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The near-surface implantation of hyperthermal neutral carbon atoms of energy 15—75 eV onto
a low-temperature diamond (111) substrate is studied by molecular dynamics using a density-
functional-based nonorthogonal tight-binding scheme. Depending on the initial energy and the
impact point, the atoms penetrate beneath the exposed (111) surface forming regions of local dis-
order and stress. The energy partition during the collision is analyzed, yielding results about pene-
tration and the displacement threshold. After a 6nal relaxation of the structures we determine the
penetration depth of the colliding particles. The structural topology and the electronic properties
of the induced defects and surface modi6cations are discussed.

I. INTRODUCTION

Within the past decade there has been a growing inter-
est in a fundamental understanding of low-temperature,
low-pressure synthesis of diamond films using low-
energy ion beams directed towards low-temperature crys-
talline substrates. By applying various experimental
techniques and theoretical simulations, valuable
data on the bonding states, structure, saturation, and
electronic properties of as-grown diamond films have
been obtained. However, to understand and finally to
control the film growth under low-energy ion-beam con-
ditions there are only very few attempts in theoretical
simulations on how the diamond surface would behave
under energetic particle impact.

In Kaukonen and Nieminen's work the main goal
is to study the growth of diamondlike films on a low-
temperature diamond substrate by using the empirical
Tersoff potential. Pailthorpe focuses more directly
on the behavior of the diamond surface during collision.
He performed interesting classical molecular-dynamics
(MD) simulations of 1—100 eV neutral carbon atom col-
lisions with a clean unreconstructed low-temperature di-
amond (111)surface using an empirical Stillinger-Weber
potential with a reparametrization derived from Hartree-
Fock calculations for small tetrahedral carbon clusters.
Pailthorpe showed that carbon atoms with energies be-
tween 20 and 60 eV are able to penetrate the surface
forming regions of increased stress which favor quater-
nary coordination. However, the interatomic potential
used is fixed for sp bonding configurations. This is reli-
able only for the early stages of near-surface interactions
of incoming particles having higher energies than typi-
cal bond energies. In order to realistically describe the
surface near relaxation, defect creation, and reconstruc-
tion during the slackening of the projectile it is essential
to use first princip/es-based m-ethods which properly de-
scribe the various carbon hybridization states rather than
empirical potentials fitted to equilibrium configurations.

In Sec. II we outline a simple, efFicient, and suf-

ficiently accurate density-functional (DF) based tight-
binding (TB) method for a realistic calculation of inter-
atomic forces from total structural energies as a function
of the coordinates of all atoms at the structure. After
that, in Sec. III we describe the collision geometry and
the regime for modeling efFects in low-energy ion colli-
sions onto a crystalline diamond substrate. The main re-
sults on the penetration behavior of neutral carbon atoms
into diamond and the classification of generated defects
are discussed in Sec. IV, before summarizing in Sec. V.

II. DF MD METHOD

Within the Born-Oppenheimer approximation, the in-
teratomic forces for the MD simulations of neutral carbon
atom collisions onto the diamond (111) surface are cal-
culated on the basis of a DF-related nonorthogonal TB
approach.

In the framework of the linear combination of atomic
orbitals (LCAO) formalism we use the local-density ap-
proximation (LDA) for a self-consistent calculation of
suitable input charge densities and atomic potentials.
The Kohn-Sham wave functions of the many-atom struc-
ture are expanded as a LCAO ansatz with respect to a
minimal basis of all valence electron orbitals centered at
the atomic nuclei. In this way the Kohn-Sham equa-
tions transform into a set of algebraic equations for the
determination of the single-particle electronic eigenener-
gies and wave functions. By only considering two-center
integrals the Hamiltonian and overlap matrix elements
are calculated directly out of the local orbital basis and
atomic potentials rather than fitted to experimental data
as usually done in parametrized TB schemes. The Hamil-
tonian and overlap integrals are calculated once for all the
time in dependence on the interatomic separation, which
makes this scheme very efFicient for any application in
molecular dynamics.

After solving a general eigenvalue problem for deter-
mining the occupied single-particle energies and eigen-
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functions, the cohesive energy of the structure now in a
common way can be written as a sum of two parts
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The first part; includes the electronic binding contribu-
tions as a sum over all occupied single-particle energies
c, with occupation number n; and the second, as a re-
pulsive energy, is modeled by short-range two-particle
potentials that still need fitting to self-consistent cohe-
sive energy calculations performed on the LDA level.
The method has proven to be highly transferable to all
scale carbon and hydrocarbon systems. The determi-
nation of equilibrium geometries, cohesive energies, and
vibrational modes of a representative class of microclus-
ters, molecules, and solid state modifications yields re-
sults with overall good agreement with more sophisti-
cated methods. ' As a further example, the activation
barrier for the concerted exchange of two atoms using a
minimum energy path obtained by our method equals
19.5 eV. This value should be compared to 13.2 eV, as
found by self-consistent Beld (SCF) LDA calculations
based on nonlocal soft pseudopotentials and the plane-
wave method. Recently the described method has been
successfully applied to investigations of structure forma-
tion in amorphous carbon modifications ' ' and on
diamond surfaces as well.

The interatomic forces can easily be calculated from
the gradients of the total energy at all atom sites:
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The applied MD scheme may be viewed as a hybrid be-
tween full potential S-CF molecular dynamics2 24 and the
use of classical empirical potentials ' or empirical or-
thogonal tight-binding schemes. The method is almost
as simple to use as parametrized nonorthogonal tight-
binding schemes, and this with an accuracy and trans-
ferability being close to SCF calculations.

III. COLLISION GEOMETRY
AND SIMULATION REGIME

All computational experiments have been performed
by using a two-dimensional periodic thin-slab supercell
geometry of diamond with a (ill) surface saturated by
hydrogen. In order to optimize the computational time,
the thickness of the film has been varied between 8 and
16 carbon layers corresponding to the initial energy of
the projectile. Each layer of the initial slab contained 12
atoms. The carbon atoms of the two bottom layers have

been fixed at their crystalline positions to simulate an
infinite substrate. Before each collision the initial tem-
perature of the slab has been set to OK. The impinging
carbon atoms enter the surface normally with varying
the initial energy between 15 and 75 eV. The investiga-
tion of higher impact energies requires a more extended
supercell model because of interactions with neighboring
supercells as well as collision cascades moving below the
bottom layer of the slab. To solve Newton's equations
of motion by the Verlet algorithm, different discrete time
scales in the scattering and relaxation regime have to be
applied. Whereas during the collision of the incoming
particle a time step width of 5 atu (1 atu= 2.4x10 ~7s)
has proven to be short enough, the final relaxation has
been performed at 20 atu. Taking into account the still
considerable computational effort, it has not been possi-
ble yet to analyze a wide range of impact points and to
perform a statistical sampling of all events. Therefore,
five different impact points were chosen on the surface
of the film: the centers of a first-layer atom; a second-
layer atom, and a fourth-layer atom; the center of a bond
between a first- and second-layer atom; and, finally, a
direction normally into a void. Clearly, there are differ-
ent probabilities for these impact points to occur in real
systems, but they allow us to define an area of possible
reactions and processes.

As mentioned before, the simulation has to be split
into two successive regimes of different time scales: a
collisional phase and a relaxation phase. During the
collision the slab is strongly heated up from a thermal
spike. Comparing the time for the energy transfer in the
collision cascade slackening, the impact particle (about
10 s), and the time necessary for local thermal equili-
bration (about 10 s), there is obviously a di8'erence in
orders of magnitude. This cannot be handled properly by
applying our MD scheme. Therefore, as an approximate
modeling of the collison in the first phase, the slab is ther-
mally isolated within an interval of 2000 atu which corre-
lates with a degree of energy dissipation excluding further
displacements. In this way, the total amount of impact
energy is transferred into displacements and lattice heat-
ing. Within these processes highly nonequlibrium con-
figurations are generated that have to be relaxed within
a second simulation regime. The heated structures are
relaxed in three steps: a starting equilibration, a cooling
down sequence, and a final equilibration. The velocities
of all atoms are scaled with respect to a temperature-
time function after a random number of time steps. The
temperature-time dependence consists of three intervals
according to the three annealing steps: there are two in-
tervals of constant temperature for starting a final equili-
bration and an exponential fit between starting and final
temperature. The time used for the equilibration run
is 4000, 50.000, and 4000 atu (approximately 1.4 ps), re-
spectively. For an estimation of the starting temperature
of the relaxation regime, all atoms with velocities higher
than 90%%uo of the maximum velocity have been excluded.
An assessment of this treatment is achieved by a compar-
ison of the total energies of the final collisional structure
and the structure after the first equilibration steps at the
estimated temperature.
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IV. B.ESULTS AND DISCUSSION

One main topic of interest in low-energy ion collisions is
the investigation of energy partition and dissipation dur-
ing surface penetration. In Fig. 1(a) the initial maximum
penetration and in Fig. 1(b)the final resting positions of
the impact particles after relaxation for all impact points
versus initial energy are shown.

There is a very sensitive dependence of the penetra-
tion behavior on the scattering parameter. The tendency
of increasing initial penetration with increasing impact
energy is the same for all scattering parameters. How-
ever, the absolute depth varies with the chosen impact
point and hence the amount of energy lost during the
interaction with the nearest first-layer atoms. At the
smallest considered energies of 15 eV the incoming atom
hardly penetrates the surface as already discussed by
Pailthorpe. 3 Whereas in first- and second-layer collisions
the subsurface is locally heated and the incoming atoms
are backscattered desorbing hydrogen from the surface,
the central to bond and fourth layer directed atoms al-
ready have high enough energy to form stable interstitials
within the top surface layer after relaxation. Relaxing
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FIG. 1. Maximum (a) and final (b) penetration depth of
projectiles in dependence on the initial energy for diBerent
impact points: Q, to the center of a bond; o, central to a
first-layer atom;, central to a second-layer atom; A, central
to a fourth-layer atom; , into a void.

the first- and second-layer scattering events the CH rad-
ical finally traps the dangling bond site. Increasing the
energy, only in the central to void collisions, the depth
increases linearly, indicating a channelinglike behavior on
a minimum energy path through the structure of the top
layers. The initial kinetic energy dissipates into lattice
heating in a continuous and relatively isotropic manner.
The lattice relaxation efFects in this case are minimal and
the final resting positions almost match the initial max-
imum penetration. So, atoms with an initial energy of
75 eV impinging into a void or central to a fourth-layer
atom reach a maximum depth of 8.5ao (ao denotes the
Bohr radius), which is much deeper than the value re-
ported from the scattering events of Pailthorpe. For a
comparison the depth of the final resting positions after
relaxing the structures are shown in Fig. 1(b).

Following the trajectories of the bond-directed projec-
tile with increasing energy the largest surface layer dis-
tortions are observed during penetration. The impact
particle induces high lateral stress that is lowered by lat-
tice relaxation, resulting in a five- and seven-membered
ring structure at 50-eV impact energy. The strong sur-
face layer relaxation is also confirmed by a considerable
reduction of the final penetration depth in the case of the
bond-directed projectiles in Fig. 1(b).

In the other extreme of central to surface (first and sec-
ond layer) atom collisions the energy and the momentum
due to the equal mass of the target atoms are almost
ideally exchanged. This process may either displace a
surface atom to a deeper crystal layer if the energy ex-
ceeds some critical value or the incoming particle again
is reflected, leaving a local heat spot if its energy is too
low. Atoms hitting centrally on a first-layer atom all
leave the surface with a bonded hydrogen. At an initial
energy of 15 eV, after relaxation, the CH radical satu-
rates the dangling bond of the former hydrogen site, and
for initial energies of 50 and 75 eV the generated vacancy
in the surface layer (resulting from displacing the first-
layer atom) is filled by the projectile. That is why the
final positions of first-layer projectiles are not shown in
Fig. 1(b).

Interesting results are obtained by analyzing the
second- and fourth-layer impact processes. There are
clear discontinuities of the final positions between 25
and 40 eV in the former and between 50 and 75 eV in
the latter case, indicating displacement thresholds in the
observed energy ranges. Obviously, the central energy
transfer to any target atom down to the fourth layer at
75 eV is high enough to remove it from its original lattice
site and to induce a displacement cascade.

As a quantitative result the minimum displacement
threshold for a (ill) surface has been determined by
monitoring the first-layer atom impact scattering pro-
cesses versus time. Figure 2 shows the motion of the
first-layer target atom during the collision for several ini-
tial projectile energies in the range of interest. Whereas
at all energies below 28 eV only vibrations of the atom
around its equilibrium position with growing amplitude
and period were observed, the target atom at 28 eV and
higher initial energies is displaced irreversibly to a deeper
crystal layer. This serves as an indication of a sharp
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FIG. 2. Vertical motion of the first-layer impact target
atom versus time for diferent initial energies in the range
of the displacement threshold.
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displacement threshold. Because of the central impact,
the amount of energy transferred to the target atom at-
tains a maximum, while the lattice relaxation is mini-
mized since no other atom is situated in the neighbor-
hood in the normal direction. Furthermore, the first-
layer atom has only three bonds to other carbon atoms
in comparison to the fourfold bonded bulk atoms. Con-
sequently, the estimated energy value is a theoretically
proposed lower bound of the surface atom displacement
threshold for low-energy C-atom collisions in the [ill]
impact direction. Taking into account that it is hard to
generate monoenergetic carbon beams, this value cannot
be confirmed experimentally up to now. Experiments
have been performed by energetic electron beams mea-
suring a threshold energy of (47.6 + 1.3) eV in the [111]
direction. This value may be compared to a 37.5-eV dis-
placement threshold for a central to second-layer collision
in Fig. 1(b). Considering that the energy and momen-
tum transfer with very-low-mass electrons is not ideal,
the theoretical bound for this displacement with a car-
bon atom is very reasonable.

To picture the in8uence on the electronic structure the
local densities of states (LDOS) for several defect atoms
have been calculated; cf. Figs. 3—5. The depths
where these defect configurations occur depend on the
initial energies and the impact parameters. The final con-
figurations of the point defects after relaxation in Figs. 3
and 4 can be described by a local structure according to
a (100) split interstitial. The defect in Fig. 3 resides in
the third double layer. It accrued by impact of a 50-eV

FIG. 3. Local densities of states of a (100) split within
the third double layer (2), caused by a 50-eV atom impact
central to a first-layer atom. The bonding geometry of the
defect environment is shown in the upper part of the figure
(open circles, carbon atoms; filled circles, hydrogen atoms).
The partial LDOS of s and p electrons are plotted as long and
short dashed lines, respectively.

carbon atom directed to a first-layer atom and consists
of cascade atoms. The threefold coordinated defect pair
is embedded within the 8p matrix. The noninteracting
p states of these two defect atoms produce two degen-
erate states at the Fermi energy. The second defect in
Fig. 4 within the first double layer is generated by a car-
bon atom hitting centrally a bond between two surface
atoms at an initial energy of 75 eV. The two defect atoms
1 and 2 as well as the neighboring first-layer atom 3 are
threefold coordinated, the latter having a dangling bond
because of the loss of a hydrogen atom. The LDOS of
the two first-layer atoms show two vr-sr* states in the gap
according to a vr bond between these atoms. The third
state near the Fermi energy arises due to the dangling
bond of the deeper-lying d.efect atom.

In Fig. 5 the LDOS of a more extended near-surface
defect is shown. This structure has arisen from the im-
pact of a carbon atom with an initial energy of 50 eV
directed centrally to a bond. As the result, one hydro-
gen atom has been replaced by a carbon atom that was
removed &om its lattice site by the projectile. Addition-
ally, the positions of two fourfold coordinated atoms 3
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FIG. 4. Local densities of states of a two-atomic defect
within the first double layer similiar to a strained (100) split.
The bonding geometry of the defect environment is shown in
the upper part of the figure (open circles, carbon atoms; filled
circles, hydrogen atoms). The partial LDOS of s and p elec-
trons are plotted as long and short dashed lines, respectively.

and 4 within the second and third layers were largely
distorted. The defect states in the gap are caused by the
unsaturated orbitals of atom 1 which produce degenerate
nonbonding p-like states (with weight 1.8 in the LDOS,
related to the total weight 4.0). These states extend over
a few next-nearest neighbors starting from atom 1, but
fall oK rapidly with distance in the fourfold coordinated
bulk environment. Therefore, this defect does not pro-
duce any pronounced states within the gap of atoms 2
and 4.

V. SUMMARY

We have performed density- functional-based non-
orthogonal tight-binding calculations of subplantation
molecular dynamics of carbon atoms onto a (ill) dia-
mond surface by using a simplified LDA LCAO scheme
to calculate the interatomic forces for atomic motion.
In agreement with previous simulations, the e6'ect of
the carbon atom collision strongly depends on the ini-
tial energy. However, as found in our calculations, the
final penetration depth after relaxation is considerably
larger than that originally proposed by Pailthorpe.
This should be due to the use of a much more flexible
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interatomic potential in the present investigations de-
rived on a density-functional basis and allowing for all
hybridization changes occurring in carbon systems. As
a consequence, the diamond surface in the relaxation by
using tetrahedrally fixed potentials has to be expected as
too rigid. Furthermore, in our results the depth of the
final resting positions strongly depends on the chosen im-

pact point. As an important outcome of our calculations
we found an estimate of a minimal displacement thresh-
old of 28 eV for first-layer atoms in the [ill] direction.
The morphologic and electronic structure of the resulting
defects have been analyzed.
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FIG. 5. Local densities of states of four atoms of a
near-surface defect, caused by the impact of a 50-eV pro-
jectile (atom 2) directed centrally to a bond between a first-
and a second-layer atom. The bonding geometry of the defect
environment is shown in the upper part of the figure (open
circles, carbon atoms; filled circles, hydrogen atoms). The
partial LDOS of s and p electrons are plotted as long and
short dashed lines, respectively.
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