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Abstract

Molecular dynamics simulations were used to study the interaction of Ar clusters with
silicon and germanium single crystals at a fixed cluster size of 923 atoms and a total
kinetic energy of 10 keV. A comparative analysis was conducted to examine the effects of
argon cluster impacts on the surface morphology of silicon and germanium as the cluster
incidence angle varied from 0° to 75° with respect to the surface normal. The depth of
amorphization and the height of hillocks induced in silicon and germanium after argon
cluster bombardment were estimated. Angular dependences of the crater diameters along
and perpendicular to the cluster incidence direction were demonstrated. Comparisons of
crater characteristics and the ratios of longitudinal to transverse crater dimensions revealed
material-specific features of cluster—surface interactions. At oblique incidence, a peak in the
ratio of displaced atoms in the amorphous layer to those above the surface was observed.
The potential energy of silicon and germanium target atoms following cluster impact was
visualized and estimated. Moreover, the redistribution patterns of the cluster’s initial
kinetic energy among the target, scattered cluster atoms, and sputtered target atoms were
compared for silicon and germanium at incidence angles from 0° to 75°.

Keywords: gas cluster; MD simulation; surface morphology; amorphous layer; displacements;
energy redistribution; silicon; germanium; nanoripples

1. Introduction

Gas cluster ion beams (GCIB) have emerged as a powerful tool for surface modification
and analysis due to their unique interaction dynamics at the nanoscale. In contrast to monomer
ion impacts, which involve high-energy individual atoms, cluster ion impacts entail the
simultaneous collision of thousands of low-energy atoms with a similar volume of the target,
producing dense, nonlinear energy deposition [1-8]. These interactions are characterized by
energies per cluster atom in the range of a few to several tens of electron-volts—comparable
to the binding energy of target atoms [7,9]—thereby enabling low-damage sputtering, atomic-
level smoothing, and controlled surface nanostructuring [1-6].

The forcefulness of GCIB in applications such as surface smoothing [1-6], ion etch-
ing [1-5], self-organized nanostructuring [1-5], and surface-sensitive analytical techniques
(e.g., SIMS and XPS) [8,10-15] stems from its ability to produce atomically flat surfaces at
normal incidence [1-6], induce anisotropic nanostructuring at oblique incidence [1-5], and
sputter intact molecular species from organic materials [8-15].
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Most existing molecular dynamics (MD) simulations focus on argon clusters bom-
barding single-component materials such as Si [16-21], metals [6,21-26], or polymers [9,10].
The interaction dynamics depend critically on the target material properties, cluster size
N, cluster energy E, mass of the cluster atoms, and incidence angle. MD simulations
have proven invaluable for investigating GCIB-induced surface phenomena, including
sputtering [10,23-29], atomic displacement [16,17,26-28], and crater and nanostructure
formation [9,18-23,27-30]. In contrast to monomer impacts, clusters generate craters with
complex morphologies and nonlinear scaling of sputtering yield and volume. Studies
have shown that the diameter of craters formed by 60 keV Ar;j;, clusters can reach sev-
eral nanometers, with lateral displacement of target atoms extending up to 50 nm [19].
Aoki T. et al. investigated the angular dependence of crater formation under 20 keV Arpygg
cluster irradiation of silicon and showed that crater characteristics and a number of dis-
placements exhibits nonlinear scaling with total cluster energy and cluster size [17,18].
Nazarov A.V. et al. investigated the characteristics of lateral sputtering of target atoms and
demonstrated that the thermal spike mechanism with small emission angles dominates at
high energy per atom E/N. In contrast, at low E/N values, atoms located at the crater rim
acquire significant lateral momentum, resulting in the formation of pronounced “lateral”
angular distributions of sputtered atoms [23]. A recent study by Yu F. et al. examined the
impact of 50 keV Arsgg cluster on a Ge surface under oblique bombardment. The angular
dependences of the crater depth as well as the height and width of the protrusion on the
angle of incidence were analyzed. The results indicated that the directional protrusion
effect is primarily governed by atom migration at large incidence angles [27]. Our recent
MD results highlight that the ratio of crater length to depth is a function of the energy
per cluster atom E/N. Even for clusters of different gas species, such as Ne and Kr, the
depths of impact craters differ only slightly at oblique incidence. In addition, the cratering
efficiency of different gas species was evaluated, and a relationship between crater volume
and sputtering yield was established [30].

A deeper understanding of sputtering, cratering, and surface nanopatterning processes
is essential for optimizing GCIB-based surface engineering and semiconductor processing
technologies. Clarifying the roles of cluster size, energy, and incidence angle will improve
theoretical models, broaden practical applications, and further enhance the controllability
and precision of GCIB-based methods.

Despite extensive experimental and computational efforts, the fundamental mecha-
nisms governing cluster—solid interactions, including energy dissipation, crater evolution,
and angular effects, remain incompletely understood and require further clarification.
Previous studies have typically considered Si and Ge separately, employing significantly
different cluster parameters. In this work, we present a comparative molecular dynamics
study of Ar cluster impact on Si and Ge surfaces over a wide range of incidence angles
under identical conditions, thereby addressing an evident gap in the existing literature. The
primary focus is on changes in the target surface morphology induced by cluster impact.
The processes under investigation are governed by the transfer of kinetic energy from
incident clusters to the target. Therefore, for the first time, particular attention is given to
the redistribution of cluster kinetic energy among its key channels, including the energy
transferred to the target, the energy of scattered cluster atoms, and the energy of sputtered
target atoms.
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2. MD Simulation Details

The impacts of individual argon clusters on single-crystal silicon and germanium have
been simulated and examined. MD simulation of gas cluster ion impacts was performed us-
ing the LAMMPS computer code (https://github.com/lammps/lammps/releases accessed
on 23 July 2025) [31]. The target slabs were Si and Ge crystals of 40 x 40 x 30-unit cells,
corresponding to 384’000 target atoms and dimensions of 217 x 217 x 163 A for Si and
226 x 226 x 170 A for Ge. The initial targets densities were 2.33 and 5.32 g/cm?, cor-
responding to the densities of pure single-crystal Si and Ge, respectively. A fixed layer
consisting of two sublayers—a frozen and a thermostated one—was created at the walls
and bottom of the target. The thickness of the frozen sublayer was one unit cell. The
thickness of the second sublayer was equal to two monolayers of thermostatic atoms, with
zero target temperature. The Lennard-Jones potential was used to describe interactions
between Ar atoms [32-34]. The Si-Si and Ge-Ge interactions were described using the
Tersoff potential [35]. All close range interactions including between cluster and target
atoms were described using the Ziegler—Biersack-Littmark (ZBL) potential [36].

The Atomic Simulation Environment (ASE) was used to create both projectile Ar
gas clusters and target slabs [37]. Argon clusters were modeled using a Mackay icosa-
hedral structure with a “magic number” of 923 atoms, which is close to the commonly
used cluster size of N = 1000 atoms/cluster. The total kinetic energy of each cluster
was set to 10 keV. Hence, the energy per atom E/N was about 10 eV /atom, correspond-
ing to the low-energy processing regime used in the technological surface treatment of
materials [1-6,38,39]. The principal incidence angles of Ar clusters were 0°, 15°, 30°,
45°, 60°, and 75°. Experimental data suggest that the optimal cluster incidence angles
for effective nanostructure formation on various material surfaces are in the range of
55-65° [2,40-43]. Based on these results, additional simulations of cluster impacts on silicon
and germanium surfaces were performed at incidence angles of 50°, 55°, 65°, and 70°.

Cluster impacts were simulated using the MD method within the mixed ensemble:
number of atoms N and system volume V were constant, the temperature at the ther-
mostated layer near the walls was fixed at T = 0 via global velocity rescaling method, and
dynamics of other atoms, excluding fixed walls, was driven by time integration within
microcanonical ensemble as enabled by the “fix nve” command in LAMMPS [31]. This
ensemble has allowed us to simulate energy dissipation in the target and dynamics at the
impact point. The total simulated time was 55 ps, with a time step of 0.1 fs for the initial
5 ps and 1 fs for the remaining 50 ps. All simulations were repeated five times for each
parameter set. For repeated simulations with normal incidence, the initial cluster position
was shifted by 5 A along the Ox axis. For repeated oblique impacts, the azimuthal angles of
incidence have been varied: 0°, 30°, 45°, 60°, and 90°. Visualization of surface morphology
and atomic energy was performed using OVITO software 2.8.2 [44].

To characterize the effects of argon cluster impact on Si and Ge surfaces, the mor-
phology of impact craters, the number of atomic displacements, and the redistribution
of the initial cluster kinetic energy were analyzed. The crater morphology includes the
overall shape, the depth of the amorphous layer, and the geometric dimensions, including
the crater depth and the longitudinal and transverse diameters. The longitudinal and
transverse crater diameters were defined as the lateral dimensions of the void region
(i-e., the absence of atoms) at the surface level (z = 0). The definitions of the crater character-
istics are illustrated in Figure 1.
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Figure 1. Schematic illustration of the crater, amorphous layer, and hillock parameters used in this
study. The color of atoms corresponds to the potential energy of atoms, ranging from —4.6 eV (blue)
to —2 eV (red).

The number of displacements was determined using the algorithm proposed by Maras
et al. and implemented in OVITO software [44]. This algorithm is conceptually similar to
the Common Neighbors Analysis algorithm but adapted for diamond cubic lattices. Atoms
not identified by the algorithm as belonging to the diamond cubic structure were classified
as “displaced”, and the corresponding volume was defined as “amorphous region”. The
potential energy of target atoms was evaluated using the OVITO software.

The energy of scattered cluster atoms Egc,tt was calculated as the sum of the kinetic
energies of all argon atoms after scattering from the target. Similarly, the energy of sputtered
target atoms Egpytt was obtained as the sum of the kinetic energies of all ejected atoms. The
energy transferred to the target Etarget was then estimated as the difference between the
initial kinetic energy of the cluster Ej and the energies of scattered (Egcatt) and sputtered
(Esputt) atoms. This transferred energy is dissipated through redistribution within the target
and the ejection of target atoms, as well as through shock wave formation in the target
volume, elastic lattice vibrations, and other dissipative processes.

3. Results and Discussion
3.1. Surface Morphology Evolution by Cluster Impacts

Top-view and cross-sectional snapshots of silicon and germanium after impact of
a 10 keV Argy3 cluster at incidence angles ranging from 0° to 75° and an azimuthal angle of
0° are shown in Figures 2 and 3, respectively. Figure 2 presents the surface morphology of
Si and Ge as the cluster incidence angle increases at 55 ps. The surface atoms in Figure 2
are rendered as a solid surface for improved visual clarity. The images clearly illustrate
differences in crater and hillock morphology between the Si and Ge targets. Notably, the
crater diameter on Si is smaller than that on Ge at incidence angles up to 30°. This is most
likely because more atoms are displaced above the Si surface, resulting in a higher and
wider hillock and a deeper, narrower crater in Si. As the cluster incidence angle increases,
the hillock height decreases from 0.9 nm for Si and from 0.6 nm for Ge until it disappears.
The maximum hillock width reaches 2.3 nm at oblique incidence.
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Figure 2. Snapshots of the crater formation induced by 10 keV Argy3 clusters on Si (a) and Ge
(b) surfaces at normal and oblique incidences after 55 ps. The colormap is normalized to maintain the
same z-scale for the Si and Ge images at each impact angle. The colormap ranges from the deepest
crater floor to the maximum hillock height. The cluster ion direction is indicated by a black arrow.

—
1)
N—

https://doi.org/10.3390/ coatings16040411


https://doi.org/10.3390/coatings16040411

Coatings 2026, 16, 411 6 of 15

(a) (b)

Figure 3. Cross-sectional snapshots of 10 keV Argy3 bombardment of Si (a) and Ge (b) surfaces at

normal and oblique incidences after 55 ps. The cluster ion direction is indicated by a black arrow.
The colormap corresponds to the potential energy of target atoms, ranging from —4.6 eV (blue)
to —2 eV (red).

Figure 3 illustrates cross-sectional snapshots of silicon and germanium after impact of
10 keV Argys cluster. The cross-sectional thickness is 1 nm. The coloring of target atoms
in Figure 3 corresponds to the potential energy E, of the atoms. Foremost, this clearly
highlights the distinction between the amorphous and crystalline regions formed after
impact. The molar mass of silicon is approximately 2.6 times lower than that of germanium,
which likely contributes to formation of sharper pits and bottom of the amorphized region
in silicon. In addition, a pronounced difference in E, values between Si and Ge is evident.
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A detailed analysis of potential energy is provided in the Section 3.2. As can be seen in
Figures 2 and 3, only minor surface disturbances with shallow depressions appear at an
incidence angle of 75°, while the amorphous layer thickness is limited to a few monolayers.

Figure 4 presents the quantitative characteristics of the impact crater, including the
hillock height Hyj, the amorphous layer depth D, 1y, and the crater depth D, as func-
tions of incidence angle. For clarity, these parameters are plotted relative to the surface
level (z = 0). As can be seen in Figure 4, the depth of amorphization D, . decreases
more rapidly at angle exceeding 45°. Up to 50°, silicon exhibits the amorphized depth
10%-18% greater (depending on incidence angle) than that of germanium. However, both
materials show nearly identical amorphized depths beyond this angle. As mentioned above,
previous studies indicate that optimal angles of cluster incidence for effective nanostructure
formation lie in within 55-65°. Notably, our earlier experimental work [41] demonstrated
that oblique irradiation of Si and Ge surfaces under identical conditions produces ripples
with comparable structural parameters. As reported in Ref. [45], mass rearrangement at
the amorphous—crystal interface contributes to the emergence of ripples under oblique
incidence. Thus, similar amorphization depths in different materials may be one of the
reasons for the formation of ripples with comparable structural parameters.

1r e Hy, (S)
0 .- e, | *H]lill (Ge)[Yu F. et al. 2025]
-1 i Hy (Ge)
L Surface
2F —+—D_ (Ge)
~ 3l —+—*D_(Ge)[YuF. etal. 2025]
g/ 4l —+—D_(Si)
N | . . .
5 - D_ (Si)[Aoki T. et al. 2010]
6 [ T Da-layer (Ge)
i F T Da-layer (Sl)
7t
_8 L /
L ‘/

0 15 30 45 60 75
Angle of incidence (°)

Figure 4. Angular dependences of hillock height and amorphized and crater depths after Argys

2

cluster impact on Si and Ge targets. indicates adjusted data relative to the local surface normal for

consistent comparison [18,27].

In contrast to the amorphized depth, the difference in crater depth D, between Si and
Ge persists across the entire angular range, remaining 1.4-2 times greater for silicon. For
comparison, values of D, reported by Aoki T. et al. [18] for Si and Yu F. et al. [27] for Ge
are also plotted in Figure 4. Aoki T. et al. investigated impacts of 20 keV Arpgg clusters
on silicon at various angles and showed that the crater depth D., depends nonlinearly on
both cluster energy E and size N. For example, increasing cluster energy E from 20 keV to
100 keV enlarges the crater depth D, from 2.3 nm to 4.7 nm, whereas reducing cluster size
from 2000 atoms to 400 atoms at 20 keV raises D, only from 2.3 nm to 2.8 nm [18]. In both
cases, the energy per atom E/N lies within the same range of 10-50 eV /atom, indicating
that variations in total cluster energy E exert a stronger influence on crater depth D, than
changes in cluster size N. Consequently, although the energy per atom in our study and in
Ref. [18] is nearly identical (E/N =~ 10 eV/atom), the crater depth D, in our simulations is
about 1.5 times smaller, reflecting the dominant role of total cluster energy.
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Yu E et al. [27] examined impact of 50 keV Arsy clusters (E/N ~ 16.7 eV /atom)
on a germanium target at different incidence angles. In that work [27], a sinusoidal peak
structure was introduced on a flat substrate to mimic realistic surface roughness. The
angle between the z-axis and the local normal to the impact surface (center of the peak
sidewall) was approximately 20°, so their data in Figure 4 were corrected to incidence
angles measured from the local surface normal for consistent comparison. Overall, our
crater-depth trend agrees well with that of Yu F. et al. for angles from 0° to 60°: the crater
depth D, decreases by 4 times in our simulations and by 3.2 in theirs. At the same time,
the maximum hillock height Hy,;;; occurs at the normal incidence in our case, whereas in
Ref. [27] it appears near 20°. The discrepancies in the absolute values of both the crater
depths D, and hillock height Hy;; for Ge can be attributable to differences in cluster
parameters and to sidewall bombardment conditions employed in Ref. [27].

Figure 5 presents the angular dependences of crater diameters after Argy3 cluster
impact on Si and Ge. The longitudinal and transverse crater diameters—corresponding to
the major and minor axes of the elliptical crater formed at oblique incidence—are denoted
as “der||” and “d., L”, respectively, reflecting their orientation parallel and perpendicular
to the cluster incidence direction. Comparing diameter trends between the two similar
semiconductor materials is of particular interest. As can be seen from Figure 5, both
materials exhibit a pronounced peak in the longitudinal diameter of the impact crater d.,||
within the incident angle range of 50-65°. Furthermore, the diameters of impact craters on
Si exceed those on Ge by approximately 15%—20% at angles of incidence above 30°. The
maximum d.|| reaches 7.5 nm at 60° for Si and 6.5 nm at 55° for Ge. At incident angles
of 70° and 75°, impact craters are no longer observed, so the diameters of the largest pits
within the disturbed surface region are presented instead.

8 8
L > Ge
7t }/} 7t
6F }/ 61 % N
L | __ é’__’—} }
1 S = RN ~ 5F e\
L i, L T I
5 4t 5 4t 1.
v;— v;— \§\
=’ 3} <’ 3t 1
2+ _'_daH 2 _A_dcrH
1-— __O__dcrl 1-‘ __A__dcrl
0 1 1 1 1 1 1 O 1 1 1 1 1
0 15 30 45 60 75 0 15 30 45 60
Angle of incidence (°) Angle of incidence (°)
(a) (b)
Figure 5. Angular dependences of crater diameters after Argy; cluster impact on Si (a) and

Ge (b) targets.

Considering the tendency of craters to narrow under oblique incidence, it is informa-
tive to analyze the crater diameter ratio of d.,||/dcrL, shown in Figure 6. Although the
absolute values of crater diameters differ between Si and Ge, their d.,|| /d.L ratios are rela-
tively similar. The incidence angles of 55-60° correspond to the maximum d, || /d., L ratios
of 1.8 for Si and 1.6 for Ge. These differences in hillock height and crater characteristics
between silicon and germanium most likely arise from silicon’s lower atomic mass and
density, combined with its higher Young’s modulus [46,47].
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Figure 6. Angular dependences of the crater diameter ratio of dcr|| /der L for Si and Ge targets.

Figure 7 presents the angular dependences of the number of displacements after Arg,3
cluster impact on Si and Ge targets. For clarity, the total number of displacements was
separated into contributions below and above the surface, corresponding to the number
of atoms in the amorphous region N, j, and in the hillock Ny, respectively. Notably,
both materials exhibit nearly identical values of Ny jser up to 50°. However, beginning at
55°, the difference increases rapidly, reaching a factor of 1.2-2.2 in favor of silicon. As can
be seen in Figure 7, the difference in the number of hillock atoms Nj,;;; between Si and Ge
persists over the entire angular range and amounts to a factor of 1.5-2.6.
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Figure 7. Angular dependences of the number of displacements in the amorphized layer N, 5., and
hillock Ny, (a), and the displacement ratio of N jzyer /Ny (b) after Argpz cluster impact on Si and Ge

targets. “*” indicates adjusted data relative to the local surface normal for consistent comparison [27].

Error bars representing the standard deviations (SD) of crater dimensions for different
azimuthal incidence angles are shown in Figures 4-6. The SD does not exceed 10% at
small oblique angles and remains below 20% at incidence angles greater than 60°. The
analysis indicates that the geometric characteristics of the impact craters are essentially
independent of the azimuthal incidence angle. This suggests that the outcomes of cluster
impact are largely insensitive to the crystallographic orientation of the target for both Si
and Ge. This behavior can be explained by the fact that the crater size, and thus the impact
area, significantly exceeds the lattice constants (0.566 nm for Ge and 0.543 nm for Si).
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Comparison with the results of Yu et al. [27] (Figure 7a) indicates that increasing
the cluster energy E leads to a substantial rise in the number of displaced atoms into the
volume—by approximately 15-20 times for Ge. At the same time, higher energy also
markedly increases the number of atoms displaced above the surface, by about 5-8 times.
These comparisons should, however, be interpreted with caution because of differences in
simulation conditions. Our silicon data agree well with those reported in Ref. [17], where
the total number of displaced Si atoms at normal incidence of 10 keV Arygy cluster was
about 4000.

Figure 7b shows the angular dependences of the ratio of the number of displaced
atoms in the amorphous layer to the number of atoms in the hillock Nj e,/ Ny after
Argps cluster impact on the Si and Ge surfaces. The maximum displacement ratio for
silicon is reached at 65° and amounts to ~6.3, whereas for germanium a gradual increase is
observed up to a maximum value of 9.3 at 55°. Over the entire angular range up to 65°, the
displacement ratio for germanium exceeds that for silicon. This indicates that germanium
accumulates a larger fraction of the deposited energy within the bulk, whereas silicon
redistributes mass toward the surface more efficiently.

It should be noted that the intermediate transition between the maximum number of
displacements and the onset of a sharp decrease in displacements occurs in the angular
range of 40-60° (Figure 7a), while the maxima of the displacement ratios lie in the range
of 55-65° (Figure 7b). These observations suggest that the morphological characteristics
exhibiting distinctive behavior within the 50-65° interval may represent prerequisites for
efficient surface nanostructuring, since this range corresponds to experimentally established
optimal incidence angles for nanostructure formation [2,40-43].

3.2. Energy Characterization

In addition to the impact crater depth and amorphization depth, Figure 3 shows the
potential energy E, of the target atoms after impact, represented using a colormap. It
should be noted that, despite the similarities between silicon and germanium, the potential
energy E, of Si and Ge atoms differs substantially both in bulk (—4.62 eV for Si and
—3.85 eV for Ge) and at the surface (—2.6 eV for Si and —2.0 eV for Ge). The potential
energy of atoms in the initial target volume corresponds to the cohesive energy E,,;, of
silicon and germanium [48-50].

It should be emphasized that, in contrast to surface bombardment by a monomer,
cluster impact does not lead to the formation of a region characterized by a radially
decreasing and spatially uniform distribution of deposited energy—commonly referred
to as the “core of deposited energy”. Within such a region (typical for monomer im-
pact), a small number of highly energetic atoms transfer energy to the surrounding atoms
and subsequently cool down. Energy profiles for 250 eV and 1500 eV Rn, Xe, Kr, and
Ar bombardment of Si and Ge are presented in Ref. [51]. As one can see in Figure 3,
the energy of atoms in the amorphized region of the target after cluster impact is dis-
tributed more chaotically due to the collective nonlinear interaction between cluster and
target atoms [2,30,52,53].

Table 1 presents the average potential energy E, of atoms within the amorphized
volumes of the targets after cluster impact, standard deviation in all cases is about
0.15 eV. As can be seen in Table 1, the potential energy E, of atoms in the amorphized
volume changes by approximately 0.5 eV at normal incidence for both materials. With
increasing incidence angle, the average potential energy E, of the displaced target atoms
remains nearly constant, but begins to vary noticeably from 65° for silicon and from 60°
for germanium. It should be noted that at grazing incidence angles (>70°), most of the
displaced atoms within the amorphized region are surface atoms whose potential energy
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E, differs significantly from the initial E, after cluster impact (Table 1). This effect probably
accounts for the observed surface activation effects [54].

Table 1. Average potential energy of target atoms in the amorphized Si and Ge regions.

Potential Energy
of Atoms

Angle of Incidence

0° 15° 30° 45° 50° 55° 60° 65° 70° 75°

E, (Si), eV
E, (Ge), eV

—-3.90
—3.00

—3.80
—2.65

—4.06
—-3.20

—4.00
—3.15

—4.07
—3.30

—4.07 —4.07
-3.27 =325

—4.10
—-3.35

—4.10
—3.32

—4.08
—3.30

Figure 8 illustrates the redistribution of the total kinetic energy of the cluster E) among
target Egrget, scattered cluster atoms Esqtt, and sputtered target atoms Egpyt+ as a function
of the angle of incidence. Under identical conditions, the energy transferred to the target
Etarget is consistently higher for Si than for Ge. This can be attributed to the greater crater
depth in Si and, consequently, to a larger energy deposition depth. This difference becomes
more pronounced with increasing cluster incidence angle. The higher Etgger values in
Si lead to a greater number of atoms displaced toward the surface (Figure 7a). At large
angles of incidence (above 45°), a sharp decrease in the energy transferred to the target
Etarget is observed, indicating a reduction in the penetration depth and an increase in
the contribution of surface processes. These data correspond to a sharp decrease in the
depths of the amorphous layer and the impact crater (Figure 4). The energy transferred
to the Ge atoms Eygrget also decreases with increasing angle of incidence, but the decline is
more pronounced.
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E
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0 1
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- E™ =66eV
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—— 100 N7
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Figure 8. Redistribution of the cluster kinetic energy Eg into the energy transferred to the target Etarget,
the energy of scattered cluster atoms Esqit, and the energy of sputtered target atoms Egpyy+ for Si

45 60

(a) and Ge (b) after 55 ps at incidence angles from 0° to 75°.

Compared to Si, bombardment of germanium yields higher energies of scattered
cluster atoms Escqrt across the entire angular range. In contrast to Etgrget, the smaller impact
crater formed in Ge results in fewer collisions among cluster atoms and between cluster
and target atoms, and consequently in a larger fraction of the original kinetic energy
being retained. Thus, the mass of the target atoms likely plays a more significant role
than the binding energy, leading to the predominance of elastic collisional dissipation of
atomic energy.
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Under all conditions, relatively lower values of sputtered energy Esputt are observed
for Si, which can also be attributed to the difference in atomic masses between Si and Ge.
As can be seen in Figure 8, the fraction of energy of sputtered target atoms Egpys+ constitutes
only a small fraction of the initial kinetic energy of the cluster Eg, and it is several orders of
magnitude lower than the energy transferred to the target Eigrget- These data are in good
agreement, in terms of order of magnitude, with our previous results for SiO, [29].

Based on the general form of the kinetic energy redistribution dependencies, three
angular interaction regimes can be distinguished:

(1)  Volumetric braking: 0-30°, where the Etgrget / Eq fraction dominates;
(2) Transient regime: 30-55°, characterized by pronounced energy redistribution;
(3) Surface regime: above 55°, where the Escqtt / Eg fraction dominates.

It is worth noting that the low Egu/Eg fraction at the normal cluster incidence is
valid for both single-component semiconductor materials and metals. For example, for
copper, when exposed to a high-energy small cluster, 20 keV Arpy, (E/N = 833 eV /atom) is
approximately 7% [23].

This study considers individual cluster impacts on a flat target surface at various
incidence angles, which obviously does not fully represent realistic experimental or tech-
nological conditions. However, the following factors should be emphasized. First, typical
technological applications, such as surface smoothing or nanostructure formation, require
ion fluences on the order of 101°-10'¢ clusters/cm?. This corresponds to several thousand
consecutive random cluster impacts within the typical target dimensions. Simulating such
conditions would require prohibitively large computational costs and, to the best of our
knowledge, has not yet been implemented. Second, the forcedly small size of simulation
cells—typically on the order of several tens of nanometers—restricts the ability to accurately
reproduce real surface morphology. In practice, the lateral dimensions of surface irregu-
larities (typically detected by AFM) exceed the dimensions accessible in MD simulations.
Third, cluster impacts at different incidence angles on a flat surface can be interpreted as
equivalent to real conditions of impacts on various regions of a rough surface (e.g., peaks,
slopes, and valleys) characterized by different local incidence angles. Therefore, the present
results provide meaningful insight into the fundamental mechanisms of cluster—surface
interactions and remain relevant for practical applications of GCIB.

4. Conclusions

A comparative molecular dynamics study of 10 keV Argy3 cluster impact on Si and Ge
surfaces in the angular range from 0° to 75° has been performed, focusing on crater forma-
tion, amorphization, number of displacements and energy redistribution. For the first time,
the redistribution of the total kinetic energy of the cluster among target, scattered cluster
atoms, and sputtered target atoms as a function of the angle of incidence is determined for
silicon and germanium.

At small incidence angles, the impact crater is deeper and the amorphized layer is
thicker in Si than in Ge. The deeper penetration of cluster energy into Si results in a larger
fraction of energy being transferred to the target Etarget and leads to the formation of a more
pronounced hillock. At the same time, the crater diameter in Ge is larger than that in Si.

At more oblique incidence angles, the difference in the transferred energy Etarget
between Si and Ge becomes greater. As energy deposition shifts toward the near-surface
region, the differences in penetration depth between Si and Ge diminish, and the crater and
amorphization depths become comparable. However, the crater in Si remains more well-
defined, with significantly larger lateral dimensions. This convergence may explain the
experimentally observed similarity in ripple parameters formed on Si and Ge under oblique
irradiation conditions, suggesting that comparable subsurface damage characteristics
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contribute to analogous surface nanopatterning. At the same time, silicon forms a larger
hillock, indicating more efficient upward mass transport over the entire angular range.

Energy characterization shows that cluster impact does not produce a classical radi-
ally decaying “core of deposited energy”, typical for monomer bombardment. Instead,
energy is distributed chaotically within the amorphized region due to collective nonlinear
interactions between cluster and target atoms.

The most pronounced morphological and energetic transformations occur within
50-65°, which coincides with experimentally established optimal angles for nanostructure
formation. This angular interval appears to represent a critical regime where subsurface
damage, mass redistribution, and energy dissipation reach conditions favorable for efficient
surface nanopatterning.

Overall, the results demonstrate that, although silicon and germanium exhibit qualita-
tively similar angular trends under cluster irradiation, quantitative differences in crater
morphology, displacement statistics, and energy partitioning arise from intrinsic material
properties. These findings provide insight into the mechanisms governing cluster—solid
interactions and are relevant for efficiency calculations, radiation damage modeling, and
surface nanostructuring.
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