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We present experimental and simulation data on the oblique angle scattering of heavy Sn ions at 14keV
energy from a Mo surface. The simulations are performed with the binary collision approximation codes TRIM,
TRIDYN, TRI3DYN, SDTrimSP, and IMSIL. Additional simulations were performed in the molecular dynamics
framework with LAMMPS. Our key finding is the absence of an expected peak in the experimental energy
spectrum of backscattered Sn ions associated with the pure single collision regime. In sharp contrast to this,

however, all simulation codes we applied do show a prominent single collision signature both in the energy
spectrum and in the angular scatter pattern. We discuss the possible origin of this important discrepancy and
show in the process, that widely used binary collision approximation codes may contain hidden parameters
important to know and to understand.

1. Introduction

The interaction of heavy ions in the keV energy range with material
surfaces has important scientific and industrial applications in surface
polishing, cleaning, milling, and nanostructuring in general. All these
types of material modifications are initiated by momentum transfer of
the ions to the lattice atoms. A collisional cascade evolves and the
part which reaches and escapes from the surface determines the ion’s
sputtering yield.

At (near) normal incidence angles, the primary ion is likely to be
implanted in the material or, depending on surface chemistry, it may
diffuse outwards again. Still, its entire initial momentum is transferred
to the material. At off-normal incidence, however, the ion can be
reflected from the surface by single collisions or as a result of multiple
collisions in the near-surface region. While the ion backscattering at
low energies is used in analysis methods such as low energy ion
scattering (LEIS) utilizing light ions, like H and He, there is only little
body of literature on slow heavy ion backscattering so far. A reduced

* Corresponding author.

large-angle backscattering cross section and a severe energy broadening
due to multiple scattering hamper the application of slow heavy ions
in surface analysis. Also the atomic-scale modelling of the full chain of
collision processes is highly challenging in realistic molecular dynamics
simulations.

Despite, there exist industrial applications where a deep understand-
ing of heavy ion scattering is important to quantify material changes
and degradation under slow heavy ion impact. In modern extreme
ultraviolet (EUV) light lithography machines Sn plasmas are created
at a rate of 50 kHz by exposing a stream of Sn droplets to intense laser
pulses (Refs. [1-4] and references therein). Inside the plasma, singly,
doubly, and triply excited Sn ions in charge states 8-14 are the atomic
sources of the 13.5 nm EUV radiation [5]. Sn ions from the expanding
plasma have kinetic energies in the keV regime with tails up to many
tens of keV [6-9] and may reach sensitive devices facing the plasma,
as for example the extremely highly polished EUV multilayer mirrors
which consist typically of alternating thin Mo and Si layers [10]. The
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Fig. 1. Experimental and TRIM spectrum of 14keV Sn'* backscattered from a Mo
surface. The definition of the angles is given in Fig. 2. The red shaded area indicates
the expected energy range for the single collision (SC) peak, which is prominently
present in the TRIM simulation, but completely absent in the experimental data.

ions reach the surfaces at different angles and it becomes important to
understand to which extent the impact of the ions leads to sputtering
or other structural changes and whether the Sn ions are implanted or
backscattered.

Here we investigate the backscattering of slow (14keV) Sn ions
from a Mo surface experimentally and by means of the widely used
binary collision approximation (BCA) codes TRIM [11], as well as
TRIDYN [12], TRI3DYN [13], SDTrimSP [14], and IMSIL [15]. We also
applied molecular dynamics simulations using the LAMMPS code [16—
18]. Fig. 1 introduces the main feature we want to discuss in this
paper. At oblique angles of incidence it is expected that ions (a)
penetrate the surface with a fraction subsequently being scattered out
of the surface again (multiple scattering) or (b) are reflected from
the surface by a single collision (SC) event. The experimental energy
spectrum of Sn ions, however, shows no SC peak [19,20], whereas it is
expected at around 9.5keV for the given parameters in Fig. 1. TRIM,
however, clearly shows the SC peak and fits the experiment perfectly
otherwise. In this work we want to discuss possible origins for the
drastic discrepancy between experiment and simulation for this fairly
simple scattering system.

In the following, energy- and angle-dependent backscattering spec-
tra are calculated with a strong focus on the SC peak, i.e., a peak in the
energy spectrum (or a ridge in the energy-angle 2D spectrum) caused
by Sn scattered only once from one of the topmost Mo atoms. As it turns
out, comparisons between simulation and experiment are very sensitive
to the exact experimental settings of detector acceptance angles, energy
binning of spectra and overall detector positioning. Choosing a non-
ideal set of parameters may obscure the SC peak. Further, we show that
surface oxidation of Mo may change the spectrum drastically, whereas
the surface roughness has only a small influence. We discuss that the
absence of the SC peak in experiments might have at least two causes:
charge exchange of the ions during scattering which is not considered
explicitly in simulations and/or the (poly-)crystalline nature of the Mo
surface always present in experiment and in our LAMMPS as well as
IMSIL simulations, but completely neglected in the other BCA codes.

2. Experimental setup

The experiments were performed at ZERNIKELEIF facility at the
University of Groningen and details are published in [19,20]. Let us
only briefly describe the general setup. Sn ions are produced in an
Electron Cyclotron Resonance (ECR) ion source and a 110° analysing
magnet is used to select a beam of 12°Sn?* ions. The beam is guided
by means of magnetic quadrupole triplets through the central beam
line of the facility and after 15m bend out of the beam line and
injected in the target chamber by means of a 45° dipole magnet. At
the entrance of the collision chamber is a set of diaphragms which
guarantees an angular spread of the beam of < 1°. The energy of the
beam is 14keV with an energy spread of about 15eV. The rectangular
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surface normal

scattering plane

Fig. 2. Definition of angles. y is the incident angle with respect to the surface plane,
¢ is the exit angle wrt. the surface plane and 9 = y + ¢ is the scattering angle in the
scattering plane. The angle « is the scattering angle out of the scattering plane (green)
and éa as well as §¢ are the angular ranges which are used to compare to experiment,
i.e., the detector acceptance angles.

(8 x 6 mm?) polycrystalline Mo target was commercially acquired from
Surface Preparation Labs (SPL, Zaandam, the Netherlands) and installed
on a standard VG manipulator in the centre of a y metal scattering
chamber kept at a base pressure of 1 - 1073 mbar.

The angle of incidence was adjusted by means of the rotational
target holder to an accuracy of better than 1°. Scattered ions are
detected with a rotatable electrostatic analyser positioned at 30° and
45° in forward direction with respect to (wrt.) the incoming beam
direction. At 40° to the incoming beam a time-of-flight spectrometer
was mounted to detect also neutral particles. In this case the incoming
beam was electrostatically chopped in order to provide a well-defined
start signal.

3. Modelling setup

In the following sections we will use the angle definition, which is
presented in Fig. 2. The angle y is defined as the angle of incidence
with respect to the surface plane. Therefore, the incidence angle wrt.
the surface normal is 90° — y. Further, the outgoing angle wrt. the
surface plane is ¢. The scattering angle 9 = y + ¢ is used here only for
the scattering plane, i.e., « = 0. The ion can leave the surface at an angle
a, which points out of the scattering plane. We will also use +§a and
+6¢, which are intervals around the mean exit angles {a, ¢} and it turns
out, that these angular resolutions are important when comparing to
an experiment, where finite values manifest as the detector acceptance
angles.

All simulations shown below are for 14 keV Sn ions with the mass
of 118.7amu, i.e., the weighted mass of the natural isotope ratio.
The surface consists of Mo,O, with x = 0.25-1 and y = 0-0.75 for
different simulations (see Appendix). The Mo mass in the simulations
is 95.94 amu, but it should be noted that Mo has stable (long-lived)
isotopes ranging form 92—100 amu. The SC peak width (cf. Fig. 1) will
have some additional broadening from the different isotopes in the Mo
and we estimate this broadening to be about ~ 250 eV based on Eq. (1)
below.

We use the BCA codes TRIM (part of the SRIM 2013 package),
SDTrimSP 6.01, TRIDYN 2022, TRI3DYN, IMSIL as well as the molecu-
lar dynamics code LAMMPS. Further details are given in the subsections
below. All spectra are scaled arbitrarily in order to compare different
features between codes.

3.1. Binary collision approximation
3.1.1. TRIM

We use the TRIM code with the 'Damage detail’ set to ’'Detailed
Calculation with full Damage Cascades’. The ion and target are set as
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described above. We analysed the output file for the backscattered ions
wrt. the ion energy and exit angles. Each simulation is run until at least
500,000 ions are backscattered.

3.1.2. TRIDYN

We used the TRIDYN code in the version 2022 in the static mode.
With this one-dimensional code we simulated the spectrum for the re-
spective ion energy and angles using standard parameters (KrC screen-
ing potential). We further investigated the influence of the surface
binding energy of the Sn ion and set it to zero, because a non-zero
value may cause a deflection (of the ion) when crossing the surface
layer from/to vacuum. We also changed the thickness of an artificially
introduced above-surface-layer (ASL) in the code of initial (default)
thickness 20773 /(1/7) (o is the atomic density of the material), which
is introduced to describe scattering effects close-to, but outside of
the surface. We further checked the influence of ’soft scattering’. Soft
scattering is implemented in most BCA codes originating from TRIM
(i.e., also the ones used here except for IMSIL), where for each true
scattering event along the mean free path of ¢~!/3, a number of addi-
tional scattering events is calculated with a distance larger than ¢=!/3.
Soft scattering is intended to mimic the multi-particle interaction with
atoms at larger distances, similarly to the fully many body description
in Molecular Dynamics.

3.1.3. TRI3DYN

In TRI3BDYN we used only the static mode, e.g., did not account
for a changing target composition or shape, with standard parameters
(especially the KrC screening potential and pre-defined surface binding
energies). The code allows us to use a rough surface and we generated
a random surface with a given root mean square (RMS) roughness, see
Appendix. The surface is mirrored in two directions in order to use
periodic boundary conditions in both surface directions. We further
considered different oxidation states of the Mo surface by setting a
specific stoichiometry (see Appendix). TRI3DYN also allows us to ex-
tract the number of collisions for each backscattered ion. We considered
the incoming beam with a radial-symmetric Gaussian angular profile
and varied the full-width-at-half-maximum (FWHM) of this 2D-angular
distribution to mimic a finite emittance of the beam in the experiment
(see Appendix).

The output file for the backscattered ions in TRI3DYN contains the
energy information with 5-digit precision and the exponent, i.e., for an
ion between 1.0 and 10keV the precision is 1 eV (e.g., 0.1779E+04 eV).
This pre-defined binning of the energy output leads, together with
the re-binning for decreasing the statistical errors, e.g., to 80eV (c.f.
Fig. 16(d)), to an oscillation of the histogram. It should be noted
that this is an artefact of the representation and in principle for more
calculated ion trajectories the post-binning to 80eV is not necessary.
Note, that TRI3BDYN treats the surface differently than TRIDYN (and
other 1-dimensional BCA codes), i.e., no ASL exists in TRI3DYN.

3.1.4. SDTrimSP

We checked the results of TRI3DYN (see Appendix) with SDTrimSP
using mostly the same input parameters, where both codes are in good
agreement. We also checked the effect of the surface oxidation again
with SDTrimSP by setting different stoichiometries (see Appendix).
SDTrimSP uses the KrC screening function by default, and we also
changed it to the ZBL screening function as this is used in TRIM
(see Appendix). For the numerical method for the scattering angle
determination we used both the standard Gauss-Legendre quadrature
and the Magic formula, respectively.
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3.1.5. IMSIL

We used the IMSIL code developed at TU Wien with standard
parameters. The code allows, in addition to a random mode as imple-
mented in other BCA codes, a BCA-type modelling of (poly-)crystalline
targets, i.e., impact parameters and scattering partners are not ran-
domly selected, but according to a pre-defined lattice. We implemented
the Mo bcc lattice as a single crystal with (001) surface orientation.
We further prepared a polycrystalline Mo target by randomly rotating
the crystal before each ion impact, and an amorphous target, whereas
the latter should be comparable to the simulation outputs of SDTrimSP,
TRIDYN and TRI3DYN in the latter scenario. The single crystalline case
should be comparable to the simulations using LAMMPS (see below). In
contrast to the other BCA codes, a maximum impact parameter of 3 A is
chosen in order to always include “soft scattering”. In the crystalline
mode lattice vibrations corresponding to a lattice temperature of 300 K
are considered.

3.2. Molecular dynamics

Molecular Dynamics (MD) simulations were performed with the
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simula-
tor) code [16-18]. The computations were performed on the Vienna
Scientific Cluster (VSC).

The Mo target consists of approximately 110000 atoms in the
central cell with periodic boundary conditions employed. This size
was kept low to make the simulation of one ion trajectory not too
computationally expensive, but large enough to keep the damage of
the crystal limited to a fraction of the total crystal size and keep
the influence on the scattered ions negligible. For the simulations a
MEAM/spline (Modified Embedded-Atom Method) potential was used
for the Mo atoms and a ZBL potential between the Sn and Mo atoms.

Before simulating the Sn ion trajectory, the target was brought into
thermal equilibrium at 1900 K. In addition, the thermalization process
time was set to ¢+ At with Ar chosen randomly for each simulation run,
assuring slightly different crystal atom positions for each run. The high
temperature was chosen to randomize the Mo atom positions in order
to mimic a (moderate) disorder of the crystal and compare to the BCA
codes.

Simulations have been performed for y = 5, 10, 15, and 25° as well
as 14 and 25keV (not shown). The ion impact location at the surface
was varied randomly within the distance of a unit cell of the Mo target
for each simulation run. The individual ions started about 15 atomic
layers above the surface and 20 atomic layers to the left of the target.
The MD simulation runs long enough to ensure that the scattered Sn
ion has left the surface (500fs). In addition, this time has also been
chosen to be able to detect some promptly sputtered atoms. But in
order to achieve a reasonable statistic, the time was not sufficient to
detect most sputtered particles, which would have required 20 ps or
even more. Since the sputtered atoms have typically energies in the
10eV range, they do not contribute to the energy region of the SC
peak we want to investigate. The information of all atoms (scattered
and sputtered) detected above the surface have been stored for further
data analysis (see chapters below): energy, spatial info (see Fig. 2) and
closest distance to the target surface for the Sn ion on its path.

The major challenge of the MD simulations of the ion scattering pro-
cess is to obtain reasonable statistics. To perform a sufficient number
of individual simulations we employed a high-performance computing
platform of the VSC. SLURM array jobs consisting of 100 members in
the job array were set up each using single computing nodes and the
associated 48 cores available on them for parallel MD runs on single
cores. Under perfectly ideal conditions, this would result in 4800 MD
simulations running in parallel. In practice, however, individual nodes
will become available only in smaller quantities over time. Hence, the
results presented here consumed approximately 100 days of computing
time. The total number of scattered ions obtained was around 2.5 x 10°
for 15° incoming angle and close to 1 x 10° for most other angles of
incidence.
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3.3. Simplified molecular dynamics

For low incident angles the scattering at a given atom i can be
influenced by the deflection due to the force fields of the (i —1)-th atom
along the ion trajectory above the surface. Therefore, the scattering
event depends on the particular history of the incoming ion. The
deflection before the main scattering event leads to a change in impact
parameter and therefore a change in incident and scattering angle.
We will call this effect of a changing incoming trajectory due to the
previously encountered target atoms ’soft multi-scattering’ in the fol-
lowing. Note the difference to conventional multiple scattering, which
is a sequence of scattering events without spatial correlation between
individual events. To evaluate the importance of soft multi-scattering,
we performed a simplified MD calculation. We positioned a single Mo
atom at the surface and considered different impact parameters, see.
Fig. 7(a). We repeated the same calculation adding 6 additional atoms
along one dimension and see that different impact parameters can now
result in the same scattering angle (cf. Fig. 7(b)). Here we only consider
the forces between the ion and the target atoms given by the gradient
of the ZBL potential. The target atoms are pinned and grid forces are
not considered. Finally we prepared a two-dimensional cubic lattice of
atoms and followed the trajectories for random impact positions within
the central unit cell.

4. Results and discussion

In the following Section 4.1-4.10 we elaborate on results on specific
numerical calculations methods, their possible artefacts and limitations.
We emphasize the importance of individual features like surface oxida-
tion, roughness or crystallinity in a comparison with experimental data.
In 4.11 we will then compare selected simulation results to the actual
experimental data.

4.1. TRIM

The TRIM result shown in Fig. 3(a) presents the energy and out-
of-plane exit angle of the Sn ions, with the highest intensity at high
energies around ¢ = y = 10°. We highlight the calculated SC peak
energy from

2
Eor =E,. L) X
s¢ i <mSn + My,
- €
mMa . 2
cos(¢p +y) + > —sin(@ +y)
mSn

with mg, and m,,, as the masses of Sn and Mo, respectively and the
initial kinetic energy of E,;, = 14keV. It can be seen in the TRIM results
as a ridge of higher intensity ranging slightly below the calculated
value.

The energy-width of the ridge in TRIM results from large impact
parameter secondary collisions where some small energy loss occurs
either on the way in or the way out. Energies higher and lower than
the SC energy result from multiple collisions and they do not show any
clear angular pattern. Noticeable is a jump in intensity exactly at y =
¢ =9/2 (cf. inset in Fig. 3). For angles slightly below y, the SC peak is
only weak in intensity compared to the multiple collision background
(cf. Fig. 3(b)). At ¢ > y the SC peak becomes clearly visible both in the
2D spectrum (a) and in the projected spectra (c) and (d). Note that the
width and intensity of the SC peak in (b) and (c) is strongly influenced
by the energy binning used and the choice of éa and 6¢. The intensity
jump at ¢ = w seems nonphysical. We expect the value for ¢ < y
to be significantly underestimated in TRIM as an artefact of how ion
trajectories are evaluated for shallow scattering angles, i.e., 9 < 2y,
cf. [20]. Unfortunately, TRIM does not allow to track the collision
details particularly for backscattered ions. The labelling of ions in the
backscattering output file is different from the ions in the collisional
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Fig. 3. TRIM result for 14keV Sn on Mo for y = 10°. In the two-dimensional energy-¢
histogram one can see a jump in intensity at y = ¢ (see inset in (a)). (b)-(d) are the
projected energy spectra for ¢ =y —1°, ¢ =y, and ¢ = y + 1° (coloured areas in (a)),
respectively, where angular widths of 6¢p = 0.5° and da = 10° are used for reasonable
statistics. The grey line is the SC energy according to Eq. (1).

detail output file. The latter, however, does not contain any angular
information. As a consequence, we can only guess where the issue at
¢ = y arises. For shallow scattering angles the outgoing part of the
trajectory is closer to the surface than the incoming part, while this
turns around at the critical angle. We assume that, TRIM introduces
another scattering event above the surface which causes the ion to alter
its direction of motion and to lose energy. Therefore, the SC peak is
smeared out both in angle and in energy. TRIM calculates a scattering
event choosing a random impact parameter and azimuthal angle after a
mean free path of ¢o~!/3. For our Mo target the scattering mean free path
amounts to 2.6 A, which means for scattering at the surface plane and
at ¢ = y the ion would experience a second scattering event on the
way out within a distance of 0.45A normal to the surface. For these
small values it may seem plausible, that TRIM indeed considers this
second scattering event even though it is outside the surface plane. It
further implies that for ¢» > y this second scattering would be explicitly
removed from the trajectory calculation. In light of this discussion, it
is important to notice, that TRIM does not consider ’the way into the
surface’, i.e., the ion practically starts at the surface plane. Therefore,
an above-surface-scattering artefact may only arise on the way out.
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Fig. 4. TRIDYN simulations for 14keV Sn on Mo with different thicknesses of an ASL.
For a vanishing ASL, the overall spectral shape of the experiment is well reproduced
(same as TRI3BDYN and TRIM, cf. Fig. 12), but for non-zero ASL, the high energy edge
is over- and the low energy tail is underestimated (same as IMSIL and SDTrimSP, not
shown). The SC peak is generally missing in the experimental data.

4.2. Above-surface-layer (TRIDYN)

Regarding TRIDYN, the value of the surface binding energy showed
no effect on the calculated spectrum of the ions. We used TRIDYN also
to investigate the importance of an ASL. We changed the thickness of
the ASL in integers of 0, 1, 2 and 3 times the initial thickness. The effect
of the ASL is shown in Fig. 4, where also the precise parameters (angles
and binning) are listed.

With any ASL the high energy edge (> 11.5keV) is overestimated
and the low energy edge (< 9keV) is underestimated compared to the
experimental data in this particular case. Without an ASL, the high and
low energy edges from the experimental data are well reproduced. We
therefore conclude, that the ASL should not be used when describing
backscattered ions. The ASL, however, has no significant influence on
the SC peak, which is generally not observed in the experimental data.

We also checked the influence of ’soft scattering’ and found no
significant influence on the energy spectrum. Soft scattering in the BCA
models does change the energy, but no influence on the trajectory
is considered, i.e., calculated and randomly chosen scattering angles
(polar and azimuthal) are not changed by soft scattering. Typically the
convention is that one soft scattering event per true scattering event is
performed in BCA codes [21].

4.3. Screening function (SDTrimSP)

Fig. 5 shows the energy spectra for the different screening functions,
yw = 10° and ¢ = 20°. The change between KrC and ZBL screening af-
fects the high energy edge of the spectrum. Since this edge results from
small angle multiple scattering, the details of the screening function at
large distances (large impact parameters, respectively) are more im-
portant than in the low energy part of the spectrum. The KrC screening
function has a larger value than the ZBL screening for large(r) distances
(up to ~ 20 screening distances) which increases the scattering strength
(less screening) for small angle scattering. Therefore, one should expect
that an angular deflection out of the surface is more likely for KrC
screening and multiple large impact parameter scattering, but at the
same time the energy transfer per scattering event might be larger.
The shift of the high energy edge amounts to about 140eV for this
particular set of ion parameters and angular observation, i.e., about
1% of the incident energy. Note that this difference caused by different
screening functions is much smaller than a possible influence of an
ASL (c.f. Section 4.2). The change of the numerical approach to the
scattering integral does not seem to have an effect on the spectra (not
shown).
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Fig. 5. SDTrimSP simulation for KrC and ZBL screening functions for 14keV Sn on
Mo.

4.4. Molecular dynamics

We performed LAMMPS simulations for the target at 10 and 1900 K
for a frozen single crystal and a somewhat randomized atomic arrange-
ment, respectively. Fig. 6 shows the energy-angle 2D histograms, the
angular patterns and the projected energy spectra for both tempera-
tures, 14keV and y = 15° ((a) and (b)). In (c)-(f) the angular patterns
are shown for all backscattered ions ((c), (e)) and for backscattered ions
at a particular energy window where the SC peak should appear ((d),
(f)). The angular distributions for both temperatures show a distinct
pattern, whereas this pattern is sharper for 10K in comparison to
1900K. The pattern originates from scattering on a regular lattice,
which will be elaborated in detail in the next section. We conclude,
that the high temperature preparation is not sufficient to fully mimic
random atom positions. For the energy filtered angular maps in (d) and
(f), one can see the SC ‘peak’ appearing as a circle (indicated by the
dotted line) with the radius of 20°, whereas this radius is given by the
selected energy window (see Eq. (1)). For 10K the SC peak is sharper
in the angular pattern than for 1900 K. The projected energy spectra in
(g) show the same behaviour, i.e., the 10K spectrum shows two sharp
peaks, the 1900 K spectrum two broader peaks. In general, the SC peak
is visible in both cases, whereas a second high energy peak is visible.
In (a) and (b) the energy-angle spectrum shows this bimodal energy
distribution as an ellipse in the energy-¢ plane. In particular this ellipse
is higher in energy than the expected SC energy from Eq. (1) and its
boundaries are again more defined for 10K than for 1900K. To clarify
the origin of these peculiar energy spectra, we performed a simplified
MD calculation with our self-developed code.

4.5. Soft multi-scattering (Simplified Molecular Dynamics)

Fig. 7 shows the impact parameter to scattering angle relation for a
single binary collision and for the case of soft multi-scattering. In the
latter, different impact parameters can lead to the same outgoing angle
and therefore we might expect that the strict energy-angle relation in
Eq. (1) gets distorted.

In fact, as a result of soft multi-scattering, the SC ridge in the
energy-angle histogram (cf. Fig. 3(a)) becomes a closed-loop as shown
in Fig. 8 with an on-average higher energy than given by Eq. (1). This
phenomenon explains the observed loop in the LAMMPS simulations
and the dual-peak structure in the energy spectrum (cf. Fig. 6(a) and
(g)). For different incoming trajectories, i.e., different directions wrt.
the crystalline directions, the loop can have different sizes and forms.
From LAMMPS we see that some averaging over atomic positions (high
temperature) smears out the boundaries of the loop. Nevertheless, these
simplified MD simulations demonstrate that soft multi-scattering is an
important effect on the SC peak in small angle scattering and cannot
be captured by BCA codes with random atom positions.
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Fig. 8. Energy and angle combinations for single collisions according to Eq. (1) (grey)
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atoms was prepared. The simulated kinematics are for 14keV Sn on Mo.
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4.6. TRIM vs. Molecular dynamics

In Fig. 9 results of TRIM and LAMMPS (1900K) calculations for
w = 10° and 14 keV are shown. For LAMMPS it becomes evident from
Fig. 9(a) that the highest intensity is at higher energies than for the
BCA code. This is also visible in the projected energy spectra in (g),
where the high energy part of the spectrum is about twice as high for
LAMMPS than for TRIM at ¢ = 15°. This high energy shift in LAMMPS
is the result of the soft multi-scattering discussed in Section 3.3 above.
Also the intensity decreases faster at lower energies for LAMMPS than
for TRIM. The reason is that we stopped the LAMMPS simulation at
500 fs and this underestimates ions exiting the surface later with lower
energy after multiple collisions. Since we are mostly interested in the SC
peak, we do not see this as a major problem. Interestingly, in (c) and (d)
the 2D angular scatter pattern for LAMMPS shows a distinct structure,
whereas it is almost structure-less for TRIM. For both simulations the
highest intensity is around ¢ = y and decreases for larger ¢. In (e) and
(f) one can see the same angular pattern filtered for ions with energies
of 10890+237 eV, i.e., for an energy window where the SC peak should
appear at ¢ > y, i.e., outside the calculation artefact in TRIM (see
discussion in Section 3.1.1). For LAMMPS, (e), there is now a more
homogeneous intensity distribution for this energy window, whereas
one can see two arms of intensity at around ¢ = y and a + 20°. For
TRIM, (f), however, one can see clearly a high intensity distribution
for ¢ > y as a function of «. Indeed, the intensity distribution follows
a circle in the a — ¢ plane with a radius of 15°, which coincides with
the angle ¢ at which we would expect the SC peak for the chosen
energy interval (cf. Fig. 9(a)). Also here the SC peak (or better SC bow)
signature vanishes for ¢ < y with only some small intensity left above
the multiple scattering background (TRIM artefact). With decreasing
energy the radius of the SC bow increases (not shown) as also the
SC peak angle increases in (a). The angular pattern signature of the
SC peak may be a way to identify it and its intensity more easily in
experiment than by just observing the projected energy spectra. In (g)
the projected energy spectra from LAMMPS and TRIM are shown for
¢ =(15+1)° and a = (0 + 1)°. As discussed before, the highest energy
in the spectra is 13keV for both simulations, but LAMMPS shows a
higher intensity at 12keV than TRIM. TRIM, however, shows the SC
peak prominently at around 11 keV, whereas it is absent in LAMMPS for
this angle ¢. We did additional simulations with both codes for y = 5°,
10°, and 25° and observe the same general behaviour for the SC peak in
TRIM, but a clear signature of the SC peak in LAMMPS at other angles
y as a loop in the E — ¢ plane, cf. Fig. 6.

4.7. Crystallinity in BCA (IMSIL)

With IMSIL we checked the importance of the crystallinity of the
sample quickly for different orientations. Note that this could in prin-
ciple also be done with LAMMPS but is hampered by the high com-
putational cost of MD for many configurations. IMSIL shows a good
agreement with LAMMPS (cf. Fig. 10) for the (001) surface orientation
of a Mo single crystal and incidence parallel to the (100) plane with
a high energy peak and sharp high energy edge. Also the spectrum
falls off quickly below 10keV for the chosen angular parameters. The
experiment, however, shows a less-steep high energy edge as well as
a longer tail towards lower energies. Note that the highest possible
energy is lower for the aligned single-crystalline case in contrast to the
poly-crystalline or amorphous ones (cf. Figs. 11 and 12, respectively).

The reason is more random multiple scattering for poly-crystalline
surfaces. Also the SC peak is absent in the single-crystalline case with
IMSIL, but only because the SC signature is here a loop (see inset in
Fig. 10(a)) similar to the soft multi-scattering case in Fig. 8. While
IMSIL does not describe true soft multi-scattering by superposition
of the force fields of several atoms, it does contain a history of the
trajectory at each collision due to the fixed atomic positions in a lattice.
Thus, soft multi-scattering is mimicked here by a series of subsequent
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Fig. 12. IMSIL results for 14keV Sn on Mo. The target is simulated with random
atomic positions and results are compared to other BCA codes. The angular pattern
(b-c) are for all energies and for a selected energy window, respectively.

binary collisions, which depend on one another. Consequently, the SC
regime manifests in the loop (inset in Fig. 10(a)) and the high energy
peak at 11.5keV as well as the shoulder at 10.5keV in Fig. 10(a). Note,
that the SC peak is absent in the experiment and the shape of the
spectrum is entirely different. The scattering from the single crystalline
Mo surface also encodes a complex angular pattern in the ¢ — « plane
(see Fig. 10(b) and (c)).

In the poly-crystalline case (Fig. 11) the SC peak becomes clearly
visible in the IMSIL simulations, again with a sharp(er) high energy
edge and an edge at 9.5keV. This spectrum is somewhat closer to
the experimental one, but still with an unsatisfactory agreement. The
corresponding angular pattern in Fig. 11(b) and (c) are now entirely
washed out in contrast to the single crystalline case.

In Fig. 12 we simulated the amorphous case and compared the
results to the other BCA codes. The angular pattern Fig. 12(b) and
(c) show no structure as expected. The projected energy spectrum in
Fig. 12(a) shows still an unsatisfactory agreement with the experiment
for IMSIL and SDTrimSP (shown for comparison). The high energy
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Fig. 13. Influence of the surface roughness on the backscattered ion distribution for
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edge is over- and the low energy tail is under-estimated by IMSIL and
SDTrimSP. TRI3BDYN and TRIM, however, describe the overall shape
of the experimental spectrum well. The SC peak is visible for all BCA
codes, but with different intensity.

4.8. Influence of sample roughness (TRI3SDYN)

TRI3DYN as the three-dimensional counterpart of TRIDYN allows
the implementation of a nanostructured surface (and, if the dynamical
mode is selected, to follow fluence-dependent dynamic geometrical
changes). Fig. 13 shows the energy spectra for three randomly gen-
erated Mo surfaces with a pre-defined RMS roughness. Varying the
RMS roughness over one order of magnitude does not significantly
change the form of the spectrum. Especially the SC peak is visible for
all RMS values up to 10 nm. At this largest RMS value we observe an
increased intensity below 200 eV. With increasing RMS values there is
an increased probability for the ions to travel inside the material before
they exit. Thus, multiple scattering leading to slow backscattered ions
increases.

It should be noted that TRI3BDYN uses cubic voxels to describe
surface roughness. While this works fine for small voxels and processes
like sputtering which result from the collisional cascade typically much
larger than the voxel size, a local inclination of the surface is not
captured. A local surface inclination angle in combination with the
effect of soft multi-scattering for a rough surface might still influence
the single collision of an ion. How large this effect might be is subject
to future investigation using a different description of the surface
roughness and employing a specialized ray-tracing algorithm to follow
ion trajectories in this particular case [22].

4.9. Influence of surface oxidation (TRI3SDYN and SDTrimSP)

Mo is known to form an oxidized surface layer of the form MoO;.
Since this may have a strong effect in applications done at non-UHV
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conditions, we performed different TRI3BDYN and SDTrimSP simula-
tions for oxidized layers as well as adsorbate layers of CO. Fig. 14 shows
TRI3DYN spectra for different CO and MoO; cover layers. Clearly, a
cover layer of 5A thickness which does not contain Mo (b) leads to
a completely different spectrum. As soon as Mo is contained at the
surface, a SC peak is visible, but the high energy edge is significantly
reduced and smeared out. This holds true for CO or O mixture with Mo.
There is also no significant difference between 5 and 10 A thickness of
a MoOj layer, since the backscattering at these angles is very surface
sensitive. Fig. 15 shows SDTrimSP calculations for a different incident
angle (y = 10°) and two different oxidation states. For a low amount of
oxidation (< 10%) the spectrum remains similar to the pure Mo surface,
even though the high energy edge and SC peak height ratios change
somewhat. For full oxidation, the spectrum again changes significantly.
We can draft the conclusion, that oxidation or contamination in an
experiment is not a severe problem, because it would either manifest
in a clear signature in the spectrum or it is so low that it does not affect
the SC peak shape, position or intensity.

To put the results with SDTrimSP into context with other simu-
lations using pure Mo, Fig. 15(a) shows in addition the TRIM and
LAMMPS results for this case of angles and the pure Mo surface.
SDTrimSP shows a significantly different spectral shape than both of the
other codes, which is peculiar. The high energy edge is in good agree-
ment with LAMMPS, whereas we identified this region of the spectrum
in MD as a result of a soft multi-scattering. Since SDTrimSP does not
consider soft multi-scattering, i.e., scattering events are independent
from one another, we attribute this agreement between LAMMPS and
SDTrimSP to an above-surface treatment of scattering in the latter.
However, the pre-scattering is not included in TRIM, which may explain
why it does not yield the same high energy edge. LAMMPS is much
lower at lower energies, which again results from a cutoff in simulation
time for MD. Now, TRIM is in agreement with SDTrimSP at the region
below the SC peak.

4.10. Number of collisions (TRI3SDYN)

In Fig. 16 we show the contribution of single, double, and multiple
(i.e., more than two) collisions to the total spectrum, since TRI3DYN
gives the number of collisions encountered for each backscattered ion.
One can see that the single collisions (a) follow nicely the result of
Eq. (1). Double collisions (b) also yield a sizeable contribution to the
SC peak energy with some increased intensity above the SC ridge. This
becomes clear, since backscattering with only two collisions demands
two small angle scatterings. More than two collisions already yield an
uniform background and no pronounced contribution to the SC peak
energy.

Interestingly, the projected energy spectrum (d) for > 2 collisions is
the only simulation result we obtained, which reproduces the overall
experimental spectrum (cf. Fig. 17 for similar ¢ angles) and does
(like the experiment) not contain a SC peak. While this might be a
coincidence, we cannot unambiguously identify a reason why single
and double scattering events would be missing in the experiment. Note,
that the oscillatory behaviour of the TRI3DYN result in Fig. 16 is due
to a re-binning and as such a minor artefact.

4.11. Comparison to experimental data

Let us now compare simulations to experimental data for various
exit angles. Using w = 15° and ¢ = 15°, 25°, and 30° we compare to
spectra obtained with an electrostatic analyser in Fig. 17(a) and (c) as
well as with a time-of-flight detector in (b). All experimental spectra
show no SC peak. TRIM, SDTrimSP, and TRI3BDYN show a SC peak
in all three spectra, whereas the case of (a) is at the intensity jump
of TRIM discussed above and therefore the SC peak intensity should
be considered with care. For ¢ = 30° in (c) the SC peak intensity in
TRIM is very small. LAMMPS shows a shoulder at the expected SC
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Fig. 14. Influence of surface contaminations on the backscattered ion spectrum
simulated with TRI3DYN. (a) is for the pure Mo surface, (b) for a 5A CO cover layer,
() for a 5A CO-Mo (33at% each) cover layer, (d) for a 5A fully oxidized MoO; layer
and (e) for a 10A MoO; layer.

energy in (a) and low intensity peaks in (b) and (c). Note, that the
statistics in LAMMPS is limited due to the high computational cost
in contrast to BCA codes. TRI3DYN yields the best overall agreement
with the experiment and the other BCA codes as well as LAMMPS
show differences to the experiment at high and low energies. What
remains elusive is the missing (clear) signature of the SC peak in the
experiments.

From our results one can see, that the SC peak is absent in the
experiment, whereas it is present in all the BCA codes and LAMMPS.
For the single crystalline case of IMSIL and in LAMMPS the SC case
manifests not as a single peak (or ridge in the E — ¢ plane), but rather
in a double peak structure (i.e., a loop in the E — ¢ plane). Further, the
scattering shows a clear angular pattern in LAMMPS and IMSIL (single
crystalline) and no pattern in the other BCA codes (cf. Fig. 9(c) and
(d)). An experimental spectrum at y = 15° and ¢ = 25° was obtained
with a time-of-flight spectrometer to collect both charged and neutral
scattered particles. Note, that LAMMPS and BCA codes do not consider
a charge state of the ion, i.e., particularly no charge exchange. The
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Fig. 16. TRI3DYN calculation results filtered for the number of collisions for 14keV Sn
on Mo. (a) shows the energy-angle pattern for ion which encounter only one collision,
(b) for purely double collisions, and (c) for all collisions. (d) shows the projected
energy spectra, where contributions to the SC peak arise from single as well as double
collisions.

missing SC peak in the experiment could be explained by the fact that
the charge exchange is different for a single collision than it is for
multiple collisions as assumed earlier for light ions [23]. While multiple
collisions involve mostly large impact parameter scattering, the single
collision is connected to one comparatively small impact parameter.
It was observed previously, that the charge exchange of heavy ions is
very sensitive to the impact parameter [24], especially in the single
scattering regime [25].

For heavy ion collisions at closer impact parameters quasi-resonant
charge transfer channels might be open and the overall interaction time
is shorter than for trajectories in the multiple collision regime. Further,
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Fig. 17. Energy spectrum of 14keV Sn on Mo for y = 15° with experimental data
obtained with an electrostatic analyser and a time-of-flight detector. (a)-(c) are for
¢ =15°, 25°, and 30°.

re-ionization may also occur and differ between single collision and
multiple scattering trajectories. However, the time-of-flight measure-
ment also shows no SC peak (cf. Fig. 17(b)), where neutral particles
from the single collision also contribute to the signal. Unfortunately, the
angle at which the spectrometer could be mounted is not ideal to look
for the SC peak. We cannot exclude that the SC peak may be hidden
in the experimental spectrum under these conditions due to an un-
favourable position of the scattering angle and the detector acceptance
angles. For all other incident angles y, the spectra were measured with
an electrostatic analyser which only detects charged scattered ions. If
neutralization is more efficient in the small impact parameter SC case,
the SC peak might then be missing in these experiment.

Very recently electronic energy loss straggling was investigated in
details for H and He projectiles in elemental solids [26,27]. An inho-
mogeneous electron density distribution in a solid is found to increase
the energy straggling of heavier ions [28] significantly in comparison
to straggling computed from a (homogeneous) free electron gas model.
Straggling due to a fluctuating ion charge was found to have only a
minor effect. This straggling due to the bunching effect of the electron
density, which is not captured by BCA or MD, might lead to a significant
broadening of the SC peak rendering it challenging to resolve in an
experiment.

Additionally to the charge exchange another significant difference
between experiment, MD and BCA exists. Molybdenum does not exist
in an amorphous form, and therefore the experiment, LAMMPS, and
IMSIL deal with a (poly-)crystalline surface. In crystalline surfaces one
might expect an angular dependence of the scattering, which is clearly
observed in LAMMPS (cf. Fig. 9(c)) and IMSIL (cf. Fig. 10). Since this
angular pattern signature is strong in intensity, it may be stronger than
any additional signal/pattern from the SC peak. Fig. 9(e) shows some
indication for a SC peak, but it is weak compared to the intensity
at other angles. The same may hold true in the experiment, where
the narrow angular range of the SC peak may hide it under a strong
angular dependence of the scattering yield due to the crystallinity
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of the surface.! The random media BCA codes, on the contrary, do
not consider any atomic order in the surface, thus treat the Mo as
amorphous. In this case the scattering distribution is homogeneous
(cf. Fig. 9(d)) and the SC peak is easily visible on the homogeneous

background when filtering for the correct energy (cf. Fig. 9(f)).

5. Conclusion

In conclusion, the SC peak is missing in the experiment and the
reason might be either the crystalline nature of the surface introducing
an additional angular pattern on the scattering apart from the expected
one for the SC peak; or charge exchange of the ions is strongly different
between the single collision and the multiple collision regime at the
same final scattering angles and energies. From the simulations at
hand and the experiments here, we cannot unambiguously identify the
main reason for the missing SC peak, but we can make suggestions
for future experiments. In these, energy- and angle-resolved scatter
patterns should be collected over the large range of 20° with and
without neutral particles contributing to a spectrum. Covering a large
angular range would allow to discern a large fraction of the angular
pattern (for example, cf. Fig. 10(b) or (c)) instead of just a single
angular projection of the energy spectrum.

Possible influences on the SC peak in the experiment arising from
surface oxidation or sample roughness were checked with TRI3SDYN
and SDTrimSP. Even 10 nm RMS roughness (see Appendix) could not
explain the missing SC peak and both oxidation of Mo and coverage of
the surface with light contaminations (CO) would shift the high energy
edge significantly. We therefore conclude, that the experimental data
is not influenced significantly by oxidation or contamination.

As another result we emphasize, that TRIM shows a severe artefact
for backscattered ions at ¢ < w, which needs to be carefully considered
when using TRIM. LAMMPS, however, can be used to simulate the
experimental spectra also with some discrepancies at higher energies
and a low-energy cutoff due to a limited simulation time. In general,
high statistics are needed in simulations to filter all scattered ions
for a particular 2D angular range and energy interval. This limits the
applicability of molecular dynamics.

TRIDYN, TRI3DYN, IMSIL and SDTrimSP are clearly favourable over
TRIM since they do not show any artefact in the extracted data, allow
more access to the data of the backscattered ions, are actively main-
tained and further developed, allow changing of interaction potentials,
numerical calculation methods and electronic stopping models. All this
is important to compare to an experiment and to identify sources
of discrepancies if they appear. With a newly developed and freely
available GUI for SDTrimSP [29] and TRIDYN [30] we are confident
that these codes will be used more frequently by many users in the
future. One note of caution should be given when using BCA codes for
near-surface scattering, because the use of an ASL in the simulations
may or may not be justified and in our particular case it obscures the
result leading to a worse agreement with experiment.

Having multiple sophisticated simulation methods at hand, we are
still not able to fully describe experimental findings in a relatively
simple experimental scheme for single scattering of ions at surfaces.
This lack of predictability of simulations and even post-fact descriptions
of experiments clearly shows that additional research is needed in the
field of ion-solid interaction, in particular for projectile ions heavier
than H or He.

1 We highlighted the calculated position of the SC signal in the a — ¢ plane
in each respective graph by a dashed-dotted line.
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Fig. 18. Energy spectra for 14keV Sn on Mo from TRI3DYN using a Gaussian angular
distribution of the incident angle with a FWHM of (a) 1°, (b) 2°, (¢) 3°, and (d) 4°.
The insets show the full energy-angle 2D histogram where the SC ridge becomes less
visible for larger FWHM. The coloured areas in the insets are the angular range used
for extracting the energy spectra.
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Appendix

In order to assess the importance of other beam and sample param-
eters for the observation of the SC peak, we used SDTrimSP, TRIDYN
and TRI3DYN as they allow access to these parameters in contrast to
TRIM. In Fig. 18 one can see the energy spectra of the Sn beam from
a flat Mo surface with 4 different angular widths of the incident beam.
We used a Gaussian shaped angular distribution of the incoming ions
with a full-width-at-half-maximum (FWHM) of 1-4°. With increasing
FWHM the SC peak smears out and almost vanishes for 4°. Note, that
the FWHM amounts to < 1° in the experiment. Although obvious, this
is the symmetric case to increasing the acceptance angle of a detector,
i.e., increasing the angular bin widths §a and 6¢. Interestingly, the SC
peak position moves to slightly higher energies with increasing FWHM.
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