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The average effect of a single 500 eV incident argon ion on a silicon surface is studied using
molecular dynamics simulations. More than 103 ion impacts at random surface points are averaged
for each of seven incidence angles, from 0° to 28° off normal, to determine a local surface height
change function, or a crater function. The crater shapes are mostly determined by mass
rearrangement; sputtering has a relatively small effect. Analytical fitting functions are provided for
several cases, and may serve as input into kinetic Monte Carlo calculations or stability analyses for
surfaces subjected to ion bombardment. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2905297�

Ion bombardment of a solid locally changes the height of
the target surface. One of the collective effects of the local
surface height change due to individual ion impacts is the
so-called sputter-erosion surface instability, which is widely
reported to form patterns on semiconductors1–9 and other
materials.10–14 Current models of these instabilities rely upon
Sigmund’s sputtering model15 and its subsequent extension
by Bradley and Harper.16 In this view, the essential effect of
a single incident medium energy ��1 keV� ion on an ini-
tially flat surface is to remove a volume of material that can
be approximately described using a Gaussian distribution
centered at the point of impact. This implies that the geo-
metrical effect on the surface is due to sputtering alone. The
objective of this study is to investigate atomic-scale mass
rearrangement relative to mass removal �sputtering� for
single ion impacts. The relative importance of mass rear-
rangement and sputtering is quantified by the average change
in surface height in the neighborhood of the impact point.
Atomistic computations of thousands of impacts are used to
compute smooth functions representing the mean change in
surface height. We call these functions crater functions.

Existing sputter-erosion models such as the Bradley–
Harper model16 or the Makeev–Barabasi model17 use Sig-
mund’s sputtering theory15 to relate erosion rates to spatial
derivatives of the local surface height. These models follow
Sigmund’s theory and assume that a linear collisional dam-
age cascade due to ion impacts leads to a Gaussian ellipsoid-
shaped profile of energy deposition. The energy deposition
profile due to an impact at r0= �x0 ,h�x0 , t�� is

E�r� =
�

�2��3/2��2 exp�−
�h − h0 − aP�2

2�2

−
�x1 − x01�2 + �x2 − x02�2

2�2 � , �1�

where E�r� is the total energy available due to the ion impact
at r= �x ,h�x , t��, x= �x1 ,x2�, h=h�x , t�, and h0=h�x0 , t�, � is
the energy of an incident ion, aP is the penetration depth, and
� and � represent material-dependent widths of the energy
distribution. For off-normal beam incidence angles, x1 is
along the projected direction of ion impacts. Bradley and

Harper16 propose a mechanism whereby height change at any
point on the surface is by sputtering, which is proportional to
the total energy at that point. Effectively, the change in sur-
face height due to a single ion impact is assumed to be pro-
portional to a Gaussian-shaped function and the net change
in surface height is such that

�h

�t
�� � drE�r���r� , �2�

where ��r� is a geometric correction to the uniform flux J
due to surface curvature. The collision cascade approach that
is often associated with this energy deposition profile is ap-
plicable for higher impact energies and is not necessarily
useful in the 	1 keV range in which it is commonly applied.

The applicability of the Sigmund-based Bradley–Harper
mechanism for modeling the sputter-erosion surface instabil-
ity is a topic of current discussion. Several studies1,10,18 in-
voke this mechanism to attempt to explain the dependence of
ripple wavelength on temperature and flux, but these expla-
nations of the experimental observations are incomplete. In
addition to sputtering, transport along the surface has also
been suggested to be important, either for roughening19 or
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FIG. 1. Crater functions for 500 eV single argon ion impacts on silicon, for
incidence angles �a� �=0° �2048 ensembles�, �b� �=4° �1026 ensembles�,
�c� �=8° �1026 ensembles�, �d� �=12° �1026 ensembles�, �e� �=16° �1026
ensembles�, �f� �=20° �1026 ensembles�, �g� �=24° �506 ensembles�, and
�h� �=28° �506 ensembles�. For the ��0° cases, the ion motion parallel to
the surface is in the x1 direction, from top to bottom in the orientation of the
plots as shown. The thin lines intersect at the point of impact.
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smoothing.19,20 Using simplified molecular dynamics simula-
tions, Feix et al. have observed deviations from the
Gaussian-shaped mass removal profiles.21 This motivates the
present study of the geometric effect of an average ion im-
pact on the target surface and our critical assessment of the
implied Gaussian-shaped material removal profile. Thus, we
atomistically compute crater functions by ensemble averag-
ing the change of surface heights of many single-ion im-
pacts. The crater function data show the relative role of re-
arrangement and removal, and it can be used to model long-
time surface evolution due to ion bombardment, either
numerically using a Monte Carlo type approach,22 or analyti-
cally using stability analysis methods,23 both of which have
been recently demonstrated.

Cratering effects for cluster bombardment and for higher
energy ion bombardment of other materials, particularly met-
als and polymers, have been computationally and experimen-
tally studied by previous authors.24–28 Single ion impacts on
silicon are studied in the present work due to the wide use of
silicon in the semiconductor industry and because sputter
erosion of silicon surfaces has been widely experimentally
studied. Sub-keV argon ion beams are frequently used in
mild surface modification processes, plasma processing of
semiconductors, and in creating surface patterns. Due to the
technological relevance of the argon-silicon combination,
and to contribute to a potential understanding of the sputter-
erosion surface instability in silicon, we consider argon im-
pacts on silicon at 500 eV beam energies and a range of
beam incidence angles.

The change in surface height due to an ion impact de-
pends on the atom positions before and after the ion impact.
We track atomic trajectories with standard MD simulations
of argon ion bombardment using the Stillinger–Weber
potential29 for Si–Si interactions and the Moliere potential30

for Ar–Si and Ar–Ar interactions. The target consists of 8000
silicon atoms arranged in a cubic box approximately 5.43 nm
on a side. Time integration is with the velocity-Verlet algo-
rithm. Complete details of the MD simulations methodology
used here are presented in a prior study.31

It has been shown that low temperature 500 eV ion bom-
bardment makes an initially crystalline target essentially
amorphous for a fluence of only 2.0	1014 ions /cm2,31

which is on the order of seconds under typical experimental
conditions. Thus, most ions in typical experiments impact an
amorphous surface, so we prepare the surface in our simula-
tions to match these expected conditions by first simulating
500 eV ion bombardment of an initially crystalline target up
to a fluence of 4.0	1014 ions /cm2.

Single 500 eV ions are then made to impact random
points x0 on the surface at prescribed incidence angles. The
surface shape before and after an impact is based on the
zero-force position of a virtual silicon probe atom.32 These
surface heights are computed in a 21	21 mesh of data
“bins” overlaying the 5.43	5.43 nm2 surface. The change in
surface height data is then averaged over 500 to 2000 im-
pacts for each incident angle �, depending upon the number
of ensembles needed to converge statistics at each angle. The
resulting impact crater function, 
hion�x−x0 ,��, includes
changes in surface height due to both sputtering and ion-
induced atomic rearrangements.

The impact crater functions for 500 eV argon bombard-
ment of silicon at eight local incidence angles are shown in
Fig. 1. Since the in-plane projected direction of ion incidence
is the x1 direction, the surface height change, shown as the
contour variable, is also averaged across the symmetry axis.
The relative convergence of the crater depth for normal in-
cidence as a function of number of ensembles is shown in
Fig. 2. Fine details of the crater shapes may be smoothed by
additional averaging or may be sensitive to the particular
choice of empirical interatomic potentials, but the main fea-
tures that emerge are unambiguous. Given the small scale of
the vertical �contour� coordinate, the small noise that appears
in each contour plot is considered insignificant. No single ion
impact is expected to yield the surface changes shown in Fig.
1, but these averaged profiles provide a clear picture of the
mean effects of the ions.

FIG. 2. �Color online� Relative change in computed crater depth with addi-
tional ensemble averaging up to 2048 ensembles, for the �=0° case, show-
ing approximate convergence of the statistical data.

FIG. 3. �Color online� Comparison be-
tween the computed crater function
and �a� the fitted crater function �Eq.
�3�� for the 28° angle of incidence
case. All dimensions are in angstrom.
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The key qualitative difference from the Sigmund-based
sputter-erosion model is that impacts on average create re-
gions of both reduced and increased surface height, or crater
and crater rim, respectively. For the case of normal incidence
�Fig. 1�a��, we observe only small deviations from axisym-
metry due to the finite number of samples used for statistical
averaging. However, as the angle of incidence increases,
more material is moved in the projected impact direction,
causing a clear asymmetry in the crater rim. For impact
angles greater than �=16°, there is material pileup in the
projected ion direction and corresponding opening of the cra-
ter rim in the opposite direction. The central crater shape is
relatively insensitive to incidence angle.

The presence of crater rims clearly indicates that mass is
rearranged by the ion impact and the volume of the crater is
much too large to be explained by sputtering alone. Bringa et
al. have made similar observations on the relation between
cratering and sputtering for higher energy single impacts on
metallic surfaces.26,27 The average number of sputtered sili-
con atoms per impact for our model system is 0.49,31 which
accounts for less than 20% of the volume required to create
the average crater volume observed here. Instead, the major-
ity of the crater volume is due to material rearrangement
required to create the crater rims. We also note that these
crater widths, heights, and depths are significantly smaller
than the sputter-erosion surface instability patterns that are
observed after long bombardment times.8

We note that the crater functions can each be conve-
niently fit with relatively few parameters, following a simple
analytical form given by

h = a1 exp
− �1�x2 + �y + b1�2�� − a2 exp
� − �2�x2 + �y

+ b2��2�� , �3�

where h�x ,y� is the surface height as a function of position x,
the projected ion direction, and y relative to the point of
impact. Figure 3 shows the fitted h�x ,y� for the 28° crater
function, compared with the computational data, where the
fitting constants are presented in Table I. This simple func-
tional form fits the computed crater functions to within 1

3 of
the crater rim height pointwise over the entire space. A closer
fit is not practical given that the variation in the data is
mostly short wavelength noise due to limited statistics.

In summary, we report crater functions for medium en-
ergy argon ion bombardment of silicon, which show the sig-
nificance of local atom rearrangement on the surface height

change due to the effects of the incident ions; height change
due to atom rearrangement is far greater than due to sputter-
ing alone. Thus, mass rearrangement and not sputtering alone
should be considered in accounting for ripple or dot forma-
tion on ion-bombarded surfaces. The crater functions we
compute have a smooth dependence on incidence angle. For
use in models of surface evolution, the crater shapes have
been fitted with simple analytical functions.
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TABLE I. Analytical fitting parameters for three angles of incidence.

0° 16° 28°

a1 �Å� 0.205 0.169 0.201
�1 �Å−2� 0.005 53 0.00520 0.005 31
b1 �Å� ¯ ¯ 7.46
a2 �Å� 0.805 0.788 0.891

�2 �Å−2� 0.0315 0.0325 0.0357
b2 �Å� ¯ 1.20 1.48
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