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The formation of diamond-like carbon films due to molecular
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Abstract

Molecular dynamics simulation is used to investigate the formation of diamond-like carbon films due to energetic impacts of
large molecules such as fullerene C60, bucky tubes C100 and C200 and polyethylene on a graphite surface. The local densification
around the impact site and the consequent change in the bonding of both the constituent atoms of the striking molecule and the
struck graphite target surface are analysed as a function of the energy per particle of the incoming molecule. Simulation data are
presented in the relative probability of forming sp3- and sp1-bonded carbon from the energetic collision of these molecules with
the surface. It is found that the ratio of sp3 and sp1 bonds create peaks at around 100 eV per atom. © 1998 Elsevier Science S.A.
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1. Introduction ene. This paper reports the first preliminary results from
a more detailed study in progress. Already, these first
results show features that might help to understandThe use of energetic particles to produce diamond is

usually thought to be a bad idea as the collision cascades better the deposition process of PVD diamond-like
carbon films.induced by the energetic particles induce a high degree

of lattice disorder and tend to transform diamond into
graphite. However, energetic particle bombardment of
a carbon surface can produce diamond-like carbon 2. The simulation model
(DLC) that can have a significantly high degree of sp3
bonding [1]. Recent experimental investigations into the The molecular dynamics (MD) simulation scheme
deposition mechanisms of such films [2,3] has shown employed here has been described in detail elsewhere
that the sp3 content of the deposited films varies as a [4] and so only the briefest of details are given here.
function of the charged particle energy. In particular The MD program uses the many body potential func-
[2], films with the highest sp3 content occur for an ion tions of Tersoff [5] (for C–C interactions) and Brenner
energy of about 100 eV per C atom. The experimental [6 ] (for C–H interactions) to describe the interatomic
growth normally takes place in a radical-rich plasma interactions. The Tersoff potential gives a good descrip-
using CVD, or an ion-rich plasma using PVD. tion of graphite in the high-energy-density conditions

Here, the changes in bonding caused by the energetic that are found in the situations studied here, even though
impact of carbon molecules on a graphite surface are it is known to be not as good in describing the elastic
investigated using a molecular dynamics computer simu- properties of graphite at very low energies. It does,
lation program [4]. The carbon molecules used in this however, predict the correct cohesive energy and stable
initial study are of the fullerene type as well as polyethyl- diameter for the fullerene molecules. At small separa-

tions, the many body potentials are splined to a
Coulomb Potential with ZBL universal screening func-
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The simulated target contains between 40 000 and1This paper was presented at the Diamond ’97, Edinburgh, Scotland,
August 3–8, 1997. 65 000 particles, depending upon the energy of the

0925-9635/98/$19.00 © 1998 Elsevier Science S.A. All rights reserved.
PII S0925-9635 ( 98 ) 00169-1



1164 R.P. Webb et al. / Diamond and Related Materials 7 (1998) 1163–1166

Fig. 1. Interation of a 10-keV C100 molecule with a graphite surface. The target has been sectioned into two to allow the reader to view the inside
of the cascade region. The state of the target is shown at various times during the cascade.

colliding molecule. Runs with larger targets show no preliminary study, the local environment around each
particle is looked at to determine the co-ordination ofobservable differences to the results presented here. The

simulation uses free boundaries and a large target system the carbon atom. If the atom has four nearest neigh-
bours, it is assumed to be in a potential sp3 site. If itto avoid any reflection of energy back into the cascade

region. This limits the calculation time to about 1 ps has three neighbours, we assume that it is an sp2 site,
and if it has only two neighbours, an sp1 site. In thisbefore energy dissipation at the edges starts to become

significant. The graphite lattice is taken initially to be simplistic approach, no account is made of the bond
angles or the internal energy states of the atoms; inat 0 K. No phonon coupling to the electronic system is

made, thereby also limiting the believable simulation future studies, this may yield more accurate results.
time to about 1 ps.

The simulation solves the equations of motion for all
the particles in the system, and information about the 3. Results and discussion
energy state and position of each particle is recorded.
This information is then used to estimate the bonding The collisions on a graphite surface of a range of

different molecules and energies have been simulated toconfiguration of every particle in the system. In this
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Fig. 2. Ratio of sp3 to sp1 bonds created in the cascade as a function of time from the impact for a 20-keV C100 impact and a 12-keV C60 impact.

times of about 1 ps. Fig. 1 shows a typical impact from and each atom is in close proximity to four others. In
the cascades generated in the simulations presented here,a C100 molecule at 10 keV. Only half of the target is

shown to allow a detailed view of the target. It can be we find that bonds are both formed and destroyed.
Early on in the cascade, there is a strong compressionseen from the figure that during the impact, a number

of surface layers are broken, and deeper layers are of the layers in the graphite pushing them closer
together, encouraging the formation of sp3 bonds. Verycompressed from the impact. Graphite can be character-

ised by its sp2-bonding arrangement, and each atom in quickly, however, the layers break, and in so doing, the
coordination of the edge particles decreases, giving risethe solid is in close proximity to only three others.

Diamond and diamond-like films can be characterised to sp1-co-ordinated atoms around the edge of the crater
thus formed. As the time of the cascade continues, thereby their high level of sp3-bonded atoms in these cases,

Fig. 3. Ratio of sp3 to sp1 bonds created at the end of the cascade generated by various carbon molecules at different energies per atom.
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is a competition between bond-breaking and bond- subsurface region, and that bonds in the region above
are broken, with subsequent impacts tending to com-making at the expense of the normal graphite

sp2-co-ordinated particles. Diamond-like carbon films press the higher layers containing the broken bonds,
leaving the deeper layers compressed.will be better with more bond-making and lower bond-

breaking.
Fig. 2 shows the ratio of sp3 and sp1 co-ordinated

atoms as a function of time during the cascade for a
4. Conclusions20-keV impact of a C100 bucky tube and a C60 fullerene

molecule. Early in the cascade, there is a large degree
The preliminary results of the molecular dynamicsof compression, forcing atoms together, increasing their

study presented here demonstrate that an energeticco-ordination and producing a high ratio in the figure.
molecular impact on a graphite surface will both increaseAs time continues, the cascade causes layers to break,
and decrease the co-ordination of the constituent carbonand the region relaxes, causing the ratio to fall as the
atoms. It has been shown that early on in the cascadenumber of sp3 co-ordinated atoms peaks and decreases
generated by the molecules’ impact, the carbon atomsslightly while the number of sp1 co-ordinated atoms
are compressed together, increasing their co-ordinationcontinues to rise. Eventually, the cascade region stabi-
as the cascade continues, the region relaxes and somelizes, leaving a residual number of higher and lower
of the high co-ordinated atoms revert back to the normalco-ordinated atoms. As can be seen from the figure, the
graphite co-ordination; at the same time, layers in thelevel stabilizes at about 700–800 fs, within the validity
graphite are broken and low co-ordinated particles areof the simulation time.
formed at the edge of the so-formed crater walls. AtFig. 3 shows the variation of this residual ratio of
longer times into the cascade, the ratio of sp3 to sp1sp3 to sp1 co-ordinated atoms as a function of molecule
co-ordinated atoms stabilizes. When this stable value issize and impact energy per atom. Interestingly, this ratio
found as a function of energy and molecule size, it isappears to exhibit a maximum at around 100 eV per
found that the ratio maximizes at about 100 eV perparticle, in very broad agreement with where the maxi-
particle, a similar value to where the best DLC films aremum in the sp3 formation is found experimentally with
found experimentally. The maximum occurs due to aacetylene molecules. The figure suggests that there is
competing effect of compression and layer breaking.little difference made by molecule size, but more simula-

tions are really needed to be certain of this. There is a
competing effect with energy. At a low energy, there is
insufficient energy to cause the compression, and so only References
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