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The effect of low energy irradiation, where the sputtering is imperceptible, has not been deeply
studied in the pattern formation. In this work, we want to address this question by analyzing the
nanoscale topography formation on Si surface, which is irradiated at room temperature by Ar+ ions
near the displacement threshold energy, for incidence angles ranging from 0 to 85◦. The transition
from smooth to ripple patterned surface, i.e. the stability/instability bifurcation angle is observed
at 55◦, whereas the ripples with their wave-vector is parallel to the ion beam projection in the
angular window of 60-70◦, and with 90◦ rotation with respect to the ion beam projection at the
grazing angles of incidence. A similar irradiation setup has been simulated by means of molecular
dynamics, which made it possible, firstly, to quantify the effect of the irradiation in terms of erosion
and redistribution using sequential irradiation and, secondly, to evaluate the ripple wavelength using
the crater function formalism. The ripple formation results can be solely attributed to the mass
redistribution based mechanism, as erosion due to ion sputtering near or above the threshold energy
is practically negligible.

I. INTRODUCTION

Ion irradiation of solids is well-known as a one-step
technique to induce a variety of periodic nanostructures
like ripples, nanodots, and holes on a wide range of
substrates - without any mask or photoresist - by only
varying different process parameters1,2. This technique
has already been studied for many years3–6. The ad-
vantages of the ion beam nanopatterning method in-
crease the curiosity to understand the fundamentals be-
hind the pattern formation, which is still not completely
clear. The most widely adopted theory to explain the
ion beam induced pattern formation phenomena was pro-
posed by Bradley and Harper (BH theory) in 19887.
In this work, a surface instability during ion irradia-
tion is considered to arise due to the effect of compe-
tition between surface curvature dependent ion erosion
and smoothing via thermally induced surface diffusion.
The theory successfully demonstrates evolution of the
ripple pattern and its orientation with respect to the ion
beam projection due to oblique incidence ion beam sput-
tering (IBS). Additionally, experimental observations of
e.g. orthogonal rotation of ripples after a certain graz-
ing incidence or exponential growth of a ripple ampli-
tude for initial sputtering time can be successfully ex-
plained by the BH theory. However, one of the predic-
tions of this theory, namely the evolution of surface in-
stability/ripples at all oblique incidences, does not match
with most of the reported experimental results of sur-
face stability/smoothening at near-normal incidence an-
gles θ ≤45◦8. This shortcoming has been addressed by
Carter and Vishnyakov (CV), who considered the effect

of atoms displaced by the collision cascade, but remaining
on the surface9. Modeling these atoms as a surface flux in
the direction of the projected ion beam, they obtained a
curvature-dependent smoothing term whose wave num-
ber dependence exactly matches those of the roughen-
ing term in the BH theory, but is stabilizing rather than
destabilizing, and therefore predicts a smooth surface at
near-normal incidences. Surprisingly, it was later con-
cluded both experimentally10 and via simulations11 that
at least for energies less than 1 keV, mass redistribution
appears to be a dominant mechanism at most ion inci-
dence angles, causing not only smooth surfaces near nor-
mal incidence, but also the ”parallel-mode” ripples that
emerge around 45◦. However, erosion seems to remain
critical to the subsequent ripple rotation observed near
grazing incidence12.

In this work, we investigate the role of mass redistribu-
tion of surface adatoms in the pattern formation process
during ion irradiation experimentally as well as theoreti-
cally for the whole range of angles θ from 0◦-85◦ with re-
spect to the surface normal. For this purpose, we choose
the projectile energy to be close to or below the displace-
ment threshold energy in Si (Ed are 35 eV for Frenkel
pair formation and 23 eV for bond defect formation13,
respectively). Such ultra-low energy ions, when incident
on a solid, come to rest within the first few atomic lay-
ers on the target surface by losing their kinetic energy
through single knock-on collisions with the atoms of the
target. Consequently, the target atoms are displaced
with the energy below the surface binding energy (∼5
eV14), not having enough energy to leave the system, and
thus, mostly remain on the surface in form of adatoms or
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their higher-order clusters15,16. Recently, Norris et al.11

explained pattern formation as a function of an incident
angle using the crater function formalism, and showed
that the mass redistribution in surface dominates the for-
mation of nanoscale topographies during ion impacts of
energies <250 eV. On the other hand, experimentally the
pattern formation with such ultra low energy inert gas ion
irradiation was previously observed on insulator surfaces,
e.g., on mica17 at room temperature and on semiconduc-
tor surfaces, e.g., Ge18 and GaAs19 surfaces near their
re-crystallization temperatures, respectively.

In order to understand better the effect observed in the
experiments, we introduce a computational model that
represents a sequential irradiation of a localized surface
region. By focusing the impact region to a certain area of
the cell, it is possible to speed up the process of formation
of a structure that can be studied precisely using molec-
ular dynamics (MD) methods. The accumulated damage
eventually results in a significant structure modification.
We decompose the observed effect into cumulative atomic
redistribution and the erosion components, demonstrat-
ing the significance of redistribution especially for the
lower ion energies.

II. METHODS

A. Experimental procedure

The commercially available mirror polished p-type Si
(100) single crystal wafers of approximate size 1 cm ×
1 cm were used in the experiments. Before ion irradia-
tion, the samples were cleaned with acetone followed by
methanol in an ultrasonic bath for 10 min each. The
samples were irradiated by 30 eV Ar+ ions for ion inci-
dence angles 0◦ to 85◦ with respect to surface normal in
a high vacuum sputtering chamber with a residual pres-
sure of 10−8 mbar. A broad ion beam of diameter 3
cm was extracted from an inductively coupled RF dis-
charge ion source equipped with three graphite grid ion
optical system (M/s Roth & Rau Microsystems GmbH,
Germany)18. A plasma bridge neutralizer was used for
charge neutralization of the sample as well as of the sput-
tering chamber. During irradiation, the chamber base
pressure was ∼ 10−4 mbar, the ion current density was
about 52 µ A.cm−2. Also, during the irradiation, the ion
fluence was kept fixed at 1 × 1019 cm−2 for all incidence
angles. The ion fluence (1 × 1019 cm−2) has been calcu-
lated by following the relation t = De/J cos(θ) where t
is the sputtering time, D is the fluence, e is the charge of
electron (1.6×10−19 C), J is the ion current density and
θ is the incidence angle. D and J are fixed for all ion in-
cidence angles. To keep the ion fluence fixed, the irradia-
tion time has been varied corresponding to cos(θ) of each
incidence angle. The irradiated samples were character-
ized by atomic force microscope operating in the tapping
mode with tip radius 10 nm using a Nanoscope IV mul-
timode SPM. All the AFM images were analyzed by us-

ing the Nanotec Electronica SL WSxM software (version
5.0)20.

B. Computational model

All the simulations in the study were performed by
using the PARCAS MD code21,22, which allows for col-
lection of information about different components, which
may contribute to surface pattern formation, such as
sputtering, atomic displacements and internal stress.

The potential used in the simulations for the Si-Si in-
teraction was the environment-dependent inter-atomic
potential (EDIP)23,24, complemented by the purely re-
pulsive ZBL potential at short distances25. The Ar-
Si interaction was described by the pure repulsive ZBL
potential26. The Ar-Ar interaction were described us-
ing the pair potential with high energy repulsive part
from DFT DMol calculations25 joined smoothly at small
distances to the LJ equilibrium part27. This combina-
tion has already been tested in the previous work and
demonstrated a reasonable representation of Si and a-Si
properties under high energy impacts28.

In all simulations presented in this work, we used the
simulation cell, which was cut out from the larger amor-
phous Si cell, which was previously carefully relaxed in
Ref. 28. The size of the cell was selected to be suf-
ficient to enclose fully the collision cascades developed
during the simulations of low energy ion impacts. Prior
to the irradiation simulations, the cell was equilibrated
at 300 K as follows: the initial cell periodic in all three
directions at 0 K was thermalized to 300 K using the
Berendsen thermostat29 during 100 ps. After that, the
pressure was relaxed in the NPT ensemble by using the
Berendsen algorithm29 during the following 50 ps, at the
temperature 300 K. Finally, a 1 nm thick layer at the
bottom was fixed (immobilized) in order to prevent sys-
tem motion during the sequential irradiation, the sur-
face was opened and the structure was relaxed during
100 ps. The final size of the cell was 16.56 x 16.56 x
5.15 nm3, which was composed of 73584 atoms (density
0.05212 nm−3) and periodic boundary conditions were
applied in x and y directions. The radial distribution
function (RDF) is demonstrated in Fig. 1 and compared
with experiments30,31. Although the agreement with ex-
periments is not perfect, also the experimental curves
show some variation. This is likely because differently
synthesized pieces of amorphous Si have slightly differ-
ent atomic scale structure32.
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FIG. 1: RDF for: Si atoms in the initial a-Si cell at 300
K (black), for Ref. 30 (red) and for Ref. 31 (blue).

In the following, we describe two kinds of simulations:
sequential ion impacts (every following ion was impacting
on the surface which has been affected by the previous
ion impacts) and individual ion impacts (every new ion
entered a pristine surface) carried out in order to analyse
the mechanisms of the pattern formation by low energy
irradiation.

1. Sequential irradiation

Irradiation simulations of the sequential impacts were
carried out as follows. Every ion entered the surface in
the middle of the simulation cell. We randomized the
position of the entrance in the Y direction by randomly
shifting the cell over periodic boundary prior to every
subsequent irradiation event. The X coordinate was se-
lected randomly only within a small interval of the length
1.62 nm, corresponding to 10% of the total cell length
in the X direction. This way we can focus the effect
induced by incoming ions within a small region. This
model is beneficial from an MD method point of view,
since in such a planar focused mode of the ion beam (see
Fig. 2), we need to simulate fewer ion impacts to reach
the same local fluences as those reached in the exper-
iments with regular broad beams before the ripples of
appreciable size become apparent33,34. Moreover, in the
selected scenario we will be able to verify whether ultra-
low energy ions induce cumulatively sufficient relocation
of surface atoms to render visible modifications of surface
morphology, since they can be observed within the MD
time span. Mainly we present the results obtained with
the 30 eV Ar ions to match the experimental condition.
The incident angles in our simulations ranged from 55◦

to 85◦ including with intermediate steps of 65◦, 70◦, 80◦.
For completeness of the analysis, we also ran the simula-
tions with the 20 eV and 250 eV Ar ions under the 70◦

of incidence.
In the irradiation simulations, a thermal bath region

with 0.8 nm thickness was applied during the first 21 ps
after each ion impact event, and, subsequently, the entire
cell was cooled down to 300 K during 10 ps time prior

to a next irradiation to maintain the desired conditions.
During the simulations, we removed those atoms which
penetrated through the fixed layer. Sputtered atoms were
also removed at the end of every ion impact event.

FIG. 2: Simulation cell. Red color demonstrates the ir-
radiation region. Blue atoms form a fixed layer.

In this type of simulations, we cannot apply the same
crater function formalism as in Ref. 11, 28, and 35 to
analyze the results obtained in the sequential ion impact
simulations. Since the total displacement is a cumulative
quantity it may depend on the curvature of the surface,
which is gradually changing in these simulations during
the bombardment as a function of ion fluence and energy
of incoming ions.

Instead of using the crater function formalism, to quan-
tify our analysis we estimate the effect of the displace-
ment by measuring the x and z components of the to-
tal displacement (sum of the displacement vectors of all
atoms). It has been demonstrated before11,28 that, due
to symmetry, the mean value of the component perpen-
dicular to the projection of the ion beam on the surface (y
component) is approaching zero as the number of events
increases. Therefore, we estimated the total displacement
as

δx =

Ndisplaced∑
i=1

(xifinal − xiinitial)

δz =

Ndisplaced∑
i=1

(zifinal − ziinitial)

(1)

where δx and δz are the components parallel with the
projection of the ion beam on the surface and normal to
the surface, respectively. These allow us to construct the
overall magnitude of the displacement vector via

δxz =
√
δ2x + δ2z . (2)
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2. Individual irradiation events

Ion beam induced pattern formation phenomena as a
function of the ion incidence angle is generally explained
by the BH theory7 based on the curvature dependent
sputtering process. The advantage of using the crater
function theory over the BH theory is that it includes
both the sputtering and redistribution effects and has
been refined by many authors recently35–38. During ir-
radiation, energetic ions create surface vacancies as tar-
get atoms are sputtered out or dislodged from its origi-
nal positions, which leads to the formation of the crater
holes. On the other hand, the dislodged atoms which
are not able to leave the surface, i.e. adatoms generate
the crater rim. The first-order moments (Mx or My) of
the crater function give the redistribution of mass where
the zeroeth-order moment M0 determines the sputtering
yield. The role of the displaced and sputtered atoms as
well as their combined effect on the evolution of surface
height during ion irradiation is given by the following
continuum equation:

∂h

∂t
= Γx(θ)

∂2h

∂x2
+ Γy(θ)

∂2h

∂y2
−K∇4h (3)

where, K is a coefficient of surface energy relaxation by
a mechanism such as surface diffusion or thin-film vis-
cous flow, and Γx(θ), Γy(θ) describe the effect of sputter
erosion and mass redistribution. These coefficients are
defined via11,39

Γx (θ) =
∂

∂θ

[
I0 cos (θ)M (1)

x

]
+

∂

∂K11

[
I0 cos (θ)M (0)

]
Γy (θ) =

[
I0 cos (θ) cot (θ)M (1)

x

]
+

∂

∂K22

[
I0 cos (θ)M (0)

]
(4)

(At the low energies considered here, because erosion is
negligible, we expect M (0) ≈ 0, and so only the first
terms in each definition are nonzero.) When Γx(θ) < 0,
one expects the formation of the parallel mode ripples,
whereas Γy(θ) < 0 corresponds to the perpendicular

mode ripples, respectively. The moment M
(1)
x describes

the net change in the location of mass on the surface.
Lateral mass redistribution, which moves mass forward
from the impact point, makes a positive contribution to
this quantity, while erosion, which sputters atoms ahead
of the impact point, makes a negative contribution. As
ion incidence angle increases, the redistributed mass is
extended further from the point of impact along the
downstream direction which causes an increase in the
moments, until a critical angle at which ion reflection
begins to reduce the overall momentum transfer. Previ-

ously, the angle dependent first order moment M
(1)
x for

100 and 250 eV Ar+ and Si combination was calculated
by Norris et al.11 using MD simulations.

In order to extract the crater function moments35

needed to determine the probable formation of ripples
at the studied low energies, we performed also the simu-
lations of individual impact events. In these simulations,

we utilized the same single ion irradiation setup as in
earlier publications11,28, but the a-Si target used in the
simulations is the same as described in Sec. II B. For
simulations of individual irradiation events, the system
was relaxed to 0 K in order to minimize the background
displacements for better accuracy in extraction of the
atomic displacements, following the methodology used
in Ref. 28.

In the simulations, a 30 eV Ar ion positioned at 1 nm
above the surface was always directed towards the center
of a-Si cell. The simulation time is 30 ps during which the
Berendsen thermostat29 with the time constant of 50 fs is
applied to a 0.8nm thick region along the borders of the
cell in the x and y directions. The initial cell is shifted
along the periodic directions randomly so every irradi-
ation is performed in a different atomic environment of
the amorphous structure in order to obtain a statistically
significant result; azimuthal angles are selected randomly.

The irradiation angles θ are selected to be 0◦, 15◦, 30◦,
45◦, 60◦, 70◦, 80◦, 85◦ and 87◦ off-normal; 200 indepen-
dent irradiation simulations have been performed with
each angle.

III. RESULTS & DISCUSSION

A. Experimental results

AFM images of Fig. 3 illustrate topographical evolu-
tion of 30 eV ion irradiated Si surfaces at room tempera-
ture and for ion incidence angles θ ranging from 0◦ to 85◦

with respect to the surface normal. The irradiated sur-
faces do not show any distinct morphology for incidence
angles up to 50◦. Only, a few isolated dots are found ran-
domly on surfaces. A weak ripple topography is found
to appear at θ = 55◦, which can be considered as the
threshold angle for the ripple formation for the present
experimental conditions. The wave-vector of these rip-
ples is aligned parallel to the ion beam projection. This
can also be confirmed by the corresponding FFT image
as the centre bright spot is found to elongate parallel to
the projected ion beam direction. These kinds of rip-
ples are well-known as parallel mode ripples. As the ion
incidence angle increases to 65-70◦, ripples become pro-
nounced, regular and ordered which can also be easily re-
alizable from the corresponding FFT images, where two
well-separated symmetric lobes (1st order) around the
centre spot in parallel direction of ion beam projection
can be observed. The occurrence of the 1st order bright
spot in FFT image signifies enhancement in the ripple
ordering. Further increase of θ to 75◦, results in dis-
integration of the parallel mode ripples and subsequent
development of conical protrusions tilted along the ion
beam direction. As a consequence, fourfold symmetric
spot appears in the corresponding FFT image. The in-
crease of higher incidence angle (80◦) shows more tilted
conical protrusions, but their height shows a steep fall.
The increase in tilting can be confirmed from the FFT
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image as the central spot shows elongation perpendicular
to ion beam direction. Finally, at θ = 85◦, almost flat sur-
face whose topographies are not clearly discernible from
the AFM image (in real space) is again observed. How-
ever, its corresponding FFT image (in reciprocal space)
shows more pronounced elongation of the central spot
perpendicular to the ion beam projection. This clearly
indicates the appearance of a surface topography with
the wave vector perpendicular to the incident beam di-
rection.

The ion incident angle dependent overall topographic
evolution is quantitatively summarized in Table 1. The
surface roughness ω remains constant up to 45◦ and
starts to increase above 50◦ due to the evolution of sur-
face topographies, i.e. due to appearing of the parallel
mode ripples from 55◦ onwards. The maximum increase
of roughness is observed at 75◦ and at further grazing
incidences, ω again decreases. This variation is also de-
picted in Fig. 4. On the other hand, the wavelength of
the parallel mode ripples is estimated from the 1st order
peak position of the corresponding PSD curves, extracted
from the corresponding FFT images (not shown here) are
found to be around 35.3±1.5 nm.

We conclude with a comment on the perpendicular-
mode structures seen at 80 and 85◦. The only physical
mechanism that readily predicts the formation of struc-
tures in this orientation is sputter erosion7. In contrast,
neither mass redistribution 9,11,40 nor plastic flow due
to stress injection41,42 has been shown to predict any-
thing but parallel-mode patterns. Therefore, the emer-
gence of perpendicular-mode structures despite the lack
of any significant erosion is quite interesting. The AFM
images at 80◦ could be understood to show an under-
lying parallel-mode instability, upon which cones have
grown later through some nonlinear process. However,
the structures at 85◦, while of small amplitude, are un-
deniably of purely perpendicular-mode orientation. This
suggests interesting questions for future study.

http://dx.doi.org/10.1063/1.5026447
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TABLE I: Incidence angle dependent rms roughness, ripple wavelength and pattern orientation for 30 eV Ar+ ion
irradiation on Si(100) surface.

Ion energy (eV) Angle (◦) Roughness (nm) Wavelength (nm) Mode

30 0 0.19±0.03

15 0.25±0.02

25 0.35±0.06

35 0.26±0.06

45 0.43±0.15

55 0.59±0.04 parallel

60 0.79±0.07 parallel

65 1.17±0.16 35.3±1.5 parallel

70 1.45±0.09 40.9±1.1 parallel

75 6.93±0.15 mixed

80 1.16±0.09 perpendicular

85 0.42±0.03 perpendicular
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FIG. 3: Representative AFM images of the evolution of morphology at different ion incidence angles: (a) 0◦, (b) 25◦,
(c) 35◦, (d) 55◦, (e) 65◦, (f) 70◦, (g) 75◦, (h) 80◦ and (i) 85◦ for Ar+ ion irradiation of energy 30 eV, current density
52 µA cm−2 and fluence 1 ×1019 ions cm−2. The inset shows the corresponding FFT images and the white arrow

indicates the beam direction for oblique incidence ion irradiation.
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FIG. 4: RMS roughness variation of Si surface
topographies as a function of the ion incident angle. Si

surface was bombarded by 30 eV Ar+ ions at room
temperature and at fluence 1 × 1019 ions cm−2.

B. Simulation results

1. Sequential irradiation

In order to understand the energy margins for any
modification of the surface morphology, we first present
a comparative study of two cases of the sequential irra-
diation with the energy of 250 eV that is rather low, but
still much higher than the displacement threshold in Si
and may result in sputtering, and with the energy of 20
eV, which is well below the displacement threshold (≈ 35
eV). Of course, the surface atoms have lower threshold
values43, but overall, this comparison may give a good
idea of whether sputtering plays a crucial role in the pat-
tern formation, since the Ar ions with the energy of 20
eV will not be able to cause any significant sputtering.

In Fig. 5, we plot the total displacement calculated ac-
cording to Eq. 2 as a function of the number of incoming
ions.

(a)

(b)

FIG. 5: (a) Total number of sputtered atoms (Nsputt) and
(b) total atomic displacement obtained (δxz) at θ = 70◦

of incidence as a function of the number of incoming Ar
ions.

As expected, we observe much stronger sputtering by
the 250 eV ions than by the 20 eV ones; in addition, the
cumulative number of the sputtered atoms grows faster
with the number of incoming ions in case of the 250 eV
ions (see Fig. 5a). Moreover, the number of atoms sput-
tered by the 20 eV is barely visible on the linear scale of
the graph in Fig. 5a, and it remains negligible through
the whole sequential run at this ultra low energy. This
result may indicate that the visible surface pattern for-
mation can be expected only for the higher energy, if
erosion is the dominating factor.

The total atomic displacement with respect to the ini-
tial structure, in turn (see Fig. 5b) increases progres-
sively for both energies, 20 eV and 250 eV, during the se-
quential irradiation process. This indicates that although
the structure is relaxed during 10 ps after every ion im-
pact event (see Section II B 1), the effect of individual
ions does not disappear completely. On the contrary, the
system remains partially strained, which provides a con-
tribution to the total deformation of the structure during
the following impact. Since the displacements are accu-
mulated gradually, this process may lead to the changes
in surface morphology, forming ripples. We note also that
the total atomic displacement is accumulated faster for

http://dx.doi.org/10.1063/1.5026447
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the ions with the 250 eV energy.

(a)

(b)

FIG. 6: Final structure after 10000 consecutive impacts
of Ar ions on a-Si target at 70◦ off-normal for (a) 20 eV,
(b) 250 eV ion energies. Displacement vectors are shifted
for clarity and colored according to their magnitude.

Despite the stronger sputtering for the ions 250 eV and
almost no sputtering for the ions of 20 eV, we observe the
formation of similar ridges on the surface during the sim-
ulations performed for the ions with the indicated ener-
gies impacting on the surface at 70◦ off-normal, which are
shown in Fig. 6. Here we show atoms which were found
after the full sequential run of 10000 ions with the corre-
sponding energy, to be displaced for more than 2 Å (black
dots) and their displacement vectors, sized and colored
according to the displacement magnitude. Displacement
vectors (the vectors which are connecting the initial and
final positions of the same atom) are translated along
their directions in such a way that the beginning of the
vector is at the initial position of its end, in other words,
at the displaced position of the atom. This is done for

the clarity of visualization, and the initial positions of the
atoms can be easily restored by translating the vectors
back to the original position.

Comparing the features created by the same amount
of the 20 eV and 250 eV Ar ions in a-Si, respectively (see
Fig. 6), we can clearly see that the size of the ridges
is different, while the shape of these features are quite
similar. The 250 eV Ar ions sputter more Si atoms, and
the erosion is much stronger during the first stages of the
irradiation, which creates a deeper groove. The following
incoming ions push the material in the positive x direc-
tion, as the displacement vectors show in Fig. 6b. On
the other hand, in the 20 eV case, the erosion is almost
negligible. If so, we were not expecting formation of a
groove, while Fig. 6a shows the formation of a similar
ridge, which we see for the 250 eV Ar ions. We attribute
the formation of the groove purely to the redistribution
effect, as the displacement vectors show (see Fig. 6a)
the momentum transferred in the focused beam mode is
accumulated in smaller displacements, but eventually re-
laxed towards the open surface rather than inwards the
surface as in case of the 250 eV ions. The momentum
transferred to the atoms in the collisions creates a lo-
cal stress, which provokes the material flow towards the
surface.

A more detailed analysis we perform for the ions of
the 30 eV energy to match the experiment. In Fig. 7, we
show how the shape of the groove formed in the planarly
focused ion beam depends of the atomic displacement
effect caused by the incoming ions as a function of the
incident angles. We selected a few representatives angles,
55◦, 65◦, 70◦, 80◦ and 85◦ off-normal. In these figures,
we depict atoms and their corresponding displacement
vectors for all atoms with the displacements not shorter
than 2 Å similarly as in Fig. 6. In these simulations we
again did not observed any significant sputtering effect.
From the left to the right panel of Fig. 7, we show the
evolution of the ridge formed by the ions incoming at the
same incident angle (2000 ions on the left and 10000 ions
on the right). We see that for all cases, the groove is
growing with the number of incoming ions, however, the
size is overall reducing with increase of the incident angle
and at the angle greater than 80◦, the surface remains
practically intact even after long sequential irradiation.

In the following, we present a quantitative analysis of
the results obtained in our MD simulations of the sequen-
tial irradiation process.

http://dx.doi.org/10.1063/1.5026447
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FIG. 7: Atoms (black dots) and their displacement
vectors after the sequential irradiation of a-Si by 30 eV
Ar ions obtained with different incident angles: θ = 55◦

(a, b); θ = 65◦ (c, d); θ = 70◦ (e),(f); θ = 80◦ (g, h);
θ = 85◦ (i, j); and two fluences 2000 ions (a, c, e, g, i)
and 10000 ions (b, d, f, h, j). Displacement vectors are

shifted for clarity and colored according to their
magnitude (as in Fig. 6)

(a)

(b)

(c)

FIG. 8: (a) Total number of sputtered atoms (Nsputt), (b)
total atomic displacement and (c) x and z components
of the total atomic displacement as functions of incoming
ions.

Fig. 8a shows that the maximum erosion effect in the
target is caused by the 80◦ sequential irradiation, and
it is the only case in which the total number of sput-
tered atoms is continuously growing, while in other cases
it reaches the saturation level, indicating that no more
sputtering takes place after a certain fluence. We looked
closer in the simulation details to understand the rea-
son of this saturation. At a certain point, depending on
the irradiation angle, a ridge formed on the surface by
the atomic redistribution becomes sufficiently large to

http://dx.doi.org/10.1063/1.5026447
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capture sputtered atoms which redeposit on the ridge in-
creasing its size. However, in the 80◦ case, the change in
the surface morphology is not so marked, the shadowing
effect is smaller and the sputtering continues also after
10000 impacts.

We also analyze the dependence of the total accumu-
lated displacement on the incident angle. In Fig. 8b, we
observe that the ions incoming at 70◦ of the incidence
induce larger total displacement than at any other stud-
ied angles. This result agrees well with the experiments,
which show a maximum effect at about 70◦ (see Fig. 4).
For 55 and 65◦, the observed total displacements are only
slightly smaller than those of the 70◦ case. The largest
difference we observe for the closest to grazing incidence,
which resulted in much smaller total displacement. This
result is in line with the fact that the shape transforma-
tion on the surface is less pronounced (Fig. 7h) for the
80◦ incidence, although the number of sputtered atoms
in these simulations is the highest. In the case of 85◦, we
cannot observe any visible ridge formation effect during
the simulation.

In Fig. 8c, we can clearly see how the angle θ affects the
contribution to the x and z displacement components. In
all cases, the z component dominates the value of the to-
tal displacement, mainly due to the relaxation time after
every impact and the effect of the open surface in z direc-
tion; the contribution of the x component decreases with
θ angles approaching the grazing incidence, which results
in a smaller ridge formation on the surface. On the other
hand, at the 55◦, 65◦ and 70◦ incident angles, the forma-
tion of a ridge on the surface is more pronounced. In the
case of the grazing incidence of (85◦), the x contribution
oscillates around zero during the entire process, which
shows that the displacement accumulation in direction
parallel to the ion beam is almost negligible due to the
generated recoils. The recoils are displaced equally along
and opposite to the positive x direction.

As we reported in Fig. 8a, the erosion in the surface
caused by ions of 30 eV at any angle of incidence is ex-
tremely low. Even after 10000 Ar+ ion impacts, in the
most extreme case, the total number of sputtered parti-
cles is 110, which corresponds to an average sputtering
yield of 0.011. Based on our analysis, we conclude that
the momentum transferred from low energy ions incom-
ing under a tilted incidence is insufficient to cause erosion
of the material, the process which is commonly used to
explain the nanopatterning formation on amorphous sur-
faces. Instead we see that this momentum causes signif-
icant redistribution of surface atoms, which is becoming
a crucial factor leading to formation of a groove on the
surface. Moreover, those rare atoms which receive suf-
ficient momentum to be sputtered, are captured by the
groove, contributing to its further growth.

2. Single ion irradiation

In this section, we present the results extracted from
our MD simulations, using the mathematical model de-
veloped by Norris et al.35 and applied similarly as in the
previous works on this topic11,28. Using the zeroeth, first
erosive and redistributive crater function moments it is
possible to estimate Γx,y and determine when it becomes
negative (unstable regime) so ripples can be observed.
Specially, this model is useful for analysis whether this is
an effect of the erosion or, on the other hand, redistribu-
tion.

(a)

(b)

FIG. 9: Results for singe 30 eV Ar+ on a-Si. (a) Co-
efficient Γx(θ). (b) Coefficient Γy(θ). Shaded regions
represented one σ confidence interval (68.2 %), dotted
lines represent the mean.

The results in the Fig. 9 show the coefficient estima-
tion considering the error bars from the calculated crater
function moments. It is evident that redistribution is
dominating the value of the coefficients in both cases be-
cause the zeroeth and the first erosive moments are much
lower compared to the first redistributive. Considering
that, according to the prediction, ripple formation can
be observed starting from θ = 35◦. The parallel mode
(Γx) is dominating in the unstable regime, but as we can
see from the Fig. 9b within the error bars, the Γy co-
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efficient becomes negative, which is consistent with the
perpendicular to the ion beam pattern prediction. How-
ever, the probability of the perpendicular mode ripples
being formed is very small.

The ripple wavelength is estimated using the following
expression11,28

λ(θ) = 2π

√
2B(θ)

−fΓx,y(θ)
, (5)

where f is the ion beam flux, B(θ) is the viscous flow
coefficient. The criteria used to choose either the parallel
(to the ion beam projection) (Γx) or the perpendicular
coefficient (Γy), is the most negative (unstable) one. In
case of both coefficients being non-negative, a surface
instability will not appear.

The value of the flux f = 3.25× 1014cm−2s−1 is calcu-
lated according to the experimental fluence at θ = 0◦ and
the corresponding exposure time. The value of B(θ) has
been estimated following the supplementary material in-
cluded in Ref. 11 by modifying the number of recoils gen-
erated per ion impact (using the Kinchin-Pease44 model)
but instead of considering a constant value for the amor-
phous layer thickness, we calculate it as twice the pen-
etration depth45. The penetration depth is calculated
for the simulated irradiation angles using MDRANGE
code46. The calculated ripple wavelength is presented in
Fig. 10.

FIG. 10: Wavelength prediction for single 30 eV Ar+ on
a-Si, after applying a flux of f = 3.25 × 1014cm−2s−1

using the mean, the lower and the upper error bound-
ary estimations for Γx and Γy coefficients shown in Fig.
9. The magenta vertical dotted line indicates the experi-
mental critical angle. The green and pink dots represent
the experimental point measured in this work for 65◦ and
70◦ respectively.

According to the results in the wavelength estimation
we can see that the instability prediction starts from
35◦, while the experimental critical angle has been
observed at around 55◦, showing that the model is not
taking into consideration possible additional effects that

experimentally contributes to the stability at middle
irradiation angles. On the other hand, the experimental
wavelength values are accurately predicted as they fall
between the lower and the upper boundary estimations.

IV. CONCLUSIONS

In summary, the effect of the low energy 30 eV Ar+

ion irradiation on Si surface is investigated both exper-
imentally and by MD simulations at different incidence
angles. The transition from a flat surface to the parallel
mode ripples is observed experimentally at 55◦, whereas
parallel to perpendicular mode transition occurs at 75◦.

The sequential focused irradiation simulations per-
formed in order to understand the reasons of the pat-
tern formation at low irradiation energies confirm that
the sputtering is almost negligible for 30 eV Ar on a-Si.
Hence, the formation of the ridge structure is a pure ef-
fect of atomic redistribution. Besides, the larger the total
displacement is, the faster the growth of the ridge.

The single ion irradiation results, which are analysed in
the crater function formalism, also show that sputtering
does not affect the pattern formation in this case, be-
cause the contribution of the redistributive part is much
stronger. The dependence of the viscous flow coefficient
on the irradiation angle proves to be an important fac-
tor in the wavelength estimation, as the thickness of the
amorphous layer stimulated by ion impacts depends on
this angle. This model is able to predict the ripple wave-
length quantitatively well as a product of the redistribu-
tion mainly, even though the transition to the perpen-
dicular mode ripples is not predicted at the grazing inci-
dence. Though Γy coefficient lower boundary is negative
for irradiation angles larger than 68◦, the probability of
the perpendicular mode ripples appearing is very small,
due to the lower boundary of Γx coefficient is larger in
magnitude than the corresponding boundary Γy coeffi-
cient in the instability region.
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2 J. Muñoz-Garćia, L. Vázquez, R. Cuerno, J. Sánchez-
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