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Formation of parallel and perpendicular ripples on solid amorphous surfaces by ion beam-driven
atomic flow on and under the surface
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The off-normal ion irradiation of semiconductor materials is seen to induce nanopatterning effects. Different

theories are proposed to explain the mechanisms that drive self-reorganization of amorphizable surfaces. One of
the prominent hypothesis associates formation of nanopatterning with the changes of sputtering characteristics
caused by changes in surface morphology. At ultralow energy, when sputtering is negligible, the Si surface has
still been seen to reorganize forming surface ripples with the wave vector is either aligned with the ion beam

direction or perpendicular to it. In this work, we investigate the formation of ripples using molecular dynamics in
all the three regimes of ripple formation: low angles where no ripples form, intermediate regime where the ripple
wave vectors are parallel to the beam, and high angles where they are perpendicular to it. We obtain atom-level
insight on how the ion-beam driven atomic dynamics at the surface contributes to organization, or lack of it, in

all the different regimes. Results of our simulations agree well with experimental observations in the same range

of ultralow energy of ion irradiation.
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I. INTRODUCTION

Surface self-organization is an interesting phenomenon and
seen at different scales in time and in space, if the surface
is exposed to momentum transfer at tilted incidence. For in-
stance, the blowing wind or the running water can develop
ripples on sand surfaces the ripples aligned either parallel
or perpendicular to the wind direction [1]. The mechanisms
behind this was explained by Bagnold [2], observing that
the grains move according to the reptation and saltation
processes.

Under ion beam irradiation of semiconductor materials,
the momentum is transferred to the surface via individual ion
impacts. Collectively, these impacts may induce patterning
on the surface of the material similar to the sand ripples
and dunes. The ion-beam-induced nanopatterning effect was
observed the first time in the 1960s by Cunningham [3]
in Au using 8 keV-Art at 70° off-normal incidence. Since
then, many theories have been developed in order to explain
the ripple formation with the focus on erosion [4], atom
redistribution [5,6], and stress build-up [7-10]. The struc-
tures observed in experiments range from ordered nanodots in
GaSb [11] and in Si [12] (with sample rotation) to parallel [13]
and perpendicular to the ion-beam projection ripples (i.e., the
wave vector direction) [14].

Computational methods like molecular dynamics (MD) or
the binary collision approximation (BCA) have been used
extensively to study this curious phenomenon. The application
of these methods has shed light on some of the aspects of it.
Norris et al. [15] introduced the crater function formalism
which allowed the prediction of the pattern formation and
corresponding wavelength of these periodic structures
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[6,14,16]. This model was particularly successful if it was
based on single-impact MD simulations, emphasizing the im-
portance of small atomic displacements which result from
low-energy multibody interactions accessible in MD, but not
in BCA [16].

Although single impact simulations have already pro-
vided important insights in understanding the mechanisms of
nanopattern formation, the main advantage of the MD method
is a possibility to simulate cumulative radiation effects due
to high fluence irradiation. Under the time and length scale
limitation of this type of atomistic modeling, it is, neverthe-
less, possible to simulate sequential ion impacts to understand
the relative contribution of erosion and atomic redistribution
on surface modification during prolonged ion irradiation with
different energies and at different incident angles [14]. At the
same time, we measure the relative effect of structural order
of irradiated material with respect to efficiency of surface
modification [17]. The results show that the contribution of the
erosion contrary to redistribution, is strongly dependent on the
material and the ion energy. Recently it was shown that very
high fluences in MD simulations can be achieved by using
a speed-up algorithm [18]. Applying this algorithm we were
able to observe directly the pattern formation in parallel mode
on a-Si surface under very low incident energies of 30 eV [19]
similar to the ripples observed experimentally [14]. The effect
of mass redistribution was confirmed also in other MD sim-
ulations [20], where the incident angles between 40° and 70°
were studied. However, to our knowledge none of the previ-
ous MD simulations were able to elucidate the mechanisms
of parallel-to-perpendicular mode transition with increase of
incident energy up to the grazing incidence.

In this work, we examine systematically ripple formation
over all incident angles to understand why there are no ripples
at low incidence angles, and why the ripples turn direction at
the highest angles. To understand the formation mechanisms
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comprehensively, we analyze the atom redistributions sepa-
rating displacements in the three different dimensions, and in
particular examine in detail displacements at very small graz-
ing angles (the incident angle > 80°), where the ripples in the
perpendicular mode are expected to appear [21]. Moreover, to
enable a quantitative analysis of whether self-organization has
occurred, we also perform fast Fourier transform (FFT) of the
surfaces.

Different quantitative analyses of the simulated data along
with the direct observation of the evolution of the irradiated
surfaces complement the model presented in Ref. [19] and
allow us to complete the picture of ripple formation on amor-
phous surfaces within a certain range of incident angles at
least, at very low near the displacement threshold energies.

II. METHODS

A flat-surface cell of amorphous Si containing 73584 atoms
was relaxed [14,17] to 300 K in order to perform the se-
quential bombardment. The final size of the cell is 16.56 x
16.56 x 5.15 nm°.

The simulations were performed using the PARCAS MD
code [22,23]. The Si-Si interactions are described using
the environment-dependent inter-atomic potential [24,25],
complemented at short distances by the purely repulsive
Ziegler-Biersack-Littmark potential [26]. The same type of
repulsive potential describes the Ar-Si interaction. The bom-
bardment of the sample is done sequentially [14,17], so we
used the pair potential with high energy repulsive part from
density functional theory DMol calculations [26] smoothly
joined to the Lennard-Jones equilibrium part [27] at larger
distances to describe the Ar-Ar interactions.

The irradiation of the sample is done using the speed-up
scheme [18], which allows for reaching high fluences using
MD simulations [19]. In this study, we used four angles of
ion incidence, 6 = {0°, 45°,70°85°}. The normal incidence
is used as a reference case to show how the surface be-
haves during ion irradiation up to high fluences when the ion
beam is not tilted. & = 45° provides sufficiently strong tilt,
while yet being less than the threshold 6 = 55° [28]. 6 = 70°
corresponds to the regime where parallel mode ripples are
expected to form (the MD results at this angle were the same
as those in Ref. [19], however, in this work we performed
additional displacement and Fourier transform analysis on the
MD results). & = 85° corresponds to the very small grazing
incidents, at which the ion is still able to hit the surface. At
this angle, the perpendicular mode of ripples was observed in
experiments [14] shown in Fig. 1(i).

The 30 eV-Art atom is placed above the surface at such a
location that when it hits the surface the impact is always at
the center independently of the incident angle. The center of
the surface is selected for the impact to initiate the cascade
far from the border to avoid the interactions over periodic
boundaries. For consistency with the tilt of the beam, the
azimuthal angle is always fixed and is aligned with the x axis.
Despite the fixed entry point, the ion actually impacts always
at a random place of the cell because of shifting the cell in
both x and y directions prior to every impact.

We simulated 54 000 consecutive ion impacts at the 0°, 45°
and 70° reaching the fluence 2 x 10'® jons cm~2, which was

sufficient to observe the high-fluence effects. In the case of
85°, the grazing angle is too small and much higher fluence
was needed to observe self-organization of irradiated surface.
In this case, we simulated 160000 consecutive Ar impacts
(fluence of 5.9 x 10'® ions cm~2). This is not surprising; in
experiments, self-organization of the irradiated surface with
grazing angle was also observed at much higher fluences than
those for the incident angles closer to the normal [14].

After every nine impacts, the temperature of the system
is restored to 300 K applying the Berendsen thermostat [29]
during additional 30 ps. Each individual impact is allowed to
develop for 1 ps only with the thermostat controlling tempera-
ture to 300 K applied to the 0.8 nm-thick layers at the borders
of the cell in the x and y directions, but not at the surface. More
details on the speedup scheme can be found in Ref. [19].

The erosion and atomic redistribution components of the
ripple formation mechanism are computed by counting the
number of sputtered atoms in the system, and the total dis-
placement. The total displacement was calculated summing
up separately each component of the individual displacement
vectors of all atoms displaced in a cascade:

Ndisplaced

89 = (Wha — Whiga)- (1)

i=1

where Ngisplaced 15 the number of atoms displaced within the
cell, the indices final and initial refer to the current and initial
positions of the atoms, respectively, while w = {x, y, z}. The
superscript ¢ is not applied for the w components of the total
displacements of atoms in the system, while g = “+” or “-” is
used to indicate the positive or negative components of the §,,,
which include separately the atomic displacement along each
w axis only in the positive or only in the negative direction,
respectively. Moreover, under high fluence ion irradiation the
accumulation of stresses is expected due to numerous atomic
displacements in multiple cascades. This quantity is also ac-
cessible in MD as we showed in Ref. [19]. We attempted to
analyze the stress in the current simulations as well, but could
not observe any clear relation between the ripple formation
and the stress build-up at this low energy.

Fast Fourier transform

To obtain a diffraction-like image of the surfaces (similar
to those obtained from the atomic force microscopy (AFM)
experiments, the FFT is calculated using the MATLAB tool-
box [30]. We considered the last frame simulated at different
irradiation angles, where the surface features are the most
prominent, enhancing the probability of obtaining a more pro-
nounced result. However, the ridge-trough distance in some
of the cases is not marked, so we needed to magnify this
difference. In order to do that, we consider 100 x 100 bins
in the x — y plane, containing a small amount of atoms per
bin. Among those atoms, we consider the highest atom (z
coordinate) in the bin to amplify the differences between the
bins that are separated from each other, and consequently,
detect more efficiently the possible pattern. Then, the color
scale is chosen independently for all the cases, in order to
highlight the orientation of any formation.
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FIG. 1. 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 30 eV-Ar™ ion irradiation, current density 52 pA cm~2 and fluence 1 x 10" ions cm™2. The different insets
show the corresponding FFT images and the black arrow indicates the beam direction for oblique incidence ion irradiation. The ripples in
images (e) and (f) are called parallel mode ripples because the wave vector (see insets) is parallel to the ion beam. The ripples in image (i) are
correspondingly called perpendicular mode ripples. Reprint from Ref. [14].

III. RESULTS

A. Surface self-organization

In Figs. 2 and 3 we show the gradual evolution of a-Si
surface under ion irradiation with different incidence. Fig-
ures 2, 3(a), and 3(b) show the simulation snapshots after
4500 and 54 000 ion impacts on the left and the right sides of
the corresponding figures, respectively. Figures 3(c) and 3(d)
show similar snapshots but after 78 000 and 160 200 ion im-
pacts, respectively. In the top corner of Figs. 2(b), 2(d), 3(b),
and 3(d), we also show the FFT images generated from the
analysis of the atoms in the corresponding surfaces for better
comparison with the experimental results shown in Fig. 1.

First of all, we observe that under the normal incidence
the surface roughness develops rapidly already at the early
stage of the irradiation [see Fig. 2(a)]. With fluence increase,
the roughness increases as well, forming randomly located
mounds, similarly to those observed initially under the 70°
incidence in the previous simulations [19]. However, under
the normal incidence the mounds do not self-organize, but re-
main random even at fluence more than an order of magnitude
higher, see Fig. 2(b). This behavior persists until the end of
the simulation. The absence of a clear surface pattern in this

case is consistent with the AFM measurements in Fig. 1(a).
See Supplemental Material ODEGREES-SURF-FORMATION-
DISP.MP4 and ODEGREES-SURF-FORMATION-POSZ.MP4 [31] for
the surface evolution under normal incidence. The random
nature of roughness is also confirmed by the FFT image shown
in the inset of Fig. 2(b) with no preferential structure, which
agrees well with the experimental FFT image in Fig. 1(a).
After tilting the ion beam to 45° off-normal, we also
observe significant development of surface roughness at
the early stages of irradiation [see Fig. 2(c)]. At a later
stage [Fig. 2(d)], the random mounds start organizing in
some surface features, however, the process does not com-
plete in any recognizable pattern even at the fluence of ~2 x
10'%cm~=2 (for comparison, the clear ripples were formed
at the fluence 1.8 x 10'°cm~2 under the 70° incidence as
reported in Ref. [19]). Local self-organized ridges seen in
Fig. 2(d) do not align in any preferential direction, i.e., neither
as parallel- nor perpendicular-mode ripples. See Supple-
mental Material, 45DEGREES-SURF-FORMATION-DISP.MP4 and
45DEGREES-SURF-FORMATION-POSZ.MP4 for the evolution of
surface at 45° incidence [31]. In the FFT image in the inset
of Fig. 2(d) we notice that some alignment is emerging. How-
ever, this alignment is rather vague, which is explained by the
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FIG. 2. Evolution of the a-Si surface under 30eV-Ar* at 0° (a) 4500 and (b) 54000 impacts (including FFT of the surface); and at 45°
(c) 4500 and (d) 54000 impacts (including FFT of the surface). The black arrow indicates the irradiation direction.

absence of clear periodicity. On the larger experimental sur-
face, this vague pattern is expected to disappear due to higher
randomness of orientations of local self-organized features.
Unfortunately, there is no experimental data at this angle in
Fig. 1, although interpolation between the result shown in
Figs. 1(c) and 1(d) is consistent with the above argument.

In Figs. 3(a) and 3(b) we show how the ripples in parallel
mode emerge from the initially random surface roughness at
70° incidence. Here we also generated the FFT image for the
ripples in Fig. 3(b) that show a clear pattern similar to that
obtained for the experimentally observed ripples, see inset
of Fig. 1(f). Increasing the incidence angle further to 85°
off-normal slows down the dynamics of self-organization. In
these simulations, we had to increase the fluence to much
higher value to start observing any organizational pattern.
Note the difference in the total numbers of ion impacts sim-
ulated for this case: Figure 3(c) shows the snapshot for the
simulation cell after 78 000 ion impacts (4500 ions for lower
incident angles) and Fig. 3(d) after 160 200 ion impacts (54
000 ions for lower incident angles). The necessity of the
fluence increase is consistent with the experiments reported
in Ref. [14] and is explained by much lower momentum

transfer from ion beam to surface atoms, since many im-
pacts result in backscattering of incident ions. These presented
snapshots showing the surface evolution under 85° off-normal
incidence, demonstrate the gradual self-organization of the
surface into ripples in the perpendicular mode, although the
roughening of the surface under the grazing incidence is
much slower and shallower [see Fig. 1(i)]. We observe for-
mation of the first mounds at the beginning of the simulation
(see 85SDEGREES-SURF-FORMATION-POSZ.MP4). As the fluence
increases [Fig. 3(c)], these mounds merge with others and
some thin ripplelike structures start developing. See Sup-
plemental Material (85DEGREES-SURF-FORMATION-DISP.MP4
and 85DEGREES-SURF-FORMATION-POSZ.MP4) for the com-
plete dynamics [31] This surface reorganization becomes fully
clear at the last stages of the simulation [Fig. 3(d)], where
the ridges of the ripples align along the projected ion beam
forming ripples in the perpendicular mode, i.e., with the wave
vector perpendicular to ion beam projection. This result is
fully consistent with the experiment from Ref. [14] where
the rotation of the ripples was also observed at 85°, but the
wavelength of these periodic structures could not be mea-
sured due to the low roughness for this irradiation angle. In
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FIG. 3. Evolution of the a-Si surface under 30eV-Ar" at 70° (a) 4500 and (b) 54000 impacts (adapted from result covered in Ref. [19] and
including FFT of the surface); and at 85° (c) 78 000 and (d) 160200 impacts (including FFT of the surface). The black arrow indicates the

irradiation direction.

addition to this, the FFT image provided in Fig. 3(d) is also
showing certain perpendicular orientation, as the one shown in
Fig. 1(i), where an intense set of dots arranged perpendicular
to incoming fluence can be noticed. In other words, the orien-
tation of this line of dots is perpendicular to the one shown in
Fig. 3(b).

B. Erosive and redistributive components
of surface self-organization

We further analyze quantitatively the effect of erosive and
redistributive components to the ripple formation process in
our simulations. For completeness of the comparative analy-
sis, we also include the case of ripple formation under the 70°
incidence from Ref. [19].

Figure 4(a) shows the evolution of the cumulative number
of sputtered atoms with fluence for all the simulated cases,
including the 70° incidence. As expected, we see the highest
sputtering dynamics under the ion beam tilted at 70° with re-
spect to the surface normal. This value grows linearly with the
number of incident ions, which is the same as for the 45° tilt. A
slight increase of the growth rate is noted when the number of

incident ions is larger than 40000 [a thin dashed line guides
the eye in Fig. 4(a)], when the surface develops significant
roughening. Surprisingly, no such change is observed for the
ions impacting on the surface at 45°, although the roughening
also appears at approximately the same fluence as clearly
seen in Figs. 2(c)-2(d). The sputtering, and hence the erosive
component of a surface self-organization in other two cases,
is negligibly small (~ a few tens of atoms after 160 000 Ar™
impacts). Overall, the effect of sputtering appears negligible
under the current irradiation condition (the highest sputtering
yield per incoming ion is ~0.03). Hence, in the following we
focus mainly on the effect of atomic displacements.

We analyze the total displacement calculated according to
Eq. (1) along the z and x axes in the inset of Figs. 4(a) and 4(b),
respectively. The y component of the total displacement is not
included, since there is no dynamics in this direction and the
value fluctuates around zero. The dynamics of evolution of &,
with the fluence in all cases show rapid initial growth with the
clear tendency towards saturation. The highest value of §, we
observe for the normal incidence, where the saturation is also
reached at much higher fluences than for any other incident
angles. Strictly speaking, in our simulations we have not yet
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FIG. 4. (a) Evolution of cumulative number of sputtered atoms
and total displacement in the z direction §, (in the inset) with number
of ion impacts for the incident angles of 0°, 45°, 70° and 85°. (b) Evo-
lution of total displacement in the x direction, §,, with number of ion
impacts for the same incident angles. Inset shows the evolution of
the negative component §_ up to 54 000 impacts. The higher number
of impacts for the grazing incidence of 85° resulted in monotonous
growth of this value with the same slope. Grey dashed lines guide
the eye to show the deviation from a linear growth of the number of
sputtered atoms and cumulative 8, at 45° and 70° irradiation.

reached the saturation plateau, only significant slowing of the
growth rate. The saturation for 45° and 70° incident angles is
more apparent, although some growth of these value may still
be expected in these cases as well. For the grazing incidence
of 85°, the growth still continues, even after a very high
fluence. Under this irradiation condition, the displacements
are rare and involve mainly individual atoms only. We note
that the evolution of this component, although fairly distinct,
does not show any correlation with surface self-organization,
since all four plots have very similar behavior apart from the
growth rate which is rising with increase of the z component
of the incident momentum. However, we can clearly correlate
the dynamics of the growth of this parameter with increased
roughness of the surface. This process is also important as it
indicates the atomic flow above the initial surface level that
later on can be displaced along the surface, if a driving force
for this process is provided.

More interesting behavior of the total displacement in the
system is seen in the evolution of §, component, which is
shown in Fig. 4(b). Here, we see similarly fast growth of
8, with the fluence for both 45° and 70° incident angles,
although it is clear that the growth of §, slows down for the 70°
incidence, while it continues linearly increasing with the same
initial rate for the ions impacting at 45° incidence (consistent
with the single-impact results shown in Ref. [14]). We draw
the thin dashed lines to guide the eye along the linear increase
of &, for both 45° and 70° cases. For the 70° incidence, we
observe a clear deviation from the linear behavior, which is
explained by the accumulation of the negative displacement
8. in backward direction, as it was discussed in Ref. [19],
see the black line in the inset of Fig. 5(b). Here we note that
similar deviation is also observed in case of the 45° incidence,
but the nonlinearity in this case is much less pronounced and
the ripple pattern does not emerge on the surface [see the red
line in the inset of Figs. 5(b) and 2(d)].

Accumulation of §, under grazing incidence still shows
some tendency of forward movement, however, the increase
is insignificant. This result shows preferential transfer of mo-
mentum in the direction of the ion beam, although this bias is
very small. §, for the normal incidence irradiation is omitted,
since it was expected to fluctuate around zero.

We note that the high value of §, found for the 45° in-
cidence does not convert directly to ripple formation [see
Figs. 2(c) and 2(d)]. The single ion-irradiation model in
Ref. [14], on the other hand, predicts 6, = 45° as a critical an-
gle for ripple formation, while experimentally it is determined
to be 6, = 55°. Our simulations are in line with experimental
observations, since we clearly see that the strong total dis-
placement §, under the 45° of incidence is insufficient for
ripple formation, i.e., the developed roughness does not align
in this case into well-organized merged structures.

Regarding the results shown in Fig. 4(b) on 85°, we notice
that the contribution in x direction fluctuates around zero. We
can see that neither the accumulation of §, nor the sputtered
atoms can directly explain the formation of the ripples over
the surface, and, neither, the orientation of these. We have
observed that the process starts with small displacements of
the atoms, piling up and, after that, these structures merge and
build the ripples. The displacements in general are short over
the surface (x — y plane). However, the small displacements
outward from the surface (§,) seem to explain the formation
of ridges [note that §, is constantly increasing in Fig. 4(a)
inset]. Due to the grazing incidence, the incoming ions induce
shallow effects in the surface, but the high fluence enable to
create these small structures aligned to the parallel direction
(perpendicular mode). The height of these structures is low,
as was observed experimentally [14].

C. Displacements of surface atoms under
high fluence irradiation

Since in the previous section we saw that atomic displace-
ments play more significant role in surface self-organization
under the low energy ion irradiation, at least, in the following
we focus on the analysis of the displacements of the surface
atoms only. By surface atoms we understand the atoms which
are found within the same layer as defined in Ref. [19], i.e., the
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FIG. 5. Histograms of the ratio of displaced atoms [Nispiacea (S1)]
over the total number of atoms considered in the uppermost 22 A of
the cell (Ngurface (S1)), sorted according to the atomic displacements
(8o = i}ﬁ.‘;‘;‘l —iom)in (a) i =x, (b) i =y, and (c) i = z direc-
tions at the end of the simulations. The gray thin line marks the
zero displacement. The mean and standard deviation (i, o) of the

distributions are shown in the legends.

atoms with z coordinate greater than 22 A. This layer includes
all atoms that were actively displaced due to ion impacts at the
surface, contributing to the mounds of the surface roughness.

Figures 5(a)-5(c) show the histograms of the individual
atomic displacements 8°™ (i stands for x, y or z) in the
corresponding directions for the surface atoms that are found
in the final configurations of the simulations with respect to
the initial positions.

We see that the distributions of §2°™ [Fig. 5(a)] for the
inclined incidence with the 45° and 70° tilts are very similar
with slightly greater number of atoms displaced to larger
distances for the 70° incidence. The broad distributions of
8™ reveal a stronger tendency for collective movement of
atoms, for instance, when a formed random mound has been
moved along the surface. The smaller the mound, the further
the displaced atoms can move, explaining a slow decreas-
ing slope for the larger displacement values. The process is
observed for both the 45° and 70° incidences, however, the
self-organization is stronger in the case of the 70° incidence,
which explains the slight difference in behavior of both dis-
tributions for positive displacements. We see here that the
saom distribution for the 45° incidence is more compact with
a sharp peak at about 3 nm, which indicates that the mounds
indeed could have been moving under this incidence, but only
to relatively short distances. The displacements greater than
5 nm are less frequent than for the 70° incidence, which allows
for stronger separation between the individual ripples and,
hence, clearer self-organization structure.

The normal incidence also resulted in rather broad peak
centered around zero, while the peak for the 85° incident
angle is very narrow [Fig. 5(a)]. The broad peak at the normal
incidence is also explained by flow of atoms and piling up
into mounds, but since there is no preferential momentum
transfer along the surface, there is no preferential movement
of these mounds and, hence, the atoms are displaced in both
positive and negative x directions with equal probability. The
peak of §2°™ for 85° is very sharp and also centered near
zero similarly to the distribution at the normal incidence,
however, we observe a clear skewness towards positive 5;‘“"“.
This indicates that the displacements in the x direction, under
the grazing incidence, contributes to atomic flow forward to
a much lesser extent compared to lower ion incidence tilts,
since the displacements are produced mainly in single impacts
and direct momentum transfer to the collided atom with only
insignificant effect of atomic flow along the surface in the x
direction.

The distributions of atomic displacements in the y-
direction, 8;‘“’”‘, shown in Fig. 5(b), are symmetric around 0
as expected, since there is no preference in the displacement
of atoms in this direction. Surprisingly, while the distribu-
tions collected for the atoms displaced under normal and
45° incidence are almost identical, the number of displaced
atoms sidewise at 70° incidence is noticeably greater. This
is an important observation for explaining the nature of self-
organization and pattern formation, since it indicates the
greater momentum transfer to the surface atoms, setting in
motion many atoms collectively in every ion impact. 8;‘0“‘
for 85° incidence is again distributed much narrower around
zero as compared to the other distributions. In the graphs of
Fig. 5(c) we observe asymmetry in all distributions, which
is explained by preferential relaxation of energetic atoms
towards the open surface as well as formation of surface
roughness via a pileup effect. However, some of the atoms
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where displaced inwards into the bulk, following the momen-
tum transfer from the incoming ion beam. Remarkably, all
distributions of §2'°™ for nongrazing incidence (0° and 45°)
are very similar and extend to the same height. However, the
distribution of §2°™ for 70° incidence is slightly different, it
shows more coherent displacements of atoms to the same dis-
tance, which is explained by formation of regular structures,
such as ripples. Moreover, the ions incoming at 70° to the
surface normal were apparently able to displace the atoms
forward in x direction, but both in positive and negative z
directions. This specific way of atomic displacements pro-
vided stronger force for self-organization as the atoms under
the surface were bound more strongly and, hence, involved a
larger number of atoms in the collective movement. The graz-
ing incidence resulted in the narrower distribution of 8;‘“’“1,
however, the shape and the bias towards the positive directions
(outwards from the surface) is the same.

IV. DISCUSSION

Results presented in Sec. III B clearly indicate that erosive
component of the ion irradiation process plays an insignificant
role in surface modification processes in the considered ion
energy regime. However, the dynamics of atomic displace-
ments is very interesting and a few important observations can
be deduced from its analysis. First of all, the displacements
in the z direction keep increasing with fluence, although this
increase slows down dramatically after surface roughness has
developed. Organization of random surface features (mounds)
into larger formations (ridges) slows down the growth of &,
further. We see that the strongest decrease of the growth slope
amongst the tilted incidence cases is observed for the incli-
nation of 70°. The grazing incidence resulted in even slower
growth of §,, which is, however, explained by much slower
dynamics of modification of surface morphology compared to
other studied cases. Analysis of the total displacement in the
y direction, §,, did not reveal any interesting features.

The situation changes when the total displacement §, is
analyzed. Here we see different behavior of increase of the
cumulative total displacement with fluence. Although the in-
clination of 70° results in the greater momentum projection
on the x axis, the growth of §, for 70° is slower than that
for 45°. We explained this counter-intuitive result by analyz-
ing the behavior of the negative component of §_ for both
angles. In the inset of Fig. 4(b) we compare the evolution
of 6, under the 45° and 70° incident angles (the red and
black curves, respectively). We see that initially, the growth
of the cumulative backward displacement is equally rapid in
both cases, which is explained by linear summation of all
backward displacements in the nonoverlapping individual cas-
cades. This growth slows down again in both cases, however,
more efficiently for the case of 70°. This indicates the start of
cascades overlaps, which is responsible for nonlinear growth
in cumulative displacements, discussed earlier in Ref. [19].
Here we emphasize that the nonlinear effect in evolution of
the total displacement of surface atoms under tilted ion beam
increases with increase of the tilt, i.e., with increase of the
momentum transfer component along the surface.

Eventually, both 8, saturate at different levels, since the
shorter forward displacements that surface atoms experienced

under the 45° tilt allowed for accumulation of greater 8.
before the saturation. After ~20000 ion impacts, 6, starts
growing again for the 70° case with the same slope as for the
45° case, but after ~45 000 ions (twice as many), §, decreases
again. This indicates the start of self-organization, in other
words, the formation of ridges from the random mounds. We
also see that approximately at the same fluence (45000 ion
impacts) as the one that induced the growth of 5. under 45°
incidence, the slope of 8, changes to a much stronger one
under the 70° incident angle. The change of the slope to a
more rapid one coincides with the start of a clear organization
of the ripples on the surface. See Supplemental Material for
a more detailed process of ripples formation at 70° incidence
compared to 45° and 85° [31] The large ridges protect back-
ward displacements at the back of the ridge, while the forward
displacements before the ridge are pushing the atoms forward.
The random ridges on the surface formed under the 45° inci-
dence do not shield sufficiently the backward displacements
[see inset of Fig. 4(b)] and self-organization does not occur
[see Fig. 2(d)].

Analysis of the atomic displacements §2'°™ reveals that the
flow of atoms in the z direction, although fairly strong, does
not explain self-organization of the surface into a pattern. We
see that the distributions of §2°™ for the surface atoms in
all studied cases are very similar, while the atomic displace-
ments in this direction on the surface with the most organized
structures are even slightly shorter than those observed on
the surfaces with random mounds, see Fig. 5(c). Clearly the
atomic flow in the xy plane contributed to the self-organization
to much greater extent. Although the total displacement &,
fluctuates around zero and seemingly does not evolve with
fluence, the distribution of atomic displacements 8;‘“”“ clearly
indicates that the flow of atoms in this direction occurred as
well [see Fig. 5(b)]. Moreover, this flow is the strongest under
the 70° incidence, the case which resulted in the clear ripples
on the surface.

To visualize the effect of atomic flow, in Fig. 6 we show
the atomic displacements as the vectors connecting the initial
positions of the surface atoms and their positions in the final
snapshots. The atoms shown in these figures are the surface
atoms with the z coordinate above 22 A. The absolute value of
these displacements can be estimated from the corresponding
color bars. In these figures we observe fairly small random
displacement of atoms in the xy plane under the normal inci-
dence, see Fig. 6(a), with the more significant flow in the z
direction (note the color scale, but the small length of the vec-
tor projections on the xy plane.) A more intriguing situation
can be seen from the comparison of Figs. 6(b) and 6(c). Here
the displacement vectors for the 45° and 70° incident angles
are shown, respectively. Although the absolute values of these
displacements are fairly close (displacements appear mainly
in green color on the same color scale), we see that there are
more vectors of yellow and red colors on the surface with
the 70° of the incidence, indicating stronger displacements of
the surface atoms, i.e., ion-beam driven atomic flow of surface
atoms. Clearly, higher mobility of surface atoms under the
70° incidence contributed to self-organization of the ripples,
while the same ripples under the 45° of incidence are almost
indistinguishable.
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FIG. 6. Displacements evolution of the uppermost 22 A of the
cell from initial to final configuration for (a) 0° (54 000 Ar™) (a =
45.4320025 =+ 0.434508), (b) 45° (54 000 Ar") (e =22.3£0.2),
(c) 70° [19] (54000 Ar™*) (@ = 21.3 4 0.3) and (d) 85° (160200 Ar*)
(a = 36.2 & 0.4), colored according to their lengths in A. The vec-
tors are scaled 1/5 in (a)—(c) and 1/2.5 in (d) for visibility purposes.

The distribution of atomic displacements under the 85°
incidence also reveal a correlation between the position of
the ridges formed parallel to the ion beam, and the concentra-
tion of the longer displacements than those of the atoms that
remained in the trenches between the ridges [see Fig. 6(d)].
Certainly, these atoms experienced very little displacements,
while the atoms which ended up in the ridges traveled
much longer distances mainly ahead but also strongly to
the side. It has been suggested [32] that the transition of
ripple mode from parallel to perpendicular under the graz-
ing incidence occurs because of dominating role of erosion
over mass redistribution in the ripple formation process. This
conclusion was based on analysis of low-to-medium range
of irradiation energies (down to hundreds of eV), known to
cause fairly strong sputtering of surface atoms under grazing
incidence. In the present case, under the ultralow irradiation
energies, this argument does not hold as the sputtering yield
is extremely low and surface erosion is very inefficient to
explain surface patterning, which was observed also in exper-
iment [33]. In our simulations, where the irradiation energy
is close to the threshold displacement energy [19], we clearly
see that the self-organization is still mainly driven by redistri-
bution of surface atoms that becomes stronger the longer the
grazing incidence irradiation is applied. See Fig. 6(d) and Sup-
plementary Material (85SDEGREES-SURF-FORMATION-DISP.MP4
and 85DEGREES-SURF-FORMATION-POSZ.MP4) for the effect of
redistribution at grazing incidence [31].

Furthermore, we estimated the deviation of the displace-
ment direction from the ion beam direction, i.e., from the
x direction by comparing the x and y components of the

atom

displacements [@ = tan’l(zﬁmm )]). These values are given in
the parentheses in the capti(;n of Fig. 6. Surprisingly, we see
a preferential deviation of the displacements with respect to
the ion beam direction, which is similar for all atoms (the
obtained error bar is given by the standard error of the mean).
This shows that the component perpendicular to the direction
of the beam plays an important role in the self-organization
process. In both cases of 45° and 70° this deviation was
about 22°, which indicates preferential atomic movement in
the x direction, while for 0° and 85° these deviations are
45° and 36°, respectively. The former value shows no pref-
erence in the displacements in x and y directions, while the
latter shows the stronger bias of displacements in the y direc-
tion in self-organization process than that for the less tilted
incidences.

To clarify further the effect of atomic displacements, we
performed the BCA calculations of the cascades for several
incident angles. We used the CASWIN code [34], which allows
to trace the atomic trajectories observing statistical evolution
of cascades. Since BCA is not reliable for energies below 1
keV [16], we have simulated the trajectories for 1 keV Arions
in Si for all energetic atoms that received momenta in collision
cascades within the very top surface layer of 5 A. We can
relate these results to the case studied by MD at much lower
incident energy, since in BCA we only plot the shape of the
initial cascades within the surface layer, ignoring the surface
sputtering, that is irrelevant at the energies of the interest of
the present work. More specifically, the BCA calculations
allow us to observe the shape of momentum transfer distri-
bution which is expected to be similar within the range of ion
energies causing collision cascades. Figure 7(a) summarizes
these calculations showing the color-coded trajectories, where
the color indicates the energy of the atom which it had at the
given point of the trajectory.

In these figures we can clearly see the size increase of the
high energy spot on the two-dimensional map (see violet color
in the middle of the cascades) with increase of the ion beam
tilt. At the grazing incidence the spot decreases again and
shrinks also laterally. The shape of the cascades under 85° is
the most elongated in the x direction amongst all the presented
cases. Moreover, we see that with increase of incidence the
lateral spread of the cascade (y direction) becomes broader
[see also Fig. 5(b)], which can explain the more efficient self-
organization as the atoms receive momentum not only along
the x axis, but also sidewise, with significant y component.
This observation is well in line with our MD results, where
we see that both 45° and 70° incidences induce sufficient
migration of atoms on surface, although the momentum trans-
ferred to surface atoms under the 45° of incidence is not
sufficiently strong to displace atoms to large distances. The
shape of the cascades at 85° is small and narrow indicating
that the cascades under this incidence are shallow. In these, the
side-wise spread becomes dominant although the momentum
transfer in x direction exists. This explains the formation of
the perpendicular mode of the ripples.

In Fig. 7(b) we illustrate schematically the change of the
cascade shape within the surface with increase of the incident
angle. Here the energetic part of a cascade is illustrated as
an ellipsoid with the major axis aligned with the direction
of the incoming ion. Below each ellipsoid, the top views
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FIG. 7. (a) Maps of trajectories of atoms in BCA cascades induced by 1 keV Ar on Si for 0°, 45°, 55°, 70°, 80°, and 85°, from left to
right and from top down. The trajectories are recorded only within the 5 Asurface layer and include the recoils with energies above 1 eV.
The trajectories were generated from 2000 statistical ion impacts. (b) Illustration of intersections of collision cascade regions, presented in
the shape of an ellipse, with the surface for a given energy of incoming ions under 0°, 45°, 70°, and 85° of incidence. The darker tone of
the corresponding color represents the actual cascade inside the material (grey squares) and the lighter tone represents the missing part of the
cascade. The ellipses below are the top views of the cross-sectional areas of these intersections.

on the cross-sectional areas of cascades at their intersection
with the surface are shown. We see that the shape of these
areas can be correlated with the momentum transfer along
the surface both in the x and y directions. Clearly the surface
cross section of the collision cascade at 70° has the largest

area, hence the momentum transfer along the surface in both
x and y directions is the strongest. The shallow cascade under
the 85° incidence results in the most narrow cross section at
the surface explaining the tendency of digging the trenches
parallel to the ion beam.
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V. CONCLUSIONS

In conclusion, using molecular dynamics simulations we
showed that the direct formation of ripples on the surface
of amorphous silicon occurs only when the incident angle is
greater than a threshold. We show rotation of ripple orienta-
tion with respect to the ion beam direction under the grazing
incidence. We explain the dynamics of modification of sur-
face morphology by analyzing the displacements of atoms in
terms of total displacements and distributions of individual
atom displacements. We clearly observe that roughness of
the surface builds up as a result of atomic flow in collision
cascades, however, for self-organization of the random surface
features, significant atomic flow driven by tilted ion beams
along the irradiated solid surface is needed. Moreover, the
forward flow is complemented by the sidewise flow which is
important for formation of ridges aligned at a 90° angle to the
ion beam direction. At grazing incidence the sidewise flow

becomes stronger, but involves less atoms, while majority of
atoms receive the momentum inwards that causes the effective
“digging-in” effect forming trenches, while ridges aligned in
the beam direction are formed by atoms displaced stronger on
the surface. All processes require high fluences that result in
displacement of large amount of atoms.
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