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Abstract. We studied the deposition dynamics of C2Hz molecules on diamond reconstructed (001)—(2x1)
surface by molecular dynamics method using semi-empirical many-body Brenner potential (#2). The
chemisorption of CoHz on diamond was found to occur with C2Hz bonding directly to the surface radical
sites. Six stable chemisorption configurations have been identified. The majority of chemisorption are
observed to have two C—C, bonds between C2H2 and the diamond surface. An energy threshold effect for
surface reaction between the gas molecule and the surface,which is sensitive to the impinging position of
C2H> on the dimerized surface, has been observed. Furthermore the energy transfer during the collision

has been analyzed.

PACS. 79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces —
61.20.Ja Computer simulation of liquid structure — 81.15.Gh Chemical vapor deposition

(including plasma-enhanced CVD, MOCVD, etc.)

1 Introduction

Diamond has an unique combination of physical, chemi-
cal, electrical and optical properties which make it poten-
tially attractive for a large number of important indus-
trial applications. For example, its extreme hardness and
wear resistance make it ideal for coating tools. Its trans-
parency, insulating properties, radiation hardness and ex-
cellent thermal conductivity make it a good candidate
for future application in circuit packaging, high power,
electro-optic, semiconductor devices and optical devices
[1,2]. These applications are expanded due to the suc-
cessful synthesis of stable diamond thin films by the low
pressure chemical vapor deposition (CVD), such as hot
filament CVD, microwave plasma-assisted CVD, DC arc
plasma jet and Flame deposition [3—6]. During the chem-
ical vapor deposition process of diamond, the reaction of
hydrocarbon radical chemisorption on diamond surface is
critical in diamond synthesis. This reaction mechanism
was studied both experimentally and theoretically [7-11].
Methyl radical (CHs) and Acetylene (CoHz) were consid-
ered to be key primary species during diamond synthe-
sis [12-16]. Michale Frenkach proposed a pathway of dia-
mond growth via CoHy and CH3 adsorption [17]. Alfonso
[18] calculated the binding energy of CaHy adsorption at
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trough site and bridge site of diamond (100) surface by
molecular dynamics method. Peploski [11] claimed that
the reaction of hydrocarbon radical on diamond surface
can be determined by dynamics process and used that to
be simulate the chemisorption of C2Hs on diamond (111).
The result showed that the chemisorption configuration
with two o bonds between CoHsy and the diamond surface
was the most stable one. Therefore the study of the in-
teraction dynamics between CoHs molecule and diamond
(001) surface would be interesting but it has not been
reported so far. Moreover, the reaction dynamics of gas
molecules on surface affects the efficiency and quality of
thin film fabrication under low pressure chemical vapor
deposition condition. So the study of interaction dynam-
ics of CoHy on diamond (001) surface should shed some
light on the mechanism of diamond synthesis.

In this article we investigated the microscopic interac-
tion dynamics of low energy C3Hj on the diamond (001)—
(2x1) surfaces of atomic level using molecular dynamics
method. The relationship between molecule-surface inter-
action dynamics and the molecule chemisorption behavior
on surface was studied. We also explored possible CoHs
chemisorption configurations and the dependence of their
formation on the incident energy, impinging position, and
surface structure. The calculation model is introduced in
Section 2. Computational results and discussion are given
in Section 3.
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2 Computational model

In order to describe the interaction between CoHs and di-
amond surface involved in C-H system, we employed the
semi-empirical many-body Brenner (#2) potential [19],
which was developed from Tersoff potential [20] with bond
order function correction. The binding energy for this hy-
drocarbon potential is given as a sum over bonds by:
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In the above equations, Ej is the binding energy for the
system, Vg(r;;) and Va(r;;) are the repulsive and attrac-
tive potential between atom ¢ and atom j. B;; is the bond
order function which corrects for an inherent overbind-
ing of radicals and includes nonlocal effects. Atomization
energies computed using this potential for 12 alkanes, 13
alkenes, 4 alkynes, 7 aromatics, and 12 radicals are found
to be in good agreement with experimental values within
less than 1.5%. The calculated lattice structure parame-
ters of diamond and graphite are also in good agreement
with experiments. The covalent bond breaking and form-
ing in various hydrocarbon molecules are known to be
well-described by this potential [19]. Moreover, the C—
C bond length and C-H bond length involved in C;Hy
molecule are calculated, the values 1.28 A and 1.07 A
are consistent with the measured values of 1.21 A and
1.08 A respectively. Lattice parameters, such as C;—Cjq
bond length (subscript s denotes surface carbon atom) and
dimer length of the reconstructed diamond (001) surface,
are same as those in Brenner’s work [19]. Following these
preparatory calculations we went on to simulate the in-
teraction between energetic CoHs molecules and diamond
(001) reconstructed surfaces.

In the present study, the diamond surface is composed
of 12 layers with 64 atoms per layer. The bottom two
layers are held fixed during the simulation. The motion
of atoms in top two layers is determined by the force
produced by the Brenner potential. The velocity scaling
method [21] is applied to the middle eight layers in or-
der to maintain the substrate temperature at a constant
magnitude of 300 K. Periodic boundary conditions are em-
ployed in the two directions paralleled to the surface. The
diamond (001)—(2x1) surface structure is shown in Fig-
ure 1. Before the deposition begin the system has been
relaxed in 300 K thermal bath for 3 ps allowing it to ap-
proach a thermal equilibrium state. The incident direc-
tion of CoHs molecules is perpendicular to the diamond
surface. The orientation of CoHs molecule is shown in
Figure 2. The incident molecules are assumed to be ro-
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Fig. 1. The top view of diamond (001)—(2x1)reconstructed
surface. The six selected impinging positions A, B, C, D, E
and F are represented by “x” symbol. The dash-line enclosed
area is the impinging area.
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Fig. 2. Geometric representation of CoHs impinging on dia-
mond surface. 6 and v are the polar and azimuthal angle of
the CoHz molecule relative to the impinging direction along
the minus z axis.

tational “and vibrational” cold. The incident energy is in
the range of 1 eV < Ej;,, < 15 eV. The incident molecule
is initially located at 3 A above the diamond surface where
the interactions between the molecule and the substrate
atoms are negligible. The trajectories are determined by
integrating the motion equations according to the Leap-
Frog algorithm [22]. The integrating calculation lasts for
around 3 ps, after that the configurations appear to be
stable.

3 Result and discussion

To study possible chemisorption configurations of CoHs
molecule on diamond surfaces it is important to under-
stand the behavior in the initial stage of diamond film
fabrication. Two hundred examples of CoHs molecules
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Fig. 3. Top view of the six possible chemisorption configura-
tions shown as S1, S2, S3, S4, S5 and S6 on diamond (001)—
(2x1) surface. The hatched circles represent the surface dimers.
The big solid circles represent the subsurface atoms. The small
solid circles represent the carbon atoms of CoHz. The hollow
circles represent the hydrogen atoms of CoHs. The broad solid
lines represent the bonds between the subsurface atoms. The
hatched lines represent the bonds between the surface dimer
atoms and the subsurface atoms. The thin solid lines represent
the bonds between the atoms of CoHs and the surface dimer
atoms.

impinging on diamond reconstructed (001) surface were
studied using MD simulation technique with the above
mentioned interaction potential. The impinging position
was randomly selected within the area enclosed by dashed-
line showed in Figure 1. The orientation of CoHs was also
randomly chosen. The incident energy was fixed at 10 eV.
We found that in about 95% of the chemisorption events,
the CoHs molecules form two C-C, bonds with the dia-
mond surface. A total of six chemisorption configurations
were observed as shown in Figure 3. Two of these, the
bridge and trough sites, were computed previously [18].
The other four are first presented here. We also calcu-
lated the binding energy of these six chemisorption struc-
tures by the steepest decent method and the results are
given in Table 1. The surface structure parameters before
and after chemisorption are also listed in Table 1. It can
be seen that the surface atom activation varies with the
reconstructed surface structure. In the case of S1 struc-
ture, CoHy molecule is adsorbed on two adjacent dimer
sites in the same row across a trough forming two C—-Cjq
bonds. The S1 structure has the largest binding energy
and it’s the most stable chemisorption configuration. Since
the distance between two adsorption sites in S1 structure
is separated by a trough, it is difficult for the S1 struc-
ture to occur during deposition process. In S2 structure,
the C3Hy molecule is adsorbed on the bridge sites of the
same dimer forming two C-C; bonds. The feature of S3
structure shows that the CoHs molecule forms two C—Cg
bonds on the same side of two dimer along (110) direction.
The binding energies of the S2 structure and the S3 struc-
ture are smaller than that of the S1 structure, but the
distances between the two sites in S2 and in S3 structure
favor their corresponding kind of chemisorption configu-

Table 1. The binding energy and the structure parameters
of the six chemisorption structures. BE is binding energy.
r(C-Cs) is the single bond formed between C2Hz molecule and
the surface carbon atom. r(C-C) is the bond length between
the two carbon atoms of C2Hs after chemisorption. ro(Cs—Cs)
is the distance between two reactive sites before chemisorp-
tion. r(Cs—Cs) is the distance between two reactive sites after
chemisorption.

Chemisorption  S1 S2 S3 S4 S5 S6

Structure

BE (eV) 357 322 295 197 206 0.33
r(C-C,) (A) 151 155 151 155 154 1.50
r(C-C) (A) 138 142 139 141 140 1.40

ro(Cs-Cs) (A)  3.60 143 252 439 290 -
r(Cs-Cs) (A) 307 1.66 242 366 277 -

ration to occur. Therefore those two chemisorption struc-
tures may play an important role in diamond synthesis.
The S4 structure features two C—Cg bonds on two dimers
from different rows across a trough. The S5 structure is
characterized by CoHs lying on the same dimer column
with two C—C; bonds on two dimer sites from different
rows. The S6 structure only involves one C-C; bond be-
tween the CoHs molecule and surface dimer, which is the
most unstable chemisorption structure. This viewpoint is
confirmed also by the binding energy calculation which
shows that S6 structure is least affected in diamond fab-
rication.

In order to study the effect of varying incident energy,
we explored the interaction dynamics of CoHy impinging
on diamond surfaces for the six fixed impinging positions
as shown in Figure 1. The incident energy was changed
with 1 eV increment from 1 eV to 15 eV and the molecu-
lar spatial orientation is chosen to be § = 0° (see Fig. 2).
The simulation results show that there exist an energy
threshold for CoHy chemisorption to occur. When the in-
cident energy is lower than the threshold, the molecule
will rebound from the surface. Also, the threshold value
is sensitive to the incident position. This is because for a
chemisorption to occur, some energy is needed to break the
C—C triple bond of CoHs molecule and the surface dimer
bonds, so that new C-C; bonds can be formed. Since the
energy transfer process depends on the local surface struc-
ture. Therefore incident energy thresholds are different for
chemisorption of CoHs at different impinging positions.
The observed threshold values for different impinging po-
sition are shown in Figure 4.

For the case of impinging position A, there is no
chemisorption observed even at the incident energy up to
15 eV. Figure 5 shows the kinetic energy and mass center
height of CoHy as a function of time at incident energy
10 eV for impinging position A. At the beginning of the
interaction (at t; = 20 fs), only one hydrogen atom of the
C2Hs molecule interacts with the surface carbon atoms.
A part of the incident kinetic energy is transferred to the
potential energy and kinetic energy of the surface atoms
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Fig. 4. The energy thresholds of chemisorption for the imping-
ing events B, C, D, E (see Fig. 1). There is no chemisorption
to be observed for the impinging events A, F (see Fig. 1). The
incident energy is in the range of 1 eV < Eji, < 15 eV. The
incident direction is normal to the diamond surface and the
orientation of the CoHs is chosen to be 6§ = 0° (see Fig. 2).
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Fig. 5. Time evolutions of the kinetic energy and height of the
of C2H2 mass center for the incident event with impinging po-
sition A shown in Figure 1. The molecule is incident normally
onto the surface with initial energy 10 eV. The height of the
surface is ~ 9.6 A while the height of the diamond slab bottom
at 0 A.

through the interaction between this hydrogen atom and
the surface atoms, and to the compression of C—H bond
of CoHy. This hydrogen atom locates at the center of
two dimers and interacts with four carbon atoms sym-
metrically. Therefore, the linear molecule is difficult to be
folded. It prevents the carbon atoms of CoHs to come close
to and interact with the surface atoms. Twenty femto-
seconds later (t2 = 40 fs), C3Hy molecule losses about
97% of its initial kinetic energy. H-C—C bond angle only
folds to 153°. At this moment, one carbon atom of CoH,
begins to interact with the surface atoms, but the kinetic
energy left is not enough to make this carbon atom of
CoH, get closer to the surface atoms. After that the de-

formation of the substrate relaxes and the H-C bond of
CoHs stretches, transferring a part of surface potential en-
ergy into the kinetic energy of CoHs. At time t3 = 80 fs,
the CoHs molecule rebounds from the diamond surface
with about 1.9 eV kinetic energy.

For the case of impinging position B, if the inci-
dent energy is less than 9 eV, the Cy;Hy molecule re-
bounds from the surface. Otherwise it will be adsorbed.
Figure 6 shows the snapshots of CoHs molecule with 10 eV
incident energy interacting with surface atoms, whereas
Figure 7 shows the kinetic energy of CoHs and the sys-
tem potential energy change as a function of time of the
same trajectory. At t; = 20 fs, the CoHy molecule begins
to interact with the surface atoms and the energy trans-
fer process is the same as that for position A. However,
in this case the surface carbon atoms interacting with the
CoHs molecule are asymmetric relative to its orientation
causing the H-C—C bond angle to fold rapidly. At time
to = 38 fs, the H-C—C bond angle folds to 95° and one C
atom of CaHs begins to interact strongly with the surface
atoms. At this moment, the kinetic energy of CoHs losses
only about 50%, so that the C atom of CoHj can reach the
surface atoms more closely. Seventeen femto-seconds later,
the distance between the C atom and its nearest surface
atom becomes 1.5 A, which means the C atom falls into a
C-C; bond potential well. The newly formed C-C, bond
oscillates within the range of 1.42 A to 1.67 A, resulting in
stretching the dimer bond from 1.42 A to 1.56 A as well as
the C—C bond length of CoHjs to 1.40 A. The H-C—C bond
angle fluctuates around 120°. The changes of those param-
eters mean that recrystallization happens. Because of the
steric repulsive force, another H-C—C bond angle folds to
136° and makes another C atom of Cy;Hs to become a
dangled bond, which has strong attractiveness. Then this
C atom turns around the newly formed C-Cs bond. And
at the time t3 = 267 fs, it interacts with a surface atom,
forming a S4 chemisorption structure (see Fig. 3) as its in-
termediate process. This atom will leave the potential well
since it has enough kinetic energy. Thirty femto-seconds
later, the atom falls into another C—C; bond potential
well. Then a more stable chemisorption structure S3 (see
Fig. 3) is formed at the time ¢4 = 360 fs. After that, the
kinetic energy of CoHs decreases with relaxation and ther-
malization of the substrate surface atoms. Figure 7 shows
that after the S3 chemisorption structure is formed, the
system potential energy continue to decrease. It’s clear
that the chemisorption process is an exothermal reaction
and the thermal energy is dissipated by the diamond lat-
tice vibrations.

As shown in Figure 4, threshold energy for chemisorp-
tion is observed in the energy range chosen for the im-
pinging position C, D and E, but not for the case of F.
This fact can be deduced by looking at the local atomic
configuration of the impinging positions.

With regard to the effect of CoHs’s orientation to
chemisorption, we study the case of impinging position
A with various orientation variables 6 and ¢ in Figure 2.
In the case of § = 45° and ¥ = 0°, no chemisorption
is observed in the incident energy range (1 — 15 eV).
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Fig. 6. Snapshots of the C2Hy chemisorption for the impinging event B (see Fig. 1). The molecule is incident normally onto
the surface with initial energy 10 eV. (a) ¢t1 = 20 fs, (b) t2 = 38 fs, (c) t3 = 267 fs, (d) t4 = 360 fs. The dashed-lines are the
main interactions. The solid lines show the chemical bonds formed.
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Fig. 7. Time evolutions of the kinetic energy of C2Hz mass
center and the total potential energy change of the system for
impinging event B (see Fig. 1). The solid-lines show the total
potential energy change of the system. Epo: is set to zero at
t = 0. The dashed-lines show the kinetic energy of CoH2 mass
center. The inset shows the details of evolution during the first
200 fs.

When 6 = 90° and ¥ = 0°, the molecule is parallel to
the surface, chemisorption is observed for incident ener-
gies above 7 eV. Another example is § = 45° and ¢ =
90°, the energy threshold for chemisorption is found to be
9 eV. Fixing ¢ = 90° and 6 = 90°, the energy threshold
for chemisorption is 6 eV. In one word, chemisorption is
sensitive to the impinging position, incident energy, and
the molecular orientation.

4 Conclusion

We studied by using molecular dynamics method im-
pinging dynamic of energetic CoHs molecule on diamond
(001)—(2x1) surface at room temperature with the specific
intention on observing the chemisorption process, which
is regarded as the initial stage of the recrystallization of

the molecules on the substrate surface. Our results can be
summarized as follows.

1. Six types of chemisorption configurations have been
observed. Two of those appeared in previous publica-
tion [18], the other four are reported for the first time
here. The characteristic of those chemisorption config-
urations are shown in Figure 3 and listed in Table 1.
The majority of those chemisorption configurations are
observed to have two C—Cg bonds between CoHs and
the diamond surface.

2. Upon impacting, the incident translational energy of
CoHs is transferred to the internal energies of both
CoHs and the surface. These energies induce the break-
ing of the molecular C-C triple bond, the opening
of surface dimers, and the folding of the molecule.
Those are the main factors in the formation of vari-
ous chemisorption configurations, especially the stable
ones.

3. We have observed energy threshold effect for
chemisorption. That is, with fixed orientation of CoHy
and impinging position, chemisorption can occur only
when the incident energy F;, > Ejn, the threshold
energy.

4. The magnitude of E;; has been found to be sensitive
to the spatial orientation of CyHy and the impinging
position, as shown in Figure 4.

This article is limited to the study of a single molecule
interacting with diamond surface, the possible chemisorp-
tion configurations and their dynamics processes. Many
questions such as the role played by the hydrogen atoms
for the CVD process, multiple CoHs molecules interaction
with each other and diamond surface are still open for fur-
ther discussion. We plan to study these questions in the
near future.
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