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ABSTRACT

The formation of periodic patterns on the surfaces of many solid materials undergoing ion-beam irradiation has long been known.
The advent of high resolution characterization techniques elucidated the nanoscopic traits of this self-organization process, enabling
a wide range of applications for the nanostructures thus produced, from optoelectronic to biomedical. Meanwhile, full theoretical
understanding of the technique has been challenged by its multiscale nature, whereby the external perturbation implemented by the
ion beam acts at a much slower rate (typically, one ion arrives per square-nm every second) than the microscopic processes, like col-
lision cascades and material transport, which try to relax such external perturbations (collision cascades or surface diffusion attempts
usually relax after a few picoseconds). Here, we present a Perspective on the main developments that have led to the current under-
standing of nanoscale pattern formation at surfaces by ion-beam irradiation, from the points of view of experiments, applications,
and theory, and offer an outlook on future steps that may eventually facilitate full harnessing of such a versatile avenue to materials
nanostructuring.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021308

I. INTRODUCTION

In 1962, Navez et al.1 reported the nanoscale ripple patterns
that spontaneously form on glass substrates irradiated by a beam of
ionized air. The geometry of such surprising arrangements of
nanostructures was expected to depend on experimental conditions
and thus to enable the engineering of surface topographies at small
scales. Indeed, almost 40 years later, nanodot patterns were found
to also form,2 provided the ion beam is incident near normal to the
surface, with the original ripple patterns emerging under oblique
incidence of the ion beam. Subsequent studies have demonstrated
that this so-called ion-beam sputtering (IBS) method of structuring
solid surfaces at the nanoscale is applicable to most solid materials,
ranging from metals to semiconductors, and from organic to inor-
ganic materials, which makes IBS a rather versatile tool.3–5

Moreover, IBS is a low-cost, easily scalable technology that fabri-
cates patterns on wide areas in a single process, and has long
drawn attention due to its potential applications in industry.
Indeed, N. Taniguchi, who defined the concept of nanotechnology

in 1974, already pointed to IBS as a key technique for this, at the
time nascent field.6 From the perspective of basic science, IBS has
also drawn the attention of the research communities interested in
the mechanisms behind spontaneous pattern formation and
self-organization.7

However, the development of surface nanopatterning by IBS
as we know it today dates back mostly to the late eighties of the
last century. Two seminal contributions boosted the research in
the field. First, in 1988, Bradley and Harper (BH) laid the theoret-
ical framework for the pattern formation process that takes place
in IBS.8 According to the BH theory, and as is generally the case
for many self-organization processes far from equilibrium,7

during IBS, the pattern forms on the surface as a result of the
competition between two counteracting effects. On the one hand,
the incident ion beam erodes valleys faster than ridges according
to Sigmund’s theory of ion sputtering (see Sec. II B),9,10 which
causes a morphological instability amplifying local height differ-
ences. On the other hand, the surface tries to reduce its free
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energy via mass transportation. In the original BH model, follow-
ing the classic description of thermally activated surface diffusion
by Herring and Mullins,11–13 a surface mass current is driven by
the gradient of the surface energy that is assumed proportional to
the surface curvature, locally smoothening surface features.

Second, it was not until the late eighties that high-resolution
nano probes became widely available, such as scanning probe
microscopy (SPM),14–18 or grazing incidence small angle x-ray scat-
tering (GISAXS)19 due to the then burgeoning third generation
synchrotron facilities. SPM, especially scanning force microscopy,
has enabled the detailed three-dimensional (3D) characterization of
the morphology and topography of IBS patterned surfaces close to
atomic resolution, while GISAXS has allowed the real-time investi-
gation of the pattern dynamics during IBS.

After the BH theory was proposed, there have been many
significant developments from the theoretical and from the experi-
mental points of view. Thus, the original BH model implements a
linear approximation whereby the vertical velocity at which the
height of a point on the target surface changes is assumed propor-
tional to small height deviations from a uniform, flat shape.
This approximation was later relaxed to take into account the fact
that the erosion rate depends non-linearly on the local surface
inclination.20,21 Moreover, the net current of the material subject to
transport on the surface was later found to include additional con-
tributions from different physical origins, such as ion-induced
mass redistribution/displacement22 and/or stress-induced, surface-
confined viscous flow,23,24 and, in general, requires detailed model-
ing of its own, to be then coupled to the time evolution of the
surface height.25 More microscopic models have also developed.
In particular, the ion–surface interaction has been described with
improved space resolution via molecular dynamics (MD) simula-
tions, elucidating the detailed way in which the IBS surface instabil-
ity originates not solely from erosion, as predicted by Sigmund,10

but also from ion-induced mass displacement at the surface.26,27

Due to the rapidly growing computing power, MD28,29 and kinetic
Monte Carlo (kMC) simulations,30,31 as well as hydrid simulation32

combining both, have increasingly contributed to the elucidation of
the pattern formation process from the atomistic point of view.

With respect to experiments, in 1999, Facsko et al.2 crucially
reported IBS production of highly ordered nanodot patterns
showing quantum confinement effects, thus demonstrating IBS as a
promising nanotechnology as seminally suggested by Taniguchi.6

The role of metal codeposition in the pattern formation then
became a central issue for a decade or more, since metallic impuri-
ties can dramatically improve the order in the pattern and also
produce patterns composed of basic motifs other than periodic
ripples or dots.33–39 A quest for defect-free pattern formation has
been also consistently pursued, being particularly fruitful in the
case of IBS of compound semiconductors at temperatures beyond
the recrystallization temperature.40 Further, the capabilities of
unconventional irradiation setups to fabricate novel patterns have
been also actively investigated, and has also served as a test bed for
the examination of the theoretical predictions.41

More recently, similar breakthroughs are becoming naturally
less frequent in the context of IBS surface nanopatterning, which
indicates the maturity of the field and the difficulty of the remain-
ing open problems. These, on the other hand, still warrant the

attention of experimental and theoretical researchers for their basic
and applied interest. Hence, we feel that it is high time to reflect on
previous achievements and assess problems which are still open in
the field, as well as to prospect for future research directions.

We start this Perspective article with a brief survey on the key
issues which have been dealt with up to the recent past with respect
to both experiments and applications and theoretical aspects of IBS
surface nanopatterning, which are addressed in Secs. II A and II B,
respectively. Then, we assess the current status of open problems
which we consider important, again providing perspectives on
these from the points of view of experiments and applications
(Sec. III A), and also from the theoretical and computational view-
points (Sec. III B). For definiteness, we restrict the discussion to the
patterns formed by low energy (Eion & 10 keV), broad ion beams,
albeit with occasional mention of results at higher energies.
Actually, to lighten up the presentation somewhat while keeping a
clear focus on the main issues discussed, this article is not intended
as an comprehensive review, either. For additional detailed reviews
with diverse emphasis, the reader is referred to publications in spe-
cialized journals and books,3–5,42–48 as well as to journal special
issues which have been specifically devoted to this topic,5,49 some
of them quite recently.

II. ESTABLISHED RESULTS

A. Experiments and applications

As mentioned above, in 1999, Facsko and collaborators
reported the production of a hexagonally ordered pattern of nano-
dots on a GaSb surface by near-normal irradiation of a 420 eV Arþ

ion beam,2 see Fig. 1(a) for a SEM image. The height–height corre-
lation function in Fig. 1(b) shows that the order of the dots extends
over several periods on the substrate plane, this pattern setting the
standard for the length-scale and order of the surface nanopatterns
achievable by IBS. Moreover, the photoluminescence spectrum
from the dots produced showed a blue shift from that of bulk
GaSb, as shown in Fig. 1(c), indicative of quantum confinement
effects. This work demonstrated quite eloquently that IBS could be
promisingly employed as an efficient nanotechnology for
device-oriented applications, and drew an explosive attention,
largely expanding the community of practitioners of the field.
However, as will be explained in some detail in what follows, eluci-
dating the main mechanisms responsible for the formation of such
a well-ordered pattern has taken near 15 more years (with some
aspects remaining under scrutiny), partly related with the fact that
the substrate material is not monoatomic.

1. Clean monoelemental semiconductors

In order to introduce the basic experimental facts about the
formation of surface nanopatterns by IBS, it is probably best if we
start by the simplest, paradigmatic case of IBS of monoelemental
semiconductors. In general, this class of targets is simpler to study
because they become amorphous upon low-energy ion bombard-
ment,50 thus obviating complexities that originate for crystalline
surfaces from the instability caused by so-called Ehrlich–Schwoebel
(ES) barriers to surface diffusion,51–53 although we will also address
these later. Among semiconductor targets, a large majority of the
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works in this context employ Si,46but analogous results are
obtained for many other choices.4Similarly, we will be mostly dis-
cussing experiments using Arþ ions, but analogous results are
obtained for, e.g., heavier noble gas species.46

In view of the complexity and diversity of the processes
engaged in IBS, a simplified approach is to study the pattern for-
mation process in the early-time regime in which the surface

topography deviates slightly from the initially flat profile. It is in
this regime that (linear) approximations in the surface height as,
e.g., the classic BH theory are expected to apply. The main qualita-
tive behavior for IBS of clean Si is summarized in the left panel of
Fig. 2, which shows a morphological diagram obtained in terms of
two readily accessible experimental parameters, namely, the polar
incidence angle of the Arþ ion beam,θ, and the ion energyEion.

FIG. 1.(a) The extract of a SEM image and (b) the corresponding two-dimensional autocorrelation reveal the regularity of the hexagonal ordering (extending over more
than six periods) of a nanodot pattern produced by IBS of a GaSb film on an AlSb substrate.2(c) The low-temperature (15 K) photoluminescence (PL) spectrum (in arbi-
trary units) of the GaSb dots shows a broad, weak spectrum. The solid line is the PL of the dots scaled up by a factor of 50 relative to the GaSb bulk spectrum, drawn as
a dashed line. Reproduced with permission from Facskoet al., Science285, 1551 (1999).2Copyright 1999 American Association for the Advancement of Science.

FIG. 2.Left panel: Morphological diagram for pattern formation of ArþIBS of Si(001), in the linear regime of surface dynamics, in terms of the ion incidence angle and
energy. Experiments are nominally at room temperature, fluence is 3:8 1018 cm2for flat stable surfaces, and 3:2 1017 cm2for parallel and perpendicular mode
ripples atθ 50. Reproduced with permission from Madiet al., Appl. Surf. Sci.258, 4112 (2012).54Copyright 2012 Elsevier. Right panel: 1 1μm2AFM top-views for
250 eV forθas indicated. In all panels, the projected ion beam runs vertically bottom to top and thez-range is 2 nm. Reproduced with permission from C. S. Madi, Ph.D.
thesis (Harvard University, 2011).55Copyright 2011 C. S. Madi.
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Remarkably, forθ&48¼θc, the morphologies observed under
IBS are“flat”(i.e., non-patterned) as shown inFig. 2(a)in the right
panel, contradicting a prediction from the classic BH theory that
flat surfaces are unstable to pattern formation for any incidence
angle, including normal incidence (θ¼0). Forθ.θc, ripples do
form with wave vector parallel to the projection of the ion beam
direction as inFig. 2(b)(so-called parallel ripples, as those reported
in the seminal observations by Navez and co-workers), an orienta-
tion which rotates by 90(inducing perpendicular ripples) at even
higher angles as found inFig. 2(d), as actually described by BH.
The morphological transition that takes place atθ¼θcis charac-
terized by a diverging (ripple) wavelength,54,56–59being termed type
II in the pattern formation terminology, in analogy to a continuous
or second-order equilibrium phase transition in which the correla-
tion length diverges.7

Note that the experimental results summarized inFig. 2were
performed almost 25 years after BH’s theory was published. Today,
we know that the existence of metallic contaminants in many
experiments is responsible for thus delaying the clarification of the
morphological behavior of clean monoelemental targets under
IBS;46we will come back to this crucial issue later. At any rate, the
basic structure of this morphological diagram is now regarded as
quite generic for IBS of semiconductors, and other materials that
are or become amorphous under IBS,50and has also been assessed
in the medium energy range up toEion 100 keV, see, e.g., cases
for Si and Ge in Refs.60and61, and references therein. And while
some properties (like the value ofθc) are known to depend on, e.g.,
ion/target combination,31,59,62some other are expected to be uni-
versal,59like the type of divergence of the ripple wavelength for
θ≃θc. On the other hand, and as noted, the occurrence of a
non-zero value for the critical angle cannot be accounted for in the
classic BH description of Sigmund’s sputtering instability compet-
ing with temperature-activated surface diffusion, and is discussed
in some detail in Sec.II B. Currently, at a microscopic level it is
considered to be induced by the ion beam via the local rearrange-
ment of material.22,27,62,63Mesoscopically,24,59,64,65it can be seen to
be a consequence of the relaxation of the residual stress induced by
the irradiation in the amorphized topmost surface layer via surface-
confined viscous flow.23,66

Additional experimental studies of the static54,56,57 and
dynamic aspects69of ripple formation on Si have further clarified
the physical origin of the morphological instability in IBS. As
generic for pattern-forming systems,7this can be done in the early-
time linear regime, studied by Madi and co-workers by employing
GISAXS.69Specifically, they measure the diffuse scattering intensity
during IBS as shown inFig. 3(a), which is proportional to the
height structure factor,jh(q,t)j2. Here,h(r,t) denotes the target
surface height above pointr¼(x,y) on the substrate plane at time
t, andh(q,t) denotes its space Fourier transform, withqbeing the
wave vector. Close to the instability onset (in the present case, for
θ≃θc), one generically expects

7jh(q,t)j2/e2ω(q)t, where the
wave-vector dependent amplification factorω(q) is the so-called
linear dispersion relation.7By fitting the temporal evolution of the
diffuse intensity for eachqas shown inFig. 3(b), the full
θ-dependent behavior ofω(q) can be obtained, seeFig. 3(c). More
precisely, data inFig. 3(c)are for the real part of the linear disper-
sion relation,R(q)¼Re [ω(q)], which is the one characterizing the

FIG. 3.(a)–(b) Time-resolved GISAXS for normal incidence IBS of Si. (a) A
sample with initial rippled topography obtained atθ¼65is smoothed by
normal incidence IBS. (b) Exponential decay due to a negative amplification rate
value,R(qx)¼0:278 nm

1. (c) Measured linear dispersion relationR(qx) for
several ion beam incidence angles. The curves are fits to Eq.(1), with fixed
B¼0:011 nm4=s (obtained from fits excluding data atθ¼45), and changing
Sxfor each value ofθ. The dashed blue line represents the theoretical disper-
sion relation atθ¼45forB¼0:011 nm4=s and allowing the quadratic coeffi-
cientSx(45) to vary freely. The inset shows the 65and 0linear dispersion
relations, with (without) an unstable Fourier mode band forθ¼65(θ¼0).
(d) Angle dependence of the best-fit (symbols) and theoretical estimates (lines)
forSx(θ) andS

eros
x (θ)þS

redist
x (θ), withSerosx (θ)(S

redist
x (θ)) including a

parameter-free (one-parameter) Yamamura correction67,68to the BH8(CV22)
value. Reproduced with permission from Madiet al., Phys. Rev. Lett.106,
66101 (2011).69Copyright 2011 American Physical Society.
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growth of the surface amplitude. The conclusion of the analysis is
that the experimental data agree with the polynomial form69

R(q)¼ Sxq
2
x Syq

2
y B(q2xþq

2
y)
2
, (1)

whereSy,B.0 and the sign ofSxdepend onθ, being positive for
θ,θexpc ≃48 and negative forθ θexpc . Hence, in the former
case all Fourier modes of the height decay with time leading to a
flat surface while, in the latter case, those modesh(q,t) withqin
the finite band makingR(q).0 increase in amplitude, the one
maximizingR(q)atq¼q*growing the fastest, and inducing the
ripple wavelength value‘*¼2π=jq*j.
As readily verified by Fourier transform, if the surface height

obeys the evolution equation

ht¼SxhxxþSyhyy B∇4h, (2)

where subindices denote partial derivatives, thenR(q) is given pre-
cisely by Eq.(1). Let us note that, strictly speaking, the height equa-
tion considered in Ref.69was not the deterministic Eq.(2)but,
rather, a variant of it which includes an additional noise term
on the right hand side, an issue to which we will come back in
Sec.III B. Importantly, Eq.(2)is linear in the substrate heighth.
And indeed, it happens to have the precise same form as the BH
model.8However, the interpretation of the coefficientsSx,yandBis
crucially different. Here,Sx,y¼S

erosion
x,y þSredistx,y includes two contri-

butions.69,70On the one hand,Serosionx represents sputtering as in
the classic BH theory. Theoretical estimates discussed in Sec.II B
indicate that this coefficient remains negative [seeFig. 3(d)] forθ
well aboveθexpc , inducing an instability: the local velocity is more
negative at a local surface minimum, which erodes faster than a
maximum, and local height differences are amplified. On the other
hand,Sredistx is given by the Carter–Vishnyakov (CV) model,22

according to which the ion-beam induces local mass rearrangement
in aθ-dependent fashion, such that, as borne-out from by theoreti-
cal refinements of this model discussed in Sec.II B,Sredistx remains
positive forθ&θexpc , seeFig. 3(d). Fitting the dispersion relation
for each incidence angle inFig. 3(c)by the theoretical dispersion in
Eq.(1)gives the best-fitSxdata as shown inFig. 3(d). Note in this
last figure that ion-induced mass rearrangement dominates over
sputtering not only in stabilizing the surface forθ,θexpc as origi-
nally predicted by CV,22but also in destabilizing the surface for
48&θ&70. Hence, the destabilizing physical mechanism con-
trolling ripple formation is not sputtering as assumed in the classic
BH theory, but mass rearrangement, and only for large enoughθ.
Moreover, the stabilizing mechanism counteracting it [imple-
mented by the term with parameterBin Eq.(2)] is not thermally
activated surface diffusion as classically assumed,8either, but rather
surface-confined viscous flow.23,66 Later on, more microscopic
modeling of mass rearrangement,27,31,62,63,69,71 mentioned in
Sec.II B, has allowed to assess in further detail the significantly
destabilizing role of the ion-induced mass displacement mecha-
nism. Moreover, comparison of the above and further experimental
observations, such as the energy dependence of the ripple wave-
length,58,59with continuum descriptions,24,58,59,64,65,72,73have vali-
dated the mesoscopic view of the pattern formation process as

relaxation via viscous flow of the residual stress induced in the
topmost irradiated layer by the ion irradiation, see also Sec.II B.
Indeed, IBS near or below the sputtering-threshold energy (hence,
with a negligible sputtering yield) has been seen to still produce
similar ripple patterns on various other clean substrates such as
mica, Ge(100), GaAs(100), and Si.29,74–76In the most general case,
one naturally expects all discussed physical mechanisms to partici-
pate to some extent in the detailed dynamics of surfaces subject
to IBS.77

Linear approximations like those behind an interface model as
represented by Eq.(2)also succeed in describing additional surface
properties which are beyond ripple production and amplification,
like ripple transport on the target plane at a precise velocity.
A number of detailed experimental observations exist on, e.g., Si or
different glasses,78–83see Ref.4for further references. Similar to the
case of the morphological instability, again different physical pro-
cesses like sputtering and surface-confined viscous flow compete
nontrivially to control features like the (upstream vs downstream)
orientation of the ripple transport with respect to the ion beam
incidence.73,82,84,85

Finally, for large enough fluence, nonlinear effects become
non-negligible. In particular, they are responsible for the saturation
of the surface to a steady state with a finite amplitude or roughness.
Beyond that, they are also associated with nontrivial behaviors also
exemplified by IBS of amorphizable materials, such as wavelength
coarsening (i.e., an increase of the ripple wavelength with irradia-
tion time) at low86–88and medium energies,89formation of highly
disordered terraced morphologies with saw-tooth profiles80,90–95

(also reported at medium ion energies96,97), and even surface
kinetic roughening, again both for low14,98–101and medium96,102

ion energies. Further details on the current understanding of linear
and nonlinear properties can be found in Sec.II Bon theory and
simulations.

2. Metallic surfaces: Two regimes

Metals keep their crystalline structure under IBS due to the
high efficiency of diffusion,53while semiconductors, if not kept at
elevated temperatures during IBS, become amorphous.50For metal-
lic surfaces, moreover, a key factor which can control material
transport at the surface by diffusion is the so-called Ehrlich–
Schwoebel (ES) effect.51–53,104This is the existence of an extra
barrier to surface diffusion due to the fact that, when crossing a step
edge, an adatom passes through an area with a low number of nearest
neighbors. Thus, the ES barrier hinders the diffusion of adatoms
(advacancies) down (up) a step edge, and increases the density of the
adatoms (advacancies) on the upper (lower) terrace bordered by the
step. Then, the probability to form mounds (pits) on the upper
(lower) terrace increases, making the surface roughen, signaling a
morphological instability (ES instability from now on) on the
surface. The ES barrier at kink sites also biases the corner-rounding
diffusion of adspecies, which influences the edge orientation of the
surface structures, as well as the coarsening and roughening kinetics
of the surface structures. Such effects of the ES barriers have been
intensively studied in the context of epitaxial thin film growth.53,104

In metals, the morphological evolution of the irradiated
surface is determined both by sputter erosion and by the diffusion
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of the adspecies (adatoms and advacancies) created by the sputter-
ing process. The strong influence of the crystallinity of the metallic
surface under IBS divides experimental sputter conditions into two
different regimes, a so-called diffusive regime and an erosive
regime.3,4,44

At elevated temperatures and/or relatively low ion fluxes,
thermal diffusion of the adspecies dominates over surface erosion,
with respect to the pattern formation process. The adspecies
diffuse along high symmetry directions under the influence of ES
barriers, and the pattern follows the crystallographic symmetry of
the surface, irrespective of the ion beam direction. For example,
Fig. 4(a)shows a ripple pattern formed on Ag(110), an aniso-
tropic surface. Even though the ion beam impinges under normal
incidence, the anisotropic diffusion of the adspecies on the
surface produces an anisotropic pattern of ripples elongated along
theh110ihigh-symmetry direction.105

Under the erosive regime, e.g., for a high ion flux and/or low
surface temperature, the anisotropic surface erosion and mass dis-
placement induced by the ion beam play the dominant roles in the
pattern formation process, overruling surface diffusion associated
with the crystallinity.Figure 4(b)shows a ripple pattern formed by
a1keVNeþion beam impinging at a grazing angle on Ag(001) at
T¼180 K, under such an erosive regime. As seen in the figure,
now the direction of the ripple ridges follows the surface-projected
ion-beam direction, irrespective of the surface crystalline symmetry
on the square-symmetric Ag(001).3Again, the erosive scenario for
IBS of metals has been also found at much higher energies, see an
example in the case of Ti targets implanted with Auþat 100 MeV,
corresponding to the erosive regime.106

Still within the erosive regime, the order of the pattern
depends on the direction of the incident ion beam with respect to
the crystalline direction. For example, if an Arþion beam is inci-
dent along the high symmetric [110] direction of Au(001) at a
grazing angleθ¼78, then, a well-ordered ripple pattern forms.103

The better the ion beam is aligned along the high-symmetrich110i
direction, the higher the order of the ripple pattern is achieved, i.e.,
the uninterrupted length of the ripple ridge increases, as shown in
Fig. 4(c). This indicates that, even in the erosive regime, the diffu-
sion of the adatoms still contributes to the pattern formation with a
varying degree of relevance, depending on how much the azimuthal
angle of the incident ion beam deviates from the high-symmetric,
close-packed directions.

3. Reverse epitaxy

Above the recrystallization temperature at which the damage
caused by IBS is efficiently healed, semiconductors also remain
crystalline during IBS. Thus, ES barriers become crucial for the
pattern formation also for these materials, unless the temperature is
so extremely high that the ES barrier is easily overcome as well. If
the substrate temperature is tuned making adatoms swiftly diffuse
and stick to nearby step edges, while advacancies are not that
mobile, the vacancies become the dominant adspecies. Moreover,
IBS inherently produces more vacancies than adatoms, since it per-
manently removes some of the sputtered atoms from the substrate
while the matching vacancies remain in the substrate.107Then,
vacancy diffusion becomes the rate-limiting process and determines
the evolution of the surface morphology.104Ouet al.107name

FIG. 4.(a) 400 400 nm2image of a ripple pattern obtained by 1 keV ArþIBS of Ag(110) under normal incidence atT¼230 K, in the diffusive regime. (b) 180 180 nm2

image of an Ag(001) substrate eroded with an oblique (θ¼70)1keVNeþion beam atT¼180 K, in the erosive regime. The arrow shows the projection of the ion beam
on the target plane. The thin white bars in both panels indicate crystallographic directions. Panels (a) and (b) are reproduced with permission from Valbusaet al.,J.Phys.:
Condens. Matter14,8153(2002).3Copyright 2002 Institute of Physics. (c) 750 750 nm2image of a ripple pattern on Au(100) sputtered atθ¼72by 2 keV Arþat room
temperature in the erosive regime. The surface-projected ion-beam direction indicated by the black arrow lies along the,110.direction. Reproduced with permission from
Kimet al., Nanotechnol.22, 285301 (2011).103Copyright 2011 Institute of Physics.
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reverse epitaxythe pattern formation process induced by the
vacancy diffusion above the recrystallization temperature, since in
their experiments inverse pyramids form by IBS normal to the
square-symmetric Ge(100) for temperatures 260C T 350C
as shown inFig. 5(a). These inverse pyramids form because vacan-
cies cannot move to the upper layer due to the ES barrier that pre-
vails at the step edge for such intermediate temperatures. Likewise,
IBS normal to a twofold symmetric surface such as GaAs(001), in
which the (4 2) surface reconstruction makes the [1 1 0] and
[110] directions inequivalent, produces a faceted ripple pattern fea-
turing notably high order, seeFig. 5(b).40,108The crest of the
ripples run along [110], the easy diffusion direction, while the dif-
fusion along [110] or across the step edge is hindered by the ES
barrier, which causes the surface instability.

4. Binary targets

At the time of its initial publication, the dot pattern shown in
Fig. 1defied theoretical knowledge in a number of aspects. Thus,
being linear and operating within morphologically unstable condi-
tions, the BH theory predicts unbounded amplitude growth, while
the observed dots reached a finite steady-state amplitude, albeit
with a high aspect ratio. But even more remarkably, the space
ordering of the pattern was quite high, beyond description by
either the BH model or the nonlinear extensions of it which were
available at the time,20,21,109see Sec.II B. While some attempts
were made at explaining these hexagonal ordering properties via
global110or local25redeposition of the eroded material, understand-
ing its physical origin remained a challenge. Indeed, as shown by
Shenoy, Chan, and Chason,111for compound surfaces like those
studied in Ref.2, one needs to crucially take into account the
chemical heterogeneity in the target atomic species inducing differ-
ent rates of erosion (differential sputtering), as well as different
surface diffusivities. A kinetic phase separation takes place in the
topmost surface layer of the target due to such differential sputter-
ing and ion-induced transport, in such a way that the element with
the higher sputter yield sits preferentially at the pattern peaks; this
effect couples then nontrivially with, e.g., the BH instability,111–113

see Sec.II Bfor further details. For the case of GaSb targets, an
alternative mechanism for dot (actually, cone) formation has actu-
ally been proposed, that is based on a purely chemical (in contrast

with kinetic) origin of the compositional instability:114,115thus, Ga
would spontaneously segregate on the surface and act as a mask
against erosion. Although the competition between the two mecha-
nisms has been debated,116,117consensus exists on the need of
atomic heterogeneity on the target for the production of highly
ordered patterns by IBS. Such high-quality patterns can be fabricated
by IBS on stationary targets and also on rotating binary semiconduc-
tors such as InP,34,118GaAs,117,118InSb,118and InAs.118Moreover,
similar patterns are also produced on binary targets for ion energies
up to the medium energy rangeEion≃100 keV.

119The order of the
dot patterns on binary compounds depends more sensitively on
experimental parameters like the ion species117and the substrate
temperature,120than in the case of elemental semiconductors, such
as Si and Ge. Indeed, such a highly ordered pattern as the one
shown inFig. 1(a)needs fine tuning of the experimental conditions.

5. Impurities

Elemental semiconductors, especially Si, have drawn enor-
mous attention due to their industrial applications. Dot patterns
formed on Si by a 1.2 keV Arþ ion beam were first reported in
2001,33to be followed by a number of additional experimental
observations, as surveyed, e.g., in Refs.4,43, and46. As for ripple
patterns, a representative example is shown inFigs. 6(a)and6(b),
which corresponds to a nearly perfect pattern formed on Si by IBS
with 1.2 keV Krþ ions impinging underθ¼15 inclination with
respect to the surface normal. The reproducibility of patterns like
this one was a central issue for some time, and was resolved by
concluding that the patterns suffered from an inadvertent codeposi-
tion of metallic impurities during the IBS experiment.35Figure 6(c)
shows the surface of Si sputtered normal to the surface (i.e., for
θ¼0) by a 1.0 keV Arþbeam, resulting in the lack of pattern for-
mation. In contrast, if Mo atoms are codeposited during IBS under
otherwise the same sputter condition, a nanodot pattern does
develop as shown inFig. 6(d). Experimentally, a minimum (thresh-
old) impurity concentration is required to induce nanodot pattern
formation via impurity codeposition by IBS.121

The systematic study of the effects of impurity codeposition
on the pattern formation was enabled by the use of various
methods to intentionally seed the target with impurities. For
instance, Hofsäss and Zhang37conceived an experimental set up

FIG. 5.(a) AFM height image of Ge(100) after 1 keV Arþ

irradiation for an ion fluence of 3 1018cm2 at
T¼260C. Theh100icrystal directions are marked by
arrows andΔz¼38 nm. Reproduced with permission
from Ouet al., Phys. Rev. Lett.111, 016101 (2013).107

Copyright 2013 American Physical Society. (b) Regular
nanowire patterns produced on GaAs(001) by low-energy
IBS. (Top) SEM image of highly ordered nanogroove pat-
terns formed on surfaces aligned along the [110] direction
after 1 keV Arþ irradiation under normal incidence for
130 min atT¼410C. (Bottom) Cross-sectional TEM
image of the nanogroove pattern. Reproduced with per-
mission from Ouet al., Nanoscale7, 18928 (2015).108

Copyright 2015 The Royal Society of Chemistry.
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(termed surfactant sputtering) allowing the continuous variation of
the impurity flux and incidence angle over the substrate, as
sketched inFig. 7(a). This approach emphasizes the key role of the
metallic impurities in the pattern formation process.Figure 7(b)
shows the different patterns produced on Si surfaces with the use
of Ag (upper topography) and Pt (lower topography) impurities
during IBS with 5 keV Xeþ ions. Surfactant sputtering has
been widely practiced with different codeposited metals and
geometries,122–127with the general conclusion that impurities
need to form silicides near the surface for pattern formation to
occur as shown inFigs. 7(c)and7(d).
Note that alternative experimental setups exist, such as the use

of suitable metallic masks on top of the semiconductor target,
which also enable tailoring the surface morphology via the selective
incorporation of impurities. Such methods have been employed to
control the type of pattern obtained in terms of the experimental
conditions. For example, seeFig. 8for a case in which the basic
motif which repeats itself periodically to make the pattern is either
a dot or a hole, depending on the ion current density,38,46,129or,
alternatively, depending on the chemical species of the impuri-
ties.128 Interestingly, qualitatively very similar results can be
obtained at intermediate ion energies (Eion≃50 keV).

130,131

In the experimental systems mentioned, silicide formation is
believed to be a necessary condition for the formation of a pattern
when conditions (e.g., an incidence angleθbelow threshold) would
otherwise lead to the formation of unstructured surfaces. Hence,
patterns ensue for, e.g., Ag, Pt,37Fe, Ni, Mo, or W impurities,133all
of which produce silicides, see a survey of additional works, e.g., in

Ref.46. Still, cases are also known in which patterns are produced in
the absence of silicide formation. An example is due to Moon and
co-workers,132whoobservedthatAudepositionduringIBSpro-
duces the ripple patterns shown inFig. 9. In this case, Au does not
form any stable silicide, while the sputter yields of Au and Si are vir-
tually identical under the given sputter condition. Nevertheless,
ripples form due to kinetic effects:134Since the eroded Au is con-
stantly replenished by the deposited Au, the effective sputter yield of
Au can be considered lower than Si, this heterogeneity in the sput-
tering rate allows for a surface instability.4Additional experimental
features of this experiment nonetheless remain to be elucidated, such
as the change in the orientation of the ripples observed inFig. 9.

6. Unconventional formats

One of the major concerns with respect to surface nanostruc-
turing by IBS is the high density of defects quite frequently dis-
played by the ensuing patterns, a common trait of this self-assembly
process that often limits the applications of the structures produced.
There have been various attempts to improve the quality of the
spatial order in IBS-induced patterns, and they have in common
implementing IBS routines using experimental setups which depart
from the conventional ones discussed thus far. Overall, such innova-
tive setups have enriched the diversity of pattern motifs which can
be produced, and have also enabled a deeper understanding of the
mechanisms of pattern formation by IBS.

A first approach is to employ directed self-assembly, in which
IBS is performed on a well-defined template fabricated by other

FIG. 6.(a) Surface topography of a Si target after Krþ

IBS withEion¼1:2 keV,θ¼15, and ion fluence
1:3 1019cm2. The solid circle in (a) indicates an exist-
ing defect between otherwise highly ordered ripples. (b)
Absolute value of the 2D Fourier transform of the image
in (a). Both images are reproduced with permission from
Ziberiet al., J. Phys.: Condens. Matter21, 224003
(2009).39Copyright 2009 Institute of Physics. (c), (d) AFM
images of the samples sputtered at 1000 eV (c) without
Mo seeding, and (d) with Mo seeding. Reproduced with
permission from Ozaydinet al., Appl. Phys. Lett.87,
163104 (2005).35Copyright 2005 AIP Publishing LLC.
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means such as lithography, which act at a larger spatial scale than that
of the motifs formed by IBS. This is done, for instance, by Cuenat
et al.,135whofabricatedastripepatternonaSi(001)substrate,with
430 nm-wide valley bottom. Then, the ion beam was irradiated along
the long axis of the valleys, with ripples developing preferentially
along that direction, as shown inFig. 10(a). Although the ripples in
the valleys are not perfect, their alignment is better than for ripples
produced on a template-free terrace, proving the successful effect of
the pre-patterned structures in guiding subsequent ripple formation.
Sequential ion beam sputtering (SIBS) can alternatively be

employed to direct self assembly without the need to resort to
top-down techniques like lithography. For instance, Kimet al.pro-
duced103,137,138an initial ripple pattern on Au(001) by 2 keV Arþ

IBS atθ¼78. Then, this rippled surface is sputtered by the Arþ

beam at normal incidence. The initial ripples direct the growth of
dots along the previous ripple ridges as shown inFig. 10(b). This
fully bottom-up directed self-assembly process produces a

hierarchical pattern combining 1D ripples and 0D dots, termed
nanobeads. Such a nontrivial pattern can be further used as a touch-
stone to identify the mechanism best reproducing the observed
pattern, supporting specific nonlinear effects that need to be included
in the continuum description of the system via evolution equations
like Eq.(2)and its generalizations,103,137,138see Sec.II B.Moreover,
it demonstrates the role of the space correlations which may exist in
the initial surface prior to IBS treatment, which have been exploited
experimentally to understand, e.g., interrupted139or reverse140coars-
ening at low and medium ion energies, respectively.

A different implementation of SIBS is is provided in Ref.136,
where the order in a Si ripple pattern is improved by performing
SIBS along different azimuthal directions. Thus, a ripple pattern was
first induced by ArþIBSofSiatθ¼65as shown inFig. 10(c).In
a subsequent step, the substrate was rotated in azimuth by 90, after
which the ripple-patterned surface was further irradiated atθ¼85,
so that the ion beam now runs along the ridges of the previously
formed ripples. Notable improvement of the order of the ripple
pattern was indeed achieved, as shown inFig. 10(d).

IBS of rotating substrates has long been practiced in the
context of depth profiling under the name of Zalar rotation.141By
this method, the sputtered surface reduces the surface roughness,
and depth resolution improves. With respect to pattern formation,
Frostet al.34led the production of nanodot patterns on rotating
substrates by performing 500 eV ArþIBS of InP. Under the same
oblique-incidence sputter condition, but with stationary substrates,
no periodic surface structure formed. Many experimental works
have followed, devoted to different substrates, such as GaSb,118

InSb,118InAs,118Si,142,143and highly oriented pyrolytic graphite
(HOPG).144Note that well-ordered patterns form only on com-
pound semiconductors. Theoretical143,145–147and computational
approaches148,149have attempted to elucidate the pattern formation
mechanism, since descriptions based on the classic BH model fail
to fully elucidate the observed surface dynamics.34The current con-
sensus is that the compound nature of the targets needs to be taken
into account, this being regarded as a particular instance of IBS of
binary semiconductor systems, see Sec.II Bfor further discussion.

Additional unconventional IBS formats (see Sec.III Abelow
for some very recent ones) include the simultaneous use of multiple
ion beams.150This was theoretically proposed with the expectation
that various interference patterns might be thus produced in solid
phase.151,152Experimentally, dual ion beam sputtering was per-
formed on Au(001).153In contrast to the theoretical prediction,
the observed pattern is governed by that ion beam which causes the
strongest instability, being sensitively vulnerable to uncontrollable
errors in experimental parameters.

Besides, a situation in which the beam has a controlled, non-
negligible divergence could arguably be considered as another
instance of multiple ion beams. Ziberiet al.154have addressed the
role of the ion-beam divergence for Si irradiated by 2 KeV Xeþ,
finding that a change in the incidence angle by 1drastically trans-
forms the pattern from rotated ripples to a square dot arrangement,
although a word of caution is required, since these results may be
also affected by inadvertent impurity codeposition. From this experi-
mental observation, the ion-beam divergence was suggested to influ-
ence pattern formation, as inferred from the gradual change of the
pattern with the increase of the beam divergence.154Acontinuum

FIG. 7.(a) Schematic experimental setup used for surfactant sputtering. (b)
SEM pictures of Si surfaces eroded with 5 keV Xeþwith silicide-forming surfac-
tants like Ag (top row) and Pt (bottom row). (c) Cross-sectional TEM image of a
Krþ-irradiated sample subject to simultaneous Pd co-evaporation, with relative
fluxΦPd=ΦKr¼0:8, and (d) energy-filtered TEM image showing the ensuing
Pd distribution. Panels (a) and (b) are reproduced with permission from Hofsäss
et al., Appl. Phys. A92, 517 (2008).37Copyright 2008 Springer Nature. Panels
(c) and (d) are reproduced with permission from Engleret al., Nanotechnology
25, 115303 (2014).122Copyright 2014 Institute of Physics.
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model taking the beam divergence into account was later proposed,155

which predicts the surface stability and the ripple orientation to be
affected by the beam divergence. Additional kMC simulations find
that, specifically, the latter enhances surface diffusion.155Both the
experimental and the theoretical studies suggest that the beam diver-
gence may be an additional parameter to be considered in designing
the experimental conditions and interpreting the results. The beam
divergence is, however, not easy to control, while no further relevant
studies have been reported in this connection, to the authors’knowl-
edge. As a result, no unambiguous correlation seems available
between the beam divergence and specific pattern properties. Further
systematic studies along these lines seem highly desirable.
Finally, the possibility to subject the nanostructures to some

kind of after-treatment is also worth mentioning, since this can
also be employed as a further method for the modification and/or
improvement of the surface structures produced by IBS. As exam-
ples, we can mention the manipulation of the size of previously

IBS-formed pores on a Si3N4membrane by suitably tuning the
substrate temperature during irradiation.156Also, the features of
pre-patterned nanostructures, like holes, can be further sharpened
quite steeply by IBS, in a process which is understood in terms of
the dynamics of shock waves around the hole edge.157–159

Although the aforementioned after-treatments do not deal with the
nanopatterns but, rather, with isolated nanostructures, they can still
be adopted in order to“nanosculpt”the motif of the patterns
formed by IBS. From this point of view, SIBS can also be viewed as
a“nanosculpting”technique.41,150

7. Applications

The nanopatterns formed by IBS have been used for various
applications as they are, or as ordered templates. Since the wave-
lengths of the ripple patterns are around 50 nm, which belongs to
the UV range, ripple patterns have been often employed for optical

FIG. 8.Upper row: 1 1μm2AFM images for Si(001) irradiated under normal incidence by 1 keV Arþions for a fixed ion fluence, usingJ¼105μAcm2(nanohole
pattern, left panel) andJ¼260μAcm2(nanodot pattern, right panel). The vertical scale represents the [0,6.5] nm interval and the insets show the corresponding
auto-correlation functions. Reproduced with permission from Sánchez-Garcíaet al., Nanotechnology.19, 355306 (2008).38Copyright 2008 Institute of Physics. Lower row:
2 2μm2AFM images showing Si(100) surfaces subject to IBS atθ¼0, with metal co-deposition from a mask of diameterdand impurity species as indicated:
d¼14 mm, Fe (left panel);d¼12 mm, Fe (center panel);d¼12 mm, Mo (right panel). The vertical rangeΔzis indicated for each image. Reproduced with permission
from Redondo-Cuberoet al., Nanotechnology.25, 415301 (2014).128Copyright 2014 Institute of Physics.
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and plasmonic applications. A ripple-patterned substrate decorated
by a metallic film shows an optical reflectance that is anisotropic160

and sensitive to the polarization direction of the incident light.161

On the other hand, the deposition of zinc tin oxide on ripple-

patterned Si shows a significant reduction of the reflectance, which
can be used for broadband antireflection coatings.162

Recently, reverse epitaxy has proved its capability to fabricate
a template for optical gratings even in the wafer scale. Remarkably,

FIG. 9. Patterns on Si substrates formed by 2 keV Arþ IBS with (non-silicide forming) Au co-deposition. The Au flux decreases clockwise from the top, left image, in
which the arrow indicates the projection of the ion beam direction on the surface, common to the four images. Top-left and bottom-right insets in each image show the cor-
responding 2D autocorrelation and Fourier transform magnitude, respectively, while the top-right inset indicates the position on the target where the AFM image is taken.
Reproduced with permission from Moon et al., Phys. Rev. B 93, 115430 (2016).132 Copyright 2016 American Physical Society.
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FIG. 10.(a) Sputter-ripple morphologies on Si(001). The arrow indicates the projection of the ion beam. Self-organized ripples form on a lithographically defined template
with 430 nm width. Reproduced with permission from Cuenatet al., Adv. Mater.17, 2845 (2005).135Copyright 2005 Wiley-VCH. (b) AFM image of the surface morphology
produced by 1 keV ArþIBS normal to an initially rippled Au surface, after a fluence of 1781 ions nm2. (b) 3D magnified image of the ordered nanobead pattern shown in
(b). Reproduced with permission from Kimet al., Nanotechnology22, 285301 (2011).103Copyright 2011 Institute of Physics. (c) AFM image of the ripple pattern created
on Si in a first IBS step and (d) after subsequent grazing-incidence IBS after a fluence of 1:610 ions cm2. The white (black) arrow represents the substrate projection of
the ion beam in the first (second) irradiation step. Panels (c) and (d) are reproduced with permission from Kelleret al., Phys. Rev. B82, 155444 (2010).136Copyright 2010
American Physical Society.
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the line density of the grating that can be produced is about four
times larger than those achieved by conventional methods such as
mechanical ruling, laser interference lithography, or e-beam lithog-
raphy.40Such a high line density with a ripple wavelength below
50 nm is requested to achieve high angular dispersion of light, espe-
cially for extreme ultraviolet (EUV) and soft x-ray radiation.
Figure 11(a)shows the diffraction grating formed on GaAs(100) by
reverse epitaxy. The wavelength of the ripple pattern is around
50 nm, equivalent to a nanogroove density of 20 000 lines per mm.
In order to increase the reflectivity, alternating layers of Mo and Si
are deposited on the grating as shown inFig. 11(b).Figure 11(c)
shows the first-order diffraction angle and the energy of light for
EUV light illumination of this multilayer blazed grating. Usingθ

for the angle showing the maximum intensity for each light energy
E, the energy dispersive power of the gratingΔθ=ΔEis determined
to be approximately 0:21=eV. Such aΔθ=ΔEis consistent with the
prediction of the grating equation and roughly 4.5 times larger
than that for the grating with the currently available maximum
groove density, approximately 5000 lines per mm.163

For plasmonic applications, ordered Ag or Au nanostructures
have been grown on ripple patterns.161,164–166For an example on
ordered ripples produced by IBS over large areas on PDMS sub-
strates, seeFig. 12(a). The localized surface plasmon resonance
(LSPR) frequency is tunable from the infrared to the visible range
by controlling the ripple wavelength and the width of the Au nano-
wires grown over the ripples, as shown inFig. 12(b).166Such

FIG. 11.(a) GaAs substrate with a nanogroove density approximately of 20 000 lines mm1that is induced by reverse epitaxy. (b) Alternating layers of Mo and Si are
deposited on the GaAs grating to enhance its reflectivity. (c) Unprecedentedly-high dispersive power of light in the EUV range is demonstrated by the multilayer blazed
nanograting. Reproduced with permission from Huanget al., Nat. Comm.10, 2437 (2019).40Copyright 2019 Springer Nature.

FIG. 12.(a) SEM image of a 10 nm-thick Au film depos-
ited at grazing incidence on a rippled PDMS substrate.
The deposition geometry is sketched in the inset: the Au
flux is perpendicular to the long ripple axis and is at 80
with respect to the substrate normal. The yellow scale bar
corresponds to 10μm. (a0) Zoom-in of the image shown
in (a) in which the polycrystalline structure of the Au wires
is visible. The yellow scale bar corresponds to 500 nm.
(b) Optical extinction spectra of light polarized orthogonal
to the ripple edges, for samples A (black curve), B (red
curve), C (blue curve), and D (green curve). The circles
identify the position of the dipolar localized surface
plasmon resonance, while the stars identify the multipolar
resonance. Reproduced with permission from Barelli
et al., ACS Appl. Polym. Mater.1, 1334 (2019).166

Copyright 2019 American Chemical Society.
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tailored surface can be used for surface enhanced Raman spectro-
scopy (SERS) for probing a wide energy range of surface excita-
tions. We note that the pattern forms on the pre-stretched substrate
that is bombarded by an air plasma. The pattern formation is
attributed to a modified elastic modulus in the skin layer as com-
pared with that of the bulk. Both the pattern formation mechanism
and the μm pattern wavelength differ in principle from most of
those dealt with in this Perspective, although see Sec. III B. We still
consider this example as a natural extension of IBS pattern forma-
tion, which has also been pursued in the community.

IBS nano-patterned substrates also find applications to solar
cells,167,168 for which enhancing the conversion efficiency of light
energy to electrical energy is the key concern. For that purpose, a
nano-rippled glass substrate is employed, onto which Si and Ag thin
films are subsequently grown, reproducing the pattern of the glass
substrate as sketched in Fig. 13(a). The Si film is the active medium
where light absorption occurs, while the Ag film acts as the reflector
which confines light in the solar cell. The patterned glass substrate
enhances the haze transmission of the incoming solar light via
diffuse scattering at its rugged surface, and reflection at the interface
with the Ag film also produces the haze as illustrated in Fig. 13(a).
Thereby, the path length of light in the active medium is increased,
and the conversion efficiency is expected to increase. Indeed, the
nano-patterned glass substrate enhances the haze transmission as
shown in Fig. 13(b), and thus the angle-integrated light absorption
ΔA increases as compared with the widely used Asahi-U glass, see
Fig. 13(a). In the figure, zone 2 of the glass substrate is rougher than
zone 1, Ashai-U glass being much smoother than both zones.

The magnetic anisotropy of thin magnetic films can be modi-
fied by the ripple patterns formed by IBS due to both the uniaxial
in-plane anisotropy, via the shape anisotropy, and the anisotropic
proliferation of the steps.169 The kink sites can also contribute to
the uniaxial anisotropy.170 The growth of antiferromagnetic multi-
layers on an IBS-structured substrate leads to an enhanced mag-
netic coupling between the layers.171

Considering the high density of local defects generated by IBS,
many such patterned surfaces are studied in search of catalytic
applications. For instance, Ag surfaces structured by IBS were
shown to promote O2 dissociation, while flat surfaces remain inac-
tive.172,173 Such a catalytic activity was associated with the kink and
vacancy sites created by IBS.

It has also been demonstrated that Si nanoripple patterns can
preferentially align DNA nanotubes along the ripple ridges, as
shown in Fig. 14.174 This allows the wafer-scale fabrication of
ordered arrays of functional DNA-based nanowires, which is a pre-
requisite for DNA-based nanoelectronics and sensors. Similarly,
ripple-patterned surfaces can also direct the growth direction of
biomaterials, such as osteoblast-like cells.175 The possibility to tune
the ripple wavelength with ion energy allows for the production of
surface patterns with typical scales up in the micrometer scale, with
potential for biointegration.106

Also, fluid wettability properties at surfaces can be controlled
by nanopatterning surfaces by means of IBS. The wettability of ele-
mental Si surfaces subject to medium-energy IBS also changes
from being hydrophilic to hydrophobic as the fluence of 60 keV
Arþ ion increases.176 This is because amorphized Si surfaces have a
lower surface free energy than crystalline ones. Upon the formation

of ripple patterns, however, the hydrophobicity decreases along the
ridge direction, while it remains the same as the fluence increases.
It is attributed presumably to both, the anisotropic ripple structure
and the distribution of the implanted Ar.

B. Theory and computational studies

We next provide some perspective over the main steps taken
in the understanding of surface nanopatterning by IBS from the
point of view of theoretical and computational approaches, with a

FIG. 13. (a) Angle-integrated absorption ΔA of a silicon thin film absorber
capped by an Ag back-reflector on Asahi-U glass (blue line) and on zone 1
(black line) and on zone 2 (red line) rippled glass. The inset shows a sketch of
the measurement scheme employed on the thin film devices. (b) The haze in
transmission measured on the nano-textured substrate (zone 2) and on the
Asahi-U glass sample. Reproduced with permission from Mennucci et al.,
Nanotechnology. 29, 355301 (2018).167 Copyright 2018 Institute of Physics.
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view to describe the current consensus on some of the main experi-
mental observations described in the Secs. II A 1–II A 7. Actually,
the formation of surface nanostructures by IBS was the focus of the-
oretical work relatively early on after the initial experimental obser-
vations. A number of approaches (surveyed, e.g., in Ref. 177) focused
on the kinetic consequences that the known dependencies of the
sputtering yield—with incidence angle, ion energy, etc.—may have
on the local surface morphology, for instance, inducing front propa-
gation driven by geometry as described, e.g., by Huygens’ principle.
Analogous geometric effects, such as differential ion reflection by ter-
races of different sizes, were shown quite early on to induce facet
coarsening.178 Although some of these models have been invoked to
account for experimental observations, as for low-energy irradiation
of Ge94 and Si,95 they lack a direct relation to the underlying ion col-
lision processes which are taking place in the near-surface region of
the target. Moreover, this class of “geometric” models usually predict
ripple wavelengths in the micrometer range, which are much larger
than those experimentally observed in low-energy IBS systems.

1. General properties of IBS nanopatterning

As already mentioned in Sec. I, a seminal observation for IBS
nanostructuring is due to Sigmund.10 He had previously developed
the classic description of energy deposition by the ion beam within
the target, in the linear-collision cascade regime which most fre-
quently holds at the energy range that we are presently consider-
ing.9 In this regime, energy deposition is dominated by nuclear
stopping, with a minor influence of electronic contributions.179

Shortly after, Sigmund himself noted that local surface minima
focus more deposited energy from their surroundings than local
surface maxima so that, assuming the local surface erosion velocity
to be proportional to the total deposited energy, erosion is faster at
minima, making a flat surface unstable to local height perturba-
tions.10 As established by modern theory of self-organization,7 an
instability is a key ingredient to pattern formation; however, the
characteristic length scale of the pattern emerges as a consequence
of the balance between destabilizing and stabilizing forces. It took

FIG. 14. AFM height (top row) and corresponding phase images (bottom row) of DNA origami nanotubes adsorbed on nanopatterned Si surfaces. Single DNA origami
nanotubes have been highlighted. The scale bars are 500 nm long. Reproduced with permission from Tesome et al., Nanoscale 6, 1790 (2014).174 Copyright 2014 The
Royal Society of Chemistry.
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15 more years until Bradley and Harper (BH) identified thermally
activated surface diffusion, as classically characterized by
Mullins,11–13as a possible stabilizing mechanism in the dynamics
of the surface.8As has been noted already, the ensuing BH model
is a linear evolution equation for the surface height of the bom-
barded target, whose coefficients depend on physical parameters
like the average ion energy, flux, and incidence angle, as well as on
temperature. Indeed, as remarked in Sec.II A, the BH equation has
the exact same form as Eq.(2), although with a different physical
interpretation for the coefficients. At any rate, the BH model pre-
dicted for the first time ripple formation with typical wavelengths
in the range of tens of nm, and with an orientation with respect to
the ion beam that also matched that observed in many
experiments.
By the early 1990’s, additional experimental features still

required explanation. First, the long-time (large-fluence) behavior
where target surfaces stabilized into finite-amplitude steady states
could not be described by a linear equation like BH, which predicts
exponential amplitude growth. Moreover, some dependencies of
the ripple wavelength‘with physical parameters, like ion energy
Eion, did not fit expectations. Specifically,‘(Eion) was predicted to
be a decreasing function, in contrast with some observations.21,109

Carrying out the BH approach to lowest nonlinear order in height
perturbations led to the so-called anisotropic Kuramoto–
Sivashinsky (aKS) equation,20which, in its simplest version, reads

ht¼ AhxxþA
0hyy B∇4hþλh2xþλ

0h2y, (3)

whereA,A0,λ, andλ0likewise depend on experimental parame-
ters.20,21The aKS equation could justify amplitude stabilization
and, if enhanced by contributions to surface diffusion originated in
the collision cascades via energy depositionàlaSigmund,109it
could additionally predict a non-decreasing‘(Eion).

21Moreover,
still higher-order nonlinear generalizations of this equation, devised
to account for arbitrarily large surface slopes, were seen to also suc-
cessfully describe, e.g., the experimental propagation and sharpen-
ing of ion-sculpted Si surface features.157–159Generally speaking,
the Kuramoto–Sivashinsky equation is a paradigmatic model of
spatially extended systems displaying pattern formation and strong
(chaotic) fluctuations.7Although the specific‘(Eion) predictions in
Ref.21have been superseded by later developments,180the aKS
equation has been playing a prominent model for IBS. This is pos-
sibly related with the occurrence of universality in this type of
dynamical processes,181namely, the fact that the large-scale proper-
ties of many spatially extended systems which differ in physical
nature is described by the same evolution equation. For instance,
the aKS equation is known to also describe the evolution of vicinal
surfaces in molecular beam epitaxy,182a process which is in princi-
ple very different from IBS.

2. Two-field descriptions

By the early 2000s, a full physical model of surface dynamics
was available that included nonlinearities and even noise contribu-
tions20,183,184reflecting the stochastic nature of the microscopic
processes involved in IBS, e.g., energy deposition and material
transport at the surface. However, a number of properties remained

to be correctly described.On the one hand, some additional nonlin-
ear properties seen in some of the experiments mentioned in Sec.
II Acould not be reproduced, such as enhanced short- to medium-
range order of the patterns, or a time dependent value of the
average pattern wavelength (coarsening). Following an insightful
analogy by Aste and Valbusa between adatom transport on solid
surfaces and grain saltation on aeolian sand dunes,185a systematic
program originated (so-calledtwo-fieldapproach45) in which mate-
rial transport (represented by a density field of transported mate-
rial, e.g. adatoms and/or advacancies) in the top-most surface layer
was explicitly coupled to the time evolution of the surface height
field, see Ref.45for an overview. Thus, improved short-range order
and wavelength coarsening could be described under normal25,147

and off-normal85,186incidence conditions, as well as in-plane ripple
transport4in a form which has been experimentally verified.83

Mathematically, in the most general case the interface equa-
tion obtained by this two-field approach is a nonlinear generaliza-
tion of the aKS equation, Eq.(3). To fix ideas, we quote it in a
simple version,45,85,186which reads

ht¼ AhxxþA
0hyy B∇4hþλh2xþλ

0h2y ∇2(λ2h
2
xþλ

0
2h
2
y), (4)

where now all the coefficients depend on parameters characterizing
sputtering and surface transport, whether of erosive or of thermal
origin.

Such as stated, Eq.(4)generalizes the aKS equation, Eq.(3),
by the appearance of the additional nonlinear terms with parame-
tersλ2andλ

0
2, and is termed extended KS (eKS) equation.

25,188

Figure 15illustrates the comparison of numerical simulations of
Eq.(4)with ripple formation experiments on fused silica under
oblique-irradiation conditions.86The ripple coarsening that occurs
in the experiments is now captured by the continuum model.
Possibly related with its universality properties,45the eKS equation
has been also shown to account quantitatively for IBS experiments
on Pd targets,189and on Si targets seeded with metallic impuri-
ties139,190under conditions similar to those illustrated inFig. 8, see
Fig. 16for an explicit comparison.

At this point, it is important to mention that the two-field
approach has been also successfully implemented to describe IBS of
binary materials, for which differential sputtering rates and diffu-
sivities were shown to play a relevant role, within a linear approxi-
mation.111In this case, following earlier developments in epitaxial
growth,191the dynamics of the height field was coupled with that
of acompositionfield describing local variations in the target
atomic species. We will return to this issue below.

3. Clean amorphizable targets

On the other hand,asseeninSec.II A, a number of experimen-
tal observations on semiconductor targets, especially on Si, suggested
the occurrence of a non-zero threshold valueθcfor the incidence
angleθ, such that patterns only form providedθ.θc.Basedon
kinetic arguments, and as also briefly advanced in Sec.II A, Carter
and Vishnyakov (CV)22had shown that momentum transfer from
the beam to the substrate, if dominant over energy deposition in the
local interface velocity, could account for such a behavior. This con-
trasts with a surface dynamics purely induced by the Sigmund-like
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mechanism for the local erosion velocity as induced by energy depo-
sition from collision cascades, which predicts pattern formation for
any value ofθincluding normal incidence (θ¼0). Although in
need of an improved implementation, the so-called CV effect has
played an important role in the theoretical understanding of IBS.
Analogous kinetic and geometric arguments similarly allowed
Carter193to propose a condition for the formation of terraces with a
θ-related inclination, which has been particularly fruitful for
medium-energy IBS, where ripple amplitudes are larger.43,46

An additional key piece of the puzzle was provided by the
‘(Eion) behavior. Working on experiments on silica, Umbach and
collaborators23convincingly argued that surface-confined viscous
flow (implemented into a continuum model via the classic descrip-
tion by Orchard66) induced by irradiation was a natural mechanism
that predicted an increasing‘(Eion) function, as observed. In paral-
lel, surface-confined viscous flow (even if advocated on the basis of
thermal spikes, not obvious under low-energy conditions) had also
allowed to account for in-plane ripple transport in the experimen-
tally observed direction, for Gaþ-irradiated targets.79

In order to integrate the competition of additional effects of
irradiation, beyond sputtering proper, and complex parameter
dependencies like those evidenced by the CV effect, a key role has
been played by more microscopic, computational approaches.
Indeed, along the second half of the 1990s and the 2000s, increas-
ingly detailed information became available from numerical

simulations of discrete/atomistic models of IBS nanopatterning.
Some attempts were based on various kinetic Monte Carlo
approaches,183,194–196while other explored the dynamics of the
surface via a molecular dynamics characterization of the amorph-
ization process which occurs in the near-surface region of the
target.197–199Thus, momentum-transfer, CV-like behavior could be
demonstrated in simulations of bombarded carbon substrates,198

while a notion was derived that actual material transport influenc-
ing the evolution of the local target surface (e.g., via the formation
of craters) could be obtained from the statistics over different MD
runs, a so-called crater function approach.26,200,201

In the crater function approach, the moments of a distribution
(the so-called crater function) are reconstructed,26,200,201to account
for the average change in the surface shape due to single-ion
impacts. Such a procedure allows separating the contributions
to the interface dynamics due to different physical processes,
mostly erosion (sputtering) and local redistribution of target atoms
(crater formation). For example, in clean Si targets,27,32,200mass
redistribution is thus seen to dominate over sputtering, as discussed
above in relation withFig. 3. While the moments of the crater func-
tion describe the topography at small scales, they can be incorpo-
rated into continuum models, which are better adapted to
large-scale and long-time predictions on the surface dynamics.27,47

Thus, parameter values for the various terms in the height equation
can be extracted from the microscopic simulations, although in

FIG. 15.1 1μm2AFM top-views of fused silica after
10 min. (a1) and 60 min. (a2) 800 eV Arþ irradiation for
θ¼60 (final ripple amplitude of 15 nm). The black
arrow indicates the projection of the ion beam.86(b)
Surface morphologies from numerical simulations of
Eq.(4)under oblique incidence conditions,186for a simu-
lation time in (b1) six times shorter than in (b2). Taken
from Ref.187.
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these analyses the coefficientB quantifying surface-confined
viscous flow [recall Eq.(2)] crucially remains a fitting parameter.
Indeed, fully microscopic simulation of viscous flow for the present
context remains a computational challenge as of today.
Notwithstanding, hybrid MD-kMC simulations32,149also conclude
that mass redistribution is the main mechanism for pattern forma-
tion on clean Si targets. Thus, crater function approaches have
allowed to account for several experimental properties of IBS on Si,
like a non-zeroθcvalue, the behavior of the ripple wavelength with
incidence angle,27or the rotation of the ripple pattern for glancing
incidence angles.202

Early implementations of the crater function approach27,201

assumed a flat surface morphology, which led to inconsisten-
cies63,71,203that have required later refinements of the approach, in
which the curvature dependence of crater functions is taken into
account.63,203,204These improvements do lead to more consistent
predictions, albeit with the conclusion71,205that accurate estimates
via crater functions of the parameters entering height equations are
computationally expensive. Nevertheless, improved simulations
are becoming available,29,206,207 while the combination of the
crater function approach with additional contributions to the local
height velocity also improves the explanatory power which can be
reached.77

Generally speaking, the mass rearrangement involved in crater
formation occurs at distances which are of the order of the ion
penetration depth, a few nm for ion energies close to 1 keV,179

while all associated characteristic lengths remain in that range.
Hence, based on such a process alone it is not possible to predict a
ripple wavelength which is at least ten times larger. Basically, this
fact had motivated BH to consider thermally activated surface dif-
fusion as a competing mechanism, as a result of which realistic
ripple wavelengths could seminally be predicted.8Currently, and
based on the discussion in this section, consensus has developed
that surface-confined viscous flow is a more accurate choice, pro-
vided temperature is not close to recrystallization conditions.108

Notwithstanding and as indicated above, to date the treatment of
relaxation by viscous flow remains phenomenological in virtually
all crater function approaches, contrasting with the microscopic
description of crater formation, see Ref.47for an overview.
Analogous considerations can be made on detailed Monte Carlo
simulations performed with the SDTrim-SP package.31,208,209In
this case, the detailed predictions from the atomistic simulations
have been phenomenologically rationalized via a continuum model
which extends CV’s approach62,210by incorporating additional
effects like the dependence of the thickness of the amorphized layer
with incidence angle, etc. See Ref.48for a recent overview.

A program to systematically investigate the role of surface-
confined viscous flow via a (mesoscopic) continuum framework
was initiated 10 years ago.64The goal is to fully explore the mor-
phological consequences of the assumption that the main mecha-
nism controlling pattern formation is the relaxation, via Newtonian
viscous flow,24,58of the residual stress built up by irradiation

FIG. 16.3 3μm2AFM top-views of Si targets irradi-
ated as in Ref.192forθ¼0, after 60 min. (a1) and
960 min. (a2). (b) Surface morphologies from numerical
simulations of Eq.(4)under normal incidence condi-
tions,25for a simulation time in (b1) 16 times shorter than
in (b2). Taken from Ref.187.
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throughout the amorphized layer, which had been already assessed
earlier.211,212While more complex (e.g., viscoelastic) constitutive
laws for relaxation have been seen not to substantially improve pre-
dictive power,213a number of significant refinements have still
been incorporated, like an improved description of surface vs body
forces,24,65or the corrugation of the amorphous/crystalline inter-
face.59Moreover, the model has been enhanced by incorporating
results on ion-induced stress distributions as calculated from MD
simulations, leading to a satisfactory comparison with experimental
observations on the ion/target species dependence of the critical
angle for ripple formation and (finally) a roughly linearly

increasing behavior for‘(Eion),
59as well as predictions on the non-

trivial behavior of in-plane ripple motion84and the independence
of the morphological behavior with respect to the initial degree of
structural order in the topmost surface layer.72Naturally, quantita-
tive agreement with experiments improves when the main mecha-
nisms at play (say, sputtering, mass rearrangement, and viscous
flow) are all put together,77but viscous flow does seem to be
responsible for the main linear and nonlinear73features of the
nanostructuring process sufficiently close to pattern onset and/or
under conditions of negligible sputtering yield.206,207For instance,
Fig. 17shows morphologies obtained from numerical simulations

FIG. 17.(a)–(d) Surface morphologies obtained from
numerical simulations of the strongly nonlinear equation,
Eq.(5),att¼425 min. The insets display the corre-
sponding slope distributions. Different ion-induced stress
distributions and incidence angles are considered in each
panel: Stress becomes less compressive along the
ion-beam direction for (a)θ¼50 and (b)θ¼60,
while stress becomes increasingly compressive along the
ion-beam direction for (c)θ¼60 and (d)θ¼70.
Parameter values employed are order-of-magnitude esti-
mates for 1 keV ArþIBS of Si. Reproduced with permis-
sion from Muoz-Garcíaet al., Phys. Rev. B100, 205421
(2019).73Copyright 2019 American Physical Society. (e)–
(f ) Top-view SEM images of a glass surface during
30 keV Gaþ oblique bombardment atθ¼45, for
fluence values of 21 1020ions m2(e) and 73 1020

ions m2(f ). The beam enters from the left; the vertical
lines are reference lines 0:6μm away from each other.
Reproduced with permission from P. F. Alkemade, Phys.
Rev. Lett.96, 107602 (2006).79Copyright 2006 American
Physical Society.
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of the following strongly nonlinear equation, derived in Ref.73for
the thicknesshof the irradiated layer:

ht¼ a1hhx a2h
2hxþ∇ (h

2B ∇h)þc∇ (h3∇h)

γ∇ (h3∇∇2h): (5)

In Eq.(5),theparametersa1,2,c,andγ,andthetensorBdepend on
experimental conditions like the ion incidence angle,θand the space
distribution of residual stress induced by IBS.Figures 17(a)–17(d)
show results of numerical simulation of Eq.(5)for the same fixed
fluence and different distributions of ion-induced stress and angles of
incidence. The detailed properties of the surface ripple pattern are
thus seen to depend on those. As further discussed in Ref.73,a
number of general properties (like the behavior of the ripple wave-
length and transport velocity, the dynamic behavior of the roughness,
and other) of the nonlinear Eq.(5)compare well with many experi-
mental observations on ripple formation dominated by material
redistribution, agreeing with established parameter trends. Panels (e)
and (f ) inFig. 17allow for visual comparison of the model morphol-
ogies with SEM top-views from experiments on oblique-incidence
Gaþbombardment of a glass surface,79the two panels corresponding
to different stages of the experiment. In spite of the different ion/
target combinations considered in the numerical simulations and in
this particular experiment, qualitative and even semi-quantitative
agreement occurs between the model and experimental dynamics. In
this regard, as derived in Ref.73, the continuum equation features a
versatile parameter dependence, enabling modeling of systems which
can differ significantly with respect to the value of the critical angle,
fromθc 50 60as noble-gas IBS of Si or Ge,59to cases with e.g.
θc 30like IBS of pyrochlore targets.73,80

In addition to the above, recent refinements of Sigmund’s
classic model of sputtering, based on MD simulations214and on
MC simulations and continuum models,215and insights on con-
comitant higher-order nonlinear effects,216,217do seem to improve
in turn the sputtering-based description of IBS experiments on
amorphous targets.218Hence, the program to describe IBS surface
nanopatterning via the interplay between sputtering and surface-
confined viscous flow holds promise to provide a fully consistent
description of the process.

4. Additional effects

The program just mentioned, albeit promising, to this day
remains to be fully completed. Moreover, one can readily think of
additional physical effects which may also bear importance to the
surface dynamics. As examples, we can mention material redeposi-
tion and ion implantation. Specifically, redeposition being an
intrinsically nonlinear process,219it has been shown to improve
ordering of the surface nanopatterns,220–222within a sputtering-
dominated dynamics. In turn, according to continuum and
MC-based simulations,223,224the morphological effect of ion (self )
implantation seems to oppose that of material rearrangement or
surface viscous flow, as it is destabilizing for small angles of inci-
dence and becomes stabilizing for incidence angles larger than a
non-universal critical value. Nevertheless, see e.g. Ref.225for a
complementary discussion on the effects of implantation, as
derived from MD simulations. The predictive power of theoretical

descriptions of IBS nanopatterning will no doubt improve once
such type of contributions to the surface dynamics are suitably
taken into account.

5. Relevant crystallinity

Further, we need to stress that the theoretical picture just
described applies as such to materials, typically semiconductors,50

which either are or become amorphous by ion bombardment in
the range of ion energies which we are discussing. As discussed in
Sec.II A, this is notablynotthe case for metallic substrates. Indeed,
provided experimental conditions are not in the so-called erosive
regime4of very small ion fluxes and/or low temperatures, recrystal-
lization is highly effective in metals, which implies dominance of
anisotropic surface diffusion as the main relaxation mechanism. In
such a so-called diffusive regime,4which occurs at intermediate to
high temperatures and intermediate ion fluxes, as seen in Sec.II A
it is not the ion beam which controls the orientation of the ripple
structure; rather, the pattern features are dictated by the anisotro-
pies in surface diffusion,3specifically by the well-known instabili-
ties associated with the Ehrlich–Schwoebel barriers to adatom and
advacancy diffusion.51–53

Modeling of IBS of metallic targets has been largely addressed
via MD simulations, as e.g. for grazing incidence 5 keV Arþ ion
bombardment of Pt(111) surfaces,226see some overviews in Refs.4
and43. From the point of view of continuum descriptions, better
suited in principle to describe large-scale behavior, polycrystalline
metals have been studied e.g. in the context of generalizations of
BH theory.227In the erosive regime for metals, some of the contin-
uum models discussed above have also demonstrated predictive
power. Such is the case, for instance, of the eKS equation, Eq.(4),
quite successfully employed to describe quantitatively the nanobead
formation process by SIBS of Au targets already discussed in
Fig. 10, seeFig. 18.137

Actually, taking into account crystallinity-induced anisotro-
pies in surface tension and surfacediffusion, like those relevant
for epitaxial growth systems,53leads to generalizations of the eKS
equation;forthecaseofnormal-incidenceIBS,theresulting
equation reads228

ht¼ A∇2hþλ(∇h)2 ∇ K∇(∇2h) ∇ Λ2∇(∇h)
2, (6)

whereKandΛ2are constant 2 2 tensors implementing the
mentioned crystalline anisotropies.Figure 18(d”)showstheresult
of a numerical simulation of Eq.(6), which improves over the
eKS model with respect to the local ordering of the nanobead
pattern, as compared with the experimental results.228

Interestingly, the continuum description of IBS surface
nanostructuring of metals may similarly benefit from recent
advances in the description of semiconductors at high tempera-
tures. Again as seen in Sec.II A, sufficiently close to their recrys-
tallization temperature, semiconductor targets behave similarly to
metals in the diffusive regime, with ES barriers to advacancy dif-
fusion dominating the dynamics.107In contrast, IBS of metals
does not reduce to a“negative homoepitaxial deposition”of
vacancies.229At any rate, the strong nonequilibrium nature of the
process108and the concomitant universality properties enable
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kinetic modeling via continuum height equations,107,108in close
parallel to homoepitaxial growth, but with vacancies as the main
transported species. As an example, numerical simulations of the
continuum model107,108

ht¼ A∇2h B∇4h λ2∇
2(∇h)2þϵ

X

i¼x,y

@i(@ih δ(@ih)
3),(7)

reproduce quite closely experimental results (cf.Fig. 5)on
reverse epitaxy of Ge surfaces, seeFig. 19.Here,thenonlinear
term with parameterϵaccounts for the irreversible surface trans-
port of advacancies, in strong analogy with adatom currents in
epitaxial growth.53

Let us finally remark that, as in the case of semiconductor
targets, again a two-field approach can formulate in a natural way
the coupling between surface transport and additional processes
like sputtering and step-edge barriers, even under fully anisotropic
conditions.228Indeed, the standard assumption behind two-field
models on a (negligibly) thin surface layer subject to material trans-
port seems to be most suitably satisfied by metals in the diffusive
regime, and/or for semiconductors at high temperatures in which
amorphization is negligible.

6. Heterogeneous composition

Another instance in which the two-field approach has also
been rather fruitful is that of IBS surface nanopatterning processes

FIG. 18.Comparison of experimental nanobead patterns [(a)–(d)] formed by SIBS of Au targets in the erosive regime on different initial prepatterns [cf.Figs. 10(b)–10
(b0)], with morphologies predicted by the eKS equation, Eq.(4), using the corresponding experimental prepatterns as initial conditions [(a0)to(d’)]. Reproduced with per-
mission from Kimet al., Phys. Rev. B87, 085438 (2013).137Copyright 2013 American Physical Society. Panel (d”) shows the result of a numerical simulation of Eq.(6),
for which the (square) symmetry of the local nanobead order is closer to the experimental one. Reproduced with permission from Renedoet al., Phys. Rev. B93, 155424
(2016).228Copyright 2016 American Physical Society.
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in which a third atomic species plays a relevant role: either because
the target is a binary material, or else because an additional atomic
species is being concurrently deposited, inadvertently (e.g., deposi-
tion of impurities) or on purpose. A key step was taken in 2007,111

when the dynamics of a scalar field describing the composition of
the topmost surface layer of a binary target undergoing IBS was
coupled, within linear approximation, to the time evolution of the
surface height. The interplay between differential sputtering and
diffusion rates for the two target atomic species was thus elucidated
as an origin for the pattern forming behavior, and this was con-
firmed by nonlinear generalizations of the model.112,113,230

Although detailed quantitative comparisons are difficult, a notable
theoretical result in this context is the possibility to thus account
for the short-to-medium-order of the patterns produced in many
experiments with binary materials,43,46first demonstrated in Ref.2.
Figure 20illustrates the capabilities of different two-field models
from this point of view.
Panels (a) and (b) in the figure show simulations of a two-field

model of binary targets undergoing IBS.112,113,233Indeed, parame-
ter conditions exist for which the model supports the formation of
highly ordered dot patterns, akin to those shown inFig. 1,or
ordered hole patterns, visually very similar to those produced by a
focused ion beam on Ge.234On the other hand, panels (c) and (d)
inFig. 20compare experiments of Au implantation of Ge targets,
leading to the formation of virtually defect-free ripple patterns,
with simulations of a two-field model tailored for such an experi-
mental setting,232which again is seen to capture the long-range
order of the experimental nanopatterns.
In the process to further improve the predictive power of

the two-field theoretical approach, and trying to identify the key
physical mechanism for pattern formation with strong space
ordering, a number of physico-chemical processes have been
considered, notably the competition between thermodynamic/

kinetic phase separation and differential sputtering for the two
atomic species of the target,116,235which has also been assessed
via MD simulations within crater function approaches.117,236

Such a competition is at the basis of the discrepancy between
the theoretical prediction,112,113,230that composition segrega-
tion will lead the high-yield species to remain at the top of the
nanostructures produced, and diverse experimental observa-
tions.114,115,235 Incidentally, crater-function approaches for
binary materials like GaSb again conclude that, as in the case of
clean Si, mass redistribution dominates over sputtering contri-
butions to the local height velocity.236

The nontrivial effect of the existence of a third atomic
species, beyond those of the ion and the target, is also demon-
strated in experiments where metallic impurities become depos-
ited concurrently with the IBS process. In this context, two-field
models have also allowed to rationalize experimental observa-
tions, by coupling the evolution of the surface height to that of a
scalar field which measures the composition of the top-most
surface layer of the substrate, which is dynamically altered by the
flux of impurities. A model in which BH-type sputtering com-
petes with CV-like mass transport and impurity motion233,237

predicts deactivation of CV currents by the immobilization of the
impurities, provided the impurity concentration is above a certain
threshold, leading to pattern formation. The existence of such a
threshold agrees qualitatively with many experimental observa-
tions, see Sec.II A. Beyond this, compound formation (e.g. sili-
cide formation in the case of Si targets being seeded with metallic
impurities) has been shown to be generally required for pattern
formation.238Admittedly, exceptions exist (e.g., nanoripple for-
mation in Si irradiation under codeposition of Au, non-silicide
forming impurities239), but they can still be accounted for by suitably
adapting Sigmund’s model of sputtering to the case of two different
atomic species in the target.134

FIG. 19.(a) AFM image of Ge(100) surface irradiated at
350under normal incidence. (b) Result of a numerical
integration of Eq.(7). Above each morphology, the 2D
FFT (left) and the two-dimensional angle distribution
(right) are shown. Reproduced with permission from Ou
et al., Phys. Rev. Lett.111, 016101 (2013).107Copyright
2013 American Physical Society.
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III. SOME OPEN ISSUES

This section is devoted to a discussion, not meant as fully com-
prehensive, of some of the issues which to date remain open in the
context of IBS surface nanostructuring, and which is again organized
into two main parts: one involved with experiments and applications
and a final one devoted to theory and computational approaches.

A. Experiments and applications

The surface patterning induced by IBS results from the self-
assembly of the adspecies subject to transport, and most frequently
suffers from a common problem for self-assembled systems,241

namely, the limited quality and the range of spatial order in the
structure. A number of proposals have been made to remedy this

FIG. 20.Improved description of short-range order by two-field models of IBS systems with heterogeneous composition: Large fluence nanodot (a) and nanohole (b) pat-
terns obtained from numerical simulations a two-field model of IBS of binary targets. In each case the inset shows the map of the composition field, in registry with the
topographical pattern shown on the main panel. Reproduced with permission from Bradleyet al., Appl. Surf. Sci.258, 4161 (2012).231Copyright 2012 Elsevier. (c) AFM
image of a defect-free Ge (100) surface bombarded with 26 keV Auions. The vertical scale is in nm. (d) Topography from the numerical simulation of a two-field model
proposed to describe the experimental process of (c). The inset shows the 2D FFT. Both panels are reproduced with permission from Mollicket al., Appl. Phys. Lett.104,
043103 (2014).232Copyright 2014 AIP Publishing LLC.
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limitation. For low-energy IBS ripple patterns on Si, Keller et al.240

find experimentally the existence of a fluence value for which a
minimal defect density is obtained, see Fig. 21. Qualitatively, a
similar result is obtained from numerical simulations of a damped
generalization of the KS equation,242 suggesting that the existence
of a fluence with minimal defect density can be a generic property
of IBS nanopatterns.240 Further studies are necessary to establish
the generality of this property and to correlate the optimal fluence
value with other experimental parameters, so that IBS experiments
can be performed minimizing defect density.

Recently, reverse epitaxy can produce ripple patterns with sur-
prisingly high order on compound semiconductors, proving this
method as a promising avenue for IBS. However, for elemental
semiconductors such as Ge,107 analogous highly ordered ripple
patterns have been never reported. Instead, the compound semi-
conductors patterned by reverse epitaxy have been used as tem-
plates for the growth of highly ordered thin films via transfer of
their pattern topographies to the films.40 Considering the impor-
tance of elemental semiconductors in microelectronics, sensors,
and solar cells, further efforts would be quite desirable to further
exploit reverse epitaxy to directly pattern elemental semiconductor
surfaces with uniaxial surface anisotropy.

Another recent proposal to produce defect-free ripple patterns
is due to Harrison and Bradley,243 who suggest to suitably rock
(i.e., change the incidence angle θ periodically in time) the sub-
strate during IBS, based on numerical simulations of the aniso-
tropic KS equation, Eq. (3). Given the fact that the parameters in
the equation depend on θ, they find that a defect-free ripple
pattern eventually ensues provided that the rocking range is such
that the coefficients of the nonlinear terms, λ, λ0, go through zero
along the rocking cycle, and provided that the rocking frequency is
comparable to the growth rate of the most unstable mode in the
linear regime. Indeed, a notable improvement of the order has been
observed experimentally in ripple patterns obtained by 0.5 keV Krþ

IBS of Si(100) at room temperature,239 see Fig. 22. Such an
improvement in the order in the ripple pattern is further
observed for Si(100) and amorphous carbon (a-C) sputtered by
2 keV Krþ ions, even under rocking conditions that do not nec-
essarily imply that λ, λ0 go through zero during the rocking
cycle.41,239 These experimental observations can be elucidated by
generalizing the KS equation, Eq. (3), into the eKS equation,
Eq. (4), due to the occurrence of the additional nonlinear terms
in the latter,239 which possibly become more important for
increased ion energies reflecting enhanced surface viscous flow.
These observations suggest moreover that suitable rocking of the
substrate may be widely applicable to enhance (if not fully
perfect) the order of ripple patterns.

The aforementioned three approaches for the improvement of
the order in the IBS pattern can operate without negatively interfer-
ing with one another. Thus, an optimal experimental setup for the
best ordered pattern could consist in the simultaneous application
of the three proposed improvements: A compound semiconductor
at a temperature above its recrystallization temperature would be
subject to IBS (possibly concurrent with codeposition of selected
impurities) while rocking the target, and carrying the experiment
up to its optimal fluence value. Still, prior to seeking the synergy
among the three approaches, one needs to first find the optimal
conditions for each one of them separately. For instance, Ziberi
et al.39 produced almost perfectly ordered patterns as shown in
Fig. 6(a), as well as salient patterns via surfactant sputtering.
However, those IBS patterns were made under inadvertent impurity
deposition. Thus, no information about the impurity atoms, impu-
rity fluxes, and their deposition directions is known, and reproduc-
tion of the pattern is hampered. Considering the high quality of the
ordered patterns that have been reported, further systematic studies
on surfactant sputtering are awaited in which impurity codeposi-
tion is performed in a controlled manner, and promise to be highly
rewarding. In such type of studies, which can also be performed in
the medium energy range,244 thus accessing novel motifs and
typical scales, simultaneous codeposition of more than one atomic
species could be attempted trying to otherwise mimic the experi-
mental conditions leading to the remarkable surface nanostructures
achieved in Ref. 39.

Beyond its capability to improve the order in the induced
ripple patterns, surfactant sputtering also produces chemical modi-
fications of the surface. The impurity atoms or their derivatives
arrange themselves below the surface with the same wavelength as
that of the ripple pattern, being usually confined near the protrud-
ing parts of the pattern, e.g. near the ridge of the ripples as shown
in Figs. 7(c) and 7(d). Such chemical modifications should periodi-
cally modulate additional physical behaviors also, such as elec-
tronic, magnetic, and optical properties. This periodically modified
surface could thus serve as a lateral superlattice, a modulated doped
surface, or an optical grating. Moreover, the embedded impurities
are in the form of nanoclusters whose mean sizes are around or
below 10 nm, and should show strong quantum confinement
effects. The synergy between the periodic modulation and quantum
confinement could provide the electrically, optically, and chemi-
cally modulated surface with novel properties and functionalities.
This capability to periodically modulate surface properties in the
10 nm range can prove as a unique and quite useful output of

FIG. 21. Normalized defect density for experimental (open symbols, left vertical
scale) and simulated (full triangles, right vertical scale) ripple morphologies vs
fluence. The error bars represent statistical averages over several samples.
Reproduced with permission from Keller et al., New J. Phys. 10, 063004
(2008).240 Copyright 2008 Institute of Physics.

Journal of
Applied Physics PERSPECTIVE scitation.org/journal/jap

J. Appl. Phys. 128, 180902 (2020); doi: 10.1063/5.0021308 128, 180902-24

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


surfactant sputtering that is not easily achievable by other means.
Such an aspect of the surfactant sputtering approach has not been
much explored yet, partly due to the lack of easily accessible nanop-
robes with capabilities for chemical analysis. TEM with electronic
energy loss spectroscopy provides the spatial resolution required
for such type of chemical analysis, but it is a destructive tool and
not easy to use. Nowadays, scanning Auger electron spectroscopy
and state-of-the-art scanning photoelectron microscope using syn-
chrotron radiation provide the requested spatial resolution, smaller
than 5 nm, so that we expect chemically modulated nanopatterns
to soon become better understood, and more widely applied.
Surface nanopatterning by IBS has been employed to study

radiation damage and repair of 2D materials245and also for the
modification of their properties via ion trapping.246,247Further, IBS
has also been employed to functionalize 2D materials, especially via
strain engineering, since these materials can stand large lateral
strain. In general, strain engineering has been proposed to locally
alter their band structures,248,249and thus their electronic, optoelec-
tronic, and magnetic properties.250However, most previous strain
engineering of 2D materials had been performed either by litho-
graphic patterning251or by uniaxially straining exfoliated flakes on
elastomeric substrates.252These approaches are good test beds, but
not for practical applications due to their limited surface coverage.
In contrast, e.g. Martellaet al.249,253have grown a MoS2layer on
SiO2films which had been previously ripple-patterned by IBS. The
MoS2overlayer grown by chemical vapor deposition conforms to

the substrate pattern, thus featuring a strain which changes along
the direction of the ripple periodicity, with the same period as that
of the ripple pattern, while strain remains negligible along the
ripple ridges, thus inducing anisotropies in the physical properties
of the MoS2layer. Perpendicular to the ripple ridges, the strain
varies from compressive to tensile, making valleys electron-doped
while ripple crests are hole-doped. This modulated doping influ-
ences physical properties, e.g., by inducing an alternating shift of
the optical phonon frequencies along the direction of the ripple
periodicity. Observations like these demonstrate the potential of
IBS to functionalize 2D materials for practical applications, via sub-
strate nanopatterning, and further developments can be expected.

Further, from the extensive practice of surfactant sputtering,
we are aware of the significant role of the metallic impurities on
the pattern formation. However, impurities among the projectile
ions may also make notable differences in surface pattern formation
by IBS.254Figure 23(a)shows a Si(100) surface sputtered by 8 keV
Arþ, when impurity ions carried by the beam are filtered out by a
dipole magnet mass analyzer. No structure is observed on the
surface. In contrast, a similarly sputtered surface, produced without
ion-impurity filtering, shows the well-defined ripple pattern seen in
Fig. 23(b). In the experiments of Ref.254, significant amounts of
silicon carbide and nitride are found to form on the surface, as
revealed by x-ray photoelectron spectrum (XPS) [seeFig. 23(c)],
induced by the impurity ions as shown in the mass spectrum pro-
vided inFig. 23(d). Silicon nitride and carbide both have a lower

FIG. 22.Ripple patterns on Si substrates rocked for inci-
dence angles in the 65,θ,73interval. The rocking
frequency employed in each case is (a)
ν¼1:73 102min1, (b)ν¼9:87 102min1,
and (c)ν¼1:39 102min1, whileEion¼2 keV and
the fluence is 2182 ions nm2. Insets: height–height corre-
lation map (top right) obtained after normalizing the height
by the surface roughness. 1D power spectral density
(PSD) (bottom right) obtained from the corresponding 5
5μm2AFM image. (d)ν-dependence of the amplitude
(empty symbols, right vertical scale) and full width at half
maximum of the peak in the PSD curve (filled symbols,
left vertical scale). Reproduced with permission from Kim
et al., J. Phys.: Condens. Matter30, 274004 (2018).41

Copyright 2018 Institute of Physics.
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sputtering yield than Si itself, causing a surface instability as theo-
retically described.238

The previous gas-impurity studies have arguably been per-
formed with a trace amount of the residual impurities. In the other
limit, one has reactive ion sputtering, in which ions and molecules
of O, C, and N have already proved effective in destabilizing e.g.
both, Si and carbon film surfaces.255,256Remaining open questions
are whether there is any threshold amount impurity density to
ignite the pattern formation, how the impurity density determines
the size and shape of the motifs of the patterns, whether there are

any synergetic effects among the various ion species and whether
the order of the pattern can be improved by the ion impurities. To
answer these questions, the investigation with well controlled
experimental conditions need to be performed.

Most of the studies reported on surface patterns formed by
IBS deal with periodic structures composed of relatively simple
motifs like ripples or dots. However, IBS also produces non-
periodic morphologies like, e.g., labyrinthine patterns on polymer
surfaces,2572D foams on semiconductor surfaces,258or cauliflower-
like structures on HOPG(0001),259seeFig. 24. For example, Castro

FIG. 23.5 5μm2AFM images of mass-analyzed (a) and contaminated (without mass analysis) (b) Si surfaces bombarded with 8 keV Arþat an oblique angle,
θ¼60, and constant fluence 7 1017ions cm2. The arrow indicates the ion beam direction, and theΔzscale is shown next to each image. In (b) a 1 1μm2scan
is also shown in the upper corner while the FFT of the main panel appears in the lower right corner, both supporting parallel ripple formation. (c) XPS survey of virgin Si
and ion-bombarded Si surfaces with a mass-analyzed beam and without mass analysis. (d) Mass spectrum on Si(100) sample by 5 keV source voltage extracted from an
ECR ion source. Reproduced with permission from Bhowmiket al., Nucl. Instrum. Meth. B444, 54 (2019).254Copyright 2019 Elsevier.
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et al.258 studied a cellular structure formed on Si(001) by an Arþ

ion plasma. Remarkably, the analysis of the topological properties
of the disordered surface structure produced, like e.g. the distribu-
tion of the number of the sides defining each cell,260,261 and of
their time evolution sheds light on the mechanisms driving, e.g.,
the coarsening kinetics observed. This topological analysis offers an
alternative way to derive the coarsening exponent predicted by the
height equation governing the foam evolution, which happens to
be the so-called convective Cahn–Hillard (CCH) equation,258,262 a
further nonlinear generalization of Eq. (4). In contrast, e.g., the
negative cauliflower pattern in Ref. 259 has poorly defined edges,
hampering in practice a similar topological analysis. The labyrin-
thine pattern on PDMS257 has not been analyzed in such a level of
detail, either. Actually, many non-periodic patterns produced by
IBS have defied conventional analysis using e.g. well-known contin-
uum models like Eqs. (2), (3) or (4), and familiar measures of
space ordering properties, which calls for the development of better
adapted, novel tools of analysis. For instance, recently, Motta
et al.263 have developed innovative topological measures of imper-
fect hexagonal order. Some of these measures are very sensitive to
the existence of defects, which will probably help to find the corre-
lation between these and the appropriate terms in, e.g., a suitable
continuum equation describing the corresponding pattern. Since
the parameters quantifying the strength of such terms are related to
the experimental conditions, suitable measurements which are sen-
sitive to specific defects should help finding the optimal experimen-
tal conditions that minimize defect production, thus perfecting the
patterns produced.

Generally speaking, the investigation of IBS surface nanopat-
terns has been undertaken using two different types of probes.
The first type corresponds to local probes, such as scanning force
microscopies. The second type of probes corresponds to x-ray scat-
tering techniques like GISAXS, which has the advantage over local

probes that it can sample wide areas in real time. However, the
coherence of the x-ray beam generated by a synchrotron has not
been much exploited, yet. If the surface height is subject to random
fluctuations in space and time, then the incident coherent light
gains different phase shifts at different positions during IBS, and
the scattered light shows a speckle pattern as observed in the scat-
tered laser light. Speckle patterns have been also observed for
x-rays by Sutton et al.264 In this context, we can mention the work
by Bikondoa et al.,265 who have measured speckle patterns at differ-
ent times during IBS. The time-time correlation function (TTCF)
has been thus obtained from the experimental patterns. Its analysis
provides information on the surface dynamics during IBS at the
nano scale that is not available to the phase-averaged x-ray scatter-
ing analysis, which only yields averaged kinetic information. The
dynamical information is used to discriminate the models elucidat-
ing the observed pattern evolution by IBS. This technique, so called
x-ray photon correlation spectroscopy (XPCS), has also allowed to
recently assess in-plane ripple motion on the irradiated surface
during IBS.218

Although the potential of XPCS has been long known, it has
been applied to very limited cases, partly because the coherence
and brightness of the x-rays is not enough to produce a sufficiently
well-defined speckle pattern to produce a clear-cut TTCF. In this
regard, it is notable that x-ray free electron lasers (XFELs) and the
4th-generation synchrotron employing the novel diffraction-limited
storage ring have both become more and more widely available
since 2009 and 2016, respectively, greatly enhancing the coherence
and brightness of x-ray beams. XPCS can now be performed under
better beam conditions and can become accessible to a wider spec-
trum of users, making it a promising method to study the dynam-
ics of nanopattern formation at surfaces.

Finally, nanopatterned surfaces can still find more bio-inspired
applications. For example, cell adhesion is an initial step for cell

FIG. 24. (a) Labyrinthine surface pattern produced by IBS on PDMS. Reproduced with permission from Yoon et al., J. Appl. Phys. 116, 024307 (2014).257 Copyright 2014
AIP Publishing LLC. (b) Cellular pattern produced on Si by an Arþ ion plasma, reproduced with permission from Castro et al., Phys. Rev. Lett. 112, 050103 (2014).258

Copyright 2014 American Physical Society. (c) Cauliflower-like morphology that is the inverted image of a pattern induced by IBS on a rotating HOPG target, taken from
Ref. 259.
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proliferation and differentiation, both of which are important bio-
logical processes.267–269 Cell adhesion on surfaces with nanodot
patterns has revealed to be sensitively dependent on the spacing
among the nanostructures. If the spacing is larger than a critical
value in the order of tens of nm, cell adhesion is prohibited.266,270

Remarkably, adhesion can depend even on the quality of the space
order of the pattern.266 Figure 25 shows fluorescent micrographs of
MC3T3-E1 osteoblasts. The images in the upper (lower) row are of
cells grown on top of ordered (disordered) Au nanodot patterns
coupled with c(-RGDfK-)-thiol ligands. For each image, the
number on the upper left corner is the mean spacing of the dots.
Note that the cells do not adhere well on the ordered patterns, as
compared with the disordered patterns. Also, observe that, as the
mean inter-dot distance increases, the density of adhered cells
decreases. In general, biological assays request a very high number
of patterned substrates in order to reach statistically significant con-
clusions. Large patterned areas should readily satisfy such a need.
Nanopatterning areas as large as 1 cm2 is not feasible by conven-
tional lithography, while IBS is easily scalable, and can readily
produce large-area nanopatterns in a single step. IBS can easily
adjust the size and spacing of the nanostructures by varying the
physical parameters defining IBS, having thus a large potential for
many more applications in biomedical studies.

B. Theory and computation

As discussed in Sec. II B above, the quantitative theoretical
description of IBS surface nanostructuring is still under progress,
even in the simplest context of clean monoatomic targets. This is
partly due to the improvement of atomistic simulations methods,
which yield detailed information on surface rearrangements at
small space and time scales. Thus, different simulation approaches,

like MC and MD, are being contrasted systematically to each other,
leading to a better understanding of the capabilities of both.271 MD
simulations are being used to assess potential limitations of classic
models of sputtering, like Sigmund’s.272 Also, quantitative estimates
on the importance of additional physical effects, like ion implanta-
tion,225,273 are being extracted from MD. And the same micro-
scopic approach is being taken to describe the surface currents of
material rearrangement and the residual stress fields induced by
irradiation.207 Actually, general frameworks have been recently
developed to tabulate236 and even automate274 the statistical analy-
sis of MD simulation data for compound and monoatomic targets
(specifically, via the crater function approach) so that parameter
estimates can be passed on to continuum equations. This provides
one way to address the full multiscale nature of IBS nanopatterning
and thus improve the matching between theoretical frameworks
which in principle operate on different scales. It would be interest-
ing to see analogous tabulations of IBS-induced residual stress dis-
tributions and additional properties, like ion-induced diffusivities,
under different irradiation conditions (such as different ion/target
combinations and different energies), which to date remain affected
of large uncertainties. Overall, this type of computational
approaches may eventually be able to fully clarify the extent to
which pattern formation under IBS is dominated by energy or by
momentum transfer between the ion beam and the target.

In turn, progress in the theoretical understanding of IBS nano-
patterning is also due to recent results in the (semi)quantitative
description of experimental systems by continuum models. Indeed,
recent results are available on specific linear275 and nonlinear73,217,276

ingredients of continuum interface equations, which can account for
various, more detailed, morphological properties of the observed pat-
terns. In particular the latter might be related with previous results
for surfaces with arbitrarily large slopes,157–159,277 a connection

FIG. 25. (a)–(h) Fluorescent micrographs of MC3T3-E1 osteoblast cells labeled for actin (red) and nuclei (blue) after 24 h in culture on ordered (a)–(d) and disordered
(e)–(h) IBS nanopatterns. Specific nanopatterns are labeled at the top left of each image, with the numbers representing the average interligand distances. Reproduced
with permission from Huang et al., Nano Lett. 9, 1111 (2009).266 Copyright 2009 American Chemical Society.
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which seems to warrant further attention. Also worth pursuing
seems the understanding of the role of noise in continuum height
equations. As already mentioned early in Sec. II A, quantitative fits
to experimental data require noise to be incorporated, indeed as
expected20,183 from the stochastic nature of ion arrival. Indeed, the
fact that the KS and related equations generate their own noise
via deterministic chaos7,43,46 partly compensates for the matter-of-
principle limitation of such deterministic continuum models, justify-
ing our presentation in Sec. II B. However, the detailed effect of
noise in these nonlinear mesoscopic frameworks needs to be
addressed in the process of further validating them against data from
experiments and from numerical simulations of more microscopic
models. Likewise, an improved understanding on the connection
between alternative continuum approaches, like two-field models
and hydrodynamics-based formulations, might emerge from a more
detailed reflection on the dynamical role of the amorphous-to-
crystalline interface.278 This has already led to a practical method to
control ripple amplitudes in medium-energy experiments on Si.279

On the other hand, precisely, the existence and role of a topmost
surface layer is possibly a key ingredient for the different behavior
under IBS of semiconductors at room temperatures and metals or
semiconductors at high temperatures. Hence, studies on the condi-
tions for the dynamical relevance of such a layer may facilitate a
more comprehensive knowledge of IBS throughout larger classes
of targets.

Back to IBS at medium ion energies, actually their systematic
study generally seems quite a natural way to improve the theoretical
description of surface pattern formation via this technique.280

Indeed, while the microscopic collisional behavior remains basically
unchanged (provided nuclear contributions still dominate the stop-
ping power) with respect to low energies,179 all typical scales —from
the thickness of the amorphized layer to the ripple wavelength and
amplitude— are amplified approximately by a factor of ten, becoming
much more readily accessible to experimental characterization.281

This connection has been known and partly exploited, but it proba-
bly still remains to show its full potential from the points of view of
theory and applications131,244 of the IBS technique.

Naturally, once a complete and fully consistent theoretical
description is achieved for the case of clean, monoatomic targets, a
number of related contexts will benefit from such knowledge,
notably those of IBS under concurrent impurity deposition and IBS
of binary targets. And, possibly related with these, the case of reac-
tive ions, which, albeit being long known,42 has received relatively
little attention from the theoretical point of view, in spite of the
potentially relevant role of reactive impurities254 for the experimen-
tally observed pattern-forming behavior. Moreover, this context
suggests exploring the surface patterning possibilities offered by
further changes in the irradiation conditions with respect to the
simplest ones discussed in this Perspective article: e.g., by substan-
tially increasing the charge of the ions employed,282,283 or via the
many-body effects implied by electronic contributions to the stop-
ping power at even higher ion energy,179 to reach conditions for
swift ion irradiation.284 Incidentally, wrinkle formation by IBS of
polymeric285,286 or soda-lime glass287 surfaces at medium and low
energies has been rationalized via strain-mediated instabilities, akin
to those classically invoked to describe wrinkle formation under
swift heavy ion irradiation of metallic glasses.288 In the last case,

energy deposition within the target differs quite strongly179 from
the picture of binary collision cascades, which naturally impacts the
types of mechanisms which are responsible for surface pattern for-
mation. Whether suitably extending the theoretical description to
polymeric and glassy low-to-medium-energy systems provides a
bridge to still higher energy ranges remains a challenging open issue.

IV. CONCLUSIONS

We have provided an overview on the main aspects of surface
nanostructuring by ion-beam irradiation, from experiments and
theory to some of its salient and diverse applications. We have
adopted a historical point of view that has allowed us to appreciate
the difficulties encountered in the understanding of the main phys-
ical principles at play in this process. Possibly, the most crucial
aspect from this point of view has been the relevant role that can
be played by the presence or absence of a third atomic species
(besides those of the ion and the target material) with respect
to the formation and properties of the surface nanopatterns.
Historically, some of these difficulties have actually required a thor-
ough systematic revision of previous experimental and theoretical
knowledge, a process that started approximately ten years ago and
is still to be fully completed. We have also pointed out a number of
issues that remain open in the field, again from the experimental/
applied and theoretical/computational points of view. While impor-
tant challenges seem involved in addressing such issues, the latest
achievements in recent works on IBS surface nanopatterning
already set the stage to promising forthcoming applications of this
versatile surface nanostructuring technique.
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