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81.16.Rf – Micro- and nanoscale pattern formation
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79.20.Rf – Atomic, molecular, and ion beam impact and interactions with surfaces

Abstract – We investigate the role of the initial structural condition in silicon surface nanopatterning by low-energy ion beam sputtering. Speciﬁcally, we address the inﬂuence of the target
atomic structure in ripple formation under oblique irradiation by 500 eV Ar+ ions. To this end,
we compare results obtained on single-crystal, amorphous, and pre-implanted silicon targets. In
spite of the diﬀerences in terms of structural order, and in contrast to previous results for medium
energies, surface dynamics are found to be quantitatively similar in all these systems. We explain our results through molecular dynamics simulations of the initial irradiation stages, with the
conclusion that the damage induced by low-energy ion bombardment overrides the initial atomic
state of the silicon target, irrespectively of its preparation method and allows silicon re-using for
nanostructuring.
c EPLA, 2015
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Surface nanopattern formation by Ion Beam Sputtering (IBS) is a versatile, low-cost technique, applicable
to diﬀerent materials including semiconductors, insulators, and metals [1,2]. It allows to produce ordered surface features (e.g., ripples or dots) down to a few nm in
size [3,4]. Indeed, IBS-induced surface patterns can be
used in several applications, particularly as templates for
further nanofabrication [5]. Morphologically, strong similarities occur with e.g. ripple formation on sand dunes [6],
as already noted in the ﬁrst historic reports on IBS surface nanorippling [7]. However, although the technique
has been already known for half a century, its underlying
mechanisms are still under debate [5]. Hence, from a basic
point of view, IBS-induced structures still pose challenging questions on the dynamics of surface patterns at the

nanoscale, including issues on pattern order [8], coarsening [9], and kinetic roughening [10].
The case of silicon (Si) targets is focusing a large
deal of attention [5], as low-dimensional Si structures
like nanowires are currently demonstrating a number
of promising, novel structural, electronic, and transport
properties [11,12], with potential for a new generation of
quantum devices [13]. Actually, recent assessment of the
key dynamical role played by unwanted metal incorporation has enabled an improved understanding of experiments with clean, mono-elemental Si targets [14–17]. As a
result, ion-induced viscous ﬂow of a shallow surface layer
has been identiﬁed as an important relaxation mechanism
in these systems [18]. Generally, semiconductors become
amorphous under ion bombardment [19] but, although
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IBS amorphization of bulk Si is comparatively well understood [20], the form in which the atomic disorder of
the amorphous layer may inﬂuence the IBS-induced surface morphology at nanometric scales remains largely unknown. Non-trivial eﬀects in the stress distribution or in
the density might be expected, particularly in view of the
low ion ﬂuxes employed in IBS surface nanopatterning,
roughly 1 ion nm−2 s−1 or lower [5]. For medium ion energies ( 15 keV), oblique Ar+ irradiation experiments [21]
show attenuated ripple formation for targets in which an
initial surface amorphous layer is thicker than the projected ion range. Such a result not only underscores the
eventual role of the buried interface separating the iondamaged region from the bulk [21,22] but also suggests
that the initial state of the irradiated surface layer can
be relevant in the surface nanopatterning. For example,
it has been reported [23] that, under 16.7 keV O+
2 bombardment, increasing the initial surface roughness of silicon targets can enhance and amplify pattern formation.
However, at low ion energies ( 1 keV) and without the
impact of metal impurities, as in, e.g., [14–18], it is not
known whether the initial state of the Si target in terms
of atomic disorder might inﬂuence ripple formation. This
case is particularly important due to the widespread use
of aﬀordable and versatile low-energy IBS equipments for
surface nanopatterning.
In this letter we show that it is not the initial atomic disorder but, rather, the (additional) ion-induced damaging
within a shallow surface amorphous layer, which controls
the onset and dynamics of patterns for low-energy IBS of
Si. To this end, we have studied nanoripple formation
under 500 eV Ar+ oblique irradiation in the case of four
diﬀerent initial structural conditions. Surface analysis has
been performed through ex situ Atomic Force Microscopy
(AFM) and is complemented with Molecular Dynamics
(MD) simulations to determine the local disorder before
and after low-energy IBS, for spatial and temporal scales
that are experimentally inaccessible. Our experimental
results show quantitatively that under the present sputtering conditions all the systems display the same surface
dynamics, despite structural diﬀerences in the initial conditions. This is explained by the MD simulations, which
lead to the conclusion that the ion-induced damage overrides the initial state of the targets, irrespectively of their
structural properties, by inducing the same type of viscous ﬂow for the damaged surface layer. In turn, it is this
viscous ﬂow which controls the ripple formation process
at the surface.
The systems used in this work are summarized in
table 1. First, a 380 μm thick single-crystalline Si(100)
target (c-Si) was employed as a reference ordered system.
Second, a  1.2 μm thick silicon ﬁlm grown on Si(100) was
taken as a reference amorphous Si (a-Si). Growth was performed by DC magnetron sputtering at room temperature
in a pure Ar atmosphere from a high-purity Si (99.95%)
sputter target at a power of 25 W (see ref. [24] for further
details). Finally, two Si(100) wafers were implanted (i-Si)

Table 1: Summary of the Si systems used in this work. The
initial disordered thickness refers to the layer thickness of the
as-grown amorphous ﬁlm or the damaged one created by ion
pre-implantation.

Sample description

Pristine Si(100) wafer
Amorphous Si grown ﬁlm
200 keV Ar+ implanted Si
150 keV Si+ implanted Si

Label

c-Si
a-Si
i-Si(Ar)
i-Si(Si)

Initial
disordered
thickness
–
 1.2 μm
 330 nm
 240 nm

to produce pre-amorphization of the outer layers. We employed 200 keV Ar+ and 150 keV Si+ ions, respectively, in
order to achieve damaged layers of a similar ion projected
range (around 200 nm, based on TRIM simulations [25]).
The self-implanted sample was used as a control since Ar
implantation sometimes leads to the local formation of gas
bubbles. However, this eﬀect was also minimized by implanting both samples with a ﬂuence of 5 × 1015 ions/cm2 ,
low enough to avoid eventual microstructural features.
All these diﬀerent conditions were chosen because several
physical properties of amorphous Si are known to depend
on the preparation method. E.g., a-Si prepared by physical vapor deposition can show a density deﬁcit relative to
c-Si larger than 10%, while the density of a-Si prepared
by ion implantation is only around 2% less than that of
c-Si [20]. The four systems we study have a small initial
surface roughness ( 0.2 nm), which should not play a role
in the dynamics. The non-crystalline character of the a-Si
and i-Si samples has been veriﬁed by spectroscopic ellipsometry (SE), also used to determine the (damaged) layer
thickness, see table 1. The combination of SE and Rutherford Backscattering Spectrometry (RBS) also allowed to
verify the density values of the as-preperated targets, according to ref. [26].
The four systems were subsequently subjected to 500 eV
Ar+ IBS to induce surface nanoripples, as in ref. [18].
The samples were attached to a sacriﬁcial Si wafer and
the absence of (metal) impurities after irradiation was
checked by RBS. The beam was extracted from a 3 cm
beam-diameter Kaufman-type ion gun impinging at 65◦
with respect to the target normal. The current density at
the sample position (parallel to the ion beam) was set to
50 μA/cm2 . The erosion rate was always  3.1 nm/min, as
assessed by SE. Surface topographies were imaged ex situ
with Nanoscope IIIa (Bruker) and Agilent 5500 (Agilent)
AFM equipments in intermittent-contact mode, using Si
cantilevers with 8 nm nominal curvature radius.
Figures 1(a)–(d) show the AFM images obtained after
20 minutes of irradiation for the systems in table 1. Beyond visual similarities, ﬁg. 1(e) depicts a similar power
spectral density (PSD) for all four systems, revealing the
independence of the pattern morphology with respect to
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Fig. 1: (Colour on-line) (a)–(d) AFM images of nanoripples
produced by IBS after 20 minutes of irradiation for the four
diﬀerent targets in table 1. The arrows show the direction of
the Ar+ beam. (e) Corresponding PSD of the morphologies.

the initial state of the target. Figure 2 displays the evolution of the ripple wavelength  (ﬁg. 2(a)) and roughness
w (ﬁg. 2(b)). Remarkably, the four systems display the
same dynamics quantitatively (within statistical deviations), despite their diﬀerent initial atomic structures. Actually, for the i-Si(Ar) sample the amorphous-crystalline
interface generated by pre-implantation has been reached
after 100 min (see arrow in ﬁg. 2), without any noticeable
eﬀect in the dynamics. This is at variance with results at
medium energy [21]. Here, the authors found that the onset for pattern formation occurs later for an initial thicker
amorphous layer although, once the instability emerges,
the dynamics of the pattern wavelength is rather similar to the thinner case. In contrast, the ripple amplitude
increases (remains constant and much smaller) with irradiation time for an initial thin (thick) amorphous layer.
As already mentioned, this behavior highlights the role of
the amorphous layer and the need of medium-energy ions
reaching the underlying crystalline interface to eﬀectively
induce a pattern [21]. As our present results indicate,
the situation may diﬀer at low-energy irradiations. Also,
under metal co-deposition equivalent dynamics have also
been reported for nanodot patterns produced on amorphous and crystalline Si targets [24].
With the aim of determining the causes behind this
loss of memory of the initial state of the material after low-energy IBS, we have investigated the microscopic
properties of the four systems before and after low-energy
irradiation by means of MD simulations, performed using
the LAMMPS software [27]. The interaction between particles was modeled by Tersoﬀ potential [28] interpolated
with a Ziegler-Biersack-Littmark [25] term. This choice
allows to accurately account for the elastic relaxation and
therefore a better description of amorphous Si [29]. The
size of the systems was 4.9 × 4.9 × 10.9 nm. A Si crystal with a diamond cubic structure equilibrated to 300 K
was employed to simulate the c-Si sample. Two diﬀerent
approaches were used for the amorphous/implanted systems. On the one hand, a melted and quenched c-Si target
obtained following the method described in refs. [30,31]
was generated as a reference for the a-Si layer. On the
other hand, to reproduce the i-Si targets, the as-generated

Fig. 2: (Colour on-line) Temporal evolution of the pattern
wavelength (a) and roughness (b) for the diﬀerent initial Si
targets in table 1. The vertical green arrow indicates the irradiation time for which the interface between the pre-implanted
layer and the underlying crystalline silicon bulk has been
reached for the i-Si set (note that there is no noticeable eﬀect
in the dynamics when this point is gone through).

c-Si structure was subsequently subjected to 150 keV Si+
or 200 keV Ar+ irradiation for a ﬂuence value like the
one used in the experiments. A ﬁnal irradiation with
500 eV Ar+ ions was then carried out on the four generated
structures, for a total of 1000 consecutive impacts. This
contrasts with most standard MD approaches, in which
averages are performed over diﬀerent impacts on the same
pristine material. Since the collision cascade is around 2unit-cells wide ( 1 nm), the system size is large enough
so as to prevent any inﬂuence of the boundaries, where
the thermostats are located. In ref. [32], an equivalence
between near-normal and grazing incidence conditions has
been established for the bulk damage. Namely, the stress
distribution under oblique incidence follows from that at
a diﬀerent condition (e.g. normal incidence) through a
simple tensor rotation. Here, we exploit this result and
perform simulations at 5◦ to normal, to avoid channeling
eﬀects. Further simulation details are as in [32].
In order to quantify the structural atomic order in the
simulations, the density, the radial distribution function,
g(r), and the coordination number are shown in ﬁg. 3.
Figures 3(a) and (b) show the density relative to that of
the crystal for the four systems in table 1 before and after
irradiation, respectively. Both c-Si and a-Si have similar
densities within error bars, while the implanted samples
just show a slight atomic deﬁcit, in agreement with the
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Fig. 3: (Colour on-line) Normalized atomic density ((a) and
(b)) and radial distribution function ((c) and (d)) before and
after 1000 Ar+ impacts, respectively. Atomic fraction of Si
atoms with coordination number equal to 5 (e) and 6 (f) after
1000 Ar+ impacts.

experimental SE observations. After IBS, the Si density
drops noticeably at the surface, concurrent with a densiﬁcation near the end-of-range region.
Figures 3(c) and (d) show the radial distribution function, deﬁned as


N −1
1 
δ(r − ri ), (1)
δ(r − ri ) = V
g(r) =
ρ
N
i=0

where ρ is density, ri are the neighbor positions within
a distance of 0.5 nm from a particle considered at r,
N is their number, V is volume, and the brackets denote particle average. This function contains information about the average distance between atoms. Initially,
see ﬁg. 3(c), a-Si and i-Si exhibit an identical functional
shape, with two main broad peaks reﬂecting short-range
order. Only c-Si displays narrow peaks and long-range order (not shown). Nevertheless, after irradiation (ﬁg. 3(d))
the radial distribution function, measured only in the top
damaged layer, is similar in all the systems.
The coordination number takes into account the number
of ﬁrst Nearest Neighbors (NN) surrounding each Si atom.
We consider the neighbors within a distance of 3 nm,
which is higher than the radial distance of the ﬁrst-NN
and lower than second-NN distance of diamond-cubic Si.
Figures 3(e) and (f) show the fraction of Si atoms after

irradiation which have coordination number equal to 5
and 6, respectively. The remarkable increase in 5-fold
and 6-fold coordination with respect to as-prepared samples (which feature a low background of 5-fold coordinated
atoms and the complete absence of 6-fold coordination),
indicates the formation of interstitials in the damaged surface layer. Interestingly within this layer, roughly 2 nm
wide, all the systems have identical properties.
These results indicate that, through irradiation, similar structural disorder ensues in the topmost surface layer
for all the targets. Thus, the rearrangements induced
by sustained IBS eventually govern its atomic structure,
independently of its previous history. Within the ioninduced viscous ﬂow theory for low-energy IBS [18,32,33],
ripple formation is controlled by the relaxation of such a
damaged surface layer, once it is formed. This is driven
by the large ion-induced residual stress which occurs for
the present range of energies, as predicted by Davis’
model [18,26]. According to the theory in refs. [18,32,33],
the independence of the atomic structure in the damaged
layer with respect to its previous state leads to a similar
morphological dynamics —as assessed by the roughness
and the ripple wavelength— for all the targets considered, as we obtain experimentally here. Other theoretical descriptions, like the classic Bradley-Harper (BH)
model [34], neglect both the structural changes within
the substrate and the evolution of the damaged layer.
Reﬁnements of the BH theory, known as crater-function
methods [29,35–37], perform averages over the matter rearrangement events induced by single ion impacts, in order
to evaluate the evolution of the surface [38], but similarly
neglect the structural atomic damage created within the
target.
In conclusion, we provide experimental and theoretical evidences that support the irrelevance of the initial
structural state of silicon targets for surface nanopatterning under low-energy, impurity-free IBS conditions. This
contrasts with previous results obtained at medium energies [21], questioning the straightforward relation between
both energy conditions that is frequently hypothesized in
the literature [5].
Our present mesoscopic analysis through AFM measurements and MD simulations both support the interpretation that the damage created by the irradiation overrides
the atomic structure —irrespective of its crystallinity or
of the origin of the pre-amorphized layer— in the topmost
surface layer which controls ripple formation. While supporting the relevance of relaxation by ion-induced viscous
ﬂow as the basic mechanism controlling pattern formation in the present class of systems, this result has the
important practical consequence that the characteristics
and quality of the nanopatterns thus produced do not depend on the previous structural state of the material. This
conclusion suggests that previously irradiated silicon targets could be re-used in new nanopatterning experiments;
as shown in this work, all the existing structure will be
overridden by the secondary low-energy irradiation.
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