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The main assumption of existing efficient topography simulations is that sputtering is a local process that
depends only on the angle of incidence and not on the detailed shape of the surface. If redeposition is
considered, sputtered atoms are redeposited and cause no further sputtering when they hit another part

PACS: of the surface. Furthermore the angular distribution of sputtered atoms follows a cosine law. If ion reflec-
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tion is considered, ions do not lose energy during backscattering. Using binary collision simulations
(IMSIL) and comparing them with results obtained by a topography simulator (IonShaper®) we show that
all these assumptions need refinement for the simulation of nanostructures except the neglect of sput-
tering by sputtered atoms. In addition we show that a nonlocal model is essential for ion beam induced

deposition of narrow structures.
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1. Introduction

Ion beams are versatile and increasingly used tools for the fab-
rication of nanostructures either by direct milling [1] or by gas as-
sisted processes [2]. The present study is motivated by efforts to
fabricate stamps for nanoimprint lithography with a massive multi
ion beam-system [3-6]. In all applications simulation can help to
understand the physical processes and to optimize the shape of
the structures.

Most existing codes for computationally efficient topography
simulation of ion beam processes [7-16] track surface propagation
explicitly, following the history of surface points thought to be con-
nected by straight segments. All codes are based on the assumption
that the sputtering yield is a function of the angle between the inci-
dent ion and the local surface normal. This usually is a good approx-
imation for structures in the micrometer range but becomes
increasingly questionable when typical feature sizes are on the or-
der of the ion projected range or below. Only some codes include
redeposition [8,10,14-16] and only a few secondary sputtering by
backscattered (reflected)ions [14]. These effects are particularly rel-
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evant in high aspect ratio structures like deep trenches. Fig. 1 shows
the contours of trenches sputtered by a 200 nm wide homogeneous
ion beam at two different times, calculated with the IonShaper®
software [14]. At either time simulations without redeposition
and reflection (dash-dotted lines) are compared with simulations
considering redeposition only (dashed lines) and considering both
redeposition and reflection (solid lines). It can be seen that redepo-
sition of atoms sputtered from the trench bottom leads to a narrow-
ing of the trench towards the bottom. At a later stage (not shown),
redeposition from the sidewalls to the bottom and to the other side-
wall leads to a decrease of the overall milling efficiency [14,15].
Reflection of ions from the sidewalls leads to the formation of
microtrenches at the trench bottom near the sidewalls. Moreover,
the increased sputtering yield at the now inclined surface of the
microtrenches leads to additional redeposition at the sidewall.

In calculating the redeposition flux, a cosine law [17] is used to
describe the angular distribution of the sputtered atoms. lon back-
scattering is assumed to be without energy loss. Furthermore, sput-
tered atoms that reach another point on the surface are redeposited
there and cause no further sputtering. These assumptions as well as
the local approximation of sputtering are investigated in this paper
using binary collision simulations. We restrict ourselves to 10 keV
Ar ions and Si targets which is our current focus of interest.
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Fig. 1. Trenches sputtered by a 200 nm wide 10 keV Ar beam with a current density
of 10 mA/cm? after 4.67 and 10s. Dash-dotted lines: no redeposition and no ion
reflection, dashed line: redeposition but no ion reflection, solid line: with
redeposition and ion reflection.

2. Simulation
2.1. Topography simulation

Two-dimensional (2D) topography simulations are performed
with the lonShaper® software [14]. In short, the surface is de-
scribed by a sufficient number of points which are moved perpen-
dicular to the average slope of the adjacent line segments. The
velocities of the points are calculated from the fluxes of atoms
sputtered by the incident ion beam and by ions reflected from
other parts of the surface, and from the fluxes of redeposited atoms
originating from sputtering at other surface points [14]. Sputtering
is treated as a local process, i.e. the flux of sputtered particles at a
certain surface point depends only on the flux of incident ions at
that point and their angle with respect to the surface normal.

In reality, because of the finite range of the recoils, the sputtered
atoms are ejected from an area around the incidence point. This
may play an important role in case of nonplanar surfaces. In order
to investigate this effect, we have additionally implemented a non-
local model for the sputtering flux. The amount of recoils at a given
surface point (destination point) resulting from the impingement
of ions at another surface point (source point) is calculated from
the distance between the two points and the angle between the
line connecting the points and the ion incidence direction. For this
purpose tables are used that have been obtained by binary collision
simulations of the recoils reaching the surface for various inci-
dence angles at a planar surface. As an option, for a concave shape
of the surface between source and destination point, the distance
between the points can be replaced by the distance along the sur-
face in the table look-up.

The original version of lonShaper® contained a model of beam
induced deposition which included precursor coverage calculation
and a simple implementation of the nonlocal effect of the ions on
the deposition rate [14]. It has been shown that the deposition rate
is proportional to the number of recoils reaching the surface [18].
Therefore we have improved the deposition model using the re-
coils based model described above.

2.2. Binary collision simulations

Binary collision simulations are done with the IMSIL code [19].
IMSIL has been used for ion implantation studies in one- and two-

dimensional targets. In this work we only use amorphous targets,
since Si easily amorphizes upon ion bombardment. IMSIL has been
enhanced for sputtering calculations in two respects. First, the pla-
nar model of the surface potential [20] has been implemented.
While this is straightforward in 1D targets, it is more involved in
the case of surfaces given by polygons in the 2D case because of
the need to follow trajectories to some distance outside the target
and to calculate the surface normal there. We do this by covering
the simulation area with a fine grid and calculating the signed dis-
tance of each node from the surface. During the simulation of a re-
coil trajectory, the distance of the recoil from the surface is
calculated by interpolation in the tabulated values. If the distance
of a new recoil position from the surface exceeds the maximum
impact parameter p.x the recoil is put back to the point of the pre-
ceding free flight path that is at a distance pyax from the surface.
The surface normal at this point is calculated by the gradient of
the distance function. In general, recoils leaving the surface are
checked for entering the target somewhere else. For the purpose
of this study, however, the recoils are stopped when they leave
the target. An effective surface binding energy of 4.1 eV has been
determined by fitting experimental sputtering yields [21].

Second, special care must be taken to treat glancing incidence
correctly. In order to avoid unrealistic close encounters when
entering the target, the ions must start at a distance pma.x from
the surface. Collisions are only executed if the hit target atom actu-
ally is inside the target. Moreover, very small mean free flight paths
are used for the ion outside the target. However, even then the re-
sults may depend on assumptions about the free flight paths. This
is because the distribution of free flight paths implicitly deter-
mines the roughness of the surface. We therefore use a Poisson dis-
tribution for the free flight paths which provides a well-defined
model of the target. Together with the rejection of collision part-
ners outside the target it guarantees constant atom density inside
and zero density outside the target.

3. Results
3.1. Angular distributions

Fig. 2 shows the angular distributions of sputtered and back-
scattered atoms obtained by binary collision simulations for inci-
dence angles of 0°, 40°, 70° and 87°. With increasing incidence
angle the distributions increasingly deviate from the cosine rule
(indicated by the sphere). The deviation is significant in particular
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Fig. 2. Angular distribution of sputtered atoms (dashed) and reflected ions (solid)
compared to a cosine distribution (circle) for incidence angles of 0°, 40°, 70° and
87°.
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