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The Brenner—LJ potential is adopted to describe the interaction between Cgg clusters and diamond surface, and

the deposition mechanism of multi-C3g clusters on the diamond surface is also studied by using the method of molecular

dynamics simulation. The simulation results show that the competition effects of two interactions, i.e. the interaction

between cluster and cluster and the interaction between cluster and crystal plane, are studied, and then the influence

of these competition effects on C3¢ cluster deposition is analysed. The finding is that when an incident energy is

appropriately chosen, Cgg clusters can be chemically adsorbed and deposited steadily on the diamond surface in the

form of single-layer, and in the deposition process the multi-C3g clusters present a phenomenon of energy transmission.

The experimental result shows that at a temperature of 300K, in order to deposit C3g clusters into a steady nano-

structured single-layered film, the optimal incident energy is between 10 and 18 eV, if the incident energy is larger than

18eV, the C3g clusters will be deposited into an island nano-structured film.
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1. Introduction

Since this special kind of cage structure of Cgg,
i.e. fullerene,!' 3! was discovered in 1985, it has been
studied extensively because of its unique structure and
particular optical, electric, magnetic and mechanical
properties. In 1998, Zettl ! first synthesized Csg solid
and found it to be very different from Cgg in property.
For example, C3¢ molecule takes on a higher stability,
higher critical temperature of super-conduction tran-
sition, much stronger van der Waals force between Csg
molecules than Cgy molecules, etc. These prominent
properties imply that Csg material possesses a very
broad field of application and research. Therefore, it
is necessary to study the deposition of Csg clusters into
a nano-structured film on a diamond surface theoret-
ically and experimentally, and it has already become
one of the most concerned research hotspots in this
field now.

Experiments and simulations have shown that the
C3g structured films that have been obtained so far

are all of island growing mode."~!1] However, we con-

sider that the island structured film is just a product
under a certain condition of parameter values. If we
choose appropriate values of parameters such as in-
cident energy, incident angle and so on, we can ex-
pect that Csg clusters can be deposited into a steady
nano-structured single-layered film on a diamond sur-
face, and this nano-structured single-layered film of
Csg-diamond composition has a more profound and
lasting application value. Therefore, the mechanism
of depositing Csg clusters on the diamond (100) crys-
tal surface is investigated in this paper. By study-
ing the effects of competition in the interactions be-
tween clusters and clusters and between clusters and
diamond surface, the factors affecting the deposition
mechanism, such as incident energy and so on are
analysed. Finally the conditions under which a nano-
structured single-layered Csg film can be generated on
the diamond surface will be obtained. The research
can provide theoretical and experimental guidance for
manufacturing nano-structured single-layered films of
Csg-diamond composition.
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2. Computational model

In the previous simulation experiments on Csg
cluster structured film, most researchers used only
the Tersoff or Brenner potential to simulate the in-
teraction among carbon atoms in the system. Al-
though the two potential functions can perfectly de-
scribe the interaction between diamond and carbon-
fullerene atoms (caused by the influence of short-range
force), they cannot describe the influence of the van
der Waals Force before carbon-fullerene fully contacts
the diamond surface (caused by the influence of long-
range force). To efficiently and objectively simulate
the process where Csgclusters deposit on the dia-
mond (100) crystal plane, we adopt the Brenner—LJ
(Lennard-Jones)!*?l potential to describe the interac-
tions among atoms. Compared with the sophisticated
quantum mechanical approach, it is surely less accu-
rate and cannot be used to calculate the electronic
structure. However, our molecular dynamics (MD)
simulation based on this potential could deal with
a larger-size system with a few thousands of atoms
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In this simulation system, ¢=4.2038x107 3¢V,
0=0.337 nm, r,=1.00nm, r,,=0.340 nm, r,=0.228 nm,
Cs5,,=106.623, C5,=131.782, (1 ;,=53.834, Cyi=
7.277, 1,=0.709 nm.[22:23]

In this simulation system, the diamond substrate
is composed of eight layers of 144 carbon atoms, the
whole substrate is divided into three parts: the first
part that consists of two layers of atoms in the bot-
tom, which are mounted to simulate an infinite sub-
strate of the crystal in the whole dynamic simulation
process; the second part that consists of two layers of
atoms on the top, which are completely acted on by
the force-field determined by the potential function,
and it is permitted to move along with the whole dy-
namic process; the third part that is composed of four
layers of atoms in the middle, which follows the ac-

even on a personal computer and obtain the dynam-
ical properties simultaneously. And it has also been
successfully applied to studying properties of isomers
of C[ng], Cs6,13) Cgo,*4 fullerene, the reaction between
nano-tube tip and semiconductor surface,>=2% etc.
In the fitted potential function, the LJ potential func-
tion deals with the influence of long-range force, and
the Brenner potential function treats the influence of
the short-range force. The calculation formulas are as

follows:
E= VBrenner(rij) + VvdW(Tij)v (1)
VBrenner(Tij) = Z Z [VR (Tij) - BijVA (Tij)]a (2)
i >

where VBrenner is the energy expression of Brenner po-
tential function, Vg is the repulsive pair potential term
of interaction between the internal atoms, V} is the at-
tractive pair potential term of interaction between the
internal atoms, r;; is the distance between two atoms,

(21] and VvdW

B;; is the many-body bond order term.
is the van der Waals energy. The detailed expressions

are as follows:

rij < T,

Csi(r; —16)> + Cop(rj —ri)? + Crp(ry —ri) + Co 75 < 1ij < T, (3)

m < Ty < T,

tion law of potential function, and the temperature of
the substrate is kept around 300K by Bredeson speed
standardization[?¥ to make sure that the system is a
canonical assembly. At the initial stage, the Csg clus-
ter is Inm above the crystal plane of the diamond, and
there are no interactions of long-range force and short-
range force between the Csg cluster and the diamond
surface. Numerical integration of the system dynamic
equation is realized by using the Verlet algorithm/2!
in time steps 0.5fs. In each simulation event the sys-
tem has a 2.5 ps relaxation at the beginning so that
the speed of each atom can be adjusted to the speed
in the given system, and then begin to record up till
3 ps since Csg clusters and the diamond surface start
to interact. If the record time is too long, structure
changes will not be seen clearly in the simulation.
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3. Experiment and analysis

Whether the C3¢ clusters can be deposited into a
steady nano-structured single-layered film on the di-
amond surface is mainly dependent on the two kinds
of competition mechanisms. One is the competition
among the clusters, the other is the competition be-
tween clusters and the diamond surface. In addition,
it is also influenced by the values of parameters con-
cerned in the deposition process. Therefore, we make
an intensive analysis of the two kinds of competi-
tion mechanisms. And then we study the feasibility,
i.e. whether the Czg clusters can be deposited into a
steady nano-structured single-layered film in this pa-
per.

3.1. Analysis of two kinds of competi-
tion mechanisms

To analyse the competition mechanisms between
clusters, and between cluster and diamond surface in
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the deposition process, we suppose that a Csg clus-
ter has already been adsorbed on the diamond sur-
face when a second cluster impacts on that diamond
surface, and if the distance P between two clusters
is in the action range of long-range force or short-
range force mentioned above, the two clusters will in-
teract with each other. Consequently the normal de-
position on the diamond surface is interrupted, which
is the phenomenon where the deposited cluster ex-
erts an influence on the deposition process of the de-
positing cluster. This phenomenon is referred to as
competition effect. Therefore, in this paper we define
the incident area, where the competition effect can
take place between the second cluster and the first
deposited cluster. The area is a circle taking the cen-
tre of the first deposited cluster as its centre, and its
radius can be obtained by measuring the change in in-
ner energy when one molecule approaches to another.
Through analysing the simulation system, we obtain
the maximum distance of action, 0.62 nm; the experi-

mental mode is shown in Fig.1.

Fig.1. The schematic diagrams of clusters deposition simulation, where panel (a) shows the top view of diamond

(100) surface, which has adsorbed one cluster and an incident area of a second cluster, with the solid line circle

showing the adsorbed cluster, and the dash line circle representing an incident area of a second cluster, the small

circles cross inside showing the impacting point of second cluster; panel (b) shows the side view of diamond

(100) surface.

Firstly, we perform a deposition experiment on
each of the six points, i.e. O, Pi—Ps5. In these series
of impacting events we obtain four kinds of deposi-
tion results as shown in Fig 2. From Fig.2 we can see
obviously that only depositions in Figs.2(c) and 2(d)
are meaningful for forming a steady nano-structured
single-layered film. From the deposition experiment
we find that the formation of these two kinds of depo-
sition effects is related closely to not only the incident

area, but also the incident energy. When C3g molecule
impacts at point O as shown in Fig.1(a), no matter
how large the incident energy of the second cluster is
chosen to be, it cannot have the deposition effect as
indicated in Fig.2(c) or 2(d), when the incident energy
is more than 70 eV, bonds begin to form between clus-
ters: the higher the incident energy, the more bonds
will form. The process may be explained as follows:

(1) When the second Cgg molecule impacts at
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point P;, bonds begin to form between the two clusters
under the incident energy of 70 eV. With the incident
energy increasing up to 80eV, bonds form among the
first cluster, the second cluster and diamond surface
simultaneously.

(2) When the second Cgs molecule impacts at
point P, and the incident energy reaches 50eV, the
second cluster contacts the first cluster transitorily,
then starts to deform and slide onto the diamond sur-
face, thereby forming bonds. Subsequently we carry
out different simulation experiments with different in-

creasing incident energies, but the deposition effect
cannot be obtained as shown in Fig.2(d).

(3) Finally we perform the deposition simulation
experiment starting from points P3, Py and Ps. By
analysing the deposition events, we can obtain the de-
position effect like that obtained from point P,, and
only the bonding threshold is different from those at
other points when the second Csg cluster is bound to

the diamond surface. The bonding threshold values
are 45 eV at point Ps, 36eV at point Py, and 32eV at
point Ps.

Fig.2. Four different deposit results.

From a series of deposition experiments we find
that as the distance between the second cluster and
the first cluster increases, the influence of the inter-
action between cluster and cluster on the deposition
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process weakens. Figure 3 shows the influence of these
two kinds of interactions between clusters and between
cluster and diamond surface at points P; and P3 with
an incident energy of 70eV.
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Fig.3. The interaction forces between cluster and cluster and between cluster and surface during the
deposition, where panel (a) is for impact point Pp, panel (b) for impact point P3, with the incident

energies in (a) and (b) each being 70eV.
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From Fig.3(a) we can see clearly that the interac-
tion force between cluster and cluster is much larger
than that between cluster and diamond surface, im-
plying that at point P; the competition effect between
cluster and cluster is more prominent. From Fig.3(b)
we can see that at point P3 the competition effect be-
tween cluster and cluster is considerably smaller than
that between cluster and diamond surface. From the
analysis we find that the competition effect of interac-
tions between cluster and cluster and between cluster
and diamond surface is dependent mainly on the dis-
tance between depositing clusters. Figure 4 shows the
tendency of change in deposition action affected by
the interaction force between clusters. And from the
experiment we can also find that different incident en-
ergies at the same impact point can lead to the change
in the interactions of these two kinds. To analyse the
inner influence laws, because at point P; the compe-
tition effects between cluster and cluster and between
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Fig.4. The action of interaction forces between cluster
and cluster at different impact points.
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Fig.5. The action of interaction forces between cluster
and cluster at different incident energies.

cluster and diamond surface are the most prominent,
we choose the incident energies to be 60, 70, 80 and
90 eV to make statistic analysis of the impact events,
We find that
with the incident energy increasing, the influence of

and the results are shown in Fig.5.

cluster—cluster competition decreases. This law indi-
cates the favourable condition for depositing steady
nano-structured single-layered films on the diamond
surface.

3.2. Deposition threshold

We have known the incident deposition threshold
of single C3¢ molecule, but if multi-clusters composed
of Czg molecules impact at the same time, there must
be the interaction between clusters. The molecular
interaction between clusters will lead to the change
in the incident energy required by Csg cluster when
it deposits on the diamond surface. To analyse the
inner influence, let two Cgsg clusters impact on the
diamond surface; the deposition process is shown in
Fig.6. From Fig.6 we can see that while the deforma-
tion of the first cluster is not restored completely, the
second cluster exerts another force on the first one; as
a result when the incident energy of the second clus-
ter is just 45eV, bonds begin to form between the two
clusters and have an energy much lower than the 70 eV
mentioned above, under which the bonds can begin to
form between the free cluster and the deposited clus-
ter.

Now we analyse the deposition circumstance
where four Czg clusters are on a line in the vertical
direction. We find that the first C34 cluster impacting
on the diamond surface begins to form bonds with dia-
mond surface at an incident energy of 19eV; when the
incident energy is 23 eV, bonds begin to form between
two clusters impacting first on the diamond surface
and have an energy much lower than the incident en-
At this
time it puts up a kind of energy transmission phe-

ergy threshold of two free impact clusters.

nomenon that when multi-Cgg clusters impact, the in-
teraction between clusters will make it easier to form
bonds between each other or deposit on the diamond
surface. When the number of impacting clusters in-
creases again, the threshold does not change too much.
It also proves that Csg cluster is a sort of elastic molec-
ular cluster.
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Fig.6. Atomic positions when two free C3g clusters impact on the diamond surface.

4. Feasibility analysis of steady
nano-structured single-layered

film deposition

We have known some characteristics and key pa-
rameters of deposition for one or more clusters . Now
we carry out a calculation and analysis to see whether
Csg clusters can be deposited into a steady nano-
structured single-layered film on the diamond surface.
On a certain condition of incident energy, those clus-
ters that first contact the diamond surface can deposit
on the substrate. Now the point is whether the clus-
ters subsequently impacting on the diamond surface
slip off the incident area of surface that has already
been occupied by the first deposited cluster, and then
deposit on the substrate or bounce back from it. To

test and verify this point, we perform the simulation
of the three C3g molecules impacting on the diamond
surface. The impacting model is shown in Fig.7(a);
two of the three Csg clusters are located at the same
level; the other Csg cluster is positioned over the two
clusters, initially it is on the their central line (see
Fig.1(a)) and overlaps them largely in the vertical di-
rection, so that when the three Csg clusters deposit
on the diamond surface, the two clusters below can
first deposit on the substrate and the cluster above
impacts on them subsequently. For the case where
the incident energy is 60 eV, the final deposition effect
is shown in Fig.7(b). The experimental results show
that the Csg cluster above cannot generate bonds with
the two below, and finally bounces back from the sub-
strate surface.
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Fig.7. The initial state (a) and final state (b) of three C3g clusters deposited on the diamond surface.
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Finally we perform the simulation of deposition
experiment of three layers of Csg clusters with 9 Cgg
clusters in each layer. Clusters keep a distance from
each other without interaction between them, and
present random impacting postures. Thus we can sim-
ulate the random impacting postures of Csg clusters
as the circumstance of actual deposition. The simu-
lation results are shown in Fig.8. From the simula-
tion results it follows that when the incident energy is
higher than 18 eV, bonds form between the first layer
of Csg clusters and the second layer of Csg clusters,
however, when the incident energy is lower than 10eV,
there appear most of Csg clusters in the first layer not
bonding to the diamond surface, which implies that
the optimal incident energy for the deposition is be-
tween 10-18eV.

Fig.8. The model of single film experiment.

Figure 9 shows the deposition effects in the case
where the incident energy is 15eV. And to see more
clearly the second and third layers of clusters are hid-
den here in the figure. From Fig.9 we can see that all
of the 9 Csg clusters can deposit on the diamond sur-
face ideally. To analyse the stability of the deposited
single-layered film, we plot the bond angle distribution
of the first layer of chemically adsorbed Csg clusters in
Fig.10. From Fig.10 we can see clearly that the bond
angle has peak values around 109° and 120°, showing
that the adsorbed Csg clusters retain the features of
free-cage sp? and sp® hybridizations as well as indi-
cating that nano-structured single-layered film has a
very steady structure.

For the case where the incident energy is higher
than 18eV, there appears the island film growth.
The analysis above indicates that it is feasible to de-
posit steady nano-structured single-layered films, and
the optimal incident energy for the deposition ranges
from10 to 18 eV; if the incident energy is higher than
18 eV, the island growing mode will occur as men-

tioned in the literature.
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Fig.9. The single film experiment, where (a) is for front
view and (b) for top view.
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Fig.10. The bond angle distribution of Csg clusters in a
single-layered film.

5. Conclusions

(1) When multi-Csg clusters simultaneously, the
competition effect of interactions between cluster and
cluster and between cluster and surface is related to
the incident energy and the distance between clusters;
when the distance is short, with the incident energy
increasing, the influence of cluster—cluster competition
action will weaken. This law indicates the condition
favourable for depositing a steady nano-structured
single-layered film on a diamond surface.

(2) When multi-Csg clusters are impacting simul-
taneously, the interactions between clusters will lead



No. 11

Deposition mechanism of nano-structured single-layered Cgg film on a diamond (100) crystal plane 4267

to a change in threshold of bond formation, and at
the same time it puts up a kind of energy transmis-
sion phenomenon, implying that multi-Cs¢ impacting
and the interactions between Csg clusters will make it
easier to form bonds between clusters or deposit the
Csg clusters on a diamond surface.

(3) It is feasible that Cgg clusters are deposited
into a steady nano-structured single-layered film on

the diamond (100) crystal plane. The deposition sim-
ulation results show that the optimal incident energy
ranges from 10 to 18 eV, at which Csg clusters can be
deposited into a steady nano-structured single-layered
film on the diamond surface; if the incident energy is
higher than 18 eV, the deposited film is of island grow-
ing mode.
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