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1 | INTRODUCTION

Carbon-based thin films or hydrocarbon coatings are
widely used for a variety of applications in different
technological fields, from microelectronics, solar cells,
and wearable electronics to optics/photonics, bio-
technology, aerospace, energy, textiles, and many
others.'~3!

Among the techniques used to ensure better and
improved properties and functionalities of high-
quality thin films, plasma- and vapor-phase-based
techniques appear to be the most suitable and widely
used approaches.[l] The use of plasmas for thin-film
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energies, the atoms of the
C,H;" ions can be incorpo-
rated and contribute to the
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Molecular dynamics simulations were performed to investigate the growth of
hydrocarbon films with a surface at temperatures from 300 to 1000 K. The
results show that C,H is the main precursor of film growth. The formed C:H
films are mainly unsaturated and dominated by double bonds and CN* carbon
atoms. The evolution of the C:H film is considered under the bombardment of
the two major ions (Ar* and C,H;") with energies ranging from 50 to 100 eV.
Film sputtering is significant

above 50eV, while at lower
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deposition is often grouped under the term plasma-
enhanced chemical vapor deposition.[1‘4] Synthesized
films are classified depending on their properties,
with widespread names being diamond-like carbon
and amorphous hydrogenated carbon (a-C:H).
Depending on plasma parameters, the film properties
can be varied from soft (polymer-like) to extremely
hard (diamond-like), and a smooth transition between
these two carbon families prevents a clear distinc-
tion.'*! The acronym C:H (which is also used in this
paper) is, therefore, used to denote all types of
hydrogenated carbon films, and a-C:H is used only
to denote hard films in accordance with common
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usage, although this convention is not logical since
soft films are also amorphous.!

The fragmentation of the initial monomer molecules
by electron impact is the first step in the process of film
growth and leads to the formation of a wide variety of
neutrals, radicals, and positive and negative ions. C:H
films can be formed directly by exposing the sample
surfaces to the plasma or indirectly by moving the sample
away from the plasma volume, leaving the surface
exposed only to diffusing reactive species.!®”! C:H films
can thus be formed from the different species impinging
on the surface, that is, ions, radicals, and neutral
monomers, and reacting with each other, forming
interconnected random-like structures.!®*°! Due to the
large number of species on the plasma-exposed surfaces,
it is often difficult to identify the specific species
responsible for the growth of the C:H film. This is
especially true since the synergistic interaction of
different species can strongly influence the growth
process (e.g., the synergy between CHj; radicals and ions
impinging on the surface has been shown to increase the
contribution of these radicals to film growth!'®')) and
the exact composition of the species flux depends
strongly on external discharge parameters such as
pressure, power, gas flow rate, and so on. The role of
the different radicals and the contribution of ions to the
growth process are the subject of active discussions in the
scientific community. Ions accelerated in the sheath have
significant kinetic energy and can initiate reactions and
bond breaking. Consequently, they can determine
whether films grow in a “soft” form (polymers) under
low ion energies or in a “hard” form with extensive cross-
linking under high-energy ion bombardment.!®”! Numer-
ous experimental studies show the importance of radicals
in the growth of hydrocarbon films.['***! Their contri-
bution to film growth can be investigated by estimating
their respective surface loss probabilities."'"'®! Due to the
complexity of the plasma process, which involves
numerous gas-phase and surface reactions, the manufac-
ture of a tailor-made thin film for a particular application
remains a major challenge in the field. It is, therefore,
clear that mastery of the deposition technique can only
be achieved through a fundamental understanding of the
chemical and physical phenomena involved in film
formation.

Accordingly, this study aims, first, to understand
the mechanisms of hydrocarbon film growth on a
surface involving the main neutral species (CHy,
C,H,, C,H,, C,H, CH;, and H,) of an Ar/CH, low-
pressure plasma at temperatures of 300, 400, 500, and
1000 K. These species are derived from a first-
dimensional (1D) fluid model used to simulate the
electronic impact processes on the monomer gas for

C,H,!"7 8! and for CH,.!'*®! For simplicity, the 1D
fluid code is modeled only at 300 K and temperature
variation is performed during molecular dynamics
(MD) simulations, recognizing that temperature
variation in the 1D fluid model could have produced
slightly different species distributions. The current
temperature range is considered typical for capaci-
tively coupled radiofrequency discharges, which
typically operate at 300-400 K.!*°! Temperatures of
up to 1000 K are also considered to evidence tempera-
ture effects, since methane is an interesting molecule
for diamond deposition, which requires a higher gas
temperature, even higher than 1000 k.12 Second, the
influence of major ions (Ar* and C,H;") from the Ar/
CH, plasma on the C:H film is studied at energies of
50, 75, and 100eV. These energies were chosen
because they belong to the energy range relevant for
plasma deposition (25-500 eV)."!

This paper is organized as follows: In the next section,
we present the details of the calculations, namely, the
MD simulation method, the input data, and the different
simulation protocols. In Section 3, we first present the
structures of the films formed at different temperatures,
determine the total deposited mass, and then discuss the
different contributions of each incident species to the
growth. The C:H films are then characterized by
determining the different bond types and coordination
numbers (CNs) between the carbon atoms. The separate
bombardment of the C:H film with different ions is then
discussed by determining its mass evolution due to ion
impacts. It should be pointed out that the present work
yields molecular scale-level knowledge. It is also inter-
esting to note that this study highlights the process
involved rather than assuming some of them like in fluid
models.

2 | COMPUTATIONAL DETAILS
21 | MD

Classical MD is a computer simulation method that is
used to calculate the evolution of a system of atoms over
time by solving Newton's equations of motion over many
discrete time steps. At each time step, the forces exerted
on all atoms by all other atoms are calculated, and the
velocities and positions are updated.!?223!

N dzrit N
E(@) =m; g ) = > Fi(1),
woom M
J#i
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The force field acting on the system is conservative in
nature. This means that the forces 131 can be obtained
from the gradient of the potential energy U of the system
as a function of the interatomic distances.

The temporal resolution of Equation (1) requires
knowledge not only of the initial positions and velocities
but also of the potential energy or interatomic potential
of the system. Since our study system is defined by the
interaction of the atoms of hydrocarbon molecules with
an initial Feq,Cri7Ni;4Mo, stainless-steel surface, the
interatomic potential of the system can be described by
the expression:

Usystem = Unc + Usurt + Unc—surf 3)

where Uyc is the interatomic potential describing the
C-C, C-H, and H-H interactions, Ugy,¢ is the interatomic
potential describing the interactions between the sub-
strate atoms (Fe, Cr, Ni, and Mo), and Ugc.gurs is the
interatomic potential describing the interactions of the
atoms of the incident species with those of the substrate.

The Reactive Empirical Bond Order (REBO)!?*!
potential is used in our study to describe Upc.[*®1!
Zarshenas et al.l® compared different reactive hydro-
carbon potentials, namely, REBO, Adaptive Inter-
molecular Reactive Empirical Bond Order, %! Reactive
Force Field,””! and Charge Optimized Many Body!?%%!
with results from Density Functional Theory in order to
select the best potential for studying reactions leading to
the growth of hydrocarbon polymers on a silver
substrate. The authors found that the REBO potential is
best suited to describe Ugc because it did not present any
reaction energy barrier to polymer formation on the
surface. In addition, this potential is commonly used in
the literature!*®2°3! to describe Unc and is faster than
other hydrocarbon potentials.**! It should be noted that
the distinction between radical and nonradical hydro-
carbon species in our MD simulations is based on the
concept of bond order of the REBO potential. It is
important to note that this potential does not include
charged particles. However, in the present work, ions are
treated as neutral species with high kinetic energy
impinging on the surface.

Usue interactions have been described using the
embedded atom method potential,*>~¥! which is an
ideal method for describing metals and metal alloys. To
describe Ugc.gurr, We used the Lennard-Jones (LJ)
potential.**°! The LJ potential is generally inadequate
for simulations involving the growth of hydrocarbon
films on a stainless-steel surface. While it can capture
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certain aspects of van der Waals forces and short-range
repulsion, it does not allow the modeling of a reactive
system (e.g., the growth of hydrocarbon films). For this
reason, we have used the REBO potential to allow
surface reactions between hydrocarbon species and the
LJ potential to describe nonbonding pair interactions
between the atoms of stainless-steel and those of the
incident molecules.

Newton's equations were integrated using the open
source code Large-scale Atomic/Molecular Massively
Parallel Simulator.!*”! Visual Molecular Dynamics!*!!
and OVITO!?! software were used to visualize the MD
simulation results and Python scripts were written for
data processing.[43] Five simulations were performed for
each parameter considered (temperature and energy) in
order to obtain statistically reliable results.

2.2 | Simulation method
The initial species considered in our study were derived
from a 1D fluid model of the Ar-4%CH, mixture''’"*"
reflecting experimental conditions.!**! The reference
conditions of the 1D fluid model are summarized in
Table 1, and the species resulting from this model (main
neutrals and ions in the sheath) are shown in Table 2.
MD simulations are carried out with the aim
of forming a hydrocarbon film on the surface by
injecting species at temperatures of interest. The
grown film structure is then characterized and the
species contributing to their growth are identified.
First, MD simulations are performed by sending all
the main neutral species (49 600 molecules in total) to
a stainless-steel surface [composed of 67% iron (Fe),
17% chromium (Cr), 14% nickel (Ni), and 2%
molybdenum (Mo)], taking into account the molar
fraction of each species (Figure 1a and Table 2). These

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

Reference conditions

Temperature 300K
Pressure 70 Pa

vrf 100V
Frequency 13.56 MHz
Interelectrode distance 2.54cm
Secondary electron emission yield 0.01
Percentage of argon 96
Percentage of methane 4
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species are sequentially sent to the surface at a rate
of one molecule every 500 fs over a total simulation
time of 26ns (using 800 species injection cycles
as displayed in Figure 1a), to create competition
between species to mimic the experiments. The
initial velocities of these incident species and those
of the substrate are randomly selected from a
Maxwell-Boltzmann distribution at temperatures of

TABLE 2
resulting from the 1D fluid model used as input for MD

Main neutral species and ions in the sheath

simulations.

Main Main ions

neutral Molar in the Molar

species fractions sheath fractions

H, 3.20 X 1072 Art 1.40 x 1078

CH, 1.40 x 1072 C,H;* 1.30 x 1078

C,H, 5.40 X 1073 ArH* 7.00 x 107°

C,H 3.20 x 1073 C,Hs* 5.70 x 107°

C,H, 2.70 X 1073 C,H,* 3.80 x 10~

CH; 2.30 X 1073 C,H,* 3.50 x 10~°
CH5* 2.30 x 107°
H," 1.60 x 10~
CH,* 1.10 x 10~

Note: Neutral argon is not included in our simulations.!**!

Abbreviations: 1D, one-dimensional; MD, molecular dynamics.

300, 400, 500, and 1000 K. The stainless-steel substrate
with a size of 4.018 X 4.018 X 4.018 nm? contains 1960
atoms and is divided into three zones (Figure 1a): the
fixed zone to maintain the structure of the substrate
and the stochastic zone, where a Langevin thermostat
with a relaxation time of 10fs was applied for
dissipating the energy diffusing from the reaction
zone, where interaction occurs between the incident
species and the substrate atoms. In a second step, the
same procedure as in Figure 1a was applied, including
the two main ions Ar" and C,H;" (Figure 1b) from
Table 2 to study the effect of these ions on film
growth. The ion injection consists of the injection of
one ion (randomly selected from two ions, with a
velocity of 1, = V2E/mé, at an energy of 50eV)
after a complete neutral injection cycle, as shown in
Figure 1b.

To evaluate the role of ions, we determined several
parameters such as the H/C ratio, the total deposited
mass, and the contribution of each species to C:H film
growth over time at different temperatures for
simulations with and without ions. We observed an
overlap in the curves for the different parameters
between simulations with and without ions (the
curves are not shown here), suggesting that the
influence of ions at 50 eV during C:H film growth is
not significant. Moreover, the ions are present in very
small amounts in our simulations compared to the

800 repetitions of

incident species \

 (b)

1 Ion ( random selection between Ar+ and C2H§)

Sheath

1.4nm
T Fixed atoms zone

FIGURE 1

:|> Freely moving atoms zone
} Thermostated atoms zone

+

2CH,

Schematic representation of the initial arrangement of the system for sending all neutral species together (a) and with the

inclusion of ions (b). In both cases, the cells framed in pink represent the deposition of one cycle of neutrals repeated 800 times. These
species are sent toward a stainless-steel plate composed of 67% Fe (silver color), 17% Cr (ocher color), 14% Ni (glacier blue color), and 2% Mo

(tan color).
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neutral species (of the order of 0.08%), which also
justifies their insignificant contribution or influence
during C:H film growth. Therefore, in the following
sections, the initial growth of C:H films is considered
without the ion contribution, as shown in Figure 1a at
temperatures of 300, 400, 500, and 1000K. The
possible role of ion bombardment on a grown film
will be studied separately for different energies in
Section 3.4.

3 | RESULTS AND DISCUSSION

3.1 | Total deposited mass and the H:C
ratio of C:H films

In this section, we describe the different C:H films
formed after 26 ns of simulation when all neutral
species were sent together to the surface (Figure 1a) at
different temperatures. Figure 2a shows three-
dimensional views of these C:H films at temperatures
of 300, 400, 500, and 1000 K. A first obvious observa-
tion is that these films have an “amorphous”
morphology. To further characterize these films, we
first determined the corresponding total mass of the
C:H films (Figure 2b). The mass remains constant up
to a temperature of 500K and decreases by around

PLASMA PROCESSES Sof 14
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10% at 1000 K. This behavior is due to the fact that the
substrate atoms move little at low temperatures
(300-500 K), which makes the sticking of the incident
species easier. When the temperature (of the substrate
and the incident species) increases above 1000 K, the
thermal excitation of the substrate atoms and the high
velocities of the incident species prevent certain
molecules from sticking to the substrate.

The relative abundance of hydrogen and carbon
atoms in the C:H film is of particular importance
(Figure 2c). It provides an indication of the type of bond
between carbon atoms that predominates in the C:H
film. Indeed, a high H:C ratio (closer to 2) indicates a
high degree of saturation (i.e., predominance of single
bonds between carbon atoms), while a low H:C ratio
(close to 1 or below) indicates a high degree of
unsaturation (i.e., predominance of double or triple
bonds between carbon atoms).

It can be seen that the H:C ratio of the C:H films
(Figure 2c) ranges from 0.6 to 0.7 at all temperatures,
where the temperature dependence of the ratio is similar
to that of the total deposited mass, with less hydrogen
sticking at 1000 K than at other temperatures. These
different values indicate that the C:H films contain
considerably more carbon atoms than hydrogen atoms
and that there are more double or triple bonds between
carbon atoms at all temperatures.

15000

10000

5000

Total deposited mass (amu)

300 400 500 1000
Temperature (K)

H:C Ratio

300 400 500 1000
Temperature (K)

FIGURE 2 Three-dimensional view of the C:H films formed after 26 ns when neutral species are deposited together on the surface (a),
the total deposited mass (b), and the H:C ratio of the C:H films (c) as a function of temperature.

85U8017 SUOWILIOD BAIIE8.D) 8|qed![dde 8Ly Aq pausenoh ase sspiie YO ‘88N JO Sa|ni Joj Areiq1auljuO 3|1 UO (SUORIPUOD-PpUe-SWIBH W00 A8 | Im AIq 1 BUI|UO//SdNY) SUONIPUOD Pue SWIB | 841 88S *[202/90/TT] Uo AriqiTauljuo 3|1 ‘soue.d aueiyooD Aq #8000%202 dedd/z00T 0T/10p/woo A8 |imAeiq pul|uo//sdny wo.j pepeojumoqd ‘0 ‘6988ZT9T



6of 14 PLASMA PROCESSES

KANDJANTI ET AL.

AND POLYMERS

3.2 | Contribution of each initial species
to the growth of C:H films

In a first step, we determined the global sticking
coefficient (GS) during film growth; this is defined by
the following equation as follows:

s = Nituck (Whatever the species, with z < z.)
]Vincident ’

“4)

where Nguek and Nipcigent are the total number of
molecules stuck to the surface and the total number of
incident molecules from the initial step of the simulation
to time ¢, respectively; z. is the critical height, above
which there are no more bonded atoms/molecules on the
growing film. All species with z > z. are considered as
reflected. The temporal evolution of the GS is shown in
Figure 3 at different temperatures.

It can be seen that the GS is maximum (~0.7) in the
first instants of the simulations (between 0 and 1 ns) and
then quickly decreases with time, reaching a constant
value of about 0.05 after 5ns. This suggests that the
sticking is favored when the surface is pristine and tends
to drastically decrease with film growth.''®! However,
despite this small sticking coefficient, the film is able to
grow as shown in Figure 2. At 1000 K, the GS is much
smaller when the surface is pristine. This shows that
several species contributing to film growth on the
pristine surface at lower temperatures can no longer
stick at higher temperatures. To better understand this
behavior, the contribution of each species to film growth
has to be investigated as a function of time.

These contributions were determined using the
following relationship:

=
o

T T
—— 300K
—— 400K

500K A
—— 1000K

o o o
S (2] (o)
T T T
1 1

Global sticking coefficient
during C:H film growth
o
N

1 1
0 5 10 15 20 25
Time (ns)

FIGURE 3 Global sticking coefficient of all incident neutral
species during C:H film growth at temperatures of 300, 400, 500,
and 1000 K.

Fractional contribution (%) = x X 100, (5)
mq

where m, is the mass of the considered neutral incident
species and mg is the total deposited mass.

Figure 4-d show the contribution of the incident
neutral species to the growth of the C:H film over time at
temperatures of 300, 400, 500, and 1000 K, respectively.

At all temperatures, except for H,, which is fully
reflected, the contributions of stable (not very reactive)
species such as CHy, C,H,, and C,H, reach a maximum
value in the first instants (between 0 and 1 ns) before
decreasing rapidly in the case of CH, and C,H, and
slowly in the case of C,H, as the C:H films grow. This
behavior indicates that these stable species contribute
significantly to the formation of the first C:H layer during
the first instants. When the surface is pristine, these
nonreactive species are able to stick on the stainless-steel
surface. After the first C:H monolayer is formed, they are
almost completely reflected, unable to create bonds with
deposited hydrocarbon species.

The behavior of these stable species is consistent with
the time evolution of the GS at all temperatures
(Figure 3), with the high values in the first instants
justified by the contributions of the stable species C,H,,
CH, and C,H,. The decrease in the maximum values (in
the first instants) of the GS as the temperature increases
is consistent with the fractional contribution of CH,,
which also decreases with increasing temperature. Since
the number of CH, molecules is much higher than that
of other neutral species, if it no longer sticks, the GS
drastically decreases. Thus, the CH, sticking behavior
explains the temperature and temporal evolutions of
the GS.

For the radicals, we observe that at all temperatures,
the contribution of C,H increases with time, while that of
CHj; is nearly zero. This indicates that the C,H radical is
the main precursor of C:H film growth. The overall
results observed after the formation of the first C:H layer
are consistent with the observations described in Jacob's
review paper,[s] in which it is reported that nonradical
neutral species such as CH,4, C,H,, C,H,, and H, do not
contribute to the growth of C:H films and that the
contribution of CHj is negligible, as this radical is more
volatile (i.e., less reactive) than C,H. Therefore, it is
assumed that the growth of C:H films is driven by radical
species (mainly C,H) and that stable species are generally
fully reflected after interaction with the surface.!>7454l
Moreover, using MD simulations, Sharma et al.
observed that stable species (CH,4, C,H,, C,H,, and H,)
had a 100% chance of being fully reflected after
interacting with an amorphous carbon surface at low
energies (below 0.75eV), an observation also made by

[47]
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FIGURE 4 Fractional contributions of major neutral species in Ar/CH, plasma to the growth of C:H films at temperatures of 300 (a),

400 (b), 500 (c), and 1000 K (d).

Alman and Ruzic!*®! in their work on calculating the

reflection and dissociation coefficient of hydrocarbon
species. In accordance with these results, our study also
highlights that stable hydrocarbon species play an
important role in the formation of the first C:H layer
when the surface is pristine.

It should be noted that the contribution of the CH;
radical to the growth of the C:H film depends on the
availability of dangling bonds at the surface. These
dangling bonds can be created or enhanced by the flux of
atomic hydrogen or ions impinging on the surface.['"*"]
Simultaneous ion bombardment leads to an increase in
the contribution of CH; to C:H film growth due to
synergy between ion bombardment and radical incorpo-
ration.>™13 As described in Section 2.2, we also
performed MD simulations in which the ions were
considered as high-velocity neutral particles (Figure 1b).
However, in our conditions, these ions are present in
very small amounts compared to the incident neutral
species and they do not significantly affect the species
contributions to the growth of the C:H films. In fact, MD

simulations carried out with the inclusion of the two
main ions showed that the contributions of the individ-
ual species to film growth are practically the same as in
Figure 4.

Contrary to CHs, the C,H radical does not require a
specific adsorption site on the surface to chemisorb due
to its high reactivity.'"! This radical is widely known for
its important role in the growth of C:H films on the
surface also in acetylene-based discharges.[*>-1]

The reactivity of a radical species is a key parameter
for the growth of C:H films."! Although the more
reactive radicals are the predominant ones contributing
to the growth of CH films, the less reactive radicals such
as CH; can also play an important role in surface
reactions. They can be involved in the formation of
volatile species during the growth of C:H films, as shown
for CH; in our previous work.[*®! The direct consequence
of this interaction of CH3, and other molecules, with the
surface is that the surface can change the global
chemistry of the surrounding plasma by removing some
species from the gas phase and by acting as a source of
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new molecular species. To date, this aspect has not been
satisfactorily considered in existing studies due to its high
complexity.

3.3 | Characterization of deposited C:H
films

3.3.1 | Bonds between carbon atoms in the
C:H films

To characterize the formed C:H films, we determined the
bond types of the carbon atoms in the film at all
temperatures thanks to the radial distribution function
(RDF) calculated at 26ns (Figure 5a). RDF is a
mathematical concept that describes the distribution of
distances between particles in a system.

Depending on the distance between carbon atoms,
the peaks (from left to right) correspond to triple (C=C),
double (C=C), and single (C-C) bonds. By integrating the
area of these peaks, the respective proportion of the
different bond types is determined (Figure 5b). It can be
seen that the C:H films are dominated by C=C double
bonds at all temperatures. This indicates that the films
are relatively unsaturated, which is consistent with the
H:C ratio values obtained in Section 3.1. The presence of
these bonds decreases significantly at 1000 K, while C-C
single bonds are increasing. This means that high
temperatures increase the molecular motions of imping-
ing species, causing strong bonds (such as C=C or C=C)
to be broken to form single ones with other surface
carbon atoms when they collide with the surface.
However, as for triple bonds (C=C), their percentage
remains relatively small. Since the C,H radical is the
main contributor to the growth of C:H films at all

a
S : : :
40fF
[ 1000K
30¢
St 500K
“20F
[ 400K
10p
[ 300K
0 P i i i 1
0 0.5

temperatures, it indicates that a large fraction of the C=C
triple bonds of this radical is converted into double bonds
(C=C) during sticking to the surface.

3.3.2 | CN of carbon atoms in C:H films
The CN of carbon atoms in C:H films is defined as the
number of nearest-neighbor atoms (C or H) of each
carbon atom:

oNF = D 100, (6)

c

where N, is the number of carbon atoms with CN* (i.e.,
x=2 or 3 or 4) and N, is the total number of carbon
atoms in the film. Figure 6a shows the CN of the carbon
atoms CN?, CN?, and CN* as a function of temperature.
The notation used here is analogous to that of Zarshenas
et al.l°!

It can be seen that CN> carbons (yellow dash line)
dominate (about 65%) and that their number increases
slightly with increasing temperature. This is consistent
with the dominance of double bonds in the C:H films
observed in Section 3.3.1. Indeed, carbon atoms generally
form only four covalent bonds to satisfy their valence
(corresponding to a CN of 4). When a carbon atom forms
a C=C double bond with another carbon atom, it loses
one more potential bonding site compared to forming a
single bond. The two atoms in the double bond share two
of their valence electrons in a o bond and two electrons
in a 7 bond, leaving them with two electrons each to
form either two single bonds or a double bond with other
atoms. This results in a coordination geometry that
justifies the number of CN® carbon atoms observed.

(b) 100 T T T
al - 4
. 80f S — | -
o\o - J
i)
§ 60 -§ Single ]
) —§ Double 1
% 40F Triple |
-+t
o) ]
g {
@ 20F S I
B i t-
= Laliai -
O C 1 1 1 1
300 400 500 1000

Temperature (K)

FIGURE 5 (a) Radial distribution function between carbon atom pairs in the C:H films and (b) respective proportion of bond types at

300, 400, 500, and 1000 K.
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FIGURE 6 (a) Coordination number (CN?, CN?, and CN*) of carbon atoms in C:H films as a function of temperature and (b) snapshot
highlighting CN?, CN?, and CN* carbon atoms and hydrogen atom (H) at 300 K. The major configuration of each CN* is shown in the
corresponding colored boxes, where the colored carbon atom is the corresponding CN™ carbon.

The slight increase in CN? as a function of tempera-
ture can be explained by the behavior of the C,H radical,
which is the main precursor of C:H film formation at all
temperatures. This means that it specifically promotes
the formation of CN> carbons, which become slightly
more important at higher temperatures as the stable
neutral species contribute less significantly at high
temperatures (see Figure 4, at the first instant of the
simulations).

Considering the abundance of carbon atoms relative
to hydrogen atoms and the different visualizations
performed during postprocessing using OVITO software,
we also found that the main CN? carbon configuration is
CN? (2C, H), that is, one CN? carbon atom is bonded to
2C atoms and 1H atom. This main configuration of CN?
atoms is shown in the yellow box in Figure 6b, which is a
snapshot highlighting the CN* carbons atoms in the C:H
film at a temperature of 300 K (other temperatures are
not shown here). For the CN? carbons (green dashed
line), we find that their number is larger at low
temperatures and decreases with increasing temperature,
favoring an increase in CN* carbons (red dashed line).
This is because higher temperatures can lead to increased
mobility of atoms and molecules within the C:H films.
This increased surface mobility can promote molecular
rearrangements that lead to the formation of additional
carbon-carbon bonds, increasing the CN of certain
carbons to CN® or CN*. The decrease in CN? carbons
with increasing temperature could also be attributed to
the higher activation energy required to maintain the

bonds at higher temperatures. CN* carbon bonds could
be less stable with increasing temperature, leading to a
decrease in their quantity.

As noted in Section 3.3.1, triple bonds C=C are
negligible compared to other bonds, so double bonds also
dominate the configurations of CN? carbon atoms, as
shown in the green box in Figure 6b. In contrast, the CN*
carbon atoms contain only single bonds with their
nearest neighbors. We estimated that the major configu-
ration of CN* atoms is CN* (C, 3H), as shown in the red
box in Figure 6b.

It should be noted that here, we have presented only
the configurations of CN* carbon atoms that we have
assumed to be in the majority, based on the various
visualizations. However, CN* carbon atoms can have
other configurations and these can change significantly
with temperature variations, but this aspect is not
addressed in our work.

3.4 | Ar' and C,H;* ion bombardment
of the C:H film

The bombardment of the surface by energetic particles
plays a crucial role in the plasma-surface interaction.
Indeed, the interaction of, for example, hydrocarbon ions
with the surface is important as these ions can contribute
to film growth, and the impact of Ar* ions can lead to the
formation of “hard” hydrocarbon films by energy transfer
from the incident ions to the film.!*!
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In this section, we have performed MD simulations to
study the bombardment of the C:H film by Ar* and
C,H;* ions at different energies (50, 75, and 100eV).
These ions are the two main ions formed in the Ar/CH,
plasma modeled by the 1D fluid model (Table 2) and are
treated as high-velocity neutral species in our study.
Although the absence of ionic charges means that there
are no direct Coulombic interactions between ions and
surface atoms, high-velocity neutral particles can transfer
momentum to the atoms of the C:H film upon impact.
This momentum transfer can lead to the ejection of
surface atoms and molecules or to changes of the film
structure. Indeed, the absence of charge does not
preclude the possibility of bond breaking and bond
formation during ion impact. These simulations are
useful to determine the mass change of the film under

16¢ T T T
14 _ Projectile
12 :_ (? P=v,6,=
10F
< 8
o 1
6
ar
2F
O E " L " 1 "
0 0.5 1
r(A)
FIGURE 7 Initial model of a C:H film (with its radial

distribution function) to be separately bombarded with Ar™ or
C,H;" ions at energies of 50, 75, and 100 eV. This film, resulting
from the deposition of all neutrals at a temperature of 300 K, was
relaxed at 300 K before ion bombardment.

Ar*
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s 5000f b
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nonreactive (Ar') and reactive (C,H;*) ion bombard-
ment. The bombarded C:H film (Figure 7) is the one
formed at a temperature of 300K (Figure 2a) by the
global deposition of neutral species (Figure 1la).
Unbounded atoms in the C:H film formed at 300K (see
Figure 2a) were first removed, then the film was relaxed
over a short simulation time of 1 ps before ion bombard-
ment at 300K to obtain a more stable and compact
structure (as shown in Figure 7), to avoid our C:H film
being completely pulverized in the very first instants of
the simulation (since our films are soft). This relaxation
led to a rearrangement of the bonds between the carbon
atoms in the film, as shown by the RDF of the film in
Figure 7.

The initial C:H film contains a total of 2623 atoms
with an H:C ratio of about 0.56. A total of 1000 ions of
each species are sent toward the film with a time step of
0.1 fs, at a rate of one ion every 5000 time steps, that is,
500 fs between two impacts and a total simulation time of
500 ps. Figure 8a,b shows the evolution of the mass of the
C:H film as a function of the number of Ar* and C,H;"
ion impacts for the different energies considered.

At 50eV, a very small (negligible) mass change is
observed with the impacts of Art ions, regardless of the
number of impacts. On the other hand, at the same
energy, an approximately linear increase in the mass of
the C:H film is observed upon the impact of C,H;* ions.
These different observations are directly related to the
evolution of the H:C ratio as a function of the number of
impacts during bombardment by Ar* (Figure 9a) and
C,H;* (Figure 9b) ions. This indicates that Ar* ions, at
this energy, do not significantly affect the chemical
composition of the film, while C,H;* ions change this
composition by introducing carbon and hydrogen atoms
into the C:H film. C,H;" ions are reactive species whose
sticking coefficient at room temperature is considered to

CzH;

30000 T T T T T
. 25000 b
3
€
© 20000F 1
£
& 15000F b
L
\8 10000 1
o
o
© 5000F —— 50ev b
= - 75eV

of 100eV 4
1 1 1 1 1 1
0 200 400 600 800 1000

Number of ion impacts

FIGURE 8 Evolution of the mass of the C:H film as a function of the number of impacts of Ar* ions (a) and C,H;" ions (b) at energies

of 50, 75, and 100 eV.
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FIGURE 9 Evolution of the H:C ratio as a function of the number of Ar" (a) and C,H;" (b) ion impacts and the radial distribution
functions (RDFs) between the carbon atom pairs of the initial and final C:H films after bombardment by Ar* ions (c) and C,H;* ions (d) at
energies of 50 and 75 eV. The H:C ratio and the RDF at 100 eV are not shown because at this energy, the C:H film is completely sputtered
after bombardment by Ar* ions and only a small mass of the C:H film remains after bombardment by C,H;" ions.

be equal to 1.1°*°¥ When these ions impact the C:H film
at higher energy (such as 50eV), they can undergo
chemical reactions with the hydrocarbon molecules of
the film. These reactions can incorporate carbon and
hydrogen atoms from the ions into the C:H film,
increasing the mass of the film, as shown in Figure 8b
(blue curve). These observations also indicate that an
energy of 50 eV is not sufficient for Ar* or C,H;" ions to
significantly sputter the C:H film at the surface.

Although the C:H film is not significantly sputtered
after ion impact at 50 eV, a reorganization of the film
atoms can be observed from the final RDFs of the C:H
film after Ar* ion impact (Figure 9c, blue curve) and
C,H;* ion impact (Figure 9d, blue curve) compared to
the initial C:H film structure. We can see that the Ar* ion
impact and the C,Hs" impact at 50 eV have reorganized
the C:H film such that the film contains almost no C=C
triple bonds between carbon atoms.

At 75 eV, it can be seen from Figure 8 (a green curve)
that the mass of the C:H film gradually decreases during

the first few impacts (between 0 and 400 impacts) of Ar*
ions, followed by stabilization. The mass decrease is due
to the sputtering effect leading to bond breaking and
ejection of C and H atoms from the surface, as also
shown by the evolution of the H:C ratio (Figure 9c, green
curve) at these same impact times. The rapid decrease in
the H:C ratio indicates that C-H and H-H bonds are the
ones that can be easily broken by Ar' ions to eject a
hydrogen atom. The mass stabilization after about 400
impacts may be due to a reorganization of the film under
the influence of the ion impacts, leading to a more stable
and compact configuration that can withstand further
sputtering. This is confirmed by the final H:C ratio,
which is very low (about 0.1), meaning that the film
contains only a very small amount of hydrogen and the
remaining film is therefore strongly dominated by bonds
between carbon atoms. In addition, we determined the
CN of carbon atoms in this film (figure not shown here)
and CN? carbon atoms predominate (about 75%) in the
final film, indicating from the value of the H:C ratio that
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the CN* (3C) configuration, that is, one carbon atom
bonded to three carbon atoms, is the most dominant.
This is confirmed by the RDF of the final C:H film
(Figure 9c, green curve), which seems to show that there
are more C-C single bonds than double and triple bonds.
These observations indicate that the CN> (3C) structures
in the C:H film are difficult to break.

On bombarding the C:H film by C,H;" ions at 75eV
(Figure 8b), we observe a weak decrease in the mass of
the C:H film, which is due to the fact that there is
competition between sputtering and incorporation of
atoms from incident ions into the film (due to the
reactive nature of C,Hs"), justified by the evolution of
the H:C ratio (Figure 9b, green color). This leads to
simultaneous bond breaking and bond formation phe-
nomena, with C=C double bonds largely dominating as
shown in the RDF of the final C:H film (Figure 9d, green
curve). The slight increase in the mass of the C:H film
from about 700 impacts of C,H;* ions shows that from
this moment, the formation of bonds between the atoms
of the ions and those of the film dominates over the
sputtering. This is probably due to the rearrangement of
the surface atoms during the bombardment, which leads
to bonds in the film that are difficult to break.

Finally, at 100eV, the C:H film is completely
sputtered after 300 Ar* ion impacts (Figure 8a, orange
curve). Ar" ions impacting the film at high velocities
break bonds and eject atoms from the film. For the
C,H;* ion impact (Figure 8b, orange curve), we observe a
rapid decrease in the mass of the C:H film during the first
impacts (between 0 and 400 impacts), followed by a
much slower decrease. This last phase of mass stabiliza-
tion could be due to the simultaneous phenomena of
sputtering and ion atom incorporation into the surface or
the fact that only a very stable C:H film remains, strongly
bonded to the surface and lacking active sites for ion
incorporation. Taken together, these results show that
sputtering of a C:H film with Ar* ions (inert) is faster
than that with C,H;* ions (reactive).

Furthermore, the behavior of the ions at 50 eV could
also explain the negligible influence of these ions on the
overall deposition with neutral species (Figure 1b)
observed in Section 2.2, their low density still being the
main reason.

During the different impacts, we also determined the
different carbon clusters that were ejected from the
surface (figure not shown here). We identified C, clusters
(hydrocarbon molecules with two carbon atoms) as the
main ejected clusters after the impacts of the different
ions (Ar* and C,H;"), regardless of energy. This large
ejection of C, clusters compared to other clusters can be
attributed to the high-energy impact of the ions, which

causes carbon-carbon bonds to break within the film,
resulting in the formation of small, stable clusters.

4 | CONCLUSION

In summary, reactive MD simulations were performed
to investigate the mechanisms of hydrocarbon film
growth resulting from the interactions of the main
neutral species (CH,, C,H,4, C,H,, C,H, CH3, and H,)
of an Ar/CH, plasma on a stainless-steel surface in
the temperature range of 300-1000 K. At low temper-
atures (300-500 K), we observed that the mass of the
C:H film was almost constant, and at 1000K, a
decrease in mass of about 10% was observed. The
C,H radical was identified as the main precursor of
the C:H film growth at all temperatures, while stable
neutral species played an important role in the
formation of the first hydrocarbon monolayer (in the
first instants of the simulations). On characterizing
the C:H films, we found that the C:H films were
unsaturated at all temperatures, with a dominance of
C=C double bonds and carbon atoms with CN 3
(CN?). A deposition of all neutral species including
the two major ions (Ar" and C,H;* with an energy of
50eV) from the Ar/CH, discharge was also per-
formed. The effects of the ions on film growth were
negligible due to the small amount of these ions
compared to the neutral species. Finally, the C:H film
formed at 300K was separately bombarded with Ar*
and C,H;" ions at energies of 50, 75, and 100 eV. We
observed that at 50 eV, the impact of Ar* ions only
induced chemical reorganization of the film structure,
while for C,H;* ions, we observed incorporation of
their atoms into the film, leading to an increase in the
mass of the C:H film. At higher energies, we observed
more extensive sputtering of the film and also that
this sputtering was faster with Ar* ions than with
C,H;" ions, which can also become incorporated into
the film due to their reactive nature.
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