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smaller than the average size of the collision cascade. And in fact, with a discretization of
dx = 10Å (which corresponds to the value used in Fig. 1b) the sputter yields almost coincide
with the continuous case.

This result has already implications for the analysis of surface topographies and sputter
yields: If the resolution of the surface topography is worse than≈ 10 nm then (without further
assumptions on the smoothness) the ’true’ (local angle resolved) sputter yield cannot longer
be assessed.

(a) (b) (c)

Figure 1: Left panel: Calculated trajectories of 5 keV Xe on silicon for an inclined plane
with γ = 45 degrees with a grid resolution of dx=dz=100 Å. Middle panel: same as left panel,
except that the resolution is now dx=dz=10 Å. Right panel: Comparison of the sputter yield of
silicon as function of the angle of incidence α for different grid resolutions (dashed and solid
lines) with the continuum limit indicated by diamond symbols for 500 eV Ar ions on silicon.

2.4. Definitions of terms

On first glance, the extension of the concept of sputter yield from the 1-D case to the 3D case
appears straightforward: The 1-D sputter yield Y [(sputtered atoms)/(impinging ion)] given
by the ratio of the fluence of sputtered atoms FS and the impinging ion fluence FI needs to be
adapted to a quantity taking the local fluence density variations into account: YL (x,y) =
FS (x,y)/FI (x,y). However, in practice this definition exhibits severe shortcomings: The
sputter yield defined in this way yields in almost every surface under non-perpendicular ion
impact values of YL (x,y) =±∞ and hugely scattering values. The reason is simple: If there is
a shadowed region outside of the reach of the beam ions, then every sputtered particle in that
region (eg. by forward recoils) will automatically result in a sputter yield of YL (x,y) = ∞.
The same argument holds for deposited particles. Thus a different definition of sputter yield
provides a better measure in practice: The local area density of sputter particles divided by
the averaged ion beam density impinging on the (flat) base plane of the sample,

Y(x,y) =
FS (x,y)∫ ∫

dx dyFI (x,y)/
∫ ∫

dx dy1

[
atoms
ions

]
(1)

thus circumventing problems due to local beam density variations eg. caused by shadowing
effects. In other words: the local sputter yield is given by the local number of sputtered atoms

I Local sputter yield Y(x) depends on local impact angle α(x)
I ’Local’ : O(size of collision cascade)
I BCA-Codes like SDTrimSP-2D, SDTrimSP-3D, TRI3DYN or MD

are suited tools
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(a) (b)

Figure 2: Left panel: Atomic force microscopy height field from an etched sample. The lateral
resolution of the 2 µm×2 µm-patch is 2.6 nm, the height resolution is better than 1 nm. The
straight line from the upper left corner to the lower right part indicates the scan-line along
which the height profile is displayed in the upper panel of Fig. 3a. Right panel: Simulated
effective sputter yield of a silicon sample with the surface topography provided in Fig. 2a
under perpendicular 500 eV argon ion impact.

the applied periodic boundary conditions it resembles an infinite extended pattern, thus it is
sufficient to study the sputter yield distribution around a single peak. For 500 eV argon ions
with an impact angle of 30 degrees with respect to the normal of the x-y-plane the sputter yield
pattern is given in Fig. 4b. Clearly visible is the circular shape of the peak, with its height
given by z = f (x,y) = max(h0 cos(‖~r−~r0‖) ,zmin) and the impact region of the argon ions
indicated by the peak sputter yields. This region is shifted towards the right of the peak due to
the non-perpendicular beam direction. The amplitude is influenced by the local angle towards
the beam. The sudden transition of the erosion dominated area to a net-deposition area at
around x = 5..10 nm is due to the next cone on the right hand side which blocks the beam.
Similarly the region x < 0 nm is mostly a deposition zone of particles sputtered elsewhere,
because the cone itself blocks the line-of-sight to the impinging beam. A closer look reveals
a spot at around (x = −5 nm,y = 0 nm) where the deposition rate is largest. Here a fraction
of the particles sputtered from the exposed side of the cone to left are being redeposited. On
the upper and lower boundary of Fig. 4b the sputter yield is slightly higher compared to the
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(a) (b)

Figure 3: Left upper panel: the height profile and the local angle of the surface normal to the
impinging beam along the scan line indicated in Fig. 2a is displayed. In the left lower panel the
local net sputter yield (Yout−Yin) and for comparison the corresponding angle dependent 1D
sputter yield Y (α) is given. The right lower panel provides the local sample particle sputtering
Yout (blue line), and the local deposition yield Yin (green dashed line). In the right upper panel
the cosine of the surface normal to the impinging beam is displayed, which provides the local
fluence reduction (red line). Superimposed is the height profile along the scan line.

left and right boundary of the figure. Here impinging particles can penetrate to the bottom of
the structure between the cone rows. The individual components contributing to the local net
erosion are displayed in the right panel of Fig. 4 for the cross-section line y = 0. The local
sputtering (blue dashed line) has an asymmetric peak of Y=4 at around x = 4 nm followed
by a sharp drop towards larger x-values (due to shadowing by the neighboring cone) and a
less steep drop towards x = 0 nm, which is due to the curvature of the cone. At x = 1 nm
there is a minor local maximum in the sputter yield, which is caused by forward sputtering
through the peak of the cone. At around x =−7 nm there is a broad maximum of the sputter
yield, which, at first glance, may appear surprising because it is in the shadowed region of
the cone. Here the sputtering is caused by particles reflected from the cone to the left. From
there also the large amount of particles being deposited originates (green line), rendering this
shadowed region a net-deposition zone as reflected in the negative value of the sum of local
sputtering and deposition (black line) there. This holds also for the part around x = 7 nm,
which is also protected from direct impact, but here the ratio of deposition and erosion is

I Simplest approximation : Ytotal =
∫

dxdyY (α (x , y))
I Used since decades : Küstner (1998), . . . , Szabo (2022)
I Limits are known : contribution of redposition, shadowing
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different. This is partly because ions forward scattered from other cones can penetrate into
this region with a higher energy compared to the backside which requires backward scattering
or plural scattering (involving significant energy loss) to be reached. It should be pointed out
that, unlike for the previous case of the etched surface, the impact angle-weighted sputter yield
(red line) does not resemble the observed net sputter yields. Due to the significant contribution
of long-range effects for the present case a purely local description of the sputter properties
fails.

(a) (b)
(c)

Figure 4: Left panel: Analytical surface structure given by an arrangement of tungsten
cones with a height profile given by z = max(h0 cos(‖~r−~r0‖) ,zmin) and periodic boundary
conditions in x- and y-direction. The x-y-size of the basis cell is 25nm× 25nm and
the peak height is h0 = 100nm - thus the structure shown has the overall dimension of
75× 75× 100nm3. Middle panel: Simulated effective sputter yield Y(x,y) for the basis
cell where values with Y below zero indicate net deposition areas. The angle of incidence
of the 500 eV argon ions was 30 degrees with respect to the normal of the x-y-plane. Along
the horizontal line y = 0 the sputter yield profile is plotted in Fig. 4c. Right panel: Sputter
yield and deposition profiles along the scan line indicated in Fig. 4b: the local sputter yield
(dashed blue line), the local deposition yield (green line), the local net (total or effective)
erosion (black line) and the corresponding 1-D local angle-dependent sputter yield coefficient
(red line).

4. Sputter yield of model surface as function of structure aspect ratio and beam impact
angle

On the left panel of Fig. 5 the total sputter yield Y = #(sputtered atoms)
#(impinging ions) of the model surface

depicted in Fig. 4a is displayed as function of the impact angle α for two cases: In the first
case (indicated by the blue dashed line) the impact direction is parallel to the x-axis (β = 0
degrees), corresponding to the situation depicted in 4b. In the second case (red line) the impact
direction projected in the x-y-plane is tilted by 30 degrees with respect to the x-axis direction.
For comparison the angular dependency of the sputter yield of a planar surface is provided by

I SDTrim-3D simulations (c.f. Physica Scripta T170, 014056 (2017))
I SDTrim-3D later validated using predicitve simulations
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(a) (b)

Figure 5: Left panel: total sputter yield Y of the model surface as function of the impact
angle α for two cases: In the first case (indicated by the blue dashed line) the impact direction
is parallel to the x-axis (β = 0 degrees). In the second case (red line) the impact direction
projected in the x-y-plane is tilted by 30 degrees with respect to the x-axis direction. For
comparison the angular dependency of the sputter yield of a planar surface is provided by the
black solid line. Right panel: total (integrated) sputter yield Y of the model surface as function
of roughness RRMS (red line) in comparison with the sputter yield of a planar tungsten surface
for perpendicular impact of 500 eV argon ions. The largest RRMS-value of 55 corresponds to
a structure height of h0 = 200nm.

the black solid line. Under perpendicular impact the sputter yield of the corrugated surface is
Y=0.13, which is less than 25% of the sputter yield of a planar surface. This large reduction
is caused by two effects: first, a significant amount of the impinging particles have impact
locations far below the peak height of the structure. Thus the solid angle of the escape cone
is relatively small, resulting in a high fraction of redeposited particles. Second, particles with
impact locations close to the peak location of the structure have a very shallow impact angle
on the slopes of the peak, associated with a large amount of forward sputtered particles. These
particles are redeposited inside the structure, thus also not contributing to the net sputtering.
For non-perpendicular impact there are two counteracting factors: With the impact angle
becoming more shallow the main impact area moves towards the upper regions of the peaks.
This can eg. be seen in Fig. 4b, where the impact angle is 30 degrees to the normal of the
x-y-plane. This results in an increased escape probability of the particles sputtered there. At
the same time an increasing fraction of the surface area is being shadowed and is becoming
a redeposition zone. These two factors almost cancel each other for this surface structure,
resulting in a nearly angle independent sputter yield. However, at very shallow impact angles
of α > 60 degrees there appears a difference between axis aligned bombardment (β = 0
degrees) and a tilted impact (β = 30 degrees): For β = 0 degrees a fraction of the beam ions
enters in the valley between the peaks and particles sputtered there are redeposited with a high
probability. For β = 30 degrees and shallow impact angles the beam ions cannot penetrate
into the valleys between the peaks but are impinging at the upper parts of the peaks, eventually
resulting in a steep increase of the sputter yield.

I General observation : slight roughness decreases net sputter yield

4



Surrogate Models

Impact angle good parameter for instantenious sputter yield estimates
Clearly insufficient for predictions (with fluence)
’Sigmund ridge’ :

Figure 1: Schematic representation of the Sigmund model of a ridge (solid line)
and his prediction for the evolution of the surface by sputtering (dotted line). From
[14].

In the following the sputtering of such a ridge is simulated using SDTrimSP-2D.

An example of a ridge is shown in Fig. 2 (top) before the sputtering. It has a height

of 90 Å and a width of 140 Å, resulting in an opening angle of about 39◦. For

this calculation the discretization was chosen as 5×5 Å2 and the size of the meta

particles was chosen to be 2.

The average penetration depth of 5 keV Ar ions in Cu is 39.2 Å with an stan-

dard deviation of 22.5 Å, the sputtering yield ranges between 3.8 and 4.2 sputtered

atoms per incident ion.

Figure 2 (bottom) shows the evolution of the ridge by the sputtering process for

different fluences. The ridge is relatively stable for small fluences. However, at

larger fluences the height of the ridge gets smaller and smaller until the remainder

of the ridge starts to get indistinguishable from the statistical roughness fluctuations

8
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Surrogate Models

Impact angle good parameter for instantenious sputter yield estimates
Clearly insufficient for predictions (with fluence): Dynamics
Extend model to Y (~α)
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Impact angle good parameter for instantenious sputter yield estimates
Clearly insufficient for predictions (with fluence): Dynamics
Extend model to Y (~α)
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Surrogate Models

Impact angle good parameter for instantenious sputter yield estimates
Clearly insufficient for predictions (with fluence): Dynamics
Extend model to Y (~α)
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Fast linear (matrix) predictor in 1-D...extension two 2-D ongoing
But do not forget: heterogenous materials...
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Experimental observations

Does the impact angle describe everything ?
Exposure of polished W/WfW to D and Ne → different morphologies
and erosion depths
Angle distributions do not explain observed erosion depths!
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Experimental observations
Does the impact angle describe everything ?
Sputtering yield depends on local atomic structure, i.e. amorphous or
crystalline (see PhD Karsten Schlueter, subsequent PRL 2021):
30 keV Ga → W

2

FIG. 1. IPFs for 30 keV Ga bombardment of W: (a) BCA simulations of the projected range of Ga; (b) BCA simulations of
the sputter yield; (c) MD simulations of the sputter yield; (d) experimental sputter yield from four individual measurements;
(e) experimental data of (d) corrected by rotation matrix multiplication according to PCA; (f) secondary electron emission.
The white areas in the triangles (d), (e), and (f) represent crystal orientations for which no grains exist in the measured area.

In the following, we corroborate this result by molec-
ular dynamics (MD) simulations and experiments us-
ing electron backscatter diffraction (EBSD) and scanning
electron microscopy (SEM).

For the MD simulations, we developed a new approach
to obtain sputter yields for arbitrary crystal orientations
with the program mdrange, which is based on the re-
coil interaction approximation (RIA) [34, 35]. In princi-
ple, MD simulations of the full development of collision
cascades (which automatically include heat spike effects
[36–40]) could provide the crystal direction dependence
of sputtering. However, each full MD simulation is time-
consuming, and to get a statistically reliable value for
the sputter yield in a single direction, thousands of im-
pacts are needed. Moreover, for obtaining IPFs, easily
over thousands of directions are needed. These calcula-
tions are computationally prohibitive for full MD simu-
lations. Therefore, MD simulations were performed on
two levels. First, the crystal-direction dependence of the
energy transfer to recoils in the top 2 nm of the surface
of tungsten was simulated for all crystal directions using
mdrange. Second, full MD cascade simulations using
the parcas code [41–43] were performed of 8 crystal di-
rections to correlate energy to recoils with the sputter
yield [30]. The result illustrates a linear dependence of
the sputter yield on the energy to recoils within the sta-
tistical uncertainty (see on Fig. S3 [30]). The slope of the

linear regression obtained from the parcas simulations
is used to translate the energy to recoils determined by
mdrange to sputter yield in an IPF, which is shown in
Fig. 1(c). Note the almost perfect agreement between
MD and BCA results [Figs. 1(c) and (b), respectively].

Most previous experimental studies have investigated
the sputter yield for some specific low-index crystal ori-
entations only, and some others have measured sputter
yield for a few additional orientations [14–17]. To go
beyond this standard approach, in this work we utilize
recent developments in the EBSD technique that allow
measuring and generating orientation maps of a polycrys-
talline sample in a reasonable time [44]. EBSD has been
used to study dislocations [45], deformation structures
within grains [46], or the crystal-dependent-oxidation be-
havior [47, 48].

EBSD has previously been applied to examine sputter
yields for 25 keV Ga bombardment of Mo [49], yet only
for a few surface orientations. More recently, Nagasaki
et al. have studied 4 keV Ar bombardment of polycrys-
talline Cu and Ni [50]. Although not discussed, the IPFs
shown in that paper indicate a smooth variation of the
sputter yield with surface orientation. However, their re-
sults have been smoothed due to the relative scarcity of
the data, while our raw data have been sharpened by
rotation matrix multiplication as described later.

For obtaining the experimental data, hot rolled

SDTrim not suited for modelling due to its assumption of amorphous
atom distribution
Requires (too) expensive MD or e.g. MARLOWE (commercial,
development stopped around 2000)
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Modelling: Crystal-SDTrim

Development of Crystal-SDTrimSP: select next atom according to lattice
structure
Lattice structure provided by basis-cell vectors and set of atom positions
inside elementary cell

Reproduces experimental observations → will be included as option in
SDTrimSP 6.08+
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