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The formation process of sp3 hybridized carbon networks �i.e., diamondlike structures� in hydrogenated
diamondlike carbon �DLC� films has been studied with the use of molecular-dynamics simulations. The
processes simulated in this study are injections of hydrocarbon �CH3 and CH� beams into amorphous carbon
�a-C� substrates. It has been shown that diamondlike sp3 structures are formed predominantly at a subsurface
level when the beam energy is relatively high, as in the “subplantation” process for hydrogen-free DLC
deposition. However, for hydrogenated DLC deposition, the presence of abundant hydrogen at subsurface
levels, together with thermal spikes caused by energetic ion injections, substantially enhances the formation of
carbon-to-carbon sp3 bonds. Therefore, the sp3 bond formation process for hydrogenated DLC films essentially
differs from that for hydrogen-free DLC films.
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I. INTRODUCTION

Amorphous carbon with a high content of sp3 structures is
often called diamondlike carbon �DLC� and known to have
extraordinary material properties such as high mechanical
hardness, high wear resistance, low friction coefficients, high
chemical inertness, good infrared �IR� transparency, high
electrical resistivity, good field-emission properties, and low
dielectric coefficients �1–7�. Some of these properties have
been widely exploited in industrial applications of DLC
films. Especially a good combination of high mechanical
hardness, high wear resistance, and low friction coefficients
makes DLC suitable for use in coating technologies. Further-
more, the heterogeneous growth of DLC films on various
materials at low deposition temperatures can be achieved
with relative ease by plasma-enhanced chemical vapor depo-
sition �PECVD�. In PECVD processes, the material proper-
ties can be fine-tuned by a right combination of process pa-
rameters. With such favorable properties, DLC is widely
used, for example, as protection layers for data storage disks
and magnetic recording heads.

Amorphous carbon may be classified into different groups
based on the content of hydrogen �H� atoms as well as
sp3 and sp2 hybridized carbon �C� atoms �2�. Among them,
DLC that contains at least some amount of hydrogen is
called hydrogenated DLC whereas hydrogen-free DLC is
often termed tetrahedral amorphous carbon �ta-C�. Some-
times, hydrogenated DLC with a higher content of sp3 hy-
bridized carbon is termed hydrogenated tetrahedral amor-
phous carbon �ta-C:H� �7�. For most practical applications,
hydrogenated DLC is more widely used than hydrogen-free
DLC �i.e., ta-C�, so the standard term “DLC” commonly
refers to hydrogenated DLC �5�.

In the absence of hydrogen, the formation mechanisms of
sp3 hybridized bonds during a carbon deposition process
have been extensively discussed �1–7�. The subplantation

model, which was proposed by Lifshitz et al. �8,9�, is now
widely accepted as a model for the growth process of
hydrogen-free DLC. The term “subplantation” indicates shal-
low implantation of incident energetic species into a subsur-
face �i.e., near-surface bulk� region of the substrate. The
original subplantation model by Lifshitz et al. states �8,9�,
based on the experimental observations, that the formation of
sp3 hybridized bonds occurs predominantly in the subsurface
region where the injected C atoms accumulate rather than on
the top surface �10�.

After the proposal of the subplantation model by Lifshitz
et al., details on how sp3 hybridized bonds actually form in
the subsurface region then became the focus of debate. Vari-
ous models for sp3 formation mechanisms were subsequently
proposed �11–16�. For example, based on the premise that
sp3 hybridized bonds are preferentially generated at the lo-
cation of a high local density �and accordingly sp2 at the
location of a low local density�, Robertson built a model
�15,16� that describes the sp3 formation process in the sub-
surface by carbon ion incidence, in which sp3 hybridized
bonds are formed by the increase of local density arising
from direct penetration of incident ions or knock-on of sur-
face atoms. The model also includes the relaxation process
caused by thermal spikes due to the slowdown of injected
ions �17�.

While carbon hybridization mechanisms for hydrogen-
free DLC �ta-C� have been studied extensively, few system-
atic studies on carbon hybridization mechanisms have been
conducted for hydrogenated DLC. With the addition of hy-
drogen and/or hydrocarbon as incident species, the surface
reactions can be far more complex than those by pure carbon
incidence. For example, sticking probabilities and surface
loss probabilities of saturated hydrocarbon radicals such as
CH3 on hydrogenated amorphous carbon �a-C:H� surface are
known to be extremely small �18–21�. The recent radical-
beam experiments �22–26� by Schwarz-Selinger et al. and
von Keudell et al. showed that sticking probabilities can vary
significantly �by about 2 orders of magnitude� depending on
the simultaneously impinging atomic hydrogen flux. Further-*hamaguch@ppl.eng.osaka-u.ac.jp
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more, it has been also shown �26� that, with various combi-
nations of simultaneous fluxes of hydrocarbon radicals,
atomic hydrogen, and energetic inert ions of 200 eV, the film
growth rate varies greatly from highly efficient deposition to
significant surface etching. The formation of sp3 hybridized
bonds in deposited films was, however, not examined by
these beam studies.

In the present study, in an attempt to develop highly effi-
cient PECVD processes for high-quality hydrogenated DLC
films, we examine sp3 hybridized bond formation mecha-
nisms in a-C:H deposition processes. Especially of interest
are the effects of energetic incidence of hydrocarbon frag-
ment ions such as CH3

+ and CH+ on an amorphous carbon
�a-C� substrate surface. While we expect something similar
to subplantation to occur in the process, the formation
mechanism of sp3 hybridized bonds with ready availability
of abundant H atoms can be fundamentally different from
that in a pure carbon deposition process. Therefore, the goal
of this work is to clarify the role of hydrogen in the forma-
tion of diamondlike structures in hydrogenated DLC deposi-
tion processes.

As a tool for this study, we use classical molecular-
dynamics �MD� simulation by which dynamics of individual
atoms may be examined in detail. In this study, we examine
the initial phase of carbon film deposition by numerically
simulating single-species incidence of CH3 or CH on an a-C
film that is initially hydrogen-free. Although the surface re-
actions that we consider in this study are far simpler than
those of any realistic PECVD systems, a better understand-
ing of individual reaction processes such as those examined
here will serve as the basis for a more complete understand-
ing of real PECVD processes.

MD simulations have been used by many authors to study
carbon film deposition processes. The first published classi-
cal MD simulation study on carbon film deposition processes
is probably the one by McKenzie et al. �12�, where ion-
injection induced compressive stress in a thin diamond film
was examined. The first MD simulation to emulate the
growth process of a carbon film was performed by Kaukonen
and Nieminen �27�, in which energetic C atoms were used as
deposition precursors for a hydrogen-free thin carbon film.
Subsequent studies on hydrogen-free carbon deposition pro-
cesses by various types of MD simulations include those by
Marks et al. �10,17�, Uhlmann and Frauenhaim �28�,
Kaukonen and Nieminen �29�, Jäger and Albe �30�, Kohary
and Kugler �31�, and Li et al. �32�. Mechanical properties of
a-C films were studied with Monte Carlo simulations by Ke-
lires �33–35�.

MD studies on the growth processes of hydrogenated
DLC films have been, on the other hand, less extensive.
Huang et al. �36� studied impact-induced chemisorption of
CH3 and CH2 on a hydrogenated diamond film using classi-
cal MD simulations. Neyts et al. examined the deposition
mechanisms of various types of hydrocarbon radicals with
low kinetic energies incident on diamond or DLC surfaces
�37–39�. Zhang et al. �40�, on the other hand, studied the
deposition process of CH3 and other hydrocarbon radicals
and ion fragments on a diamond surface. In a different line of
research, Miyagawa et al. used dynamical Monte Carlo
simulations to model deposition processes of hydrogenated

DLC films �41–43�. Salonen et al. �44� discussed sputtering
processes that might occur during deposition processes of
hydrogenated a-C films.

The rest of the paper is arranged in the following manner.
We first briefly present our MD simulation scheme in the
next section. In Secs. III and IV, we describe simulation re-
sults and discuss their implications, first on sticking prob-
abilities and second on the formation of diamondlike sp3

structures. The conclusions are given in Sec. V.

II. MD SIMULATION

In classical MD simulations, trajectories of all atoms in
the system are obtained from the integration of Newton’s
equation of motion �45–48� and macroscopic physical quan-
tities, such as deposition rates and sputtering yields, may be
obtained from proper averaging of corresponding micro-
scopic quantities. Atomic interactions in classical MD simu-
lations are predetermined and the interatomic potential func-
tions used in this study are multibody potential functions
�similar to Stillinger-Weber functions with bond-order cor-
rections� given in Ref. �46�. In this set of potential functions,
the bond order of a carbon-carbon �CC� bond is determined
from the number of other carbon �C� and hydrogen �H� at-
oms that are present in the neighborhoods of the carbon at-
oms that form the bond in consideration. For example, if
there are three H atoms in each neighborhood of the C atom,
the CC bond is a single bond whereas if there are two H
atoms in each neighborhood, the CC bond is a double bond.
A function that counts the neighboring atoms is built in each
interatomic potential function, which typically affects the at-
tractive force of an atom-atom interaction. The set of inter-
atomic potential functions given in Ref. �46� also contains
functions for nitrogen �N� atoms but nitrogen was not used in
the present work. It has been confirmed that some etching
and deposition simulations based on MD simulations with
the C and H potential functions given in Ref. �46� typically
present results similar to those based on the C and H func-
tions given by Brenner �49�.

The model substrate used in the simulation is a hydrogen-
free amorphous carbon �a-C� cube with an edge length of
about 2 nm. It consists of approximately 800 carbon atoms
arranged at random positions in the cube. Its mass density is
about 2.0 g /cm3, which is typical for a-C. The system is
then brought to thermal equilibrium at 300 K by MD simu-
lation of canonical ensemble �i.e., with constant temperature
and density�. After thermalization, the model substrate is
found to consist mainly of sp2 hybridized bonds; the ratio of
the number of sp3 C atoms to that of sp2 atoms in the model
substrate is about 0.4%. The periodic boundary conditions
are imposed in the lateral directions so that the �-C cube can
represent an infinitely wide flat thin film with a thickness
of about 2 nm. In the 0.4-nm-thick bottom layer of the sub-
strate cube, the atoms are set immobile lest the substrate drift
downward when it is subject to momentum transfer from
incident gas-phase species.

It has been known that CH3 is the most abundant radical
species in methane plasmas that are often used for a-C:H
deposition in PECVD processes �50–52�. Methyl ion CH3

+ is

MURAKAMI, HORIGUCHI, AND HAMAGUCHI PHYSICAL REVIEW E 81, 041602 �2010�

041602-2



known to form one of the largest ion fluxes emitted from
methane plasmas �51�. Therefore, as mentioned earlier, we
select CH3 as energetic incident species in our simulation
study. In addition, we have also selected CH as another in-
cident species for comparison since the difference in hydro-
gen quantity per incidence between CH3 and CH may give
some insight into the role of hydrogen in the deposition pro-
cesses.

In this MD study, charge-neutral CH3 or CH species are
injected normally into the top surface of the model substrate
with incident energies in the range of from 2 to 50 eV. These
are typical kinetic energies of energetic species in PECVD
processes �50�. In actual PECVD processes, such energetic
species are most likely positive ions accelerated by the bias
voltage although some charge-neutral species may also have
high kinetic energies because of charge-exchange reactions.
In our MD simulation, however, all species, including those
with high kinetic energies, are treated as charge neutral, so
that all interatomic forces can be modeled by those for
charge-neutral species of Ref. �46� for the sake of simplicity.

The sequence of deposition simulations is the following
�45–48�. A single simulation cycle starts with an injection of
a CH3 or CH atomic cluster at a predetermined kinetic en-
ergy into the substrate surface. The substrate is set in thermal
equilibrium at 300 K. The initial lateral position of the in-
jected species is randomly selected and its initial height is set
to be about 1 nm above the substrate surface. The incident
angle is normal to the substrate surface, as mentioned earlier.
The trajectories of all atoms are then obtained from the inte-
gration of Newton’ equation of motion under the condition of
constant total energy, i.e., microcanonical conditions, for 0.8
ps. The numerical time integration is based on the velocity
Verlet algorithm. The system is then rapidly cooled and
equilibrated at the initial temperature �300 K� during the fol-
lowing 0.2 ps to remove the excess heat from the system.
The next simulation cycle then starts with a new particle
injection, as in the first cycle. In the MD simulation study
presented here, such simulations cycles are typically repeated
800–1000 times, which correspond to the beam dose �i.e.,
fluence� of 2.0�1016–2.5�1016 cm−2.

III. SIMULATION RESULTS: STICKING PROBABILITIES

In this section, we present results of the MD simulation.
Shown in Fig. 1 are surface morphologies at a dose of 2.0
�1016 cm−2 of �a� CH3 and �b� CH incidences at 20 eV on
the a-C model substrate. Here, large black spheres represent
C atoms in the bottom layer which are assumed to be immo-
bile. The gray spheres represent mobile C atoms that initially
constitute the substrate. The large white spheres represent
injected C atoms. Injected H atoms are represented by small
black spheres. Clearly the deposited film is thicker for CH
incidence. As will be shown shortly, under all conditions
studied in this work, CH has a higher sticking probability
than CH3.

Figure 2 shows that the depth profiles of atomic species at
a dose of 2.0�1016 cm−2 of CH3 incidence with incident
energies of �a� 20 eV and �b� 50 eV. The profiles of substrate
C atoms, deposited C atoms, and deposited H atoms are

given by the thick solid, broken, and thin solid curves, re-
spectively. The horizontal axis represents the film thickness
measured from the bottom of the model substrate. In this
figure, the atomic density at each depth is obtained from the

(a) (b)

FIG. 1. Surface morphologies after �a� CH3 and �b� CH inci-
dences obtained from MD simulations. In each case, the beam dose
and kinetic energy are 2.0�1016 cm−2 and 20 eV. The large black
and gray spheres represent immobile C atoms in the bottom layer
and mobile C atoms of the initial substrate. The large white and
small black spheres represent injected C and H atoms.
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FIG. 2. Depth profiles of atomic species at a dose of 2.0
�1016 cm−2 of CH3 incidence with incident energies of �a� 20 eV
and �b� 50 eV, obtained from MD simulations. The profiles of sub-
strate C atoms, deposited C atoms, and deposited H atoms are given
by the thick solid, broken, and thin solid curves, respectively. Hori-
zontal axis represents the film thickness measured from the bottom
of the model substrate.
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total number of the atoms that are present in a 1-Å-thick
layer at the depth. The figure clearly shows that deposited C
and H atoms penetrate the substrate more deeply at higher
energy. Furthermore, H atoms penetrate the substrate more
deeply than C atoms because the H atom has a smaller inter-
action length �i.e., atomic radius� than the C atom.

Figure 3 shows sticking probabilities of C and H atoms as
functions of the beam dose for �a� CH3 and �b� CH inci-
dences at 10 eV. The sticking probability of a C �or H� atom
here is defined as the average number of C �or H� atoms that
increases in the substrate per injected C �or H� atom when C
�or H� atoms are brought to the substrate as part of injected
CH3 or CH atomic clusters. If no substrate atom is removed
by the impact of CH3 or CH �but part of CH3 or CH may be
reflected at the impact�, the sticking probability of C �or H�
represents literally the probability that the injected C �or H�
atom sticks to the substrate surface. On the other hand, if
more than one atom is removed from the surface per C �or H�
incidence, the sticking probability becomes negative. The
sticking probability shown in Fig. 3 is the average over 20
injections �0.5�1015 cm−2� around the indicated beam dose.
The sticking probabilities of C and H are indicated by the
solid and dotted curves in each figure although the both
curves nearly coincide and are hardly distinguishable in �a�.
It is shown in Fig. 3 that the sticking probabilities of both C
and H decrease initially and then reach steady state.

The sticking probabilities of C �filled squares� and H
�empty diamonds� in steady state are plotted in Fig. 4 as
functions of the incident energy for �a� CH3 and �b� CH
incidences. These steady-state values are obtained from the
averages over beam dose from 1.5�1016 to 2.0

�1016 cm−2. As expected, when the incident energy is rela-
tively low, the sticking probability for CH incidence is gen-
erally higher than that for CH3. This is because a CH atomic
cluster has more dangling bonds than CH3 and therefore a
CH cluster has a higher probability of forming covalent
bonds with substrate C atoms.

At higher incident energies, on the other hand, both CH3
and CH atomic clusters can break into their component at-
oms upon impact on the surface and their sticking probabili-
ties are more likely to be determined by the number of dan-
gling bonds of C or H rather than the number of dangling
bonds of CH3 or CH atomic clusters. This may make the
sticking probabilities for CH3 and CH incidences take similar
values at higher energies �i.e., around 0.6 and 0.2 for C and
H at around 50 eV�. It is interesting to note that, under the
conditions we examine in this work, the sticking probability
of C or H from CH3 impact monotonically increases as a
function of the incident energy whereas the sticking prob-
ability of C or H from CH impact peaks at around 10 eV. As
the probability of substrate atoms being removed �i.e., sput-
tering yield� typically increases with increasing incident en-
ergy, so does the probability of deeper implantation of inci-
dent species. Therefore, the peak of sticking probability may
appear at some incident energy but no peak of CH3 sticking
probability is observed in the energy range examined there.

(a)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

dose (cm-2)

st
ic
ki
n
g
pr
o
ba
bi
lit
ie
s

H C

×1016

CH3 at 10eV

(b)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

dose (cm-2)

st
ic
ki
n
g
pr
o
ba
bi
lit
ie
s

H C

×1016

CH at 10eV

FIG. 3. Sticking probabilities of C and H atoms as functions of
the beam dose for �a� CH3 and �b� CH incidences at 10 eV, obtained
from MD simulations.
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incident energy, obtained from MD simulations. Solid and dotted
curves are guides to the eyes.
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In the case of CH3 beam incidence, if the incident energy
is lower than 10 eV, the substrate surface becomes nearly
saturated by H atoms supplied by incident CH3 at an early
stage and, after the near saturation, further deposition hardly
occurs. In other words, the sticking probability becomes
nearly zero in steady state. This result is consistent with ear-
lier experimental studies on this system with CH3 radical
beams �23�.

If the incident energy is higher than 10 eV, such H atoms
are displaced by incident CH3 and therefore the sticking
probability of C or H increases as a function of the incident
energy. As mentioned earlier, the recent radical-beam experi-
ments �22–26� by Schwarz-Selinger et al. and von Keudell et
al. showed that sticking probabilities and film growth rate
can vary significantly depending on the impinging hydrogen
and hydrocarbon fluxes and kinetic energies of incident
beams. These experimental results are consistent with our
observation in MD simulations that surface passivation by
hydrogen strongly affects the sticking probabilities of inci-
dent hydrocarbon species.

It is also shown in Fig. 4 that sticking probability of H is
generally lower than that of C, especially at higher energies.
At 2 eV, for example, the sticking probabilities of C and H
take almost the same values in either �a� or �b�, which indi-
cates that the incident clusters, either CH3 or CH, stick to or
are reflected from the surface without breaking up. On the
other hand, as the incident energy increases, the difference in
the sticking probabilities between C and H increases, which
indicates that, at higher energies, C atoms that have more
dangling bonds are more easily captured by the substrate
surface than H atoms.

IV. SIMULATION RESULTS: FORMATION OF sp3

HYBRIDIZED BONDS

Hardness of a DLC film is determined by the sp3 carbon
content in the film. In this section, we study how sp3 hybrid-
ized bonds connecting C atoms are formed in the film depo-
sition processes.

The coordination number for a given atom is defined as
the number of other atoms that exist in its neighborhood. In
the present study, we are interested in the “carbon-to-carbon”
�C-to-C� coordination number, which we define as the num-
ber of C atoms that exist in the neighborhood of a particular
C atom that we consider. For example, in crystalline dia-
mond, the C-to-C coordination number of every C atom is 4.
If the C-to-C coordination number of a C atom is 4, then the
C atom forms sp3 hybridized bonds with the surrounding C
atoms. Similarly, if the C-to-C coordination number for a C
atom is 3, it forms sp2 hybridized bonds with the surround-
ing C atoms.

Figure 5 shows the ratio of the number of C atoms with
each C-to-C coordination number deposited on the substrate
to the number of all deposited C atoms as functions of the
incident energy at a dose of 2.5�1016 cm−2 for �a� CH3 and
�b� CH beam incidences. Especially, the ratio for the C-to-C
coordination number being 4 represents the fraction of fully
carbon terminated sp3 C atoms �each of which is bonded
with four other C atoms only, not more and not less� for all

deposited C atoms. This fraction represents the “diamond-
likeness” of the deposited film. Note that C atoms that con-
stitute the initial substrate �which are mostly of sp2, as men-
tioned earlier� are not counted in Fig. 5. However, in the
C-to-C coordination numbers listed here, bonds connecting
deposited C atoms and substrate C atoms are counted. The
“others” in Fig. 5 include deposited C atoms bonded with H
atoms, possibly together with other neighboring C atoms.

It is clearly seen in Fig. 5 that, for CH3 incidence, depos-
ited C atoms are more likely to form sp3 hybridized bonds
with other C atoms at higher incident energy under the con-
ditions studied here. A similar tendency is also seen for CH
incidence up to 20 eV. However, at 50 eV for CH incidence,
the sp3 fraction is significantly lower, which is likely caused
by relative scarcity of hydrogen in the substrate. The sticking
coefficient of H atoms for CH incidence is low at high en-
ergy, as seen in Fig. 4�b�.

Plotted in Fig. 6 are the fully carbon-terminated sp3 frac-
tions as functions of the CH3 beam dose at 20 eV �broken
curve� and 50 eV �solid curve�. As mentioned above, the
fully carbon-terminated sp3 fraction is the same as the ratio
denoted by the C-to-C coordination number being 4 in Fig.
5. It is seen that, initially �when the incident-beam dose is
lower than about 1.5�1016 cm−2�, the sp3 fraction is higher
at 20 eV than at 50 eV. It has been observed in our MD
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FIG. 5. Ratio of the number of C atoms with each C-to-C coor-
dination number deposited on the substrate to the number of all
deposited C atoms as functions of the incident energy at a dose of
2.5�1016 cm−2 for �a� CH3 and �b� CH beam incidences, obtained
from MD simulations. The “others” include deposited C atoms
bonded with one or more H atoms or those bonded with five or
more other C atoms �although the latter are scarce�.
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simulations that incident 20 eV CH3 species, when they are
adsorbed, tend to be adsorbed without breaking up but often
displacing H atoms that passivate the substrate surface. An
adsorbed CH3 group with its C atom being bonded with a
substrate C atom tends to maintain its sp3 hybridized �i.e.,
diamondlike� structure terminated by H atoms on the surface.
With a large number of such adsorbed CH3 groups present on
the surface, hydrogen abstraction reactions release hydrogen
molecules �H2� from adjacent CH3 groups and promote the
formation of diamondlike structures on the substrate surface.

At 50 eV incidence, on the other hand, incident CH3 spe-
cies tend to break up at impact and the separated C and H
atoms typically penetrate the substrate deeply. At a lower
beam dose, implanted C atoms tend to form sp2 bonds with
surrounding C atoms in the substrate. However, as the beam
dose increases, more and more H atoms that are also accu-
mulated at the subsurface level break up and terminate �
bonds and dangling bonds of C atoms there. As more C
atoms in the subsurface level have their bonds terminated by
H atoms and, furthermore, gain enough mobility from the
kinetic energy provided by bombarding incoming species
�i.e., thermal spikes �17��, a structural relaxation process
takes place more easily. Then, after sufficient desorption of
hydrogen molecules from the subsurface level caused by hy-
drogen abstraction reactions, more carbon-terminated sp3 hy-
bridized bonds are formed in the subsurface region. In other
words, structural relaxation assisted by a high concentration
of implanted H atoms and kinetic energy provided by ther-
mal spikes of incident ions help generate more C-to-C sp3

hybridized bonds at higher dose, as shown in Fig. 6. The
kinetic-energy effect mentioned above may be considered as
a kind of annealing effects at a microscopic level arising
from the thermal spikes.

Figure 7 shows the depth profiles of the �a� C-to-C � bond
density and �b� carbon sp2 bond density at various beam
doses in the case of 50 eV CH3 beam incidence obtained
from MD simulations. Here, the sp2 bond means a carbon
bond that contains a �partial� � orbital, such as the carbon
bond of graphite. As in Fig. 2, the horizontal axis in each

figure represents the film thickness measured from the bot-
tom of the model substrate. The bond density at each depth is
obtained from the total number of the bonds that are present
in a 1-Å-thick layer at the depth. Note that neither C-H nor
H-H � bond is included in Fig. 7�a� �53�. It is seen that, at 50
eV, the number of � bonds increases as the deposition takes
place.

Figure 7�b�, on the other hand, shows that the density of
sp2 bonds �many of which existed in the initial substrate�
decreases as the beam dose increases. This is due to the
increase in atomic hydrogen in the substrate, where H atoms
supplied by incident CH3 break up more � bonds and there-
fore generate more � bonds. This process facilitates the
structural relaxation of deposited C atoms and the formation
of diamondlike carbon structures, as mentioned above.

Figure 8 shows the density profile of fully carbon-
terminated sp3 C atoms at a dose of 2.0�1016 cm−2 for 50
eV CH3 incidence �depicted by the gray curve denoted by
“sp3 C”�. For reference, the density profiles of C and H at-
oms are also plotted here, which are the same as those given
in Fig. 2�b�. Note that “the fully carbon-terminated sp3 C
atom” means a C atom that is bonded with four other C
atoms only, as defined in Fig. 5. It is clearly seen that the sp3
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C atoms are mostly located in the subsurface level, typically
around 1 nm below the top surface in this case.

V. CONCLUSIONS

We have carried out MD simulations to study CH3 and
CH monoenergetic beam deposition processes on a
hydrogen-free a-C substrate. First we examined the sticking
probabilities of C and H atoms in the processes as functions
of beam incident energy and dose. We then examined the
structures of deposited films with special attention to the
formation of diamondlike structures.

As stated at the outset, the goal of this study is to under-
stand the formation mechanism of diamondlike sp3 struc-
tures in hydrogenated DLC films deposited by, e.g., PECVD
processes. We have focused in this study on a relatively early
stage of the film deposition process where the deposited film
thickness is about 1 nm. The sp3 carbon content in the de-
posited film determines the film characteristics. It is typically
desired to have a high sp3 carbon content for high-quality
DLC films.

The main conclusion we have drawn in this study is that
the sp3 formation mechanisms are essentially different be-
tween hydrogen-free and hydrogenated DLC deposition pro-
cesses. As we have discussed in the previous section, it is
true that, in both hydrogen-free and hydrogenated DLC
deposition processes, the sp3 structures are more efficiently
formed at relatively high kinetic energies of incident species.
Furthermore, the sp3 structures are formed predominantly in
the subsurface region. Thus the sp3 formation process in ei-
ther hydrogen-free or hydrogenated DLC deposition may be
called a subplantation process. However, in hydrogenated
DLC deposition, the presence of abundant hydrogen at a sub-
surface level, together with thermal spikes caused by ener-
getic ion incidence, significantly enhances the formation of
sp3 bonds connecting C atoms. This hydrogen-induced for-
mation process of diamondlike structures is so dominant in
hydrogenated DLC film deposition that, although it occurs at
a subsurface level under the influence of subplantation ef-

fects �such as local film densification and induced stress
�6,8,9��, it distinguishes itself from a typical sp3 formation
process in hydrogen-free DLC film deposition.

The effect of hydrogen is clearly seen in Fig. 5, where the
amount of hydrogen supplied to the substrate is shown to
cause significant difference in the formation of diamondlike
structures in the deposited films. With more hydrogen readily
available in the subsurface level, the fraction of fully carbon-
terminated sp3 bonds is much higher for CH3 incidence than
CH incidence. In this process, abundant hydrogen typically
terminates � bonds and dangling bonds of C atoms in the
subsurface region and helps to form hydrogen-terminated sp3

structures first. Then, with the help of thermal spikes arising
from energetic ion impact, structural relaxation due to local
high “temperature” in the subsurface region promotes hydro-
gen abstraction reactions by increasing the chance for
carbon-terminating H to meet each other in the subsurface
region. The increased rate of hydrogen abstraction reactions
among carbon-terminating H atoms facilitates the formation
of C-C � bonds.

The importance of the presence of hydrogen is also seen
in Fig. 6, which shows that, for 50 eV CH3 incidence, the
fully carbon-terminated sp3 fraction increases only after suf-
ficient hydrogen implantation takes place. This contrasts well
with the sp3 formation process of hydrogen-free DLC films,
in which the diamondlike structures are considered to be
formed, in the absence of hydrogen, by local film densifica-
tion and stress induced by energetic ion bombardment
�6,8,9�.

We now comment on an issue specific to MD simulations.
Our MD simulations �and indeed almost all MD simulations
on beam-surface interactions� lack long-time-scale relaxation
processes such as surface and solid-phase diffusions. This is
because a straightforward implementation of such processes
would require prohibitively long computational time and is
practically impossible. As mentioned earlier, following a mi-
crocanonical simulation of the system for 0.8 ps after each
injection of a beam species, the system is cooled to the initial
temperature �300 K� within 0.2 ps. Therefore, all particle
motions are quenched rapidly �in physical time scales� in our
simulations presented here, which prevents any long-time-
scale relaxation processes from occurring. During such long-
time-scale relaxation processes, sp3 structures formed upon
impact of a beam species may relax to sp2 structures. On the
other hand, it is generally considered that the inverse pro-
cess, i.e., the further formation of sp3 structures, hardly takes
place during those relaxation processes, especially after the
high thermal activation caused by a thermal spike is over. If
this conjecture is correct and therefore the majority of ex-
perimentally observed diamondlike structures are formed
right after each impact of beam species, then the simulation
results of this work present, at least qualitatively, physically
relevant mechanisms of sp3 structure formation in hydrogen-
ated DLC film deposition processes.

As to comparison of simulations to experiments, it seems
that experimental data on sp3 structure formation during hy-
drogenated DLC film deposition by monoenergetic CH3 or
CH beams have been scarce if not nonexistent. Therefore, we
have not been able to compare quantitatively the simulation
results presented in this paper to corresponding experimental
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simulations. For reference, the profiles of C and H atoms are also
plotted here, which are the same as those in Fig. 2�b�.
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data. However, several plasma chemical vapor deposition
�CVD� and sputter deposition experiments �54–59� have in-
dicated that diamond-likeness of a deposited a-C:H film,
such as hardness and content of sp3 bonds, increases as the
bias voltage of the system increases. Such results are consis-
tent with our simulation results given in Fig. 5�a�. In the
experiments presented in Refs. �54–59�, the bias voltage is in
the range of a few hundred volts. Because of relatively high
pressures often employed in such experiments and also the
fact that, in some CH4 discharges, the C2H5

+ ion flux is
considered to be larger than the CH3

+ ion flux, the kinetic
energy of a single carbon atom in the incident hydrocarbon
ion can be much lower than the energy corresponding to the
bias voltage. Therefore, the energy range studied in this pa-

per �a few �50 eV� is not too far from that for typical inci-
dent carbon species in actual deposition systems.
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