
17 NH+e—>NH+¢e 0.0 Momentum
18 NH+e—>NH+¢€ 0.1162 Vibrational excitation
19 NH+e—>NH+¢€ 0.196 Vibrational excitation
20 NH+e—>NH+¢€ 0.405 Vibrational excitation
21 NH+e—>N+H+e€e 56 Dissociation
22 NH+e— NH"+2¢e 13.49 lonization
23 N,+e—>N,+e 0 Momentum
24 No+e—>N,+e 0.02 Rotational excitation
25 N+e—>N,+e 1.3 Vibrational excitation
26 No+e—>N,+e 1.73 Vibrational excitation
27 No+e—>N,+e 1.901 Vibrational excitation
28 N,+e—>N,+€e 2.079 Vibrational excitation
29 N,+e—>N,+e 2.119 Vibrational excitation
30 No+e—>N,+€ 2.297 Vibrational excitation
31 N+e—>N,+€e 2.39 Vibrational excitation
32 N+te—>N,+€e 2.60 Vibrational excitation
33 Ny+e—> N, +€ 6.17 Electronic excitation
34 Ny+e—>N, +¢€ 7.35 Electronic excitation
35 Ny+e— N, +¢€ 8.165 Electronic excitation
36 Ny+e—>N, +¢€ 8.399 Electronic excitation
37 Ny+e—> N, +¢€ 11.032 Electronic excitation
38 N,+e—>N+N+e 12.253 Dissociation
39 Np+e— N, +2¢ 15.5 lonization
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40 N+e—->N+e

41 N+e->N+¢
42 N+e->N +¢e
43 N+e—-N"+2¢e

0 Momentum

2.38 Electronic excitation
3.57 Electronic excitation
14.549 lonization

Table 13. Extraion-molecule reactions taken into account when ammoniais used as dilution gas, as
well astheir rate coefficients and references where these data are adopted from. T, isthe gas

temperature (K).

No Reaction Coefficient(cm’s™) Reference
1 N,y +N—=N+N, 5.00x10"% [76]
2 N, +N =N +N, 1.00x10"° [76]
3 Ny + Ny Ny + N, 1.00x10° [76]
4 Ny +Ny — Ny +N, 1.00x10°° [76]
5 N+N-—>N+N 1.00x10° [76]
6 N +N >N +N 1.00x10° [76]
7 N'+N,— N +N, 1.00x10°° [76]
8 N'+N, >N +N, 1.00x10°° [76]
9  Hs +NH; — NH, + H, 4.40x10° [76]
10 Hy ' +NH— NH +H, 5.00x10%° [76]
11 H,'+NH - NH," +H 5.00x10! [76]
12 H," +NH, — NH," + H, 5.00x10° [76]
13 H; +NH; — NHg +H 5.00x10™" [76]
14 H," + NHs; — NHs" + H, 5.70x10°® [76]
15 H," +NH; — NH, +H 5.00x10! [76]
16 H"+NH; — NH;" +H 5.00x10" [76]
17 H"+NH, — NH," +H 5.00x10" [76]
18 H'+NH-— NH"+H 5.00x10! [76]
19 NH'+ NH; — NH" + NH 2.40%x10° [76]
20 NH"+NH; — NH; +N 1.80x10° [76]
21 NH"+H,— NH, +H 1.00x10° [76]
22 NH," + NH3; — NHs" + NH, 2.20x10° [76]
23 NH;"+NH; — NH," + NH 2.20x10° [76]
24 NH," +H, —NH;" +H 1.00x10° [76]
25  NHs" + NH3; — NH," + NH, 2.20x10° [76]
26 NH3" +H,— NH, +H 4.00x10™"° [76]
27  NHs +H, — Ho' + NH3 9.63x10™%(T/298) **EXP(-14.6/T,) [27]
28  NHs" + NH3; — H' + NH, + NH; 6.87x10"(T/298) *"EXP(-4.6/T,) [27]
29 NHs;" +H,— H," +NH,+H 2.18x10%(T/298) *®EXP(-9.9/T,) [27]
30 NHs + NHz; — NH," + H, + NH, 6.12x107(T/298) *“EXP(-3.8/T,) [27]
31  NHz +H,— H +NHz;+H 8.46x107%(T/298) **EXP(-14.8/T,) [27]
32 NH," + CH; — NH3" + CH; 1.60x10° [66]
33  NHs + CHy — NH," + CoHs 5.40x10%° [66]
34 NH, + CH; — NHs" + CH; 9.20x10%° [66]
35 NHs" + C,H, — NH, + CoH5 1.40x10° [66]
36 CH, + NHz; — NHs" + CH, 1.60x10° [66]
37 CH, + NHz; — NH," + CH; 1.46x10° [66]
38 CHs + NH3;— NH," + CH, 2.30x10° [66]
39 CH, + NHz; — NHs" + CH, 2.00x10™%° [66]
40 C,Hs + NHz; — NH," + CH, 2.18x10° [66]
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41
42
43
44
45
46
47
48

C2H6+ + NH3 — NH3+ + C2H6
C2H6+ + NH3 — NH4+ + C2H5
H,"+ CN — HCN' +H

H," + HCN — HCN" + H,
Hs"+ CN — HCN" + H,
N+ CH; — HCN'+H,+H
N2+ + CH4 — (:H3+ + N2 +H
N,"+ HCN — HCN" + N,

6.60x10™%°
1.30x10°
1.20x10°
2.70x10°
2.00x10°
5.60x10
9.30x10%°
3.90x10%°

[66]
[66]
[66]
[66]
[66]
[66]
[66]
[66]

Table 14. Extra neutral-neutral reactions taken into account when ammoniaisincluded as dilution gas.
The rate coefficients are calculated by k=kox(T4/298)"xexp(-E/RT,), where T4 is the gas temperature
(K). The parameters ko, n, and E, are given in the table, as well as the reference where these data are

adopted from.
. Rate coefficient

No. Reactions ko(CS o EJR(K) Ref.
1 N+ N> N+N+N, 4.29x10™"° 0 86460 [77]
2  NHz;+ H— H,+NH, 1.34x10™° 0 7325 [78]
3  NHz;+ NH+M— NH;+ M 5.00x10°% 0 0 [79]
4  NH,+ H— H,+NH 4.81x10% 0 0 [80]
5 NH,+ H,— H+NH; 2.09x10*2 0 4277 [81]
6  NH,+ NH,— H,+ NoH, 8.31x10™" 0 0 [82]
7 NH,+ NH, — NH;+ NH 8.31x10™ 0 5100 [83]
8 NH,+ N>N,+H+H 1.20x10™ 0 0 [81]
9  NH,+ NH— H+ NyH, 2.49x10°  -0.50 0 [81]
10  NHz+ NH — NjH; 1.16x10™° 0 0 [84]
11 NH+N-—->N,+H 2.50x10™ 0 0 [76]
12 NH,+ NH+M— NH;+M 6.06x10°*° 0 0 [79]
13 NH+H->H;+N 5.98x10™ 0 166 [81]
14  NH+H,— H+NH, 5.96x10™" 0 7782 [79]
15 NH+NH->N;+H+H 1.16x10° 0 0 [85]
16 NH+NH — NyH, 3.49x10™* 0 0 [86]
17 NH+NH—NH,+N 1.40x10™  2.89 -1015 [87]
18 N+H,—>NH+H 2.66x10™° 0 12609 [88]
19 H+H+NH;— H,+ NH; 1.40x10™ 0 0 [89]
20 H+H+NH; — Hy+ NH; 1.40x10°* 0 0 [89]
21 N+H+NH;— NH + NH; 5.00x10* 0 0 [81]
22 H+N+H-—>H+NH 5.00x10* 0 0 [81]
23 H+ NH,+ NH; — NH3 + NH; 6.00x10°% 0 0 [81]
24 N+H+H-—NH+H 5.00x10% 0 0 [81]
25 H+NH,+H— NH;+H 6.00x10°*° 0 0 [81]
26 H+ NH,+ NH; — NH; + NH;, 6.00x10°% 0 0 [81]
27  NyH,+H— N;+H+H, 453x10"° 263 -115 [89]
28  N,H,+ NH, — N, + H + NH; 1.53x10"  4.05 -810.7 [90]
29  N,H;+H — NH,+ NH, 2.66x10*2 0 0 [91]
30  NuH3+ NyH; — NHz+ NHs + N, 5.00x10* 0 0 [92]
31 NaHz+ NoHz — NoH, + NoH, 2.00x10™ 0 0 [93]
32 NyHs+ N — NH;+ NoH, 1.25x10™ 0 0 [91]
33 NpHz+H — NH;+H, 1.17x10" 0 1260.5 [94]
34 NjHs+ NH; — NH3 + NoH3 5.15x10" 0 0 [91]
35  NH,+H— NH+H, 8.31x10™M 0 510 [79]
36  NH,+ NH — N,H + NH, 1.66x10™ 0 510 [79]
37 NHy+ NH; — NzH + NH; 1.66x10™ 0 510 [79]
38 N,H+H—N,+H, 6.64x10™ 0 1531 [79]
39  N,H+NH— N,+ NH, 8.31x10™ 0 0 [79]
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40
41
42

46
47

49
50
51
52
53

55
56
57
58
59
60
61
62
63
64
65
66
67

N2H+NH2—>N2+NH3
Ny + Ny — N+ Ny

N, +N— N+N,

N, + N — N+ N,
N"+N,— N+ N,
N°+N+M— N, +M
N+N+M—N, +M
N+N+M—>Ny,+M

Ny + Ny — Ny + Ny’
H+H+N2—>H2+N2
CH,+ N, > CHz+H + N,
CHz+N, > CH,+H + N,
CH,+N, > CH+H+N,
CH+N, > C+H+N,
C2H6+N2*—>C2H5+H+N2
CH,+N"— CHz + NH
CHs+ N — HCN + H,
CH3+N—>H2CN+H
CH,+N — HCN +H
CH,+N — CN + H,
CH+N-—>CN+H
CH4+CN—>HCN+CH3
H,CN + N — HCN + NH
CN +H, —» HCN + H
N+C2H4—> HCN+CH3
C2H6+CN—>HCN+C2H5
C2H4+CN—>HCN+CzH3
CH3+H+N2—>CH4+N2
C2H2+H+N2—>C2H3+N2

8.31x10™
1.90x10™"
1.00x10™%
1.00x10™%
2.00x10™
2.00x10°%
1.00x10°*
1.00x10°*
1.36x10%
9.11x10°%
1.50x10™"2
4.50x10™
3.80x10*%
1.50x10™*
3.60x10™%
1.50x10™"2
1.40x10™
1.30x10™%°
8.30x10™
1.60x10™
2.10x10™
7.00x10%
6.70x10™"°
4.80x10*%
1.66x10™
1.79x10™"2
2.09x10"°
6.00x10°%°
1.08x10%

WOOOOOOOOOo

1
[y
N

N

2.60

2.70

-1.80
-1.27

=
ol NoNoNoNoNoNoNoNoNoloNoNoNoNoNoNoNoNoNoNoNa!

-960.0

-810

3623

[79]
[95]
[95]
[95]
[95]
[95]
[95]
[95]
[95]
[95]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
[96, 97]
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Table 15. Sticking coefficients used in the model for all the radicals

Species | Sticking coefficient | Reference Species Sticking coefficient | Reference
H 0.01 [98] CeH 0.80 [99]
C 1.00 [99] CeH3 0.30 [99]

CH 1.00 [99] CgH 0.80 [99]
CH, 0.26 [99] CioH 0.80 [99]
CH; 0.001 [99] CoH 0.80 [99]

C, 1.00 [99] CN 0.85 [100]
CH 0.80 [99] N 0.005 [81]
C,H3 0.30 [99] NH 0.11 [100]
C,Hs 0.01 [99] NH, 0.6 [100]
CH 0.80 [99] NoH 0.14 [81]
CsH3 0.30 [99] NoH3 0.05 [81]

Table 16. Decomposition rate (DR) of the background gas molecules, calculated for the four different
gas mixtures and two pressure values under study. The negative values mean that more background

gas species are formed instead of decomposed.

DR 50mTorr 1Torr
CHH, S, S G20
CHJNH; ﬁ:‘; ;g:slyg;ﬁ g;gégﬁ;
CoHao/H, Cﬁ':b ??,'S??(Zf .?96'.331/2
CHAINH, N 355 o7 %
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