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Abstract

Molecular dynamics simulations are carried out for calculating the surface loss

probabilities of neutral species from an argon–methane plasma. These probabilities

are the sum of the sticking and surface recombination probabilities. This study

considers both the formation of reactive and nonreactive volatile species for

evaluating recombination probabilities. Results show that stable species are

reflected when hydrocarbon film starts growing on the surface. CH3 is mainly

lost by surface recombination leading to the formation of volatile products while

very little contributes to film

growth. C2H has surface loss

probability in agreement with

the literature. While C2H loss is

usually attributed to sticking on

the surface, our results show

that its main loss process is due

to surface recombination.
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1 | INTRODUCTION

Low‐temperature hydrocarbon plasmas are weakly ion-
ized gases, containing a variety of different species
(electrons, ions, neutrals, radicals, etc).[1–3] These plas-
mas are an important tool for the fabrication of materials
such as carbon nanotubes, nanowalls, and other
advanced carbon nanostructures.[4,5] These materials
have a wide range of applications, such as composite

materials for construction, drug delivery, energy storage
and conversion, and so on.[6,7] These plasmas are also
used to deposit thin films of diamond and diamond‐like
carbon (DLC),[8,9] commonly used for their infrared
transparency or as hard coatings for tools and optical
devices.[10–12] However, despite this interest, the com-
plexity of the chemical reactions that take place in these
plasmas makes their understanding and control quite
difficult, since they are governed by reactions occurring
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both in the volume and on the surrounding surfaces.
Surface reactions can significantly affect the plasma
phase chemistry. These reactions depend on the surface
properties (e.g. materials, structure, density of dangling
bonds), and on the energy and nature of the incoming
particles interacting with the surface.[13] The sticking
probability is a key parameter that provides information
about the contribution of the plasma species to the
growth of films on the surface.[14] The calculation of the
sticking probabilities is based on empirical approaches
and their values can sometimes be very rough approxi-
mations since their experimental measurements are
relatively complex.[15,16]

The sticking probabilities are often estimated to be
zero for nonradical neutral species since they are not
expected to contribute to film growth.[13,17,18] Thus, the
growth of a hydrocarbon (C:H) film on the surface results
from radicals and ions impinging on the surface. The
sticking probabilities of ions impinging on the surface are
assumed to be close to one and are determined by
numerical simulations.[15,19,20]

To calculate the sticking probability for radical
neutral species, one approach is to measure the “surface
loss probability (β)” also named “surface reaction
probability.”[15,16] In these works, this probability is
defined as the sum of the sticking probability and the
probability that the species reacts via surface reactions to
form a nonreactive volatile product (also called surface
recombination probability).[13,15,16] Therefore, this sur-
face loss probability, which is equal to the upper limit of
the sticking probability, is at present used to estimate the
sticking probability of various hydrocarbon radicals.[15]

Hopf et al.[15] experimentally measured the surface
loss probabilities of various hydrocarbon radicals during
the growth of amorphous hydrogenated carbon films
(a‐C:H, with H to C ratio greater than or equal to 1, i.e.,
soft films). Based on the spatial variation of the thickness
of the a‐C:H film (deposition profile), the authors derived
the surface loss probability and then estimated the
sticking probability. They found that the surface loss
probability of the C2H radical was about 0.9 in acetylene‐
based plasmas and 0.8 in other hydrocarbon plasmas.
Using these values, the authors were able to determine
the sticking probability by estimating the surface
recombination probability. For the CH3 radical, its
surface loss probability is estimated to be less than 0.01
and may change depending on the plasma conditions.[16]

The question that we wish to address in our study is to
calculate independently sticking and surface recombination
probabilities of the species during the growth of C:H films in
argon–methane plasmas by atomistic methods, taking into
account the formation of both reactive (usually not
considered) and nonreactive volatile products.

Molecular dynamics (MD) simulations have been
widely used to calculate sticking probability (S), and
reflection probability (r) of gas species interacting with a
surface.[21–27] Knowledge of the reflection probability,
allows us to deduce the surface loss probability β, since
r= 1– β.[13]

For example, Sharma et al.[24] performed MD
simulations to determine the reflection probabilities of
hydrocarbon molecules and radicals on an a‐C:H surface.
The authors observed that these reflection probabilities
decreased with increasing incident energy of the radical,
leading to an increase in surface loss. On the other hand,
the authors observed that at low energies (up to 0.75 eV)
stable hydrocarbon species (neutral, nonradical species)
had a reflection probability of 100% (i.e., no loss at the
surface) and that hydrocarbon radicals with fewer
hydrogen atoms had high surface loss probabilities
compared with those with more hydrogen atoms.

Alman and Ruzic[25] studied the reflection probabilit-
ies of hydrocarbon radicals on a “soft” and “hard” carbon
surface using MD simulations. The “soft” surface was a
layer of a‐C:H redeposited on a graphite surface, and the
“hard” surface was a graphite network bombarded with
hydrogen. The authors found that the surface loss
probabilities of hydrocarbon radicals were higher on
the soft surface than on the hard surface. And as for the
stable neutral species, the authors found that regardless
of the type of surface, they were completely reflected at
low energy and underwent fragmentation at high energy
(from about 2 eV).

MD simulations are therefore relevant to determine
either the sticking probability or the reflection probabil-
ity of a species. To our knowledge, these methods have
not yet been used to distinguish losses due to sticking
from those due to surface recombination.

Therefore, the goal of our study is to determine the
surface loss probabilities of the major neutral species (H2,
CH4, C2H4, C2H, C2H2, and CH3, excluding Ar) of an
argon–methane plasma at room temperature (300 K)
using MD simulations. These surface loss probabilities
are calculated by determining the sticking and surface
recombination probabilities (taking into account non-
reactive and reactive volatiles) of each of these species
during the growth of a C:H film on a stainless steel
surface. These initial neutral species interacting with the
surface are obtained from a 1D kinetic model of a low‐
pressure Ar/4% CH4 plasma created by a radiofrequency
discharge.[28–30]

This article is organized as follows: In the next
section, we present the methodology and computational
details. In Section 3, we first present the sticking
probabilities of each neutral species on two types of
surfaces: a pristine surface and a surface covered with a
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C:H film. In Section 4, we discuss the surface loss
probabilities of these same species during the growth of
the C:H film and we present a mass spectrum of the
formed volatile products.

2 | METHODOLOGY AND
COMPUTATIONAL DETAILS

2.1 | MD

MD is a powerful computational method for modeling
matter at the atomic scale. It consists in numerically
solving Newton's equations of motion (Equation 1) of
particles (atoms or molecules) forming a system whose
interactions are determined by an interatomic potential
describing the forces between these particles.[31,32]

F m
d r

dt

U

r
r r r r⃗ =

⃗
= − ( ⃗ , ⃗ , ⃗ , …, ⃗ ).i i

i

i

N

2

2 1 2 3
∂

∂→
(1)

Solving Equation (1) requires the availability of the
interatomic potential U, which must be a function of the
coordinates of each atom i. It also requires two sets of
initial conditions, positions, and velocities, which can be
derived from experiments or kinetic models.

Our study is based on the interaction of hydrocarbon
species with electrodes described by a stainless steel
surface composed of iron (Fe), chromium (Cr), molybde-
num (Mo), and nickel (Ni). The potential describing the
different interactions of our system can be written
like this:

U U U U= + + ,system HC surf HC−surf (2)

where UHC stands for the C–C, C–H, and H–H
interactions, Usurf for the interactions between the
surface atoms (Fe, Cr, Mo, and Ni) and UHC‐surf for the
interactions between the atoms of the hydrocarbon
molecules and those of the surface.

Reactive interatomic potentials including bond‐breaking
and bond‐forming processes are necessary to describe
UHC.

[33] The simplest and most robust potential is the REBO
(Reactive Empirical Bond Order) potential,[34] which has
been extended to AIREBO (Adaptive Intermolecular
Reactive Empirical Bond Order) to include long‐range and
torsional forces.[35,36] Another class of reactive interatomic
potentials includes partial charge dynamics in addition to
bond order. Among them, COMB (Charge Optimized Many
Body) and ReaxFF (Reactive Force Field) are the most
commonly used.[37–39] Zarshenas et al.[40] performed ab‐
initio calculations using density functional theory (DFT) to
select the best potential describing the reactions leading to

the growth of hydrocarbon polymers on a silver substrate.
Their DFT study predicted a reaction without an energy
barrier, which is verified for REBO and the Aryanpour
parameterization of ReaxFF,[41] whereas the other potentials
indicated the existence of an unphysical reaction barrier.[40]

Therefore, based on this work and considering the wide-
spread use of the REBO potential for modeling interactions
involving hydrocarbons[21,40,42–45] and its computational
speed compared with ReaxFF,[46] the REBO potential was
chosen in this work to describe UHC. The REBO potential
captures essential aspects of chemical bonding, especially for
reactions in which covalent bonds are broken and formed. It
distinguishes between radical and nonradical hydrocarbon
species based on the concept of bond order. Radicals are
modeled by assigning fractional bond orders to specific
bonds. In contrast, nonradical hydrocarbon species are
generally assigned integer bond orders corresponding to
standard single, double, or triple bonds, depending on their
connectivity and the number of valence electrons.[34]

The interactions between the atoms of the surface
(Usurf) are built using the embedded‐atom method,[47–50]

and the interactions between the atoms of the hydro-
carbon molecules and the surface (UHC‐surf) were
modeled using the Lennard–Jones (LJ) potential.[42,51]

2.2 | Input data

Input data, that is, initial main neutral species, are
obtained from a one‐dimensional (1D) fluid model[28,29]

that mimics the experimental conditions of a low‐
pressure capacitively coupled Ar/CH4 radio frequency
plasma generated in a 2.54 cm discharge gap between
20 cm diameter electrodes. The operating conditions of
the 1D fluid model are listed in Table 1, and the
corresponding initial neutral species are listed in Table 2.

2.3 | Simulation approach

Our approach to model the interaction processes between
the neutral species, listed in Table 2, and the surface
consists in depositing the species from a region above the
surface and giving them initial velocities directed toward
that surface, as shown in Figure 1a. The surface is a
stainless steel slab that mimics the electrodes of an
experimental device. Its composition is Fe67Cr17Ni14Mo2,
that is, 67% Fe, 17% Cr, 14% Ni, and 2% Mo. Periodic
boundary conditions apply to the lateral boundaries (x‐y) of
the system (Figure 1a) and deposition occurs in the z‐
direction (i.e., (001) orientation of the slab). The stainless
steel slab of size 4.018 × 4.018 × 1.4 nm3 contains 1960
atoms and is divided into three zones as shown in
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Figure 1a.[40,42,52,53] The bottom fixed atom zone prevents
the movement of the slab upon impact of species on the
surface. The thermostated atoms zone (or stochastic zone)
is the zone where a Langevin thermostat was applied to
dissipate heat and absorb the energy of the upper zone. The
freely moving atoms zone (or reaction zone) is the zone

where the incident species and surface atoms can interact
freely and without constraint. To mimic the flow of the
species to the surface, the molecules are sent to the surface
one after the other.

2.3.1 | MD model for the calculation
of the individual sticking probability

First simulations were performed to determine the individ-
ual sticking probability of the different species on a pristine
surface (Figure 1a) and on a surface covered with a
previously deposited hydrocarbon film (Figure 1b). This
C:H film contains a total of 975 carbon and hydrogen atoms
with an H:C ratio of 0.6. The surface and the impinging
species are set at room temperature (i.e., 300K). Several
simulations were performed. Each of them consists of the
impingement of a molecule, 100 times, at a rate of one
molecule every 2000 time steps (0.25 fs) over a 50 ps time. To
obtain significant statistics, five simulations (with different
initial positions and velocities) are performed for the
deposition on both surfaces.

2.3.2 | MD model for the calculation
of surface loss probabilities during C:H film
growth

The goal of these simulations is to determine the surface loss
probabilities of each neutral species during the growth of the
C:H film on the surface. To perform these simulations, all
neutral species (49,600 molecules in total) are sent to the
pristine surface (Figure 1a) at a rate of one molecule every
2000 time steps (i.e., every 500 fs) for a total time of 26 ns,
taking into account the mole fraction of each species
(Figure 2, 800 times repeating the cell framed in pink).

TABLE 1 Reference data of the 1D fluid model from which the
input data of our study are derived.

Reference conditions

Temperature 300 K

Pressure 70 Pa

Vrf 100 V

Frequency 13.56MHz

Interelectrode distance 2.54 cm

Secondary emission electron probabilities 0.01

Percentage of argon 96

Percentage of methane 4

TABLE 2 Main neutral species resulting from the 1D fluid
model used as input for the MD simulations.

Main neutral species Molar fractions

H2 3.20 × 10−2

CH4 1.40 × 10−2

C2H4 5.40 × 10−3

C2H 3.20 × 10−3

C2H2 2.70 × 10−3

CH3 2.30 × 10−3

Note: Argon is not included in our simulations.[30]

FIGURE 1 (a) Stainless steel slab mimicking pristine electrodes. It is composed of 67% Fe (silver color), 17% Cr (ocher color), 14% Ni
(ice blue color), and 2% Mo (tan color). This surface is characterized by three zones (fixed, thermostated, and reactive). (b) Same surface is
covered with a hydrocarbon film.
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Such a rate of deposition is high as often in MD
simulation. The effect of this unphysically high flux is
compensated by the substrate thermostat, which pre-
vents unphysically high‐temperature increase due to
energy transfer at impact.

The species are sequentially released, from a random
position above the substrate, toward the surface with
velocities randomly selected in a Maxwell–Boltzmann
velocity distribution at 300 K.[54,55] Five simulation runs
(with different initial velocity sets) were also performed.

All the MD simulations were carried out using the
open‐source code LAMMPS (Large‐scale Atomic/Molec-
ular Massively Parallel Simulator).[56] VMD software was
used to visualize the MD results and Python scripts were
written for data processing.[57,58]

All plots in this study were obtained from the average
over the five simulations with very small standard
deviations (on the order of 10−4).

3 | RESULTS AND DISCUSSION

3.1 | Sticking probability (S) on pristine
and hydrocarbon film‐covered surface

In this section, we present the individual interaction of
each species (i.e., the impingement of only 100 molecules
of each neutral species per simulation, according to the
procedure described in subsection 2.3.1) with a pristine

surface (Figure 1a) and a surface covered with a C:H
hydrocarbon film (Figure 1b) by determining the sticking
probability (S). This describes the ratio between the
number of atoms (or molecules) that adsorb or “stick” to
the surface and the total number of atoms that strike this
surface during the same period.[21] Its value lies between
0 (no atom sticks) and 1 (all atoms that hit the surface
stick) and is defined as follows:

S
N z z

N
=

(with )
,cst ≤

(3)

where Nst is the number of atoms or molecules sticking
to the surface and N the total number of incident species,
zc is the critical height, above which there are no more
bonded atoms/molecules to the growing film. All species
with z > zc are considered as reflected. The sticking
probabilities of the different neutral species on a pristine
stainless steel surface (S0) and on a stainless steel surface
covered with a C:H film (Sc) are presented in Figure 3.

It can be observed that the S0 of all neutral species on
a pristine surface (Figure 3 blue bar) is high (around 0.8,
except for H2) compared with the values Sc on the surface
covered with the C:H film (Figure 3 green bars). This is
due to the fact that on the pristine surface, the species
easily find a stable anchoring site to be able to stick
whereas on the surface covered with the C:H film, the
search for a reactive site is more difficult. With the
exception of the C2H radical (which has the highest Sc
because of its very reactive character), the other species
have Sc lower than 0.2. For the CH3 radical, the low Sc is
explained by the fact that this molecule requires dangling
bond sites on the surface of the C:H film to be able to
stick.[22,59–61]

FIGURE 2 Schematic representation of the initial layout of the
system for sending all species together (one by one). The cell
framed in pink represents the deposition of a cycle of neutral
species repeated 800 times.

FIGURE 3 Sticking probability of the main neutral species of
argon–methane plasma on a pristine stainless steel surface (blue
bars) and on a stainless steel surface covered with a C:H film
previously deposited (green bars).
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The sticking probability of C2H obtained in our study is
rather different from the one used in the literature (about
0.8)[15,16] and is supposed to be obtained on amorphous C:H
film surfaces. The value obtained in our study, which is close
to that in the literature, is the value calculated on a pristine
surface, whereas the value calculated on a C:H film is ½
times lower than the value used in the literature while it was
expected to be similar. Before drawing any conclusion on
this discrepancy, in the next section, we will discuss the
surface reaction probabilities of each neutral species when
releasing all the initial neutral species one after each other as
shown in Figure 2.

3.2 | Surface loss probabilities of main
neutrals species during film growth

Various phenomena can occur during the interaction of
neutral species with the surface. They can return to the
gas phase with a reflection probability r, and react with
other species at the surface to form volatile hydrocarbons
(CxHy) with a recombination probability γ (these volatile
species diffuse at the surface and are then desorbed into
the gas phase) or form a chemical bond with the surface
with a sticking probability S (film formation). These last
two events result in the loss of the particle from the gas
phase and are described by the surface loss (or surface
reaction) probability β= S+ γ.[13,15,62] The set of these
events for a single specie is shown in Figure 4 and is
summarized by the following expression:

r S γ r β+ + = + = 1. (4)

Figure 5a–c represent, respectively, the temporal evolu-
tions of the sticking probability S, the surface recombination

probability γ, and the surface loss probability β of each
neutral species during the growth of the C:H surface film
from a pristine surface. For this part, the neutral species
were sent together one after the other, as described in
subsection 2.3.2, to achieve a collective behavior that would
allow the experiments to be mimicked.

In Figure 5a we see that, at the early time, (between 0
and 1 ns), except for H2, the sticking probabilities of the

FIGURE 4 Illustration of the surface mechanisms (reflection,
recombination, and sticking) during the interaction of a neutral
species with the surface. (adapted from Benedikt[13]).

FIGURE 5 Temporal evolutions of the sticking probability S

(a), surface recombination probabilities γ (b), and surface loss
probabilities β (c) of each neutral species during the growth of the
C:H film.
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stable hydrocarbon species, namely CH4, C2H2, C2H4, are
high (between 0.6 and 0.9), and then decrease as the C:H
film grows on the surface, becoming almost 0 after 5 ns.
This behavior is due to the fact that these molecules stick
easily when the surface is pristine (i.e., without a C:H
film on the surface), but when the C:H film starts to form
on the surface, their sticking is lowered, as also shown in
Figure 3 for the individual sticking probabilities. It is also
observed that these stable molecules do not participate in
the surface reactions to form volatile species, since their
surface recombination probabilities are almost zero over
time (Figure 5b). This is justified by the fact that these
species are very little reactive and thus less involved
in the formation of new species.[13,20] This leads finally
to low surface loss probabilities for all these stable
species (Figure 5c) and indicates that they return to the
gas phase after the very first nanoseconds without any
change.

In the literature, the growth of C:H films in
hydrocarbon plasmas is assumed to be due to radicals
and the stable species are usually considered to be fully
reflected by the surface.[13,18,20,28] This assumption is true
when the surface is no longer pristine (presence of a C:H
film). At the beginning of the deposition, we observe that
the stable species are not fully reflected when the surface
is pristine, and they contribute to growth. They are fully
reflected only once the C:H first layers are formed,
screening thus the interactions with the stainless steel
surface. So their role in the formation of the first
monolayer should not be neglected.

However, in experiments, it is very unlikely that
electrodes are pristine at the ignition of plasma, which
means that the behavior of the stable species in the first
times observed in our simulations is not experimentally
accessible. On the other hand, their behavior in the
presence of a C:H film on the surface is consistent with
the literature.[13,15,16,20,63] Furthermore, Sharma et al.[24]

also observed through MD simulations that these species
(H2, CH4, C2H2, C2H4, and H2) were fully reflected after
their interaction with a C:H surface at room temperature.
Nevertheless, the interaction of incident neutral species
with a pristine surface is relevant because it provides
information about the contribution of stable species to
the formation of the first hydrocarbon monolayer in the
very first times of simulation or plasma ignition, after
that the role of the substrate is quickly screened by the
growing film.

For the CH3 radical (Figure 5a), S is high in the first
instants (between 0 and 1 ns) and becomes constant to a
very low value (0.02) after 5 ns, which implies that this
radical contributes to the film growth only at the very
beginning. Indeed, once a C:H film is formed on the
surface, the CH3 radical needs available dangling bond

sites to be able to stick,[22,59] which is much more
difficult.

In a review paper by Jacob[20] about the surface
growth of hydrocarbon films, the sticking probability of
CH3 is shown to be negligible. This probability can
increase depending on the available surface dangling
bonds,[64,65] which are created by ionic or atomic
hydrogen bombardment.[66,67] Atomic hydrogen and ions
are not considered in the present study and this effect
cannot be evidenced by our simulations.

Moreover, the presence of species more reactive than
CH3, such as C2H, can reduce its sticking to the surface.
This was observed, for example, in the work of Bauer
et al.[59] studying film deposition in pulsed inductively
coupled methane plasmas, where the authors found that
the CH3 radical played a role in film growth only at
pressures where highly reactive radicals such as C2H
were deactivated.

We can also observe in Figure 5b that the surface
recombination probability γ(CH3) increases nearly lin-
early with time showing that CH3 does contribute to the
formation of volatile products, and thus can play a role in
the gas‐phase plasma chemistry. These results lead to a
high β(CH3) in the early time deposition (<1 ns), which
then decreases to a minimum value and then slowly
increases [due to the behavior of γ(CH3)] reaching a
value around 0.6 after 22 ns. In the literature,[15,16,68] β
(CH3) is considered to be smaller than 0.01, since the
surface loss probability is very often expressed in terms of
the sticking coefficient,[18] and thus γ(CH3) is largely
neglected. The present results show that γ(CH3) cannot
be neglected and should therefore be taken into account.

Concerning the C2H radical, it is observed that S
(C2H) (Figure 5a) is the highest in the first instants
(<1 ns) and then slowly decreases but remains larger
than the sticking probabilities of the other molecules. For
example, we can see that β(C2H) is higher than β(CH3),
which is consistent with the work of Sharma et al.,[24]

who find that radicals with fewer hydrogen atoms have a
higher surface loss probability than those with more
hydrogen atoms. These observations indicate that the
C2H radical is the main precursor of the growth of the
C:H film on the electrode surface. This radical is one of
the species that do not require a specific adsorption site
on the surface to chemisorbs due to its highly reactive
nature.[13,17,18,59] However, we can observe that the
decrease of S(C2H) [(Figure 5a) is counterbalanced by
the temporal increase of γ(C2H), leading to an almost
constant β(C2H) (Figure 5c) (around a value of 0.8)
after 1 ns.

This value of 0.8 for β(C2H) agrees well with the
experimental value obtained by Hopf et al. on amorphous
hydrogenated carbon film surfaces.[15] These authors
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obtained a value of β(C2H) = 0.9 for acetylene‐based
discharges and β(C2H) = 0.8 for other hydrocarbon
discharges. However, the authors assumed that γ(C2H)
is lower than 0.1 and thus that S(C2H) ≈ 0.8 for all
hydrocarbon discharges. This value of S(C2H) is com-
monly used in the literature,[69] particularly for kinetic
models of hydrocarbon plasmas.[14,18,28,29,70–72] These
values are not in agreement with those obtained in our
simulations S(C2H) = 0.25 and γ (C2H) = 0.55 at steady‐
state after 15 ns. This significant difference might be due
to the fact that the authors consider only the formation of
nonreactive volatile products when estimating the
recombination probability γ and therefore assume that
the C2H radical forms only C2H2 in the abstraction
reaction: C2H+H (surface) → C2H2 + surface. The
authors consider that the surface recombination proba-
bility corresponding to this reaction is lower than 0.1. In
contrast, our study includes both volatile reactive and
nonreactive product formation at the surface. The
present MD simulations indicate that the formation of
reactive volatile products at the surface is important and
cannot be neglected, as it will be shown also in
section 3.3.

In addition, the authors[15] determined the surface
loss probabilities of radicals at the surface of C:H films
with a hydrogen‐to‐carbon ratio greater than or equal to
1, while in our study this ratio is smaller than 1 for the
film grown by MD. This difference in the H/C ratio can
play a role as shown in Alman and Ruzic.[25]

This could justify the underestimation of γ (C2H) in
their study because C:H films with an H:C ratio ≥1 are
softer and therefore lead to deeper penetration of
atoms into the hydrocarbon film, increasing the
sticking probability.[24–26] Moreover, it is known that
the surface loss probability of radicals strongly depends
on plasma parameters such as temperature or surface
composition.[26]

All the values obtained at the end of the simulation
are summarized in Table 3 for each species.

Differences are observed between the values of the
sticking probabilities of the different neutral species
obtained in Figure 3 for the covered surface and those

obtained at the end of the film growth (Table 3). The first
reason is that the simulations carried out to obtain the
values of Figure 3 are carried out over a period of 50 ps
and species are sent individually, whereas in those of
Table 3, the species are sent all together over a time of
26 ns. In the latter case, this may lead to competition
between species for finding a place to stick leading to a
decrease of the sticking coefficient. Also, as can be seen
in Figure 5, at a certain point in the simulation, there is a
saturation of the sticking probability of the individual
species. This means that the values obtained after the
growth of the film (Table 3) are expected to be closer to
the real conditions than the values in Figure 3.

3.3 | Gas phase species formed during
growth of C:H films

Figure 6 shows the time evolution of the Cn carbon
clusters (i.e., all molecules with n carbon atoms,
regardless of the number of hydrogen atoms), here
limited to C1 to C>9, formed by surface reactions during
the growth of the C:H film. It should be noted that for the
C1 and C2 clusters, the initial reflected molecules and the
produced molecules corresponding to an initial species,
are not counted. Cluster C>9 represents the sum of all
clusters with a size greater than 9. Large clusters are
formed through direct interaction of impinging species
with the surface or by rapid reactions between molecules
reemitted in the gas phase just above the surface. It can
be observed that, with the exception of the C1 cluster
quantity, which is almost zero, the other C2–C>9 clusters
show an approximately linear temporal evolution with C3

and C4 clusters being the two main clusters over time.
These observations are consistent with the evolutions of
the surface recombination probabilities γ(CH3) and γ
(C2H) in Figure 5b as these impinging molecules are at
the origin of the reemitted C3 and C4 clusters.

Figure 7 shows the mass spectrum of the species re‐
emitted in the gas phase, at the end of the runs (26 ns).
The initially stable nonreactive hydrocarbon species
(CH4, C2H2, and C2H4) are the species, most re‐emitted

TABLE 3 Values of sticking
probability (S), surface recombination
probability (γ), and surface loss
probability (β) of each species after C:H
film growth, values available in the
literature are put in brackets.

Species S γ β

C2H 0.25 (0.8[15]) 0.55 (<0.1[15]) 0.8 (0.8/0.9[15])

CH3 0.02 (∼10−4[66]) 0.54 0.56 (<0.01[15])

CH4 <0.001 0.02 0.02

C2H4 0.001 0.004 0.005

C2H2 0.014 0.006 0.02

H2 0.002 0.008 0.01
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in the gas phase. This is consistent with the fact that they
are nearly totally reflected after surface interactions.

In the inset of Figure 7, we have identified some of
the main other volatile species formed at the surface. We
can observe the presence of reactive (e.g., C4H2, C4H3,
C6H3, etc.) and nonreactive (e.g., C2H6, C3H4 (CH≡C
−CH3), etc.) species. These observations highlight that
the reactions of radicals on the surface lead not only to
the formation of nonreactive volatile products, as shown
in the literature,[13,15] but also to reactive volatile
products.[13,15] This confirms that the formation of
reactive species has to be considered when calculating
the probability of surface recombination. Moreover,
species such as C4H2, C4H3, and C6H3 are widely known
in hydrocarbon plasmas for contributing to the growth of
films and large molecules.[13,17,18,73] In a previous
study,[30] their importance, as well as the one of C6H4,
was reported for the growth of large molecules in the
volume phase. This means that the amount of reactive

and nonreactive volatile products is significant and
therefore cannot be neglected. In addition, the volatile
reactive species that are re‐emitted in the gas phase may
contribute to the reaction mechanisms that lead to the
growth of hydrocarbon chains or solid particles in
the volume phase. In the previous section, we noted
that the surface recombination probability resulting in a
reactive or nonreactive volatile molecule is not negligible,
especially for CH3 and C2H radicals. Although this
quantity is difficult to measure experimentally,[15] its
rough estimation (by, e.g., neglecting the formation of
reactive volatile products or underestimating the amount
of nonreactive volatile products) leads to a large loss of
information in the interpretation of the surface loss
probabilities of the CH3 and C2H radicals. The separate
calculation of the sticking and surface recombination
probabilities is therefore necessary to obtain a clear
overview and understanding of the behavior of the
different radical species during their interaction with
the surface. As shown by the present study, the separate
calculation of these two quantities is more accessible
through MD simulations.

4 | CONCLUSION

In this study, reactive MDwas used to investigate the surface
loss probabilities of various neutral species (H2, CH4, C2H4,
C2H, C2H2, and CH3) in an argon–methane plasma. The
sticking probabilities of each of these species were calculated
on both a pristine surface and a surface coated with a C:H
film. The results showed that the sticking probabilities were
higher on a pristine surface than on the surface covered with
the C:H film. In the subsequent simulations, the neutral
species were sent to a pristine surface together and their
sticking probability (S) and surface recombination probabil-
ity (γ) were determined. Both reactive and nonreactive
volatiles were considered in the γ estimation, in contrast to

FIGURE 6 Temporal evolution of the C1 to C>9 clusters re‐
emitted during the growth of the C:H film in the gas phase. The
molecules corresponding to the initial species are not included in
the count of C1 and C2 clusters. The C>9 clusters represent the sum
of all clusters whose size is larger than 9 carbon atoms.

FIGURE 7 Mass spectra of the final
species re‐emitted after growth of the C:H
film. The inner figure represents a zoom to
highlight the species in small quantities
(especially the emitted species that are
different from the incident species).

OTAKANDZA‐KANDJANI ET AL. | 9 of 12
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the literature which only considers nonreactive volatiles.
This analysis provided valuable information on the surface
loss probability (β= S+ γ) of the main neutral species in the
Ar/CH4 plasma during C:H film growth. The study revealed
that stable species, particularly CH4, C2H4, and C2H2,
contributed to the initial formation of the hydrocarbon films
and that they were subsequently fully reflected with
probabilities S and γ very close to zero. Among the radicals,
it was observed that CH3 contributed more to the formation
of volatile species than to the growth of the C:H film, while
the C2H radical was identified as the main precursor of film
growth and volatile species formation with a surface loss
probability (0.8) that corresponds to the typical value found
in the literature. However, a difference was observed
between the values of S(C2H) and γ(C2H) and those
estimated in the literature. C3H4 and C4H3 species were
identified as the main molecules (reactive and nonreactive)
re‐emitted during the growth of the C:H film. Although this
study highlights the importance of recombination processes
at the surface, which is generally underestimated in existing
kinetic models, this work may have certain limitations due
to the H/C ratio of the resulting film and the fact that the
effects of charged species impinging on the surface are not
considered. It paves the way for future simulations involving
ions in the deposition processes, keeping in mind that the
corresponding flux remains small compared with neutral
fluxes.
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