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Abstract
Surface nanopatterning induced by ion beam irradiation (IBI) has emerged as an effective
nanostructuring technique since it induces patterns on large areas of a wide variety of materials,
in short time, and at low cost. Nowadays, two main subfields can be distinguished within IBI
nanopatterning depending on the irrelevant or relevant role played by the surface composition.
In this review, we give an up-dated account of the progress reached when surface composition
plays a relevant role, with a main focus on IBI surface patterning with simultaneous
co-deposition of foreign atoms. In addition, we also review the advances in IBI of compound
surfaces as well as IBI systems where the ion employed is not a noble gas species. In particular,
for the IBI with concurrent metal co-deposition, we detail the chronological evolution of these
studies because it helps us to clarify some contradictory early reports. We describe the main
patterns obtained with this technique as a function of the foreign atom deposition pathway, also
focusing in those systematic studies that have contributed to identify the main mechanisms
leading to the surface pattern formation and development. Likewise, we explain the main
theoretical models aimed at describing these nanopattern formation processes. Finally, we
address two main special features of the patterns induced by this technique, namely, the
enhanced pattern ordering and the possibility to produce both morphological and chemical
patterns.
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1. Introduction

The research on surface nanopatterning by ion beam irradi-
ation (IBI) has been attracting an increasing interest since
the beginning of this century. Thus, many research groups
have addressed the fundamental as well as the experimental
and applied issues of this technique. IBI patterning was first
reported in the sixties of the past century [1, 2]. Already in
1974 Taniguchi highlighted the potential and interest of the
technique by its capacity to nanostructure the surface of sev-
eral materials [3]. Nowadays, this prediction has been largely
fulfilled, although it took 25 years to prove it [4–7]. Such a
delay was partially due to the lack of adequate techniques to
assess themorphological nanopatterning induced on the irradi-
ated surfaces. The advent of the scanning probe microscopies,
among other advances in surface characterization, filled in this
gap and certainly contributed to enable the development of IBI
induced surface patterning.

Today, substantial advances have been achieved both in the
understanding of the mechanisms involved in IBI nanopattern-
ing as well as in its experimental aspects. Thus, IBI has been
successfully applied to induce patterns on a wide range of
materials. Among them, we can mention: metals [4, 8], semi-
conductors [9–16], oxides [17, 18] ionic crystals [19, 20], and
polymers [21–23]. In addition to this versatility, among the
main attributes of IBI nanopatterning, we can also mention the
large area that can be patterned, the short processing times and,
finally, its cost-effective production. Thus, the technique has
been applied in the last years in numerous fields such as mag-
netism [24–28], plasmonics [29], nanoelectronics [30], photo-
voltaics [31, 32], biomaterials [33], and sensing [34–37].

In the theoretical field, several approaches have been
developed with different perspectives [5, 6, 38–40]. Chronolo-
gically, these advances started with Sigmund’s seminal works
[41, 42]. In these works, Sigmund realized that when a surface
is bombarded at local oblique incidence, the local sputtering
yield (SY) on top of a ridge is reduced whereas it becomes
increased at the bottom of a valley. This scenario would turn a
flat surface unstable upon ion bombardment. Later on, Brad-
ley and Harper (BH) established the theoretical framework
for IBI patterning when they showed that the pattern arises
from the competition of this destabilizing ion-induced effect
and the stabilizing one related to surface mass transporta-
tion [43]. Afterwards, many further improvements have taken
place in the theory. Thus, additional physical mechanisms
have been incorporated such as the non-linear dependence of
the erosion rate on the local surface slope [44, 45], the ion-
induced mass redistribution [46], surface viscous flow [47],
stress effects [48–50], ion implantation [51, 52], etc. How-
ever, despite the advances mentioned above, a full theoretical
understanding of IBI nano-patterning has not been attained,
yet. This issue is complicated since the experimental findings

undoubtedly show that the patterning is not a universal pro-
cess since it depends on the specific target/ion combination.
Thus, the topic is still being studied by different groups, with
different approaches, see e.g. [39, 49, 53, 54] and references
therein.

Likewise, the experimental advances have also been
important in the last years. The very same subject of this
review comes into play because it has had an influence not only
on the experimental progress of IBI patterning but also on the
pace of the theoretical modelling. This fact will be explained in
more detail in the next section where a chronological descrip-
tion of the experimental advances will be given.

More specifically, this review addresses the IBI patterning
when compositional effects are present during the irradiation
process. Most of the early theoretical modelling and experi-
mental work concerned mono-elemental surface targets bom-
barded by a noble gas ion beam. In this case, the inert ions
become implanted to finally evaporate as the irradiation pro-
ceeds. However, as it will be shown in section 2, other systems
were studied where this compositional homogeneity did not
occur, in many cases inadvertently. The compositional effects
arise when the irradiated surface is, or becomes, during the IBI
process heterogeneous in terms of composition, i.e. is formed
by different atomic species. Accordingly, as it will be shown in
sections 3–5 this fact can lead to local differences in processes
such as SY, surface diffusivity, etc than indeed influence the
surface patterning. Therefore, at this stage, it is necessary to
define the two basic IBI systems depending on the presence or
not of compositional effects:

(a) Noble gas IBI of mono-elemental surfaces where compos-
itional effects do not operate. A further classification can
be established based on the irradiated surface: (i) those
that remain crystalline upon ion bombardment, such as
metals, in which Ehrlich-Schwoebel barriers can have an
important role on the patterning process [4]. A particular
context that should be mentioned here is that of radiation
resistant materials. Some materials, despite their multi-
elemental character, such as ZnO, GaN, SiC, or CdTe
exhibit a strong dynamic annealing that leads to saturation
of defect levels, even at low temperatures [55, 56]. As a
result, the formation of patterns in these crystals does not
necessarily follow the conventional mechanisms, although
they can, in certain situations, produce ripples [18, 57]; (ii)
surfaces that are amorphized by the incoming ions, such as
mono-elemental semiconductors (Si, Ge); (iii) those that
are fully amorphous, such as polymers and glasses. We
include them in this type because, to the best of our know-
ledge, there is not any report on compositional effects in
IBI experiments on these materials.

(b) IBI patterning experiments where compositional effects
operate. We can distinguish the following cases:
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Figure 1. STM (a) and AFM (b)–(d) images of surface patterns
induced by IBI on different materials: (a) Ag (001) under 1 keV
Ar+ irradiation at normal incidence. Reproduced from [4].
© IOP Publishing Ltd. All rights reserved; (b) Si under 1 keV Ar+

irradiation at θ = 65◦; (c) PDMS under 1 keV Ar+ irradiation at
θ = 20◦; (d) ZnO under 20 keV Ar+ irradiation at θ = 60◦. The
horizontal bars correspond to 50 nm (a), 500 nm (b), (d), and
10 µm (c), respectively.

(i) noble-gas IBI of compound semiconductor targets
(GaSb, InP, etc) where preferential sputtering of one of
the elements can take place; (ii) IBI with concurrent metal
co-deposition. In this case, IBI usually takes place using a
noble gas ion beam impinging on a mono-elemental semi-
conductor (Si) while metal atoms, such as Fe or Mo, are
concurrently and externally supplied on the target surface.
Usually, the metal atoms react with the target ones forming
a silicide. This is the main focus of this review; (iii) a spe-
cial case is that where a non-noble gas ion beam bombards
the surface, usually a mono-elemental semiconductor, and
as the ions are incorporated on the target surface, the latter
becomes compositionally heterogeneous, which leads to
the appearance of compositional effects.

Examples of the patterns induced by IBI under different
incident angles, θ, on the surface of different materials are dis-
played in figure 1, where images obtained by scanning tunnel-
ling microscopy (STM) and atomic force microscopy (AFM)
are shown.

As already noted, the main focus of the review refers to
IBI with concurrent metal co-deposition. The production of
these patterns was reported in the wake of the general interest
triggered by the seminal work by Facsko et al [9]. However,
at these initial stages, the existence of the impurity supply
remained unnoticed and all the experimental reports were then
attempted to be understood within the theoretical framework
employed for impurity-free patterning of mono-elemental

surfaces. To add more confusion, the experimental reports
were strongly dependent on the specific set-ups employed.
These facts turned the understanding of IBI patterning into
a puzzle both from the experimental and the theoretical per-
spectives. It took about 10 more years to clarify the state of the
art of the technique. For this reason, we include in this review
many of the works published before 2009–2010, including
publications by some of the present authors, which reported
patterns that today are understood as induced by the impurity
co-deposition process, although the authors were not aware of
it at the publication time. Also, we want to note that the main
part of the experimental works cited in the review deals with
silicon targets and metal (usually Fe or Mo) co-deposition.
This is the case because most of the works were focused on
this configuration, mainly because silicon is a flat, affordable,
and technologically relevant material [6].

Due to the gradual awareness of the complexity of IBI pat-
terning just mentioned, it is convenient to give a chronological
account of how the community became aware of the different
problems present in the different reports and then was able to
establish the correct understanding. We find this description
useful also because it allows us to rationalize the reports that
appeared in this initial decade from today’s perspective.

2. Chronological perspective

Although reports were available in the nineties of the past cen-
tury on IBI-induced surface rippling for different targets such
as Si [46], Ge [58], GaAs [59, 60], InP [59, 61], and SiO2

[62], it was the report in 1999 by Facsko et al [9] on highly
ordered nanodot patterning of GaSb surfaces which triggered
an extensive and intensive research on IBI patterning during
the next two decades. This interest was indeed aroused by
the capability to produce semiconductor quantum dots cost-
effectively and rapidly. Several target materials were irradi-
ated in order to produce hexagonal nanodot patterns like those
obtained on GaSb. Two of the present authors participated in
the first report in 2001 of nanodot patterns on silicon surfaces
[63]. These patterns displayed a poorer order than those pro-
duced on GaSb as figure 2 shows.

Due to the technological relevance of Si nanodots, from this
moment on, several groups performed experiments to repro-
duce and further investigate them [64–68], as well as to pro-
duce them in other materials such as MgO [69]. These stud-
ies resulted into a rather confusing scenario as some groups
were unable to reproduce the results, others did, but at different
irradiation conditions (noticeably at different incident angles)
and, when the nanodots were obtained, often they displayed
different degrees of order. We can summarize the situation
quoting Cuenat and Aziz: ‘(Our) features are qualitatively dif-
ferent from those reported by Gago et al under the same condi-
tions and we cannot reproduce their results. Also, the features
are not nearly as regular as the “quantum dots” produced
by Facsko et al on GaSb. The underlying reasons remain a
puzzle’ [64].

The different experimental results seemed to depend, to
some extent, on the specific experimental set-up. In fact, some
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Figure 2. Typical dot patterns induced by IBI under normal
incidence conditions on: (a) GaSb, imaged by scanning electron
microscopy (SEM). From [9]. Reprinted with permission from
AAAS; (b) Si with metal (Fe) co-deposition (AFM image). The bars
indicate 500 nm.

groups pointed out that the ion gun irradiation conditions were
important [70]. This puzzle affected not only the experiment-
alists, but also the theoreticians who aimed at understanding
the mechanisms leading to these interesting nanodot patterns
[71–78]. It should be noted that at this stage, the composi-
tional effects did not play any role in the theoretical model-
ling. More experiments were designed and carried out. From
their results, an awareness that the unnoticed supply of impur-
ities (i.e. contamination) during the IBI process could be the
origin of some of the nanodot patterns (mainly those on sil-
icon) started to emerge [79, 80]. This simultaneous impurity
supply was suggested to come from the bombardment of metal
parts of the sample holder, as well as from different elements
of the vacuum chamber that were eventually hit by the broad
ion beam. This is the reason why most of the works cited in
this review employ metals as co-deposited species. This line
of thought could explain the variability of the experimental
reports.

Then, in 2008 Madi et al published insightful reports
addressing this issue experimentally [81, 82]. In these works,
Madi et al shielded with silicon pieces all places inside the
irradiation chamber prone to be hit by the argon ion beam.
Under these conditions, they irradiated a silicon target at

different angles. In this way, they established that, under
impurity-free conditions, the silicon surface was ripple pat-
terned only for θ values above a threshold angle close to 50◦.
Below this threshold angle the surface remained flat and fea-
tureless, in agreement with the earlier findings of Ozaydin et al
[79]. Moreover, this observation agreed qualitatively with the
theoretical argument by Carter and Vishnyakov (CV) [46] that
at low incidence angles ion induced surface relaxation domin-
ates and, consequently, no patterns are formed.

The effect of uncontrolled impurity deposition is consistent
with the reported difficulty to reproduce the experimental res-
ults in different laboratories, since its supply pathway depends
on the particular experimental set-up. In this sense, it is worth
to mention the possibility that the ion beam is not pure, i.e.
it contains impurities, as Bhowmick et al studied much more
recently [83].

After the results of Madi et al, further works confirmed
the essential role played by (un)intentional metal supply in
the development of patterns, under experimental conditions in
which they were not expected [84–88]. Once the IBI pattern-
ing scenario was clarified, two different branches can be distin-
guished in later research: (i) studies dedicated to analyse and
understand, both experimentally and theoretically, IBI pat-
terning of surfaces under ‘clean’ conditions, i.e. without any
impurity supply; (ii) studies of IBI systems where the metal
supply was present and mainly intentional.

The first branch is the one that has been more extensively
studied not only experimentally but also theoretically. This is
so because the presence of metal impurities may add differ-
ent newmechanisms that complicate the modelling and under-
standing of the process. Most of the experimental work has
been focused on mono-elemental surfaces, such as Si and Ge,
also for the sake of simplicity. There have been many stud-
ies and reviews devoted to this issue that can be consulted in
the literature [5, 6, 40, 89]. However, despite all the efforts
devoted to understanding this process that have led to import-
ant advances, a consensus has not yet been reached from the
theoretical point of view about the fundamental driving mech-
anisms as different proposals are still being made, see e.g.
[39, 49, 54] and references therein.

In contrast, the branch of studies devoted to surface pat-
terning via IBI with concurrent impurity co-deposition has
received less attention. This can be due to the relative disparity
in the early experimental reports, mostly dependent on the spe-
cific experimental set-ups. Starting with the initial works by
Höfsass and Zhang [90] and Macko et al [85], specific exper-
imental configurations were designed that allowed for a more
systematic study of the characteristic features of this pattern-
ing technique, which were then adopted by other groups. The
ensuing advances also allowed to develop theoretical models
addressing the particularities of the technique. These works
studied the relevance of the main variables that are involved
in IBI surface patterning, namely ion energy and species, ion
beam incidence angle, ion flux, ion fluence, target temper-
ature, and set-up geometry. In the following, we summarize
the current understanding of the main mechanisms govern-
ing this type of IBI patterning in order to provide the readers
with some background that enables understanding the different
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issues addressed in the reports presented along the present
work.

As already noted in the Introduction, IBI patterning without
compositional effects is still the subject of theoretical research
through different approaches. What it is clear, and applicable
to most of the systems shown in this review, is the key role
played by the ion induced amorphization of the outmost sur-
face layer. The ion impacts produce a series of craters and col-
lision cascades [39] that lead to the surface amorphization as
it occurs for semiconductor targets [91]. This process induces
residual stress that is relaxed via surface confined viscous flow
[11, 47–49]. This mechanism can be stabilizing or destabil-
izing [46], depending on factors such as ion/target species,
ion energy and ion angle of incidence [92, 93]. In general, a
low incidence angle stabilizes the surface and hampers pat-
tern formation. Thus, the IBI induced amorphous layer plays
an important role in the patterning process, via its free inter-
face [47–49] and/or its amorphous to crystalline (a/c) interface
[50, 92, 94–97]. Therefore, under these conditions, the Erlich-
Schwoebel barriers to surface-diffusion induced by the crys-
talline structure do not play any role, unless IBI takes place at
target temperatures above the surface recrystallization temper-
ature [98–100]. In addition, other mechanisms are also present
such as ion implantation [52] and surface sputtering [53, 101],
whose relative importance also depends on physical paramet-
ers like the ion angle of incidence and other [102].

All these processes also operate in the systems discussed
in this review. However, it is evident that additional mechan-
isms must be at work when the target surface has, or develops,
a compositional heterogeneity because patterns are produced
under irradiation conditions for which they are not produced
on mono-elemental surfaces (i.e. at low ion incidence angles).
As highlighted by Shenoy et al [103], the different surface dif-
fusivities of the different elements as well as their different SY
are key to inducing a surface pattern. This also holds when a
new compound is formed, as in the case of silicide formation
for concurrent co-deposition systems. Particularly, the differ-
ent SY of the surface elements or compounds causes preferen-
tial sputtering where the regions rich in the element with lower
SY protrude while the surrounding areas, rich in the element
with higher SY, are eroded more efficiently. In the case when
the element associated to the lower SY is supplied externally
and concurrently with IBI (as in the co-deposited systems and
those where the ion beam itself provides this external element)
the directionality of this external flux plays an important role
as will be shown in section 3. In these cases, there is a syn-
ergy between the development of surface morphological fluc-
tuations caused by the ion irradiation and the formation of low
sputtering compounds (e.g. silicides) as shown by Engler et al
and Bradley [13, 104]. This explains why the IBI geometry
becomes so important in these systems. Thus, the preferential
sputtering effects caused by the surface heterogeneity triggers
the pattern development, although the contribution of stress
effects associated to the ripple or dot formation can also be
important [105].

Although the role of compositional effects in IBI pattern-
ing has been considered in some previous reviews, there is a
lack of a specific journal review on the subject. The aim of the

present manuscript is to fill in this gap and review the current
state of the art of IBI surface patterning when compositional
effects also operate. As already noted, the main focus will be
addressed to IBI in the presence of impurities.

We will consider both experimental results and theoret-
ical models. We are aware that different options are valid to
describe them but, according to the aim of the review described
in its title and abstract, we have chosen to present them in
section 3 as a function of the source of heterogeneity: (i) noble
gas IBI with metal concurrent co-deposition, (ii) non noble gas
IBI, and (iii) IBI of compound targets. With these examples,
we hope the reader can obtain an overview of the different pat-
terns and dependences that can occur. In section 4 we will
focus on experimental studies on concrete mechanisms that
can operate in the pattern formation and development as well
as on the role played by experimental parameters such as target
temperature and ion energy and species. Later on, section 5 is
devoted to the main theoretical models addressing the pattern-
ing of surfaces under the conditions considered in this review.
Section 6 will show special features of IBI patterning when
compositional effects are present, to finally summarize the
main conclusions.

3. Phenomenology of the pattern dependence on
the source of compositional heterogeneity

Before describing the main experimental reports, it is worth
giving details on the different parametrizations of the induced
patterns. This will contribute to their better understanding.
Among the main parameters describing the pattern morpho-
logy are the surface roughness, σ, and the pattern wavelength,
λ. The latter is the basic periodicity of the ripple or dot pat-
tern. It is usually obtained through the power spectral density
(PSD) of the surface morphology [6]. Namely, if the pattern
is clear and displays some degree of in-plane ordering, the
wavelength can be obtained from the wave vector (k = 1/λ)
at which the PSD vs. k plot shows its main peak. If the pattern
is quite ordered the width of this peak is small and additional
(harmonic) peaks appear at larger k values. These two features,
peak width and number of harmonics, are frequently used as
a measure of pattern ordering. Furthermore, the pattern order-
ing can be also evaluated following different procedures for
the ripple [106–108] and dot patterns, e.g. the latter by Voro-
noi tessellation [109, 110]. In this sense, the fast Fourier trans-
form (FFT) as well as the auto-correlation function (ACF) of
the microscopy images of the irradiated surfaces are very help-
ful to characterize the pattern ordering.

In many reports, the dynamics of the pattern formation and
development is studied. This is usually done by real-time tech-
niques such as grazing-incidence small-angle x-ray scattering
(GISAXS) and even STM, or ex-situ ones like AFM. From
these data the increase of the surface roughness (roughening)
and wavelength (coarsening) with the ion fluence (i.e. time, t)
can be obtained. For cases in which the surface morpholo-
gies show substantial fluctuations, these dependences are usu-
ally contrasted with the predictions of the different continuum
models (see below) using the concepts of the dynamic scaling
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theory [111], which describes the surface morphology evolu-
tion of so-called kinetically rough surfaces through three crit-
ical exponents. Thus, the surface roughness, σ, evolves with
time, t, as σ ∝ tβ where β is known as the growth exponent.
Likewise, the lateral correlations of the surface roughness are
obtained from the following relationship: PSD ∝ k−(d+2α),
where k = 1/l, l being length in real space, and α is called the
roughness exponent, which is related with the fractal dimen-
sion of the surface. Here, d is the Euclidean dimension of the
target. It is usually 2 but, for instance, d = 1 is to be used for
analysing e.g. ripple patterns if the PSD is computed along
the direction of the ripple wave vector only. Finally, there is a
third exponent, termed as the coarsening exponent, 1/z, which
describes the increase of λ with time as λ ∝ t1/z. These three
exponents are related and different models predict different
values for them.

Once we have introduced the main parameters used to char-
acterize the patterned surfaces, we present the main experi-
mental works devoted to pattern formation on compositional
heterogeneous target surfaces. We have based this descrip-
tion on the source of the chemical heterogeneity. Thus, the
first subsection refers to mono-elemental targets (silicon)
under noble gas irradiation with either anisotropic or iso-
tropic metal co-deposition. The next subsection refers to pat-
terns produced with non-noble gases ion species, which can
be either reactive (i.e. forming compounds during the irradi-
ation) or non-reactive (no chemical interaction with the sur-
face is expected). Finally, we also consider the irradiation
of compound substrates, which can exhibit much complex
behaviours.

3.1. Noble gas ion irradiation with metal co-deposition

3.1.1. Anisotropic metal supply. When the impurity flux is
directional, mainly, but not only, ripple structures appear. The
experimental set-up designed byHöfsass et al [90, 112] proved
to be a key tool for studying this sort of patterning in a sys-
tematic way. This scheme is very similar to that displayed in
figure 4(a). In this type of set-up both the silicon target and
the tilted steel plate are simultaneously irradiated by the ver-
tical ion beam. Thus, the sputtered atoms from the plate land
on the bombarded silicon surface. With this configuration, it is
not possible to control quantitatively the impurity flux. How-
ever, this flux decreases with the distance from the steel plate
along the Si target. This fact was successfully used in several
studies to characterize the patterns as a function of the (mainly
Fe) impurity flux. This set-up was adopted in several studies
with slight changes, such as a non-normal ion beam incidence
angle, different tilt angles of the steel plate, etc.

Some of the most insightful systematic studies of the co-
deposited IBI have been made using this experimental config-
uration. In the following we will describe their main results.
The first work using this set-up was carried out by Hofsäss
and Zhang [90]. The authors used either silicon itself or gold as
co-deposited atoms on a silicon target irradiated by a Xe+ ion
beam at an incidence angle above the threshold value. Figure 3
shows an example of the influence of the foreign atom nature
on the final pattern.

Figure 3. AFM images of a Si target irradiated by 1017 at cm−2

5 keV Xe+ with θ = 70◦ with a simultaneous Si (top row) and Au
foreign atoms (middle and bottom rows) flux. The arrow indicates
the projected ion beam direction. The foreign atom flux comes from
the opposite direction. The position indicated in each image
indicates the closeness to the adjacent plate (in this case, a higher
value implies a closer location). The plot at the bottom right corner
shows the surface roughness vs. the distance. Reproduced from
[90], with permission from Springer Nature.

The authors report that using Si as co-deposited atom does
not affect the patterning (although it changes the effective SY).
However, the incorporation of Au does change drastically the
ripple morphology, particularly the wavelength and amplitude.
Note that, as the ion beam incidence angle is high, a ripple pat-
tern develops also when foreign atoms are not co-deposited.
As the position is closer to the Au source, the Au content
increases whereas the roughness decreases. For the closest
position the pattern vanishes. In all cases, the ripple wave vec-
tor runs parallel to the projected direction of the ion beam. In
this work, Hofsäss and Zhang coined the term ‘surfactant sput-
tering’ to describe this sort of IBI patterning with concurrent
co-deposition of foreign atoms that would act as surface active
agents [90].

Another important work using the same set-upwas reported
by Macko et al [85]. The main results are shown in figure 4.
This configuration allows to characterize the morphologies
induced as a function of the distance to the steel plate. With
increasing distance the surface changes from flat with nano-
holes to ripples with the wave vector parallel to the ion beam
projected direction. For larger distances a combined ripple-dot
pattern appears that turns into a dot one for even larger dis-
tances. Finally, for large enough distances the surface remains
flat. Note in figure 4(h) the correlation between the Fe con-
tent and the pattern type. As the ejected Fe atom flux weak-
ens its directionalitywith the distance, themorphology evolves
from quite a directional ripple pattern to a poorly ordered dot
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Figure 4. (a) Experimental set-up of the 2 keV Kr+ irradiation experiments on Si (ion fluence close to 5 × 1017 ions cm−2) with the steel
plate at the left. The different positions in which the (b)–(g) STM images (625 × 625 nm2) were taken are indicated. Insets in (b) and (g)
are 100 nm wide. The ion beam direction is marked with white arrows. (h) Plots of roughness, wavelength, and Fe content as a function of
the distance to the stainless steel plate, where four morphological regions are indicated and separated by vertical lines. Reproduced from
[85]. © IOP Publishing Ltd. All rights reserved.

arrangement, which is rather characteristic of a non-directional
incoming Fe flux at long distances (see below).

In this work an important feature of the ripple patterns pro-
duced by IBI with co-deposition was demonstrated. The ripple
wave vector is not, in fact, oriented along the projected ion
beam direction but rather along the direction of the incoming
Fe (or impurity) flux. This is nicely shown in figure 5 where it
is evident that the ripple wave vector depends on the position
with respect to the metal source.

The same group designed [113] a nice next experiment to
validate this finding. In most of the experiments shown in
this review, the impurity flux is coupled to the ion flux beam
since the metal is sputtered from the adjacent metal plate.
This hinders control not only on the metal flux but also on
the relative angle between both fluxes, since, with the set-up
shown in figure 4, they follow opposite directions. Macko et al
uncoupled these two fluxes by evaporating the metal on the
target surface simultaneously to the IBI. They assayed differ-
ent geometrical configurations (see figure 6) and obtained a

pattern on the target surface only when the angle between the
two fluxes was large enough. This finding also accounts for the
conflicting previous reports on pattern formation.

The above results were obtained for fixed ion fluence con-
ditions. In a later work, Zhang et al [112] addressed the pattern
evolution with the ion fluence for a constant Fe content. It was
found that, for each distance to the impurity source, the Fe con-
tent attained a steady-state value after a given ion fluence, i.e.
equilibrium is reached on the target between the metal sputter-
ing and metal deposition processes. Under this condition, the
pattern evolution was studied during subsequent ion bombard-
ment. Noticeably, it was found that for high enough Fe content
the pattern evolved with ion fluence from a weak mixed dot-
ripple morphology to an unambiguous ripple one, in which
the ripples increased their length and amplitude and the pat-
tern became more regular. This feature will be discussed in
more detail in section 6, as it is a fingerprint of this sort of IBI
patterning. This behaviour was later confirmed by the same
group for other metals, such as W, Mo, Ni, and Pt, the latter
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Figure 5. (a) Scheme of the experimental set-up indicating the zones (b)–(d) where the corresponding SEM images were taken. Same
irradiation conditions as in the previous figure were employed. Reproduced from [85]. © IOP Publishing Ltd. All rights reserved.

Figure 6. Dependence of the pattern formation on the relative directions of the incoming metal flux and 2 keV Kr+ ion beam as sketched in
(a)–(c). Below (d)–(f) are displayed the corresponding AFM images of the irradiated surface. Reproduced from [113]. © IOP Publishing
Ltd. CC BY 3.0.

displaying a slightly different dependence as no dot pattern
was observed [114]. In particular, when Mo was used as co-
deposited species, the transition from a flat morphology to a
ripple pattern was found to occur faster and at lower ion flu-
ences when the metal content was higher. In contrast, for less
Fe content the flat surface evolves into a dotted pattern, for
which the dot height increased with ion fluence. From this
study, a pattern sequential evolution: (i) flat, (ii) dot, (iii) mixed
ripple-dot, (iv) ripple, was obtained as the steady-state Fe con-
tent increased, in agreement with thework byMacko et al [85].

These dependences are summarized in figure 7, which
includes the pattern distribution as a function of experimental
variables such as the distance to the metal source, temperat-
ure, and Fe steady-state coverage, taken from both reports. It is
worth noting thatMacko et al [113] did not find any clear effect
on the patternmorphologies for temperatures in the 140–440K
range. It should be stressed that the metal content decreases

with the distance to the plate. These trends were confirmed by
different groups using similar set-ups [115, 116]. In particu-
lar, the transition from dot to hole nanopatterns for increas-
ing metal content had been also reported for other set-ups by
Sánchez-García et al [117].

An additional morphological feature appears with this set-
up for a narrow range of small distances to the metal plate,
close to the transition between flat/nanohole and ripple mor-
phologies. This feature was termed as ‘bug’; some examples
are shown in figures 8(a)–(d), where AFM, SEM andmagnetic
force microscopy (MFM) data are displayed.

Similar structures were also found by Zhang et al [115]. As
the images show, the bugs are isolated structures with a three-
dimensional profile that reaches its maximum at the location
closest to the incoming ion beam. The structure is composed
by a series of parallel ridges whose wave vector runs parallel
to the projected ion beam direction.

8
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Figure 7. (a) Pattern-type map as a function of the distance to the
stainless steel and temperature. Reproduced from [113]. © IOP
Publishing Ltd. CC BY 3.0. (b) Pattern evolution and surface
roughness as a function of the Fe steady-state coverage. Reproduced
from [112]. © IOP Publishing Ltd. CC BY 3.0.

Interestingly, similar structures were produced when a sil-
icon target was irradiated by a 40 keV Fe+ ion beam at θ= 40◦

[109]. Some examples are shown in figures 8(c) and (d). Here,
the ridges have a more marked fan-like curvature but, still,
their wave vector runs parallel to the ion beam direction and,
remarkably, also parallel to the ripples formed on the back-
ground surface. Finally, figure 8(d) shows superimposed the
topographical and force magnetic signals indicating that the
top of the ridges are Fe-rich. The existence of these bugs does
not seem to be an anomaly since they have been reported thrice
and with quite different set-ups, although it is true that they are
produced on a rather confined area of the target.

Both research groups [112, 113], reported almost simultan-
eously a key aspect of this type of ripple patterning, namely
the preferential concentration of the co-deposited material
on the side of the ripple facing the incoming Fe flux. Both
studies were carried out at room temperature. This is shown
in figure 9, which shows transmission electron microscopy
(TEM) and electron energy loss spectroscopy (EELS) analysis
of the ripples formed on Si by a 2 keVKr+ ion beam impinging
at θ = 30◦. In these images the bright zones corresponding to
the Si amorphized by the beam are visible. The darker zones

on the ripples facing the Fe flux are Fe(Cr)-rich, as shown in
the corresponding EELS spectra shown in (c) and (d).

In a further study, Macko et al studied the same process
but at a higher target temperature of 660 K, at which the sil-
icon sample remains crystalline [118]. They used the same
set-up and reported quite different induced morphologies. As
figure 10 shows, now rather than nanoripples or nanodot struc-
tures, nanopillars emerge with different sizes and tilt angles
depending on the position on the target surface. Their tips are
Fe-rich as the TEM and energy dispersive x-ray (EDX) spec-
troscopy data show. X-ray diffraction data revealed the pres-
ence of FeSi structures on the pillars of figures 10(a) and (b).

The scheme of figure 11 summarizes the main structures
produced on the Si target with the stainless steel plate set-up
for two temperature conditions as a function of the distance
to the plate. It is worth noting that the sample bombarded at
440 K is similar to that irradiated at room temperature, see
figure 7.

These differences were understood in terms of the balance
between the ion-induced and the thermal mobilities. When
the former is prevalent (lower temperatures) the patterns do
not depend on temperature (see figure 7(a)). However, when
the thermal mobility is the dominant one, the pattern does
depend on the temperature and structures with high aspect
ratios develop since transport is enhanced along the vertical
direction.

The examples shown in this section demonstrate how
versatile the structures induced with this technique can be,
once the different parameters and set-ups are properly tuned.
Although these studies were performed on Si targets, a similar
set-up led to similar conclusions for sapphire surfaces [119].

Finally, it is worth mentioning that similar behaviours were
found when medium-energy ion beams were employed for
the irradiations [108, 120], specifically for a 40 keV Ar+ ion
beam. In both works, a plate set-up, similar to those used
above, was employed. However, the incidence angle condi-
tions were different. In the first study, it was 60◦, whereas
in the second study, it was 15◦. Thus, under the first con-
dition a ripple pattern would be induced even without metal
co-deposition, while in the second one, without this external
supply, the surface would remain flat, which is a condi-
tion similar to those used by Zhang et al and Macko et al
[85, 90, 112, 113]. The former condition has been scarcely
considered, while it allows for the comparison with ripple pat-
terning without compositional effects.

Figure 12 shows characteristic AFM images of the pat-
terns induced on the silicon surface by IBI with metal (Fe)
co-deposition for two ion fluence values. The incidence angle
is the only difference in the experimental set-up, which causes
that the SY on the Fe plate is also different. Thus, the steady-
state Fe coverage results to be four times larger for the θ= 60◦

set-up than in the 15◦ case. When θ = 60◦, a well-defined
ripple pattern develops that becomes rather rough and dis-
ordered upon sustained irradiation. In contrast, at θ = 15◦,
an initial disordered dot pattern evolves towards parallel rows
of dots. This pattern evolves under further irradiation into
a quite ordered ripple pattern [108]. Noticeably, the rough-
ness of the pattern is rather stable and much lower than that
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Figure 8. (a) AFM image of one bug measured approximately 1 mm away from the stainless steel plate in the experiment by Macko et al
[113] using a 2 keV Kr+ beam. (b) The height profile corresponding to the dashed line in (a). The arrows indicate the direction of the Fe and
Kr+ fluxes. (a), (b) Reproduced from [113]. © IOP Publishing Ltd. CC BY 3.0. (c) SEM image of one bug produced on a Si target irradiated
with a 40 keV Fe+ ion beam at θ = 40◦. (d) AFM image of one bug similar to that displayed in (c). The high MFM phase shift regions are
superimposed in green. Reproduced from [109]. © IOP Publishing Ltd. All rights reserved.

Figure 9. (a) Cross-sectional bright-field TEM images of ripples obtained by 2 keV Kr+ IBI with Fe and Cr co-deposition. The dashed
lines enclose the amorphized Si layer. Both, Fe and ion beam fluxes are indicated. (b) High-resolution image of the zone marked by the
rectangle in (a). From the valley, and close to the ripple ridge, two arrows indicate those locations in which the EELS spectra shown in
(c) and (d), respectively, were taken. Reproduced from [113]. © IOP Publishing Ltd. CC BY 3.0.

produced at θ = 60◦. In fact, despite the larger ion energy
employed here, the pattern obtained at θ = 15◦ is quite
similar to those described above for low-energy IBI. Now,

the wavelength of the pattern is larger than those obtained
at low energies because its magnitude scales with the ion
energy [6].
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Figure 10. (a)–(c) Characteristic TEM images taken on the 2 keV Kr+ irradiated Si surface at 660 K and at increasing distances from the
stainless steel plate. (d) Energy-filtered TEM measurement of a nanopillar corresponding to zone (c) where bright regions represent Fe-rich
content. (e) EDX line scan along the yellow line depicted in (d), where the vertical lines mark the border of the pillar. Reproduced from
[118]. © IOP Publishing Ltd. All rights reserved.

Figure 11. Scheme of the different morphologies produced by 2 keV Kr+ ion sputtering with the stainless steel plate set-up at 660 K (a) and
440 K (b), as a function of the distance to the plate (i.e. for decreasing metal content). Reproduced from [118]. © IOP Publishing Ltd. All
rights reserved.

3.1.2. Isotropic metal supply. It has been shown above how
nanodot structures can form on the target surface using the
stainless steel plate configuration in which the Fe flux is aniso-
tropic. This type of pattern usually is produced at large dis-
tances from the plate, when the Fe flux has likely lost much of
its directionality, and for low Fe contents. Normally, these pat-
terns are not stable and evolve into ripple ones upon further ion
irradiation. In contrast, stable nanodot patterns are obtained
when the metal flux is isotropic and the ion beam impinges
under normal incidence on the target surface. As discussed
above, initially this short-range hexagonally ordered nanodot
silicon patterns attracted a lot of interest after the seminal work

by Facsko et al onGaSb [9]. However, the dot patterns induced
on silicon are not as compact, ordered, or close-packed as
those produced on GaSb (see figure 2).

The most systematic, and controlled, way to induce a nan-
odot pattern on silicon consists in irradiating it at normal incid-
ence using a mask with a circular hole at the centre, placed on
top of the silicon target (see scheme in figure 13(a)). In this
way Fe atoms are ejected from the mask and land isotropic-
ally on the centre of the target surface.

Figure 13(b) shows how the metal content in the irradiated
surface, evaluated by XPS, increases from the perimeter to
decrease slightly around the centre where it reaches a plateau
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Figure 12. AFM images of the patterns induced on a silicon surface subject to 40 keV Ar+ irradiation at 15◦ (left column) and 60◦ (right
column) for two ion fluence values and 3 mm away from the stainless steel plate. The length of the horizontal bars is 2 µm. The insets are
the corresponding FFT images. The Fe flux comes from left to right while the ion flux goes from right to left as indicated by the arrows.
Reprinted (figures 3(a) and (c)) with permission from [108], Copyright (2020) by the American Physical Society.

[121]. In agreement with results discussed above, very close to
the mask edge, where the metal content is smaller, a nanohole-
like pattern is induced. Aswemove towards the centre, a ripple
morphology is found. This is explained by the fact that, at this
midway location, the metal supply is still anisotropic, coming
mostly from the closermask edge. However, right at the centre,
a clear dot pattern is observed since, here, the metal flux is iso-
tropic. It should be noted that the specific mask design may
affect the dot pattern [79, 122, 123].

This mask set-up allows one to perform systematic stud-
ies on the influence of certain variables on the pattern prop-
erties. One of them is the ion fluence. In these studies, the
surface roughening and the pattern coarsening were charac-
terized using either AFM or/and real-time GISAXS measure-
ments [63, 79, 122, 124, 125].

Two different contributions were identified for the surface
roughness (figure 14(a)). The most important one was due to
the dot structures that initially increased, to then saturate for
large enough fluences. The other, smaller, contribution oper-
ated at long-wavelengths, much larger than the dot size. The
long-wavelength roughness can be glimpsed in figure 2(b) as
well as in the images displayed in figure 15, in which dot
patterns are obtained. Note how some dots are in dark zones
(i.e. valleys) whereas others lie in brighter areas (i.e. protru-
sions). Thus, a long-wavelength roughness, spanning several

inter-dot distances, develops under prolonged irradiation. The
pattern wavelength can be obtained either from the GISAXS
plots or from the PSD curves of the AFM images. In both of
them, it can be identified as a peak whose position in the x-axis
(the wave vector) may change with increasing fluence. This
is shown in figure 14(b) where this wavelength is observed
to coarsen with increasing irradiation, this coarsening being
finally interrupted. The interrupted coarsening was found to
be independent of the ion flux or the nature, amorphous or
crystalline, of the silicon substrate. This property has attracted
interest in the general field of pattern formation in nonlinear
science [125].

As explained in the beginning of this section, the kin-
etic roughening and pattern coarsening were evaluated by
obtaining the corresponding critical exponents. In these sys-
tems, α values in the 0.8–1.2 range, β ∼ 0.3, and 1/z in
the 0.2–0.5 range, were reported for the long wavelengths
[63, 122]. However, this set of values failed to be consistent
with the predictions of previous theoretical models. It should
be noted that a similar longwavelength kinetic rougheningwas
also observed when medium-energy Xe+ ions were employed
with a similar set-up [126]. Interestingly, for 20 keV Xe+

ions the characteristic wavelengths observed were consider-
ably larger than those found when 1.2 keV Ar+ ion beams
were employed. Thus, these length scales also increase with
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Figure 13. (a) Scheme of the sample-holder set-up showing the
circular steel mask, the target surface as well as the incoming ion
direction. (b) Axial XPS compositional profile from a Si(100)
sample irradiated for 30 min (∼2 × 1018 ions cm−2) at normal
incidence under Fe co-deposition with a Fe mask with a hole
diameter, ϕ = 12 mm. The data have been extracted by scanning at
different positions the relative intensity of the Fe2p and Si2p
corelevels (normalized to the sensitivity factor). The insets from left
to centre show 780 × 780 nm2 AFM images taken close to the
mask edge, midway between this location, and at the centre of the
target surface (marked by C), respectively. Reproduced from [121].
© IOP Publishing Ltd. All rights reserved.

ion energy. It is worth noting that, due to the use of medium
energy, it was possible to establish a correlation between this
long wavelength corrugation and the local surface metal con-
tent [126]. In addition, the use of medium-energy ions in IBI
with co-deposition set-ups produces taller nanostructures with
higher aspect ratios, a fact that could be used for different
applications [33, 127].

Another parameter that can be varied with this mask set-up
is the diameter, ϕ, of the circular mask. In this way the metal
flux at the centre of the Si target can be changed. This has
an evident influence on the pattern as shown by figure 15. By
varying themask diameter, both the patternwavelength and the
long wavelength roughening change. In addition, as displayed
in the same figure, the metal influences the pattern properties.
For instance, by comparing figures 15(b) and (c), it is clear that
a Mo mask leads to neater and more ordered patterns than a Fe
mask. Likewise, the ion species has a strong influence on the
pattern morphology as figures 15(c) and (d) evidence: indeed,
when 1 keV Xe+ ions impact on the Si surface with Mo mask,
the dot size, the pattern wavelength, and the long corrugation
change with respect to those obtained when bombarding with
1 keV Ar+ ions. This has been confirmed for medium-energy
Ar and Xe ion beams [126].

Finally, another parameter that has been studied is the target
temperature during irradiation. Ozydin-Ince and Ludwig stud-
ied the pattern formation on Si surfaces bombarded at normal

Figure 14. (a) Plot of the evolution of the roughness with ion
fluence obtained from GISAXS measurements: the high-q
contribution to the roughness is due to the dot structures, while the
low-q contribution corresponds to long-wavelength fluctuations of
the surface height, the overall roughness being the sum of both
contributions. Reprinted from [122], Copyright (2007), with the
permission from Elsevier. (b) Plot of the pattern wavelength versus
ion irradiation time from AFM data for amorphous and crystalline
Si surfaces. The red line represents the theoretical prediction
of the model proposed in [125]. Reproduced from [125].
© IOP Publishing Ltd. All rights reserved.

incidence by 500 eV Ar+ ions with simultaneous Mo supply
by GISAXS and AFM, from 25 ◦C up to 650 ◦C [84].

In figure 16 the real time GISAXS spectra obtained dur-
ing the patterning process are shown. The spectra taken up to
350 ◦C display well-defined peaks associated with the growth
of correlated structures, which are nanodots as the correspond-
ing AFM images show. In addition, the large-scale corrug-
ation is detected from the shoulders observed on both sides
of the specular peaks of the GISAXS scans. From the ana-
lysis of the spectra, the height of the nanodots is seen to
decrease with temperature from 1.7 nm down to 0.8 nm in the
25 ◦C–450 ◦C range. Accordingly, the surface roughness also
decreases with temperature. The pattern vanishes for target
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Figure 15. 2 × 2 µm2 AFM images of a Si target irradiated at
normal incidence with a fluence of 6 × 1018 ions cm−2: (a) with a
Fe mask with ϕ = 14 mm and 1 keV Ar+ ion beam; (b) with a Fe
mask of ϕ = 12 mm and 1 keV Ar+ ion beam; (c) with a Mo mask
of ϕ = 12 mm and 1 keV Ar+ ion beam; (d) with a Mo mask of
ϕ = 12 mm and 1 keV Xe+ ion beam and ion fluence of
4.5 × 1018 ions cm−2. The horizontal bar represents 2 µm.
Reproduced from [121]. © IOP Publishing Ltd. All rights reserved.

temperatures equal to, or above 450 ◦C. A similar behaviour
was reported earlier when the metal supply effects had not
been recognized yet [128]. This behaviour is opposite to that
reported for temperature effects on cone formation in metals,
where ion bombardment mediated surface diffusion plays an
important role [129–131]. In contrast, these results suggest
that thermal energy promotes surface relaxation mechanisms.

3.2. Non-noble gas ion irradiation without metal
co-deposition

The examples described above correspond to systems where
the ion species was a noble gas. This type of ion is inert and,
therefore, does not react with either the target or co-deposited
atoms. However, in some cases, non-noble gas ions have been
employed. Thus, in a sense, the target compositional hetero-
geneity is induced by the ion beam itself. Here, we can dis-
tinguish between ions that do react with the target atoms and
those that do not.

3.2.1. Non-reactive ions. Depending on the target-ion spe-
cies combination, different ions can be employed that, while
not being noble gases, do not react with the target atoms. How-
ever, these ions behave differently since they are implanted
and incorporated close to the target surface. This fact can affect
the patterning process as these implanted atoms can have a dif-
ferent SY than the target atoms.

Perhaps, the most widely employed ion is Ga+, because of
its use in experiments with a focused ion beam (FIB), which

usually allows one to follow the patterning process by SEM
imaging and even to monitor the ripple propagation [132].
Thus, a Ga+ ion beam has been employed to produce ripple
patterns on Si [132, 133] and diamond [134] surfaces. It is
worth noting that in these systems a ripple pattern was already
produced for incidence angles below the threshold angle for
pattern formation when noble gas ions are employed.

In contrast, when a Ge surface was irradiated with a 5 keV
Ga+ FIB system under normal incidence, a nanohole pattern
was produced [135]. Moreover, in a later work the same group
was able to produce similar patterns through the irradiation
with a Bi+ ion beam, with energies between 2 and 6 keV,
but also by Ge+ self-irradiation with ion energies in the 2–
12 keV range [136]. As the authors stated, this fact proves that
the driving force for nanohole patterning does not come from
the implanted impurities. It is worth noting that amorphous Ge
displays an enhanced swelling under IBI when compared to
amorphous silicon [137], which can affect the IBI patterning
[138].

A special case is the bombardment of a GaAs (100) sur-
face with a 20 keV Ga+ FIB at an incidence angle of 52◦

[139], since this surface is a compound and is being irradi-
ated with ions of one of its elements. In this experiment, not
only straight trenches are formed with increasing ion fluence,
but they also become decorated at the top with self-assembled
Ga-rich droplets, around 35 nm in height and 125 nm in width.

Other examples of this type of patterning are those of Si
and Ge surfaces irradiated with an Au+ ion beam [140–142].
In the work by Mollick et al, Au+ ions were used on the Si
or Ge surfaces with an incidence angle θ = 60◦. For Si tar-
gets, a mixed pattern of ripples with two orientations was pro-
duced. In contrast, for Ge targets theAu bombardment induced
straight ripple patterns that were decorated at the top by gold
agglomerates. The case of the Ge–Au+ system is particularly
interesting because of the excellent ripple pattern ordering that
results from the coupling between the surface morphology and
composition. Examples of these patterns are displayed in the
top row of figure 17 where their FFT and ACF images are also
included as insets to show the pattern ordering.

Another system where a non-noble gas ion was employed
is that where a metal-cluster-complex, Ir4(CO)+7 , ion beam
impinged at θ = 45◦ onto a Si surface with ion energies in
the 2.5–10 keV range [143]. In this case, ripples form at low
ion energies. The authors explain the pattern formation from
the decrease of SY with decreasing energies, which leads to
a higher implantation rate and the formation of a carbon-rich
layer. As the SY is lower on the upwind ripple side than in
the downwind one, this compositional patterning enhances the
morphological one.

3.2.2. Reactive ions. There is another set of experiments
with the same configuration but where the ion species reacts
with the target atoms upon impinging on the target surface,
leading to compound formation. In this way, both morpholo-
gical and chemical surface patterns can be produced. The very
first report, where O+ ions were shown to produce ripple pat-
terns, dates back from 1991, where such a pattern was induced
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Figure 16. Real-time GISAXS and ex-situ AFM images of Si samples irradiated at normal incidence by 500 eV Ar+ ions with
simultaneous Mo supply at: (a) 25 ◦C, (b) 250 ◦C, (c) 350 ◦C, (d) 450 ◦C, (e) 550 ◦C, and (f) 650 ◦C. Reproduced from [84].
© IOP Publishing Ltd. All rights reserved.

on a GaAs surface [60]. In this case, only the morphological
pattern was reported. Some years later, an O+ ion beam was
also used to pattern ripples on a silicon surface [144]. Further
studies on similar systems assessed the production of a chem-
ical pattern, as Si-rich and silicon oxide-rich regions were
evidenced by Auger Electron Spectroscopy [145] or current
sensing AFM [146]. Another interesting report by Smirnov
et al used nitrogen ions on silicon targets [147].

However, within the scope of this review, the most interest-
ing system is that one where Fe+ ion beams were employed
on silicon targets. In this way, the ion beam and the metal sup-
ply have the same direction. In principle, the eventual silicide
formation may cause further morphological instabilities and
alter the pattern with respect to those obtained with noble gas
ions. This is indeed the case, as shown by the study of the Si
surface morphology bombarded by 40 keV Fe+ ions at differ-
ent incidence angles [109]. For instance, the threshold angle
for ripple formation was smaller than those reported for Ar+

and Xe+ ions.
Furthermore, for incidence angles larger than the threshold

value, the induced patterns displayed short-range hexagonal
order, instead of the expected ripple shape [149]. Also, due to
the Fe implantation the silicide-rich regions were rather loc-
alized on the surface, and close to the edge of the induced
nanostructures [148–150]. This can be appreciated in figure 18
where localized Fe-rich regions (green in figure 18(a) and dark
grey in figure 18(b)) are observed at the edges of the pro-
truding nanostructures. The similarity between the images in
figures 18(a) and (b) is remarkable, despite the fact that the

silicon surface was ripple pre-patterned with an oxygen ion
beam in panel (a).

The TEM micrograph of figure 18(b) shows zones with
different dark-grey contrast. This feature is characteristic of
silicon irradiation with medium-energy Ar+ ions. Chini et al
[151] reported similar observations for IBI of Si with 50–
120 keV Ar+ ions without concurrent metal co-deposition.
These authors reported the presence of Ar bubbles inside
the amorphized region, with larger sizes close to the surface,
which accounts for the observed grey contrast modulation. The
dark line at the bottom of the amorphized region corresponds
to the rough a/c interface whose roughness increases with
ion energy [151]. This dark line is also observed in figure 9.
Both images in figure 18 also show a characteristic feature
of surfaces irradiated with ion beams, namely the develop-
ment of a saw-tooth surface profile along the projected ion
beam direction. This morphology is also produced without
foreign atom co-deposition, on different targets such as Si
[152–156], Ge [12, 157–159], fused silica [160], mica [83,
161], carbon [162, 163] and aluminium [164]. This morpho-
logy appears under prolonged irradiation conditions, being
enhanced at large ion beam incidence angles. This type of pat-
tern morphology has been studied theoretically [165–167].

3.3. IBI patterning of compound surfaces

At this point, it is interesting to briefly present some of the
results reported on IBI patterning of compoundmaterials, such
as GaSb, GaAs, or InP. In these cases, the target surface does
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Figure 17. (a) AFM image of the pattern induced on Si surfaces
after bombarding at 60◦ with a 26 keV Au+ ion beam to a fluence
of 2 × 1018 ions cm−2; (b) AFM image of the pattern induced on
Ge surfaces after bombarding at 60◦ with 26 keV Au+ ion beam to
a fluence of 4 × 1018 ions cm−2. The corresponding FFT (top) and
ACF (bottom) images are shown in the insets. The black arrows
indicate the beam direction. The vertical scales are in nm. (c),
(d) Gray-scale plots of the height h, resulting from a two-field model
for different parameter values and integration times, resembling the
corresponding experimental patterns in (a), (b), respectively.
Reprinted from [140], with the permission of AIP Publishing.

not become compositionally heterogeneous due to the external
supply of foreign atoms (either via co-deposition or via ion
implantation) since itself is heterogeneous. Therefore, during
the irradiation of these surfaces preferential sputtering effects
can arise that eventually lead to the surface enrichment in one
of the components and thus influence the pattern formation and
development.

IBI ripple patterning of III–V semiconductors, such as
GaAs, GaSb, InAs, and InP, had already been reported by
the end of the last century [168]. However, the formation
of hexagonally-ordered dots on GaSb triggered the renewed
interest on these surfaces [9]. Thus, several studies appeared
on the study of these patterns [80, 169, 170]. In particular,
the induced dot patterns formed on the topmost GaSb layer
were successfully transferred to an underlying Co layer result-
ing into an array of magnetic nanoparticles displaying short-
range hexagonal ordering [171]. Also, studies on other semi-
conductor compound surfaces such as GaAs, InP, and InSb
were done using low-energy or medium-energy ion beams
[16, 172, 173].

Likewise, ripple patterns have been induced on SiC [174]
and SiCo [175, 176] surfaces. In the latter case, the rippled
surfaces displayed anisotropic electrical conductivity.

Special interest has been put into disclosing the mechan-
isms leading to dot formation of GaSb surfaces. In principle

and according to the curvature-induced instability mentioned
in the Introduction (and see section 5 below), in a compound
surface the element displaying the higher SY should be more
efficiently eroded from the surface troughs. Therefore, the dots
should be rich in this element. In the case of GaSb, the dots
should be Sb-rich. However, early studies reported dots to be
Ga-rich due to the higher Ga mobility that leads to its segreg-
ation, resulting in Ga-rich dots due to its lower SY [177, 178].
However, El-Atwani et al, in a subsequent study, found that
native oxide formation when these patterned surfaces were
analysed ex-situ, i.e. exposed to air, led to preferential Ga
oxidation and segregation. Therefore, these authors advised
to perform characterization studies in-situ to avoid oxidation
issues [179]. When low-energy ion scattering spectroscopy
(LEISS) and XPS in-situ studies were performed, the data
showed that in fact the surface became Sb-enriched once the
oxidation effects vanished [180]. A later report on IBI pattern-
ing of III–V semiconductors (GaSb, GaAs, GaP) also with in-
situ techniques, such as real-time GISAXS, XPS, LEISS [15],
concluded that the surface instabilities were driven, rather, by
a chemical instability inducing phase separation. In addition,
by means of atomistic simulations, the authors suggested that
ion-enhanced mobility associated with energy deposition by
collision cascades could be the microscopic mechanism of
this process [15]. Recently, this mobility issue on IBI GaSb
patterning was addressed through experimental (GISAXS and
angle-resolved Auger electron spectroscopy) and molecular
dynamics simulations [181]. In this work, the simulations
showed that, on the irradiated surface, Sb may be more mobile
than Ga. The experimental results proved that the formation
of an altered compositional depth profile becomes critical to
produce surface morphological changes. Moreover, the simu-
lations also showed that the compositional depth profile finally
results into a phase separation process that drives the pattern
formation.

Finally, another interesting feature of IBI patterning of
semiconductor compound surfaces is the production of highly
ordered patterns when the targets are irradiated at temperatures
above their recrystallization temperature. Under these condi-
tions, vacancies are created that then self-assemble driven by
Erlich–Schwoebel barriers to surface diffusion [98]. Although
this process is not exclusive of compound semiconductors, as
it can also operate on Si and Ge surfaces, for instance, it does
produce highly ordered patterns on GaAs(001) and InAs(001)
surfaces [182, 183].

4. Experimental studies on the mechanisms of IBI
patterning with metal co-deposition

Once the main systematic studies on IBI with compositional
effects have been described, it is worth focusing on the case
of IBI patterning with metal co-deposition. In particular, in
this section we address the study of the relevance of the main
experimental IBI parameters, such as target temperature and
ion species and energy, on the pattern properties. Likewise, we
will discuss the main mechanisms, and related experiments,
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Figure 18. (a) Composite TEM + EDX image showing Si (red) and Fe (green) of a patterned Si surface produced by 8 keV O+ ions with
fluence 2 × 1018 ions cm−2 impinging at 60◦ and subsequent 36 keV Fe3+ implantation with fluence 1018 ions cm−2 at the same incidence
angle. Reprinted from [148], with the permission of AIP Publishing. (b) Bright-field TEM image of a Si surface bombarded by 40 keV Fe+

ions at 60◦ with fluence of 4 × 1018 ions cm−2. Reproduced from [149]. CC BY 4.0.

invoked to play an important role in this pattern formation and
development.

4.1. Target temperature

Since the seminal work of Wehner and Hajicek [184], it was
already known that metal (e.g. Cu) surfaces subject to IBI with
simultaneous addition of Mo atoms develop surface patterns
consisting in an array of cones whose lateral dimensions span
from the sub-micron up to the micron level. This type of pat-
tern was also obtained on silicon surfaces using Mo as the
additive atom [185, 186], as well as on other materials [187].
In general, this sort of patterning implies the use of relatively
high target temperatures that can be induced by the high ion
flux employed [188]. Thus, thermal energy activates surface
diffusion of the added species, which results into cluster form-
ation. These clusters have a lower sputtering rate (SR) than the
target atoms, which then leads to pattern formation.

In contrast, in the systems addressed in this work, the tar-
get temperature is much lower (the ion flux being smaller) and
instead of cones, with sizes in the several hundreds of nm or
even microns, dot-like structures are produced with dimen-
sions in the nm range. Furthermore, as shown in section 3.1.2
and [84, 128], the role of the target temperature in the lat-
ter case is clearly different from that played for cone form-
ation. The studies addressing the role of target temperature
in IBI production of dot patterns on silicon [84, 113, 128]
yield a similar qualitative behaviour. There is an initial tem-
perature range, from room temperature up to a value in the
150 ◦C–350 ◦C range, depending on the experimental set-
up, where the dot pattern does not change appreciably. Then,
for increasing temperatures both the pattern wavelength and
dot height diminish until the pattern vanishes at higher tem-
peratures in the 270 ◦C–450 ◦C range. In order to compare
this behaviour with that obtained for IBI of silicon without
concurrent metal co-deposition, we have to consider the case
of ripple patterns since dot patterns are not produced under
these conditions. The first studies were performed in ultra-
high vacuum conditions and at target temperatures, in the

500 ◦C–750 ◦C range. These values are so high that recrys-
tallization of the ion-damaged silicon occurs much faster than
amorphization during IBI [189]. On Si(100) surfaces, it was
obtained that the wavelength increased with temperature due
to a surface diffusion mechanism [99] whereas on Si(111) sur-
faces a more complex behaviour was observed as the pattern
morphology evolved with temperature and changed its ori-
entation [100]. The other report to be considered deals with
a temperature range from room temperature up to 350 ◦C
[190], which is similar to those employed for IBI with concur-
rent co-deposition. In this work, it was found that the surface
roughness was constant up to 350 ◦C to decrease for higher
temperatures. In contrast, the wavelength increased initially
up to a temperature of 100 ◦C but remained constant in the
100 ◦C–350 ◦C range. This behaviour, which does not obey
the expected Arrhenius dependence found for higher temper-
atures [99], is quite similar to that found for the dot patterns.

4.2. Ion energy and nature

From the data presented in section 3, the influence of the ion
energy and nature on the induced patterning can be discussed.
Regarding the ion nature, from the comparison of the differ-
ent reports, as long as noble gas ions (Xe+, Ar+, or Kr+) are
employed there are not essential differences in the produced
patterns and trends. However, in the only study using two dif-
ferent ions with the same set-up [126], differences did arise on
the patterns produced with metal co-deposition, particularly in
terms of ordering.

The scenario changes when the IBI is performed with non
noble gas ions. In this case, the ion can react with the tar-
get atoms, as in the case of silicide formation described in
section 3, which can lead to preferential sputtering processes
and, therefore, to surface instabilities development. Moreover,
even in the case that the incoming ions do not react with the
target ones, they become implanted. Therefore, the target sur-
face becomes compositionally heterogeneous, with two types
of atoms with different SRs, which also may lead to instability
development.

17

https://creativecommons.org/licenses/by/4.0/


J. Phys.: Condens. Matter 34 (2022) 333002 Topical Review

Figure 19. Nuclear and electronic stopping force calculated by
SRIM code for Ar ions impinging into Si (dashed line), GaSb (solid
line), and different iron silicides (light grey). The dependence of
GaSb is similar to those of GaAs and InP. Iron silicides are
represented by the light grey band that corresponds to three
compounds with different stoichiometry (FeSi2, FeSi, Fe3Si)
following the data by Moroni et al [193].

The ion energy range sampled in the experiments showed
in section 3 varies from the low-energy range (close to the
1 keV) to the medium-energy one (up to 40 keV). It should
be noted that the use of low energy ion guns does not allow to
study any dependence over a wide ion energy range whereas
it is more accessible when working with medium-energy IBI
facilities. In general, the employ of medium-energy does not
affect the trends observed when low-energy ions were used.
Thus, the patterns evolve similarly with increasing distance
to the metal plate (i.e. ripple-dot-flat sequence). Likewise, the
ripple orientation in all cases is defined by the foreign atom
flux. In addition, the induced protruding nanostructures are
silicide-rich.

However, when the medium-energy was varied from
20 keV up to 160 keV Xe+ IBI [126], the induced pattern
was quite disordered for 80 keV Xe+ IBI and vanished when
160 keV Xe+ ions were employed. This fact could be related
with the relative weight of the nuclear and electronic stop-
ping forces. In figure 19 are plotted these stopping forces sim-
ulated with SRIM software [191] for three crystalline target
systems, namely Si, GaSb and iron silicides, for Ar+ ion ener-
gies varying over 9 orders of magnitude. It should be noted
that these data are obtained for the corresponding crystalline
surfaces, whereas during IBI the surfaces become amorphized
and, therefore, their density can be smaller. For ion energies up
to 40 keV the nuclear stopping force is at least five times larger
than the electronic one, which corresponds to most of the ion
energy values of the reports included in this work. However,
for larger ion energies this difference decreases to disappear at
roughly 200 keV. For even higher energies the electronic stop-
ping dominates. Therefore, depending on the ion energy, dif-
ferent processes can take place, whether nuclear mechanisms
(collisions cascades leading to sputtering) or electronic ones
(e.g. thermal spikes producing defects) are dominant [192].

Interestingly, for the systems related to metal co-deposition,
similar trends for the relative weight of both stopping forces
are found for Si and iron silicides.

However, what is evident from the reported data, partic-
ularly when nanodot patterns are produced, is that higher
ion energies lead to the production of larger nanometre-sized
nanostructures (in terms, for instance, of dot diameter and
height) and the characteristic distance of the longwave cor-
rugation. This fact implies a clear advantage for analysing the
patterns with compositional and morphological techniques.
Due to the larger nanostructures dimensions, it becomes
easier to correlate the morphological and compositional
data [108, 126].

4.3. Stress

One of the first studies of the role played by the stress is due
to Ozaydin et al [105]. In their report, they performed stress
measurements on samples bombarded with simultaneous Mo
seeding that showed initially a compressive stress, to finally
change to a larger tensile stress upon further irradiation. They
associated this behaviour to the formation of higher density
regions around the Mo seeds and considered it as playing a
dominant role in nanodot patterning.

4.4. Chemical effects

At that time, Ozaydin et al did not check the eventual forma-
tion of a silicide between Si and Mo, but just commented that
this could be possible. This, in fact, proved to be a key issue
towards the understanding of this patterning process. Silicide
formation during the ion irradiation of silicon with simultan-
eousmetal co-deposition was first assessed by Sánchez-García
et al [194]. Afterwards, this fact was confirmed in different
reports on the subject. However, its role in the patterning pro-
cess has remained a controversial issue. More specifically, the
question was whether silicide formation was necessary for the
surface patterning or not.

In exhaustive experimental works, the patterning of silicon
surfaces with different metals as foreign co-deposited atoms
was studied [13, 114]. These authors employed the set-up of
the adjacent metal plate described in section 3. They chose
carefully the metals to be co-deposited since they employed
both silicide forming metals (Fe, Mo, Ni, W, and Pt in [114],
and Pd and Ir in [13]) and non-silicide forming ones (Cu and
Au, and Ag and Pb, respectively). In both studies, the metals
were chosen in such a way that there were similar metals in
the two groups regarding their collision cascade behaviour,
enabling the discrimination between collisional and chemical
effects. The authors concluded that only the silicide forming
metals led to surface patterning. This finding was in line with
previous results where surface patterning was achieved using
either Mo or Fe [13, 63, 79, 80, 84, 85, 87, 105, 108, 109,
113–117, 120–123, 126, 149, 150, 194]. However, no pattern
was formed on Si surfaces by using C, which forms a stable
compound with Si, nor with Au or Cu as foreign atoms on Si.
Consequently, the authors concluded that silicide formation
was a necessary condition for surface patterning. Likewise,
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Figure 20. (a) TEM image of a Si surface after being irradiated with a 40 keV Xe+ ion beam with Mo co-deposition, in which two close-by
nanodots are observed. Note the three grey levels: the darkest one, at the bottom, corresponds to the bulk c-Si, the intermediate granular one
indicates the a-Si layer amorphized by the incoming ions, whereas the brighter one corresponds to the silicide-rich regions on the dots. (b)
EDX scan line profiles of Si (K), Mo (K) and Xe (L) through the white dashed arrow depicted in figure (a). Reproduced from [126]. © IOP
Publishing Ltd. All rights reserved.

they concluded that the atomic mass of the foreign atom was
largely irrelevant.

However, this scenario is questioned by other reports where
surface patterning occurs even when silicides do not form
[195, 196]. A special case is that of gold, which does not
form a silicide and was reported not to lead to surface pat-
terning [114], although this fact is questioned [197]. Thus,
El-Atwani et al performed a series of experiments where an
ultrathin metal layer was deposited on a silicon surface and
irradiated at normal incidence by 200 eV Ar+ ions. They stud-
ied different metals as capping film, namely Au, Fe, Ni, and
Cu [197–199]. They found that irradiation led to the mixing of
the metal and Si atoms, silicide formation, and nanodot form-
ation in all cases. In addition, these authors correlated the sili-
cide binding energy with the threshold amount of impurities
needed to trigger the nanodot formation. It is worth noting that
Engler et al did not find that the enthalpy of silicide formation
was relevant for the patterning capability, although they also
reported that a rather low value could lead to the absence of
patterning [13].

4.5. Preferential sputtering

One physical process strongly linked with the influence of sili-
cide formation on IBI nanopatterning is its different SY with
respect to that of the target Si surface. It has been assumed
that the SY of the silicide is lower than that of the sur-
rounding Si regions. Consequently, the silicide-rich regions
emerge and protrude with respect to Si rich regions that are
more effectively sputtered away. This scenario agrees with
different experimental reports where the top of the ripples
or dots are seen to be silicide-rich. In particular, this is con-
firmed experimentally for the case of nanodot production
using medium-energy (40 keV) Xe+ ions impinging normally
on the Si surfacewithMo co-deposition. These conditions lead
to larger nanostructures that are better and more easily imaged
by microscopy techniques like TEM [126]. Figure 20 shows a
scanning TEM (STEM) image of two of these dots.

What is interesting in figure 20 is the compositional profile
across the dot structure, compared to that across the region
between dots. Across the dot, from the top we find the bright
silicide-rich region, then a thin (or almost null in the left dot
structure) a-Si layer, where Xe atoms are implanted, to reach
the undamaged c-Si region. In contrast, between dots, the a-Si
layer is much wider. This difference means that the silicide-
rich dot structure shields the underlying layers from the ion
beam, which is due to its low SY, which leads to the small Xe
content just below the dot structure in figure 20(b).

Despite these evidences, attempts to actually measure and
compare the SY of Si and silicide surfaces yield the opposite
behaviour [200]. In this work, the authors deposited by sput-
tering silicide films with three different stoichiometries and
measured their SR under irradiation with a 1 keV Ar+ ion
beam at normal incidence, and compared them with that of
a silicon wafer. For that purpose, masks were used to meas-
ure the sputtered depth. The analyses showed that the SR of
the three silicides was higher than that of the Si. This was
confirmed by simulations using TRYDIN [201], in agreement
with previous simulations [121]. On the other hand, Engler
et al [13] carried out simulations with TRIMP.SP [202] stress-
ing the fact that in the actual experiments the metal is con-
tinuously supplied onto the irradiated Si surface. Therefore,
they argued that a dynamic equilibrium should be assumed
(i.e. a constant silicide stoichiometry), which is not the case
with TRIMP.SP. Moreover, they also stated that density of the
material must be taken into account. Correspondingly, they
introduce the magnitude ρSi = YSi/n, where YSi is the partial Si
sputtering within the silicide and n the density of the material.
With this approach, they did obtain that the silicide was eroded
at a slower pace than the pure Si patches, in agreement with
the experimental evidence [112–114].

One report that, somehow, collides with these findings is
due to Moon et al [196] because these authors also employed
Au as co-deposited metal, using the plate set-up. Furthermore,
they employed such irradiation conditions, θ = 75◦, that the
SY of gold and Si is the same. They obtained ripple patterns
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that change orientation for locations which are close enough
to the gold plate. One possible relevant detail is the large angle
between the ion beam and the gold flux. Bradley showed that
a generalization of the Sigmund model of ion sputtering that
takes into account the effect of the deposited surface impurities
on the collision cascades, combined with his previous theory
of IBI with concurrent atom co-deposition [203], predicts a
sequence of surface patterns as the impurity content changes
similar to that found by Moon et al [204].

4.6. Early stages of pattern formation: phase segregation
and height fluctuations

Despite the, in some occasions, controversial reports, it is
accepted that the formation of silicides triggers the pat-
tern formation. However, there are discrepancies about the
early stages of the surface patterning. We have mentioned in
section 4.3 the model proposed by Ozaydin et al that invokes
the tensile stress produced around the Mo seeds, which can
also occur in silicide patches on the irradiated surface, as
a possible pattern trigger mechanism. Two more main pro-
cesses have been proposed. First, Hofsäss et al highlighted
ion-induced phase segregation, which would form silicide-
rich patches on the irradiated surfaces, followed by the above
explained preferential sputtering of Si with respect to that of
silicides, to lead to pattern formation [114]. However, fur-
ther experimental work using GISAXS, which is sensitive to
surface topography as well as to the lateral variations of the
electron density and, therefore, to any phase separation taking
place during the irradiation, concluded that phase segregation
occurs simultaneously, and not previously, to ripple formation
[205]. Moreover, the experiments carried out by Engler et al
using foreign metal atoms prone to silicide formation, such as
Fe, evaporated on the Si surface at different angles with respect
to the ion beam (figure 6), provides useful information on the
possible mechanisms behind this patterning process [13]. The
fact that the pattern formation depends on the relative angle
between the two applied beams suggests that phase segreg-
ation is not the unique driving process. Macko et al [113]
had already proposed that height fluctuations caused compos-
itional ones. Thus, probably, pattern formation in the pres-
ence of impurities would be due to a synergetic effect between
height and composition fluctuations. Composition fluctuations
induce height fluctuations and vice versa, the coupling being
bidirectional. Since height fluctuations are quite affected by
the specific geometry of the experimental set-up, this scen-
ario agrees with the large variety of patterns reported so far.
Moreover, as discussed by Engler et al, the interpretation of
the different parameters affecting the pattern formation, such
as relative fluxes of metals and ions, metal nature, angles
involved, distance to the metal source, and metal content, may
be convoluted as many factors can come into play.

Finally, another effect, which indeed plays an import-
ant role when impurities are deposited during irradiation, is
the change of the collision cascade due to the presence of
implanted ions. This effect can be glimpsed in figure 20 by
comparing the thickness of the a-Si layer below and between

the dots. This effect was invoked to play a role [117, 199] and
has been also considered in theoretical models [204, 206].

5. Theoretical modelling

As the previous sections show, multiple mechanisms can come
into play to trigger IBI nanopattern formation with composi-
tional effects. Therefore, the development of models that cap-
ture this complexity is a challenging task. We will describe the
different approaches tried so far to account for this patterning
process.

We will mainly focus on the so-called continuum models
that describe the time evolution of the surface height, which
is described by the function h(x,y,t) where (x,y) are the spatial
coordinates in the target plane and t is the irradiation time.
These models describe the temporal change of the height,
∂h/∂t, via an evolution differential equation in which differ-
ent terms appear which are functions of the space derivatives
of h (∂xh, ∂yh, ∂2

xh, ∂
2
yh, etc), and are associated with different

physical processes, like the dependence of the SY on the local
surface slope, surface diffusion, viscous flow, etc [6].

This approach has been largely used for the case of noble
gas IBI patterning of mono-elemental surfaces (i.e. without
compositional heterogeneity). A seminal model is due to BH
[43], who, based on the dependence of the SY on the local
surface curvature, proposed the equation:

∂th= −υ0 − νx∂
2
xh− νy∂

2
yh−B∇4h (1)

where υ0 is the average erosion rate, and B is related to
thermally-activated surface diffusion. The other coefficients
are related to the Gaussian distribution of the energy depos-
ited by the ions [41]. The second derivative terms contain the
dependence of the sputtering on the local surface curvature,
where the local surface minima are sputtered faster than the
maxima for positive νx and νy values, as already noted by
Sigmund [42]. Equation (1) was able to predict different
experimental behaviours. However, it cannot describe the full
dynamics of the patterning process since it only contains lin-
ear terms in the height and its derivatives, so that the height
field diverges exponentially under pattern-forming conditions
[207]. After this proposal, different elaborations, based in the
continuum framework pioneered by BH, have been proposed
that include both linear and non-linear effects (see [6] for a
review). One of the most relevant ones was that one proposed
by CV to account for the surface mass transport induced by
the incoming ions [46]. This effect causes no patterns to be
produced below a threshold incidence angle, a limitation that
is bypassed when metal co-deposition takes place.

One further refinement that had consequences on the mod-
elling of IBI pattern with metal co-deposition is the pro-
posal of two-field models. The previous models are single-
field since they consider just the evolution of the height. How-
ever, following an observation already found in [2], Aste and
Valbusa [208] pursued the resemblance of surface erosion by
impinging ions with the formation of Aeolian and underwater
sand ripple patterns [209]. This analogy lies in the existence
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in both cases of immobile and mobile particles (atoms/sand
grains). For the case of the sand dunes, this allows one to
describe the pattern dynamics by coupling the evolution of the
height with that of the density of species that are transported
at the surface. As noted at the end of section 2, in IBI, it is well
known that ion irradiation of semiconductor surfaces, such as
Si or Ge, causes the formation of a thin amorphous layer [6].
This layer can undergo, for instance, ion-induced viscous flow
[47], i.e. their atoms are mobile to a certain extent depending
on the mechanisms in operation. These concepts have been
used to develop two-field models for IBI patterning without
simultaneous foreign atom deposition, with one field being the
surface height and the second one being the density of mobile
species within the amorphous layer. This has been applied for
both normal [77, 210] and oblique [211, 212] ion incidence
conditions. In many of these cases, and thanks to the quite dif-
ferent time scales of the erosive and diffusive processes, it is
possible to derive a single evolution equation for the height,
akin to equation (1), in which the coefficients of the differ-
ent terms that appear can be related to experimental paramet-
ers. In fact, one of these equations proposed for normal incid-
ence even reproduced quantitatively the dynamics obtained for
such condition with metal co-deposition, despite not includ-
ing any specific term related to the additional metal supply
[124]. As noted before [6], such agreement is possible because
these equations describe large-scale behaviour, for which uni-
versality usually occurs [207]. This implies that systems with
different microscopic nature may display similar large-scale
properties.

The most relevant aspect of two-field models for the
advance in the description of IBI patterning with composi-
tional heterogeneity is that they allow to describe both, the
height and the composition of the surface. Regarding the lat-
ter, if there are only two species, A and B, such as silicon and
silicide, the compositions of the two species are constrained
by a conservation law. Therefore, with just two equations (for
h and, say, the concentration of A) the dynamics of the full
system can be described.

5.1. IBI of binary targets

Chronologically, the first attempt along this line was on mod-
elling IBI of a binary compound, such as alloys [103]. In this
model, only linear terms are considered in the height and com-
position fields and their derivatives. Shenoy et al obtained that,
in addition to ripple development, and depending on the dif-
ferences in SY and surface diffusivities of the alloy compon-
ents A and B, a modulation of the surface composition will
arise that can be in or out of phase with the ripple periodicity
(figure 21).

In the wake of this pioneering work, Bradley and Ship-
man published a series of papers in which they developed and
refined the two-field model to explain the patterns observed in
compound materials, such as those obtained by Facsko et al
[9] on GaSb under normal incidence irradiation [213–215].
They included non-linear terms that are necessary to satur-
ate growth and produce e.g. hexagonal ordering. Thus, they
proposed two coupled evolution equations with different terms

Figure 21. Three-dimensional representation of a ripple pattern
formed on an alloy surface with a wave vector along the projected
ion beam direction impinging at an angle of θ. The ripple pattern
will also lead to gradients in composition marked by colour
variations. Reprinted (figure) with permission from [103],
Copyright (2007) by the American Physical Society.

whose coefficients depended on different parameters. Depend-
ing on the values of these parameters (see figure 22) they
obtained nanodot patterns displaying short-range hexagonal
order or even ripples, despite the normal incidence condi-
tion. These examples show how different pattern morpholo-
gies result depending on the relative weight of the coefficients
of the terms in the continuum equations. The key to produce
these patterns is the coupling between the surface topography
and a thin surface layer of altered composition [103, 214].
In the case of nanodots, it was found that their top structures
were rich in the species with the higher SY. Furthermore, they
obtained that the nanodot pattern coarsens with time for cer-
tain ranges of parameters, as it occurs in many experimental
cases.

In a later study, the same authors addressed the large degree
of hexagonal ordering of the dot patterns by including a CV
term accounting for the ion-induced diffusive currents. In this
way, the range of unstable height modes becomes considerably
narrowed [215]. This is known to improve largely the degree
of in-plane ordering [207]. Examples of the ordered patterns
that can be reproduced by the model are shown in figures 22(c)
and (f).

In most of the previousmodels, the surface instability is due
to the SY unstable curvature dependence as noted by Sigmund
[42]. In a further development of the theory, Bradley addressed
a situation in which this was not the case [216]. He found that,
even under this assumption, a surface instability can take place
if SY amplification occurs, namely, there is a mix of heavier
atoms with a lesser contribution of lighter atoms. Then, the
former will backscatter more ions than the latter, resulting in
collision cascades that are more concentrated near the surface
of the solid. In this way, the addition of heavier atoms can pro-
duce an SY increase of the lighter atoms. Under this assump-
tion, a disordered array of nanodots forms, with the lighter of
the two atomic species being concentrated at the peaks of the
dots.

21



J. Phys.: Condens. Matter 34 (2022) 333002 Topical Review

Figure 22. (a)–(i) Gray-scale plots of the target height for the
model by Shipman and Bradley of an irradiated binary target for
different parameter and time values. Insets: gray-scale plots of the
compositional field superimposed over the topographical one. In all
plots, the shading is light (dark) where (h) or the compositional field
is large (small). Reprinted (figure) with permission from [214],
Copyright (2011) by the American Physical Society.

Finally, a further generalization of the model by Bradley
and Shipman was proposed by Norris [217]. In his proposal,
the effect of ion-assisted phase separation was included. A
chemically driven finite-wavelength instability was found that
can explain the order of observed patterns, even when the
erosive Bradley–Harper instability does not operate. In this
case, those atoms with a lower SY remain at the top of the
dots.

The above models were mainly motivated to explain the
large degree of ordering of the GaSb nanodot patterns repor-
ted for normal incidence conditions in [9]. In a further devel-
opment, the same approach was applied to study the genera-
tion of highly ordered ripple patterns when a binary compound
was ion bombarded at oblique incidence [218]. In this case,
the authors found that a high degree of pattern ordering could
also be achieved, provided that variables such as ion species,
energy and angle of incidence were appropriately chosen.

5.2. IBI with concurrent atom co-deposition

The first models addressing IBI patterning with metal co-
deposition were discreteMonte Carlo ones [219, 220]. In these
works, it was shown that a great variety of situations (i.e. pat-
terns or surface morphologies) could, in principle, be gener-
ated depending on the processing conditions.

As mentioned above, continuum two-field models were ini-
tially intended either for IBI patterning of mono-elemental
semiconductors or for binary compounds. However, their fun-
damental basis, i.e. the coupling of two fields, namely height

and compositional fluctuations, makes them, in principle, very
adequate also to address IBI patterning with simultaneous co-
deposition, either when a compound is formed (as in the sili-
cide cases) or when the two species (target and co-deposited)
do not react. Within this framework, the first continuummodel
proposed was due to Zhou and Lu for normal ion beam incid-
ence [221]. In their two-fieldmodel, Zhou and Lu incorporated
curvature-dependent (BH) erosion, ion-induced smoothening
(CV), and ion-enhanced viscous flow as the basic processes
operating during standard ion sputtering, while Fickian dif-
fusion of the mobile species through the surface layer was
neglected. They also included two more effects related to
the metal incorporation, namely, the surface stress-induced
instability [105] and preferential sputtering. From their results,
the authors concluded that BH and stress effects overcome the
stabilizing ones, thus leading to pattern formation and devel-
opment, aided by preferential sputtering effects.

In a further step, Bradley proposed a linear model for
the early-time dynamics of IBI patterning of a flat surface
under seeding conditions and normal ion incidence [222]. He
assumed that the foreign atoms, once deposited on the target
surface, become immobilized. This choice was adopted on the
basis of the then suggested fact that Mo atoms formed silicides
on silicon targets. In addition, surface diffusion was included
as a stabilizing mechanism. Within this scenario, the foreign
atoms, due to their immobility, will be sputtered away more
efficiently at the surface depressions than at the protrusions
due to the BH effect, which leads to the surface destabiliz-
ation. In this work, it was obtained that a certain threshold
flux of the foreign atoms is necessary to destabilize a flat sur-
face, overcoming the stabilizing effects of the CV mechan-
ism. This behaviour agreed with experimental observations,
see section 3. This threshold flux value did not depend on the
target temperature, but did depend on the SY of the foreign
atoms.

In a next theoretical model, Bradley addressed the case of
a target surface subject to normal, or near-normal-incidence
ion bombardment with simultaneous oblique supply of impur-
ities [203]. In this case, the BH and CV terms, as well as the
thermally activated surface diffusion, were not included while
surface viscous flow was considered. It was assumed that the
impurity did not react with the target atoms, therefore exclud-
ing, in principle, those cases concerning silicon targets and Fe
or Mo as seeding atoms. Once more, the model was based on
a linear equation, thus concerning the early-stages of surface
patterning. The aim of such a model was to address the experi-
mental reports of ripple formation for a surface under ion beam
bombardment at normal incidence with simultaneous impurity
supply. The main result of this model is that a surface instabil-
ity does take place, which is not caused by the BH effect but
rather is a consequence of the different SY of the target and
the impurity atoms. In fact, in the model those atoms with a
lower SY will accumulate at the ripple crests. These predic-
tions indeed are supported by experimental evidences obtained
on silicon with metal impurities prone to form silicides. How-
ever, as stated, the model does not consider this situation.
In addition, for the case of IBI of Si with simultaneous Fe
supply, the SY of Fe is higher than that of Si. Therefore,
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the agreement of the model with the experimental data is not
clear.

This problem was overcome in a further model by the same
author [104]. Now, the model considers the case of a target
surface irradiated at normal—or close to normal—incidence
with oblique supply of metallic impurities that do react with
the target atoms to form a compound. The aim of this final
model is clearly to address the case of Si irradiated surfaces
with oblique supply of metals such as Fe and Mo. In fact, it is
assumed in the model that the SY of the compound is smal-
ler than that of the target atoms, as it occurs in the Si/Fe and
Si/Mo cases. This time, the model does include the CV and
radiation-induced viscous flow but it does not include the BH
term nor thermally activated surface diffusion. The suppres-
sion of the BH term is intended to prove that ripple forma-
tion can take place even when the dependence of the SY on
the surface curvature does not operate. What results of the lin-
ear instability analysis of this model is that a ripple instability
may occur, provided that the impurity flux, j, is larger than
a threshold value, jc, in order to overcome the CV stabiliz-
ing effect. Furthermore, it predicts the ripples to be oriented
with their wave vector parallel to the projected deposition dir-
ection. Ripple formation is due to the interplay between the
surface topography and surface composition. Thus, the impur-
ity flux will be greater at the higher sloped surface locations
facing the incoming flux. As a compound with a smaller SY
is formed, those locations will be eroded at a slower pace
than those locations receiving a lower impurity flux (such as
valleys and sloped surface regions not facing the impurity
flux). In this way, the compound will accumulate at the ripple
crests that will be eroded at a lower rate, which will lead to
ripple development. Some of these predictions were reported
experimentally [112, 113]. In particular, the interplay between
morphology and surface composition was also proposed, from
experimental studies, by Engler et al [13]. Finally, the model
also proposed that the ripple wavelength depended on impur-
ity flux as λ ∝ [ j − jc]−1/2 for j values close to the threshold
impurity flux for pattern formation. This dependence was later
confirmed experimentally [108].

Although a significant advance has been reached in the
modelling of this IBI patterning, there is room for further
developments. The results of the analysis are mostly based
on a linear approximation, which implies that only the early
stages of the patterning process are considered. Thus, a the-
ory that would address later stages of patterning is still miss-
ing. Likewise, in some of the models some contributions are
neglected while others are included and vice versa in still dif-
ferent models. It would be interesting to develop a model that
systematically includes the main mechanisms operating under
standard conditions in IBI experiments. Another very import-
ant issue, as will be shown below, is that related to the high
degree of spatial ordering that can be achieved in this nano-
patterning technique. To this date, there are no models aimed
at understanding such enhanced order properties.

A related example is the two-field modelling of the patterns
produced on Si and Ge surfaces irradiated by an Au+ ion beam
at an incidence angle of 60◦, which have been described above
[140]. As mentioned above, on silicon targets a mixed pattern

with ripples at two basic orientations was produced, whereas
on Ge surfaces a straight, parallel ripple pattern was induced
(see figure 17). In this case, a two-field model was able to sim-
ulate surfaces with striking resemblance to that of the experi-
mental patterns as illustrated in figure 17. This example shows
the potential behind the use of two-field models in this type of
IBI patterning. As noted in section 3.2, the amorphized Si and
Ge surfaces display a quite different swelling behaviour upon
IBI. Therefore, these examples are not shown for comparison
purposes.

6. Special features

In this section, we will comment two additional important
issues that seem, at the present moment, exclusive of IBI pat-
terning with concurrent co-deposition, namely the enhanced
pattern order and the development of a chemical pattern sim-
ultaneously with the morphological one.

6.1. Pattern ordering

Figure 17 exemplifies one of themost appealing features of IBI
with metal co-deposition, which is the high degree of order-
ing that can be obtained, depending on the experimental con-
ditions, such as the target and ion species, irradiation angle,
experimental geometry, etc. Usually, the ripple patterns pro-
duced by IBI patterning without impurity co-deposition dis-
play an important number of defects and do not feature a
large degree of order. The disorder appearing for large fluences
[11, 223] is associated with the nonlinear nature of the pattern
formation process [224, 225]. Thus, only a relatively narrow
window of fluences is useful to improve the pattern ordering.
Accordingly, specific experimental configurations have been
devised to improve this ordering, like the sequential ion-beam
sputtering method [226], or target rocking [227, 228]. Follow-
ing this strategy, unconventional formats for IBI patterning
have been developed in order to increase the pattern order-
ing [229]. Recently, the pattern ordering has been improved
by IBI of a bilayer target system, compared to that obtained
on either of its single layers [230]. Also, it is worth mention-
ing that theoretical studies on IBI of binary compounds pre-
dict that a great order enhancement could be achieved with an
appropriate choice of ion species, energy, and angle of incid-
ence [218]. It is important to stress that the reports mentioned
above refer to ripple morphologies, while from [9] it is clear
that nanodot patterns of great regularity and order can be pro-
duced by IBI on binary compounds.

The case that mainly concerns this review is somewhat dif-
ferent. It is well known in the scientific community working
in the field that highly ordered patterns can be achieved with
IBI with metal co-deposition. Furthermore, not only ordered
ripple patterns can be produced but also nanodot ones.

In particular, the works by Ziberi et al do show patterns,
both of ripples and dots, with an astonishing degree of order-
ing on both Si and Ge surfaces [67, 231–233]. Examples are
displayed in figure 23where the high ordering of ripple and dot
patterns is evident. These patterns were obtained with a broad
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Figure 23. (a) AFM image of a Si surface irradiated by 1.2 keV Xe+ impinging at 26◦; (b) AFM image of a Si surface irradiated by
1.2 keV Xe+ impinging at 5◦; (c) AFM image of a Ge surface irradiated by Xe+ impinging at 20◦. (d) AFM image of a Ge surface
irradiated by Xe+ impinging at 5◦. The arrows indicate the ion beam direction. Insets: corresponding FFT images. Reproduced from [231].
© IOP Publishing Ltd. All rights reserved.

beam ion source. At that time, the authors of these reports were
not aware of metal incorporation during IBI. Later, Cornejo
et al [86] detailed how the operational parameters of the ion
source may affect the ion divergence. For some conditions the
divergence is so great that some parts of the chamber can be hit
by the ion beam leading to unnoticed Fe co-deposition on the
target surface. Thus, the ion beam divergence and its depend-
ence on some operational parameters, particularly the accel-
eration voltage in this set-up, are behind the striking patterns
obtained with these systems.

Although the specific conditions required by the above res-
ults in order to be reproduced in other IBI systems in a con-
trolled way, are unknown, the results indeed show the high
degree of order that can be achieved in the ripple and dot pat-
terns when IBI with metal co-deposition is employed. There-
fore, these results are a strong motivation to pursue the under-
standing of such ordering, both from the theoretical and the
experimental points of view. Issues to be addressed include
the influence of the target/impurity combination on the pattern
ordering [121]. As figure 15 shows, Mo seeding seems to lead
to more ordered patterns than Fe seeding. In addition, the ion
energy and species, can affect also the pattern ordering seen
in experiments with medium-energy ions [126]. Another pat-
tern ordering feature characteristic of IBI with co-deposition,
which contrasts with IBI without compositional effects, is that

order may increase with ion fluence [108, 112, 205]. Finally,
the target temperature is another parameter whose influence
on the pattern ordering has not been addressed. Therefore, we
think that there is room for further research in the field, by
studying systematically the mechanisms behind the enhanced
pattern ordering in IBI with metal co-deposition. In this line,
the controlled design of novel experimental set-ups as such
reported by Zhang et al [234] could contribute to achieve
enhanced order or new surface patterns.

6.2. Chemical patterning

Another interesting feature of IBI patterning with concurrent
atom co-deposition is the possibility to produce a chemical
pattern alongside with the morphological one. This feature is
not only observed experimentally, but also predicted theoretic-
ally [103, 104]. Aswe have seen in section 3, chemical patterns
with different correlation with the morphological one can be
obtained by co-depositing directionally Fe atoms or bombard-
ing with Fe+ ions a silicon target. The chemical patterning
ultimately depends on the reaction of the incoming ion with
the target atoms to form a compound with a lower SY than
that of the target atoms, or in the co-deposition of atoms that
react with those of the target. In this way, the zones rich in this
compound will lead to a surface instability that will develop
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Figure 24. (a) Top: AFM image of a Si surface bombarded at 60◦ with 14 keV mixed CO+ and N+
2 ion beam at a fluence of

3 × 1017 ions cm−2; bottom: surface profile along the line depicted in the AFM image. (b) EELS spectra taken at different ripple locations.
(c) Scheme of the morphological and chemical phase patterns induced by the mixed IBI at a fluence of 3 × 1017 ions cm−2. Note the colour
code for each region: green (mixture of silicon carbide, silicon oxide, silicon nitride and silicon oxynitride), yellow (mixture of silicon oxide,
silicon nitride and silicon oxynitride) and purple (amorphous silicon). Reproduced from [237]. © IOP Publishing Ltd. All rights reserved.

with fluence and also would enhance the heterogeneity of the
surface compound distribution.

The decisive role of the ion induced chemistry on the sur-
face patterning was shown by Karmakar and Satpati when
they were able to produce a ripple patterning on Si and Ge
surfaces with a N+ beam under conditions where no pattern
was induced using an Ar+ beam [235]. This concept was fur-
ther employed to generate a chemical pattern on a Si sur-
face using a NO+ ion beam impacting at oblique incidence.
A ripple pattern forms with alternate silicon oxy-nitride and
silicon oxide enriched sites, when the NO+ ion-induced chem-
istry operates under oblique ion incidence, together with geo-
metrical shadowing effects. This occurs due to the fact that
at high fluence the amplitude of the ripples increases and
eventually a saw-tooth morphology forms. At this stage, the
NO+ ion beam impinges mainly on the upwind sides facing

the incoming beam, which become silicon oxy-nitride-rich,
while the downwind sides are shadowed from the incoming ion
beam and remain silicon oxide-rich. These chemical and mor-
phological patterns develop as a consequence of the interplay
of the dissimilar chemical reactivity of oxygen and nitrogen
with silicon, slope-dependent ion implantation, unequal SR of
elemental silicon, silicon oxide, oxy-nitride and nitride, and
the beam shadowing effect [236]. These concepts were fur-
ther employed for irradiating a Si surface with a mixed (CO+

and N+
2 ) ion beam at θ = 60◦. The bombardment with three

reactive ions, namely carbon, oxygen and nitrogen, leads to a
ripple pattern and to the formation of spatially varying periodic
chemical phases [237]. The composition of the chemical pat-
tern was determined by XPS, STEM-high angle annual dark
field and EELS. Examples of the results of this study are shown
in figure 24, where the ripple morphological pattern is evident.
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In addition, the EELS spectra, taken at different locations of
the ripple nanostructure, show the contributions of each chem-
ical phase in each case. Finally, figure 24(c) is a scheme of
both, morphological and chemical, patterns proposed by the
authors.

It is important to note that already from the first years of this
century Smirnov et al [147] proposed to use IBI induced chem-
ical patterns as selective doping implantation barriers with
applications in the metal-oxide-semiconductor technology.

7. Conclusions

We have reviewed recent progress in the understanding and
production of surface nano-patterns by IBI when compos-
itional effects are relevant. Two main systems have been
considered, namely, compound target surfaces and mono-
elemental surfaces onto which foreign atoms are supplied con-
currently to the irradiation, either via co-deposition or supplied
by the ion beam itself. In the secondmain systems a compound
is usually formed during IBI due to the reaction of the for-
eign (e.g. metal) atoms with the target ones (e.g. Si). For all
the systems considered, we have detailed how, in addition to
the mechanisms operating on IBI of mono-elemental surfaces
without compositional heterogeneity, the surface diffusivities
and SY of the different elements or compounds play relevant
roles on the pattern formation, development, and properties.

With regard to the case of IBI with concurrent metal co-
deposition, we have highlighted how the experimental set-up
determines the pattern properties in this approach to surface
nanostructuring. This fact explains the contradicting reports at
the beginning of this century that delayed the understanding
of the main operating mechanisms. Nevertheless, further con-
trolled experiments are still needed to deepen the understand-
ing of the mechanisms behind the enhanced order that these
patterns can display, as compared to those patterns produced
on compositionally homogeneous surfaces. This issue also
requires additional well-controlled experiments and detailed
and systematic theoretical modelling. Moreover, the possib-
ility to produce both morphological and chemical patterns,
with different correlation between them, has to be further
explored, as it may be exploited for novel applications. In
addition, the fact that the induced patterns depend to a great
extent on the specific set-up geometry opens the possibility to
look for new arrangements that lead to new or improved mor-
phological structures. Also, the fact that the use of medium-
energy ions produces nanostructures, particularly dots, with
higher aspect ratios can be explored. We have discussed some
reports that remain somewhat contradictory, in particular those
which employ gold as the foreign atom.We think that a deeper
study of the dependence of pattern properties on IBI paramet-
ers when using this foreign atom deserves further attention.
From the theoretical point of view, the results obtained for the
main models proposed so far are mostly within linear approx-
imations. Therefore, they address the early stages of the pat-
tern development. Further research is needed that considers the
long time evolution of these patterns by assessing non-linear
effects. For all these reasons, it is worth continuing research

on the topic of this review since important issues still remain
to be addressed.
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