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Abstract

Ion bombardment of surfaces at an angle with respect to the surface normal produces surface modification with
more varied and rich features than normal incidence bombardment. This allows more possibilities for nanopatterning
and surface processing. Megaelectronvolt ion bombardment of insulators can create a track of electronic excitations
which can decay non-radiatively and couple to the lattice, leading to sputtering and crater creation. Using molecular
dynamics simulations we present a systematic study of the craters produced by a cylindrical track of excitations with its
axis at several angles with respect to the surface normal (in the range @ = 0-80°). We also use different energy densities
inside the track, from 0.52U to 12.5nU, where n is the density of the material and U its binding energy. Crater length is
found to vary as cos™! @. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 79.20.A; 81.65.C; 34.50.Fa; 79.20.R
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1. Introduction

Cratering is a ubiquitous process occurring in
nature and used in technology. In astronomical
scenarios [1] crater radii vary from um size for
micrometeoroid impact up to thousands of kilo-
meters for asteroid impact. Macroscopic projectile
impact is used regularly to test materials strength,
creating craters of the order of centimeters [2].
Small cluster impacts can create crater sizes from
nanometers up to micrometers. Such processes
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have been studied both experimentally [3,4] and
extensively by simulations [5-8]. Crater formation
by an individual fast ion impact has been seen
experimentally in metals [9] and insulators [10],
and has been reported in simulations of ion bom-
bardment of metals [11,12], semiconductors [13]
and insulators [14]. Most simulations deal with the
energy deposition regime where nuclear energy
loss dominates and they consider normal incidence
or small angle incidence. There are a few recent
experiments for oblique incidence onto solids
composed of polymers [10] and biomolecules [15].
These were bombarded by fast heavy ions in the
electronic energy loss regime, where the crater
length was found to increase rapidly with in-
creasing energy density.
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In this paper molecular dynamics (MD) simu-
lations are used to study the surface morphology
produced by the energy deposited by fast ions in-
cident at several angles with respect to the surface
normal, and for several initial excitation densities.
Since crater formation is used for nanopatterning
[16], for determining surface properties [17] and
for estimating sputtering yields [10,15], we use MD
simulations to extract scaling laws for crater for-
mation. Earlier we compared cratering in Lennard-
Jones (L-J) solids to that observed experimentally
in a polymer [18] for a fix angle of incidence. We
showed that the scaling relationships are very
similar in these materials suggesting that scaling
laws which apply over a broad range of material
properties can be found from simple interatomic
potentials. Here the structure of craters formed
from a track of energy deposited by a heavy ion is
shown as a function of the incident angle and the
results are compared to thermal spike model pre-
dictions [19].

2. Molecular dynamics simulation

Following the passage of a fast heavy ion a
cylindrically energized region is produced in a
solid, which we refer to as a track of excitations.
A L-J crystalline solid is simulated with particles
interacting through the potential [20] V(r) =
4¢((a/r)® — (o/r)"?| with a cut-off radius rey =
2.5¢ to describe an fcc atomic solid. Although this
is an oversimplified model of a real solid, this two
parameter potential has the advantage that the
equations of motion, and, hence, all results, in-
cluding the crater dimensions, scale with ¢ and o.
In addition, certain weakly bound solids, such as
the low-temperature, condensed-gas solids, can be
reasonably approximated as L-J solids, with pa-
rameters ¢ and ¢ taken to reproduce the material
properties. All L-J samples have a cohesive energy
U = 8¢. The interlayer distance for (00 1) layers is
d ~0.78¢ and the bulk modulus is B = 75¢/0°.
More details on the MD simulation can be found
elsewhere [20-22]. As in our earlier papers, the
scaling with ¢ and ¢ is replaced by scaling using U
and the number density n. For the fast processes
which determine sputtering and cratering we

showed that the scaling was roughly preserved
when a more complex potential was used [23]. The
melting temperature 7,, of L-J solids at normal
pressure is kg7, =~ 0.1U. At solid densities kg 7T}, ~
0.3U. For a number of condensed gas solids U ~
0.1 eV and g ~ 3.5 A [23]. For fcc metals, U is of
the order of few electronvolts and ¢ about 2 A [24].

The stopping power, i.e. the energy deposited
per unit depth into the solid dE/dx, and the track
radius, 7y, are typically used to describe the energy
density in the ion track. Since only a fraction of
the experimental dE/dx goes into excitation of the
particles in the track, in the following we use the
symbol (dE/dx), to represent the amount of en-
ergy deposition contributing to track formation,
cratering and sputtering. To mimic the non-radia-
tive energy release at the ion track in the MD
simulations all N particles within a cylinder of
radius 7., are given an energy E with their ve-
locities in random directions. Therefore, (dE/dx).
i8 NexcEexc/d. As we have shown earlier this ener-
gized ‘track’ can be representative of either knock-
on or electronic sputtering of a solid. A track
radius can be estimated from the Bohr adiabatic
radius in the electronic regime or from the cascade
size in the nuclear regime, though this has been
questioned recently [25,26]. At normal incidence
the sputtering yield depends roughly linearly on the
track radius. In this paper all simulations were run
for an initial track radius r.; = 20, which implies
Nexe = 10/ cos ©. The incident angle, ©, is mea-
sured in degrees with respect to the surface normal.
The size of the simulated sample was varied de-
pending on the size of E¢ such that the results did
not depend on the boundary conditions used, and
the total simulation time was also varied to be able
to ‘detect’ all ejected particles. Most quantities pre-
sented are averages of results from a number of
simulations (4 —30) in which the directions of the
energized atoms were randomly varied. We studied
the yield from a [00 1] surface. The small focused
collision component of the ejecta, discussed earlier
[27], will differ for different crystallographic surfaces.
However, earlier we showed that the total sputtering
yields from other crystallographic orientations
have the same dependence on (dE/dx), [21].
Therefore, we presume the cratering is not very
sensitive to the crystal orientation. The energized
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tracks were directed along the (100) direction in
the xy plane. Some simulations were run rotating
the beam so it would not be directed along any low
index crystallographic direction. Crater size was
not affected significantly within the standard error.

The mass of the simulated particles, M, only
changes the time scale, which is given in units of
ty = 04/M/e. Simulations were run during ~15-

75t,, well after all the sputtering ended to account
for possible late relaxation. We double the simu-
lation times in several cases and found no differ-
ence in the crater structure. The temperature of the
target at the end of the simulation was well below
the melting temperature. Relaxation over much
longer times (hundreds or thousands of #,) could
occur but this is beyond the abilities of MD sim-

Time= 30t¢,
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Fig. 1. Snapshot showing a side view of a central slice from the MD simulation. @ = 60 and E.,. = 12.5U. Notice the crater rim above
the original surface. Logarithmic color scale indicates kinetic energy. The size of the atoms also increases logarithmically with their

kinetic energy to help the visualization of ‘hot’ atoms.

Y Axis

Fig. 2. Perspective view of a crater shown in Fig. 1, indicating the incident ion as an arrow. Color scale indicates height. Notice the

crater rim in red above the original surface.
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ulations, although it could occur in an experi-
mental setting.

3. Cratering

Fig. 1 shows a central slice of the MD simula-
tion for @ =60 and E..= 12.5U, 30f, after
bombardment [28]. Note that the crater is not well
approximated by a half ellipsoid, since its depth
profile is slanted towards the ion incident direc-
tion. Therefore, estimates of crater volume must be
made carefully. Although a few individual atoms
are still ‘hot’, we find that the crater walls are be-
low the melting temperature and, therefore, are
not likely to relax substantially, as was verified by
running this simulation until 60z, after excitation.
The topography of the bombarded surfaces was
obtained from the MD configuration xyz snap-
shots using a Matlab [29] routine which one of us
(E. Hall) developed. The details of the routine,
where to download and how to use it, will be
discussed in an upcoming paper [30]. Fig. 2 shows
a perspective view of the crater in Fig. 1 obtained
using this routine.

The area of the crater is roughly circular at
normal incidence and E.. > U. As the angle is
increased the area becomes roughly elliptical, with
the major axis of the ellipse along the direction of
incidence of the ion. This major axis is used to
define the crater length in the discussion below.
The length of the crater as a function of the inci-
dent angle is shown in Fig. 3 for several excitation
energies. It can be seen that the data closely follow
a cos™! @ at each excitation energy. This is the
same region of energy density in which we earlier
showed that the size of the ejecta (sputtering) yield
depends nearly linearly on energy density and also
varies as cos™! @. We normalized the crater length
to the length at ® = 0 for each set of data corre-
sponding to a given E., and then fit the data for
E.. > U with the function cos* ®. The best fit is
given by x = —0.99 £ 0.02. The results for runs
with E.,. = U were excluded because no crater is
formed until @ = 75. These simulations are at the
boundary between the linear regime for sputtering,
mentioned above, and the threshold regime where
the yield steeply decays with decreasing energy
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Fig. 3. Crater length as a function of @ for different excitation
energies. Dashed lines are of the form Ccos™' @ with C a
constant.

density [23]. The cos™' @ dependence found here
agrees with the prediction of a simple thermal
spike model for cratering by a heated cylindrical
track [19]. The agreement may be coincidental,
since the MD results for the sputtering yield at an
angle does not follow thermal spike model pre-
dictions [22].

4. Discussion and summary

We carried out a series of MD simulations to
study crater formation due to the high energy
density deposited in a cylindrical ‘track’. Such an
energized track might be formed by a penetrating
fast ion that deposits its energy in electronic exci-
tations, which is of interest here, or deposits its
energy by momentum transfer producing recoil
atoms. That is, the craters described are not im-
pact craters like the lunar craters [1] formed by
the direct transfer of projectile momentum to the
lunar surface, rather they are the craters formed in
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response to the rapid energy deposition in the
track of an energetic ion which produces an out-
ward and radial pressure pulse. The study here
covers different angles of incidence, from normal
incidence to 80° respect to the surface normal, and
also spans different excitation energies, Fe, inside
the ion track, from below the binding energy to
more than 10 times the binding energy.

The crater structure remains stable in this L-J
material over the longest simulation time tested
(~75ty), which is much larger than the crater for-
mation time (~20¢,). This is the case because of the
rapid cooling of the track by the melting and
pressure pulse processes described in earlier papers
[21,31]. No crater is formed at energies per L-J
particle below the binding energy U. When E,. =
U no crater is formed except at the largest incident
angle studied here. Above this energy, the crater
length has a cos™' @ dependence with the incident
angle for a fix excitation energy. This is in agree-
ment with predictions of a thermal spike model
[19]. However, such models have no direct way of
determining the structure of craters with rims. In
addition, previous studies of the sputtering yield at
an angle [22] and some preliminary results on crater
width and volume do not follow the predictions of
this model. A paper is in preparation comparing
the sputtering yields and crater volumes.
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