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Formation of nanoripples on amorphous alumina thin films during low-energy ion-beam sputtering:
Experiments and simulations
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The formation of nanopatterns induced by low-energy (0.5–1.5 keV) Xe+ ion-beam sputtering of amorphous
alumina thin films is investigated by atomic force microscopy and grazing incidence small-angle x-ray scattering.
The observed dependence of the surface morphology on ion incidence angle, temperature, ion energy, and
fluence is compared with the predictions of linear and nonlinear continuum theoretical models. The results show
that ion-induced mass redistribution stabilizes the surface at near-normal and very grazing incidence angles,
while curvature-dependent erosion governs the formation of periodic nanoripples in the range of incidence
angles between 50◦ and 65◦. Surface-confined ion-induced viscous flow is shown to be the dominant relaxation
mechanism during erosion. Moreover, pattern evolution with ion fluence (pattern ordering and asymmetry of the
ripple profile, in particular) suggests that nonlinear effects that are ignored by the Sigmund’s collision cascade
theory of sputtering contribute strongly to the observed dynamics of ripple formation.
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I. INTRODUCTION

Low-energy ion-beam sputtering (IBS) of solid surfaces has
recently attracted great interest as a flexible and competitive
route for sublithographic patterning with a wide range of
potential applications [1–3]. Indeed, IBS is known to generate
ultrasmoothing or to produce a rich variety of nanoscale
surface topographies through spontaneous self-organization
processes. Depending on the processing conditions, namely
ion-beam parameters (i.e., ion species, ion incidence angle,
ion energy, ion flux, and fluence) as well as target composition
and temperature, different surface features can emerge, such as
one-dimensional (1D) ripple patterns or two-dimensional (2D)
arrays of dots or holes, with typical size and spatial periodicity
ranging from a few μm down to 10 nm. Because of its simplic-
ity, versatility, and cost-effectiveness, IBS is hence considered
to be a promising bottom-up approach to rapidly develop
surface nanopatterns over macroscopic areas (up to several tens
of cm2 in just a few minutes) on a wide range of materials in-
cluding metals [1,4], semiconductors [5–10], oxides [11–31],
nitrides [16,17], ionic crystals [32,33], graphitelike or amor-
phous carbon [34,35], mica [36], pyrochlore [37], and even
polymers [38,39].

Among the possible practical applications (e.g., in plas-
monics [16,22,40,41], nanoscale bio-sensing [42,43], or
magnetism [44–50]), ion-induced nanoripple patterns have
recently become popular to be used as templates for growing
conformal metallic thin films and self-aligned nanoparticles
or nanowires with tailored functional properties resulting
from anisotropic correlation phenomena. However, for these
applications that crucially depend on the surface morphology
and pattern quality, a precise experimental control as well
as a full theoretical understanding of pattern formation is
required. Building upon the pioneering work of Bradley and
Harper in the late 1980s [51], significant theoretical effort has
been expended and a number of theories for the ion-induced
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formation of ripple patterns have been advanced [52–61].
Generally, the time evolution of the surface topography during
off-normal IBS and the spontaneous appearance (or not) of
ordered 1D patterns is believed to be caused by a nontrivial
competition between ion-induced destabilizing mechanisms
(which roughen the surface) and stabilizing (smoothing) ef-
fects by different surface relaxation mechanisms. Although the
understanding of the basic processes of pattern formation by
IBS has recently evolved in important ways, it still constitutes
a highly active research topic as no single model is able to give
a consistent theoretical framework that encompasses all of the
experimental findings. In particular, in view of the multiple
physical mechanisms involved in the patterning dynamics,
the essential question of identifying which effect is dominant
remains open, thus stressing the need for further experimental
and theoretical studies.

In the last decades, many studies dedicated to the formation
of nanoripples by IBS have been performed on single as
well as polycrystalline metals and semiconductor (groups IV
and III-V) materials. On the contrary, studies with insulating
oxide thin films are scarcer [11–19]. Moreover, although the
morphological evolution of ion-induced ripple patterns has
been investigated in detail in terms of ripple wavelength, ripple
amplitude, and pattern ordering, there is no clear insight into
the dependence of the ripple profile on the ion-beam parame-
ters and target temperature. Also, the few experimental studies
addressing this specific issue deliver partially contradictory
results [12,23,25,28,36,42,62–67]. In this study we report on
the evolution of the surface topography of amorphous alumina
thin films exposed to a uniform Xe+-ion beam in the low-
energy range (0.5–1.5 keV). Atomic force microscopy (AFM)
and grazing incidence small-angle x-ray scattering (GISAXS)
experiments combined with a careful quantitative analysis
are used to obtain accurate morphological characteristics
of nanoripple patterns. The consistency of the experimental
results (i.e., dependence of the surface morphology on ion
incidence angle, temperature, ion energy, and fluence) with
the predictions of linear and nonlinear continuum theoretical
models is discussed. Our results evidence the possibility
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FIG. 1. AFM topographic images of amorphous alumina thin films before and after 1 keV Xe+-ion exposure during 340 s with increasing
ion incidence angles ϑ with respect to the surface normal (T = 300 K). Corresponding power spectral densities (PSD; squared modulus of the
Fourier transform) of the images are shown in the inset and the projection of the ion-beam direction onto the surface is indicated by the white
arrows.

to control by IBS the surface morphology of amorphous
alumina at the nanoscale, but also confirm the complexity
of formulating a holistic continuum model to describe the
physical processes by which these surfaces self-organize.

II. EXPERIMENTAL DETAILS

A. Production and ion erosion of alumina thin films

Deposition and ion erosion of amorphous alumina thin films
were performed in a dual ion beam sputtering NordikoTM

chamber (∼5 × 10−8 mbar base pressure), as described in
Ref. [16]. Alumina thin films totaling up to 450 nm in thickness
were grown onto Si substrates, at normal incidence and at a rate
of 0.15 nm s−1, by IBS of an Al target while carrying out ion
assistance by a 50 eV O+

2 beam oriented at 45◦ with respect to
the Si surface normal. The as-grown films typically had a mass
density of 3.25 g cm−3 and their surface was smooth, with a
root mean square (rms) roughness σrms ≈ 0.24 nm (Fig. 1). Ion
erosion of the as-grown films was carried out with a collimated
Xe+-ion beam (beam diameter ∼100 mm) produced from a
filamentless radio-frequency ion source. The ion current was
kept constant at 40 mA cm−2 corresponding to a nominal ion
flux of about 3 × 1015 ions cm−2 s−1. The ion incidence angle
ϑ was varied between 0◦ and 85◦ with respect to the surface
normal, and the temperature T was adjusted from 300 to 873 K
by heating the sample holder with a lamp furnace. The ion gun

was operated at ion energies E ranging from 0.5 to 1.5 keV,
and the erosion time was varied between 90 and 1200 s. The
thickness of the alumina thin films was characterized before
and after Xe+-ion exposure by spectroscopic ellipsometry
measurements, resulting in an accurate determination of the
erosion rate v0. Representative variations of v0 with different
operating conditions are reported in Table I, as well as the
corresponding fluences φ determined from TRIDYN [68]
calculations. For a given erosion time of 340 s (i.e., for a
given nominal fluence of about 1018 ions cm−2), it can be
observed a decrease of the estimated total fluence φ (and
indeed of the effective flux Feff) with ϑ and E that may result
from nonuniformity of the ion beam and change of the beam
divergence with E.

B. Morphological characterization of ion-eroded
alumina thin films

The surface topography of alumina thin films was character-
ized at a local scale before and after Xe+-ion exposure by AFM
with a MultiMode equipment (Digital Instruments) operated in
the tapping mode under ambient conditions and using silicon
tips with a nominal radius of curvature of ∼12–16 nm. In
order to get statistical information averaged over macroscopic
dimensions, ion-eroded alumina thin films were also analyzed
by GISAXS 3D mapping [17,70] performed at the European
Synchrotron Radiation Facility (Grenoble, France) with the
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TABLE I. IBS of amorphous alumina thin films with Xe+ ions
during 340 s at room temperature: Variations of the erosion rate v0

(from spectroscopic ellipsometry measurements) and total fluence φ

(from TRIDYN [68] calculations) for different ion incidence angles
ϑ and ion energies E. The ion range a, longitudinal straggling
σ , and lateral straggling μ calculated using the Projected Range
ALgorithm [69] are also given.

ϑ E v0 φ a σ μ

(deg) (keV) (nm s−1) (ions cm−2) (nm) (nm) (nm)

0 1.00 0.118 1.01 × 1018 2.7 0.8 0.6
45 1.00 0.306 0.70 × 1018 2.7 0.8 0.6
50 1.00 0.353 0.65 × 1018 2.7 0.8 0.6
55 1.00 0.321 0.47 × 1018 2.7 0.8 0.6
60 1.00 0.285 0.34 × 1018 2.7 0.8 0.6
65 1.00 0.238 0.23 × 1018 2.7 0.8 0.6
70 1.00 0.209 0.16 × 1018 2.7 0.8 0.6
75 1.00 0.176 0.13 × 1018 2.7 0.8 0.6
80 1.00 0.162 0.20 × 1018 2.7 0.8 0.6
85 1.00 0.071 0.75 × 1018 2.7 0.8 0.6

55 0.50 0.235 0.66 × 1018 2.0 0.6 0.5
55 0.75 0.312 0.58 × 1018 2.4 0.7 0.5
55 1.00 0.356 0.52 × 1018 2.7 0.8 0.6
55 1.25 0.394 0.50 × 1018 3.0 0.9 0.7
55 1.50 0.409 0.46 × 1018 3.2 1.0 0.7

small-angle scattering setup of the D2AM beamline. The en-
ergy of the incident x-ray beam was fixed at 9.8 keV (radiation
wavelength λ = 0.1265 nm) and the angle of incidence αi

with respect to the surface was close to the critical angle
for total external reflection of alumina (αc = 0.213◦) in order
to achieve high surface sensitivity. 2D GISAXS maps were
measured as a function of the in-plane 2θf and out-of-plane αf

exit angles with a 2D XPAD pixel detector located 1975 mm
away from the sample. 3D mapping of the reciprocal space
was accomplished by collecting series of (2θf,αf) GISAXS
maps for different azimuth angles ϕ (i.e., the angle between
the incident x-ray beam and the direction perpendicular to the
projection of the ion beam onto the surface) starting from ϕ =
−15◦ to ϕ = 30◦ by increments of 1◦. The GISAXS intensity
was analyzed within the distorted-wave Born approximation
using the FITGISAXS package developed within the IGOR Pro
software (WaveMetrics, Inc.) [71].

III. RESULTS

A. Dependence of ripple pattern with ion incidence angle

Figure 1 shows the angle dependence of the surface
topography of alumina thin films exposed to a uniform
1 keV Xe+-ion beam during 340 s at room temperature
(T = 300 K). In agreement with previous observations made
on 300 eV Ar+-eroded alumina surfaces [29], IBS at normal
incidence (ϑ = 0◦) generates a smoothing of the initial surface
whose rms roughness decreases below 0.2 nm. For off-normal
incidence ϑ = 45◦ and ϑ = 85◦, the surface remains smooth
and no discernible pattern emerges. We note that the absence
of any surface nanopattern for incidence angles ϑc � 45◦ is
consistent with recent experimental studies of noble gas ion
bombardment of impurity-free Si at room temperature [60,72].

However, although the existence of a critical angle for pattern
formation has also been observed in the case of low-energy IBS
of oxide surfaces like amorphous SiO2 or crystalline Al2O3,
smaller ϑc values in the range between 25◦ and 45◦ have been
found in most cases [12,14,20–23,28,29]. For 50◦ � ϑ � 75◦,
IBS gives rise to periodic patterns consisting of unidirectional
nanoripples with wave vector aligned parallel to the projection
of the ion beam onto the surface [16,17,70]. In this ϑ range,
the rms roughness increases dramatically from σrms ≈ 0.7 nm
at ϑ = 50◦ to σrms ≈ 2.4 nm at ϑ = 75◦, while a minimum of
period associated with a maximum of order is observed around
ϑ = 60◦. Furthermore, analysis of the slope angle distribution
indicates that the ripple profile progressively changes from
almost symmetric at ϑ = 50◦ to strongly asymmetric with
increasing ion incidence angle, so that the side facing the ion
beam is steeper than the opposite side (see the Supplemental
Material, Fig. S1 [73]). Finally, in a narrow angular range
around ϑ = 80◦, irregular and rough surfaces (σrms ≈ 3 nm)
are produced with roof-tile structures elongated along the
ion beam, as already observed in previous grazing incidence
experiments on monoelemental materials [66,67,74], as well
as on SiO2 [14,20,21] or on Al2O3 [28] surfaces bombarded
by Ar+ ions. The development of such structures elongated
along the beam direction is frequently ascribed to geometric
shadowing effects or to sputtering of the upwind faces by ions
reflected on the downwind faces (Hauffe mechanism [75]).

Experimental 2D GISAXS patterns (2θf,αf) taken at ϕ = 0◦
for ion incidence angles in the range from ϑ = 50◦ to 65◦ are
displayed in Fig. 2 (top panel). The development of periodic
ripple patterns is corroborated by the presence of two clearly
separated side streaks, whose 2θf position and αf extension
are very sensitive to the ion incidence angle. In agreement
with AFM characterizations, an increasing asymmetry in
the intensity distribution with respect to 2θf = 0◦ is also
observed. The corresponding experimental in-plane GISAXS
maps (2θf,ϕ) obtained at αi + αf = 0.5◦ are displayed in Fig. 2
(bottom panel), which exhibits elongated spots centered at ϕ ≈
0◦ with an azimuthal distribution 	ϕ strongly dependent on
ϑ . These results unambiguously confirm that the nanoripples
created in this ϑ range are oriented perpendicular to the
projection of the ion beam on the whole surface of the
samples, but they possess various degrees of lateral order.
Quantitative analysis of the GISAXS intensity distribution
was performed following the model described in Refs. [17,70],
while assuming straight ripples with the asymmetric sawtooth
morphology schematized in Fig. 3(a). Corresponding sim-
ulated GISAXS patterns are presented in the Supplemental
Material (Fig. S2) [73]. By increasing the ion incidence angle,
the ripple wavelength 
 [Fig. 3(b)] initially decreases and
then rises. Conversely, the pattern ordering characterized by
the normalized ripple length L/
 [Fig. 3(d)] and by the
normalized lateral correlation length ξ/
 [Fig. 3(e)] is first
enhanced and then deteriorates with increasing ϑ . Ripples
with the shortest wavelength (
 ≈ 20 nm) and best ordering
(L/
 ≈ 4 and ξ/
 ≈ 30) are obtained at ϑ ∼ 55◦–60◦. In
parallel, consistently with AFM, the ripple height H increases
almost linearly with ϑ [Fig. 3(c)], as well as the asymmetry
of the ripple profile γ+ + γ−. Nevertheless, the slope of the
upwind face |γ+| increases more rapidly than the slope of the
downwind face |γ−|, which actually evolves with a constant
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FIG. 2. GISAXS patterns of amorphous alumina thin films after 1 keV Xe+-ion exposure during 340 s with increasing ion incidence angles
ϑ with respect to the surface normal (T = 300 K). (Top panel) Experimental out-of-plane (2θf,αf ) maps at ϕ = 0◦. (Bottom panel) In-plane
(2θf,ϕ) maps at αi + αf = 0.5◦. 	ϕ is the azimuthal distribution of intensity, which is defined by the ϕ extension (full width at half maximum)
of the ripple correlation peak.

value of about 22◦ for ϑ � 55◦ [Fig. 3(f)]. We note that
the existence of such a “magic” downwind surface slope,
independent of the ion-beam incidence angle ϑ , has also
been observed by Engler et al. [67] after 2 keV Kr+-ion
exposure of Si(001) surfaces (with |γ−| ≈ 8◦). To the best of
our knowledge, there is still no explanation for this remarkable
behavior. Moreover, in contrast to Ref. [67], we do not observe
that the local incidence angle on the upwind face ϑ − γ+
remains concomitantly fixed [Fig. 10(a)].

B. Temperature dependence of ripple pattern

The temperature dependence of ripple patterns produced
by 1 keV Xe+ IBS of amorphous alumina thin films with
ϑ = 55◦ and φ = 0.52 × 1018 ions cm−2 (Feff = 1.54 ×
1015 ions cm−2 s−1) was investigated by GISAXS 3D mapping
(see the Supplemental Material, Figs. S3 and S4 [73]). Figure 4
gathers the main results collected from the quantitative analysis
of the GISAXS data for applied temperatures 300 � T �
573 K during IBS. In this temperature range, the formation
of periodic ripple patterns with wave vector parallel to the
projection of the ion beam onto the surface was routinely
evidenced. However, the observed trends suggest that the
ripple wavelength slightly increases with T [Fig. 4(a)], as
already noticed in the case of SiO2 or Al2O3 surfaces [12,28]
eroded by low-energy Ar+ ions incident at an angle of 45◦.
Concomitantly, the ripple height [Fig. 4(b)] as well as the
pattern order [Fig. 4(c)] and profile asymmetry [Fig. 4(d)]

decrease. It should be noted that in accordance with the
gradual decrease of rms roughness and deterioration of
ordering within the pattern, the surface morphology tends
to become featureless and flat when T is further increased.
Also, as observed by Zhou et al. [28], we found that thermal
annealing at 873 K after IBS at T = 300 K did not produce
any distinguishable modification of the nanorippled surface
topography (not shown).

C. Ion energy dependence of ripple pattern

Figure 5 displays out-of-plane GISAXS maps taken at ϕ =
0◦ for amorphous alumina thin films after Xe+-ion exposure
during 340 s at T = 300 K with ϑ = 55◦ and increasing ion
energies E. The most visible impact is a progressive shift of
the vertical scattering streaks toward smaller |2θf| values as E

is raised. This indicates an increase of the ripple wavelength,
which is consistent with most of the previous observations
reported for ion-eroded amorphous or amorphizable surfaces
in the low-energy range (i.e., E < 2–3 keV), including
monoelemental [3,10,64] or oxide targets [12,14,20,28], and
therefore suggests the need to consider nonthermal relaxation
mechanisms to explain the dynamics of the ion-induced
ripple patterns. Figure 6 shows the dependence of ripple
morphology on ion energy obtained after quantitative analysis
of the GISAXS data. Over the range E = 0.5 to 1.5 keV,
we observe a power-law dependence of both the ripple
wavelength [Fig. 6(a)] and height [Fig. 6(b)] such that 
 ∝ Em
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FIG. 3. (a) Schematic drawing of the ripple profile employed
for GISAXS simulations. Morphological variations of nanoripples
produced by 1 keV Xe+ IBS of amorphous alumina thin films during
340 s as a function of the ion incidence angle ϑ with respect to
the surface normal (T = 300 K): (b) ripple wavelength 
, (c) ripple
height H , (d) normalized ripple length L/
, (e) normalized lateral
correlation length ξ/
, and (f) average slope γ+ (γ−) of the upwind
(downwind) face. Dotted lines are guides to the eye.

and H ∝ En with m = 0.58 ± 0.02 and n = 0.35 ± 0.02, re-
spectively. Simultaneously, within the uncertainty of the mea-
surements, the pattern disorder [Fig. 6(c)] as well as the asym-
metry of the ripple profile [Fig. 6(d)] are independent of E.
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wavelength 
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D. Pattern evolution with ion fluence

The time evolution of the surface topography of room
temperature ion-eroded alumina thin films was also studied
by GISAXS 3D mapping. Out-of-plane GISAXS maps taken
at ϕ = 0◦ for different ion fluences φ after 1 keV Xe+ IBS
with ϑ = 55◦ are shown in Fig. 7. A rapid coarsening of
the ripple wavelength is evident from the shift of the vertical
scattering streaks toward smaller |2θf| values. Furthermore,
the narrowing of the first-order scattering streaks together with
the progressive appearance of second-order streaks reveal the
achievement of a higher degree of ordering at higher fluences.
Regarding the evolution of the ripple profile, (2θf,αf ) GISAXS
maps exhibit a symmetric intensity distribution with respect
to 2θf = 0◦ at low fluences (φ � 1.39 × 1017 ions cm−2),
whereas asymmetric scattering streaks characteristic of asym-
metric ripples gradually develop at higher fluences. All these
trends are confirmed in Fig. 8, which shows the dependence of
ripple morphology on ion fluence deduced by GISAXS data
fitting. In Fig. 8(a), the ripple wavelength is found to increase
according to a power law 
 ∝ φ0.15±0.01, although a certain
tendency towards a saturation cannot be entirely ruled out.
Similarly, the evolution of the ripple height is consistent with
a power-law relationship H ∝ φ0.10±0.01 [Fig. 8(b)], whereas
the normalized lateral correlation length is increased from
ξ/
 ≈ 30 at φ = 1.39 × 1017 ions cm−2 to ξ/
 > 50 at
φ > 1018 ions cm−2. In agreement with the φ dependence
of 
 and H (i.e., H/
 ∝ φ−0.05), the average slope angles
tend to drop when the ion fluence is increased. However, it can
be also observed in Fig. 8(d) that the slope of the downwind
face |γ−| decreases more rapidly than the slope of the upwind
face |γ+|, which results in the development of nanoripples
with a gradual asymmetric shape. In previous studies of ripple
formation by low-energy IBS of SiO2 and Al2O3 surfaces,
different dynamics corresponding to different regimes (i.e.,
linear or nonlinear) were reported. For example, in the case of
IBS experiments performed at ϑ = 45◦, Umbach et al. [12]
and Zhou et al. [28] found that the ripple wavelength remains
nearly constant, whereas the ripple amplitude continues to
increase with time. In contrast, evolution of the ripple
wavelength and amplitude following power-law dependencies
(with or without saturation at high fluences) were observed by
other authors, but a number of different values of the exponent
(between 0 and 1) were reported [15,20,21,26,27]. Also, at
higher fluences, further evolution towards inhomogeneous and
less ordered ripple patterns was observed by Keller et al. after
500 eV Ar+ IBS of amorphous SiO2 surfaces [14,15], which
does not seem to be the case here. We note that no purely linear
regime, where the ripple amplitude increases exponentially
and the ripple wavelength stays constant, can be observed
in the initial stage of the current experiments. This indicates
that nonlinearities dominate the surface evolution even for the
smallest ion fluences accessible with our experimental setup.

IV. DISCUSSION

Our results clearly show that periodic ripple patterns can be
produced on amorphous alumina thin films during low-energy
IBS for 50◦ � ϑ � 75◦. In this ϑ range, the ripple wave
vector is oriented uniformly in the direction parallel to the
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FIG. 5. Experimental 2D GISAXS patterns (2θf,αf ) taken at ϕ = 0◦ for amorphous alumina thin films after Xe+-ion exposure during 340 s
with increasing ion energies E (ϑ = 55◦ and T = 300 K).

projection of the ion beam onto the surface, which will be
referred to as the x direction hereafter. In addition, both the
ripple wavelength and ordering, but also the ripple height
and profile display a strong dependence on the ion incidence
angle (Sec. III A). Following the seminal work of Bradley
and Harper [51], continuum models have been commonly
employed to describe theoretically the formation of ripple
and dot (or hole) patterns on surfaces subjected to IBS, with
varying degrees of success. Originally it was proposed that
periodic patterns can emerge on the surface as a result of a
delicate balance between curvature-dependent erosion (that
tends to destabilize the surface) and surface relaxation by
thermal diffusion (that induces smoothing) [51]. Later on, the
linear Bradley-Harper’s theory has been generalized to include
nonlinear and noise terms [52,76–78], which can modify
the long term behavior of the surface dynamics (e.g., height
saturation, profile asymmetry, kinetic roughening, etc.). More
sophisticated models, which exploits the coupling between
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FIG. 6. Morphological variations of nanoripples produced by
Xe+ IBS of amorphous alumina thin films during 340 s as a function
of the ion energy E (ϑ = 55◦ and T = 300 K): (a) ripple wavelength

, (b) ripple height H , (c) normalized lateral correlation length ξ/
,
and (d) average slope γ+ (γ−) of the upwind (downwind) face. Dotted
lines are guides to the eye.

the surface topography and a thin surface layer with altered
viscosity [53,79] or composition [54,55], have been recently
advanced to account for usual experimental observations such
as wavelength coarsening and enhancement of pattern order-
ing. Furthermore, the need to consider alternative (nonthermal)
relaxation mechanisms, such as ion-induced effective sur-
face diffusion [52,77], surface-confined ion-induced viscous
flow [12,28], ion-induced stress [56,57,80–82], or stress-
induced mass transportation [83,84], has been established.
The possible contribution of ion-induced mass redistribution
(curvature-dependent ballistic drift), which causes stabiliza-
tion of the surface at near-normal ion incidence angles and
becomes unstable for ϑ > 45◦, has also been identified to
play a critical role in the surface evolution as an additional
mechanism competing with curvature-dependent erosion
[58–61]. In the following sections, in order to elucidate the
relevant processes involved in the formation of nanoripple
patterns during Xe+ IBS of amorphous alumina thin films,
our experimental results for films exposed to a uniform ion
beam during 340 s are first discussed on the basis of linear
continuum models. Indeed, even though nonlinear effects
contribute to the formation of the ripple patterns, such a
straightforward approach has been proven effective for serving
as a basis for predicting the angular regions where ripple
formation can be expected and for enabling the contribution
of various roughening and smoothing mechanisms to be
separated [12,28,29,35,85]. Next, the patterning dynamics
(erosion time between 100 and 1256 s) is compared to
numerical integrations of nonlinear differential equations,
which are more time consuming, but more appropriate and
more accurate to describe the morphology of ion-induced
ripple patterns and their evolution in the high-fluence regime.

A. Linear continuum models

1. Instability mechanism: Effects of curvature-dependent erosion
and mass redistribution

An expansion formula of the linear continuum equation
derived by Bradley and Harper [51] with fourth-order deriva-
tives [77] to describe the time evolution of the surface profile
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FIG. 7. Experimental 2D GISAXS patterns (2θf,αf ) taken at ϕ = 0◦ for amorphous alumina thin films after 1 keV Xe+-ion exposure with
increasing ion fluences φ (ϑ = 55◦ and T = 300 K).

h(x,y,t) during IBS is given by

∂h

∂t
= −v0 + γx

∂h

∂x
+ νx

∂2h

∂x2
+ νy

∂2h

∂y2
− Kxx

∂4h

∂x4

−Kyy
∂4h

∂y4
− Kxy

∂2h

∂x2

∂2h

∂y2
− K∇4h, (1)

where v0 is the average erosion rate and γx is the dependence of
the erosion rate on the local ion incidence angle, which causes
a lateral motion of the surface pattern along the x direction.
νx = νeros

x + νredist
x and νy = νeros

y + νredist
y , which consist of

the sum of an erosive contribution and a redistributive one, are
curvature-dependent coefficients (often referred to as effective
surface tensions) generating surface instability when negative.
Kxx, Kyy, and Kxy correspond to the so-called ion-induced
effective smoothing coefficients, which have a purely erosive
origin unrelated to actual material transport [77]. The last
term proportional to K describes additional surface relaxation
mechanisms due to, e.g., thermal diffusion [86] or surface-
confined ion-induced viscous flow [12], which are assumed to
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1 keV Xe+ IBS of amorphous alumina thin films as a function of
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be isotropic. With the exception of K, all coefficients in Eq. (1)
are functions of IBS parameters v0 and ϑ (see Table I) and of
the Sigmund’s parameters describing the spatial distribution
of the deposited energy in the bombarded solid (i.e., the ion
range a, longitudinal straggling σ , and lateral straggling μ),
which can be roughly estimated using the Projected Range
ALgorithm [69]. The corresponding relations are detailed in
the Appendix [Eqs. (A1)–(A14)]. Equation (1), which can
be solved by standard Fourier analysis, actually predicts that
a smooth and stable surface morphology will be produced
for positive values of νx and νy. Conversely, a single Fourier
mode will dominate all the others for negative values of νx

or νy, leading to the formation of periodic ripples with wave
vector ki (i = x or y) oriented along the i direction and with a
characteristic wavelength


i = 2π

ki

= 2π

√
2(Kii + K)

|νi | , (2)

where i = x for νx < νy and i = y for νy < νx. Hence,
the sign and relative magnitudes of the curvature-dependent
coefficients control the absence or emergence of ion-induced
ripple patterns as well as the ripple orientation.

In order to determine which instability mechanism (i.e.,
erosive or redistributive) dominates the formation of ripple
patterns during Xe+ IBS of amorphous alumina thin films, cal-
culated values of νeros

i (ϑ) [Eq. (A2)] and νredist
i (ϑ) [Eqs. (A12)

and (A13)] are shown in Figs. 9(b) and 9(c), respectively. The
resulting νi(ϑ) = νeros

i (ϑ) + νredist
i (ϑ) values are presented in

Fig. 9(d). The prediction for the erosive contribution should
results in the formation of parallel-mode ripples for ϑ �
71◦ ± 1◦, whereas perpendicular-mode ripples should emerge
for larger incidence angles. In contrast, the redistributive
contribution should stabilize the surface below ϑc = 45◦ and
produce parallel-mode ripples for ϑ > ϑc. Clearly, neither of
the two models alone is able to account for all of our experi-
mental observations shown in Fig. 9(a). This in turn suggests
that both erosive or redistributive effects may contribute to
νi(ϑ), with the dominant contribution being ϑ dependent
[Fig. 9(d)]. Indeed, at near-normal ion incidence angles, it
is obvious that the stabilizing redistributive effect dominates
the destabilizing erosive one in the x and y directions
(νredist

i > −νeros
i > 0). Likewise, at very grazing ion incidence
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FIG. 9. Surface morphology vs ion incidence angle phase di-
agrams for 1 keV Xe+-eroded amorphous alumina thin films at
T = 300 K. (a) Experimental observations for an erosion time of
340 s. (b) Calculated coefficients νeros

x and νeros
y , (c) νredist

x and νredist
y ,

and (d) νx = νeros
x + νredist

x and νy = νeros
y + νredist

y , as described in the
text. The blue shaded areas indicate the angular regions where ripples
with wave vector aligned parallel to the projection of the ion beam
onto the surface can be expected.

angles, it appears that the stabilizing term is always dom-
inating (i.e., νeros

x > −νredist
x > 0 and νredist

y > −νeros
y > 0),

which inhibits the formation of both parallel-mode and
perpendicular-mode ripples. Also, combining both erosive
and redistributive terms, our calculations (which contain no
adjustable parameters) reveal that an instability of the surface
leading to the formation of parallel-mode ripples is predicted
in the angular range ϑ between 45◦ and 77◦. It is worth noting
that the most significant contribution to ripple formation comes
from curvature-dependent erosion between 45◦ and 65◦, while
ion-induced mass redistribution becomes dominant below ϑ =
45◦ and above ϑ = 65◦. Overall, the phase diagram prediction

displayed in Fig. 9(d) agrees reasonably well with our ex-
perimental observations, at least qualitatively recognizing that
boundaries between distinct regions are extremely sensitive to
small changes in the Sigmund’s parameters (a, σ , and μ) or to
the occurrence of other competing mechanisms. For example,
the inability to predict the emergence of roof-tile structures
around ϑ = 80◦ might result from nonlocal effects, such as
the reflection of a substantial fraction of ions impinging on
the downwind faces (Sec. IV B) [67]. Regarding the transition
from stability to instability, our experiments show that parallel-
mode ripples appear only for ϑ > 45◦, whereas νx(45◦) < 0
from our calculations. The failure to predict precisely the
critical angle when ripple formation starts might be due to an
overestimated magnitude of the erosive term νeros

x (ϑ) near ϑ =
45◦. In fact, for a compound target, it is well established that
the situation may be complicated by the preferential sputtering
of one of the components. In the case of Al2O3 compounds ex-
posed to a uniform 1 keV Xe+-ion beam, due to the difference
in sputtering yield between Al and O, TRIDYN calculations
show that a steady state is eventually reached in which
the surface composition deviates from the bulk composition.
Furthermore, the steady state surface composition varies with
the global incidence angle ϑ (see the Supplemental Material,
Figs. S5 and S6 [73]). As a consequence, depending on the ϑ

value, this could have a non-negligible impact on the collision
cascades and in the estimation of the calculated straggling. In
addition, the upwind and downwind faces of the ripples should
be impacted differently since the ions impinge at different local
incidence angles, which may lead to a nontrivial modulation
of the chemical composition at the surface. Hence, building on
the seminal work of Shenoy et al. on the sputtering of alloy sur-
faces [54], composition-driven patterning mechanisms that are
not included in our calculations have been recently recognized
as being essential behind the morphological instability and
the process dynamics [55,87–89]. Another possible driving
field in the process might be due to the buildup of stress that
could develop atop the ion-irradiated film as a consequence
of the damage (e.g., Xe incorporation, see the Supplemental
Material, Figs. S5 and S6 [73]) induced by the collision
cascades [56,57]. Such a mechanism appears to have the same
cos(2ϑ) angle dependence as the νredist

x term [Eq. (A12)], and
hence predicts a transition from flat to rippled surfaces at
ϑ = 45◦ in accordance with our experimental observations.
However, although this additional mechanism may become
relevant if sufficient stress accumulates during ion sputtering,
it cannot account for the absence of ripples above 80◦ (Fig. 1).

2. Relaxation mechanism: Effects of thermal diffusion,
ion-induced effective surface diffusion, and surface-confined

ion-induced viscous flow

The experimental data reported in Sec. III B reveal a weak
temperature dependence of the ripple wavelength 
 = 
x.
This observation suggests that, in addition to (nonthermal)
ion-induced effective surface diffusion, thermally activated
mechanisms act as a driving force to smooth out amorphous
alumina surfaces under Xe+ IBS. However, in the present
situation, one may anticipate a minor effect of thermal
diffusion on ripple formation (a decreasing ripple wavelength
with ion energy should otherwise be observed). Actually, if
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surface self-diffusion is assumed to be the main thermally
driven relaxation mechanism, the coefficient K in Eqs. (1)
and (2) is given by [51]

K = D0�
2γSρ

kBT
exp

(
−	ESD

kBT

)
, (3)

where D0 is the surface diffusion constant, � is the atomic
volume, γS is the surface free energy per unit area, ρ is the
areal density of diffusing atoms, 	ESD is the activation energy
for surface diffusion, kB is the Boltzmann constant, and T

is the temperature. Taking values provided by Zhou et al.
for sapphire surfaces [28] (D0 = 10−8 m2 s−1, � = 8.51 ×
10−30 m3, γS = 0.91 J m−2, ρ = 1013 m−2, and 	ESD =
0.72 eV), the relaxation coefficient is found to increase from
K ∼ 10−9 nm4 s−1 at T = 300 K to K ∼ 4 × 10−4 nm4 s−1

at T = 573 K. For comparison, the value of the ion-induced
effective smoothing coefficient calculated with Eq. (A3) for
v0 = 0.356 nm s−1 and ϑ = 55◦ is Kxx = 0.32 nm4 s−1, so
that thermal diffusion can be clearly neglected here. Moreover,
using Eq. (2) to determine the corresponding ripple wavelength
yields a value of 
x ≈ 3.8 nm, which is smaller than the
experimentally observed value by a factor of ∼7 [Fig. 4(a)].
This result confirms that thermal diffusion associated to
ion-induced effective surface diffusion can be excluded as the
main relaxation mechanism.

Another relaxation mechanism, in which smoothing occurs
by ion-induced viscous relaxation confined to a near-surface
region, has been proposed by Umbach et al. [12]. In this case
the coefficient K has the form

K = γSa
3Feff

3ηr
= C γSa

3Feff

3
E

[
exp

(
−	EIVF

kBT

)
+ ω

]
, (4)

where 1/ηr is a flux-independent measure of the viscous
relaxation per ion, C is a proportionality factor, E is the ion
energy, 	EIVF is the activation energy for rearrangement of
the network, and ω represents the fraction of the ion-induced
viscous relaxation that is T independent. Experimental
data presented in Fig. 4(a) (i.e., variation of the ripple
wavelength with T ) were quantitatively analyzed from
Eq. (4) by applying a least-square fitting procedure, which
yielded C = 4.28 × 10−12 J−2 m5, 	EIVF = 0.115 eV, and
ω = 0.235. For T = 300 K and E = 1 keV, the corresponding
ηr value is ηr = 5.9 × 1027 J m−5, which is of the same
order of magnitude as the value of ηr ≈ 5 × 1027 J m−5

derived from the analysis of sapphire surfaces bombarded
by 0.6 keV Ar+ ions after Zhou et al. [28]. Furthermore,
the large value of K = 15.6 nm4 s−1 obtained using Feff =
1.54 × 1015 ions cm−2 s−1 in Eq. (4) is a clear indication that
surface-confined ion-induced viscous flow dominates over
thermal diffusion and ion-induced effective surface diffusion.
Thus, as seen in Fig. 4(a), the experimental dependence of
the ripple wavelength on T is remarkably well reproduced
by a model combining curvature-dependent erosion and
surface-confined ion-induced viscous flow as the dominant
roughening and smoothing processes, respectively. In order
to prove the consistency of this model as well as its ability to
predict the dependence of the ripple wavelength for various
experimental conditions, the previous fitting parameters
were reused to calculate (without any additional adjustable
parameter) the expected variations of 
x as a function of ϑ and

E. The results are displayed in Figs. 3(b) and 6(a), respectively,
which show overall good agreement between experimental
and calculated values. The main discrepancies, which appear
in Fig. 3(b) for ϑ � 70◦, might be attributed to the fact that
the data measured at larger ion incidence angles correspond to
a latter stage in the (nonlinear) coarsening process [56,90], or
to the contribution of reflected ions resulting in an incessant
vanishing of smaller facets [27,66,67].

B. Deviations from the linear continuum
models and numerical integrations

Although Eq. (1) is able to reproduce the global variations of
the ripple wavelength with ion incidence angle, ion energy, and
temperature, it cannot account for several features observed
in our experiments, like the power-law dependence of the
ripple wavelength and height with ion fluence as well as
the development of ripples with an asymmetric profile. Such
deviations from linear continuum models suggest that the
patterning dynamics is controlled by additional effects (e.g.,
nonlinear contributions, geometric shadowing, reflection of
primary ions, etc.) that are not incorporated in Eq. (1).

1. Geometric shadowing and reflection of primary ions

In recent years, the production of ripples with asymmetric
profiles has been reported on ion-eroded silicon [42,62–67],
glass [12,23,25], sapphire [28], mica [36], and pyrochlore [37]
surfaces. In most cases, it has been observed that the ripple
profile evolves from a symmetric to an asymmetric one
with increasing fluence [12,28,63,67], in accordance with
our experiments. However, it should be noted that results
are conflicting regarding the sign of γ+ + γ−, which appears
to be either negative [12,25,28,36,62,64] (i.e., the slope γ+
facing the ion beam is less steep than the opposite slope γ−)
or positive [23,42,63,66,67] depending on the experimental
conditions. In the latter case, which conforms with our experi-
mental observations, shadowing effects are commonly invoked
to explain the development of sawtooth-like faceted rip-
ples [65,66,91,92], especially for grazing incidence IBS condi-
tions. Figure 10(a) shows the dependence of the local incidence
angles on the upwind face (ϑ − γ+) and downwind face (ϑ −
γ−) as a function of the global incidence angle ϑ for nanorip-
ples produced by 1 keV Xe+ IBS of amorphous alumina thin
films at room temperature. In addition, the fluence dependence
of the local incidence angles for ϑ = 55◦ is displayed in
Fig. 10(b). In the ϑ range from 50◦ to 65◦, it can be seen that the
local incidence angle on the downwind face increases gradu-
ally as expected, but never reaches 90◦. Moreover, for ϑ = 55◦,
the patterning dynamics results in a slight decrease of ϑ − γ−,
whereas the local incidence angle on the upwind face remains
apparently stable around ϑ − γ+ = 26◦ ± 2◦. Based on these
findings, geometric shadowing appears not to play a decisive
role in the development of asymmetric ripples produced by
1 keV Xe+ erosion of alumina surfaces with ϑ � 65◦.

Recent works revealed that another possible effect that can
operate during the formation of ion-induced ripple patterns at
off-normal incidence is the so-called Hauffe mechanism [75].
Such a mechanism, which is based on the reflection of
primary ions on the downwind faces (leading to a local flux
enhancement onto the upwind faces), has been considered to

085412-9



D. BABONNEAU, E. VANDENHECKE, AND S. CAMELIO PHYSICAL REVIEW B 95, 085412 (2017)

80

60

40

20

0Lo
ca

l a
ng

le
 (

de
g)

2.01.51.00.50.0
Φ (10

18
 ions cm

-2
)

(b)

 ϑ − γ+  ϑ − γ−

80

60

40

20

0

R
ef

le
ct

ed
 io

ns
 (

%
)

2.01.51.00.50.0
Φ (10

18
 ions cm

-2
)

(d)  R+
 R−

80

60

40

20

0Lo
ca

l a
ng

le
 (

de
g)

65605550
ϑ (deg)

(a)

 ϑ − γ+  ϑ − γ−

80

60

40

20

0

R
ef

le
ct

ed
 io

ns
 (

%
)

65605550
ϑ (deg)

(c)  R+
 R−

FIG. 10. (a) Variation of the local incidence angles ϑ − γ+ and
ϑ − γ− as a function of the global incidence angle ϑ for nanoripples
produced by 1 keV Xe+ IBS of amorphous alumina thin films during
340 s and (b) as a function of the total fluence φ for nanoripples
produced by 1 keV Xe+ IBS of amorphous alumina thin films with
ϑ = 55◦. (c) and (d) Proportion of reflected ions at the surface layer
for the upwind (R+) and downwind (R−) ripple faces (based on
SRIM [93] calculations).

account for the ripple coarsening observed on ion-eroded Si,
Ge, SiO2, and Al2O3 surfaces [23,27,66,67]. Figures 10(c)
and 10(d) show the proportion of reflected ions for the upwind
(R+) and downwind (R−) faces estimated from SRIM [93]
calculations. It can be observed that R+ ≈ 0 in all experimental
conditions, while R− increases with the global incidence
angle and decreases with the total fluence. For comparison,
R− ≈ 0.13 with ϑ = 55◦ and φ = 1.74 × 1018 ions cm−2,
and R− ≈ 0.59 with ϑ = 65◦ and φ = 0.23 × 1018 ions cm−2.
Accordingly, while the Hauffe mechanism is certainly of
minor relevance for ϑ � 55◦, it is very likely that reflected
primary ions make a substantial contribution to ripple
coarsening and asymmetry in the high ϑ range (ϑ � 65◦).
Therefore, this effect might be partly responsible for the
observed divergence between the measured and calculated
ripple wavelengths in Fig. 3(b), but also for the formation of
the roof-tile structure around ϑ = 80◦ [67].

2. Nonlinear contributions to the patterning dynamics

To investigate the influence of nonlinear effects on the
dynamics of ripple formation during room temperature 1 keV
Xe+ IBS of amorphous alumina thin films with ϑ = 55◦ and
v0 = 0.321 nm s−1 (i.e., Feff = 1.39 × 1015 ions cm−2 s−1),
we performed numerical integrations of general continuum
equations by considering extensions of the linear Bradley-
Harper’s theory into the nonlinear regime. According to
Makeev et al. [52], the time evolution of the surface profile

h(x,y,t) can be expressed as

∂h

∂t
= −v0 + γx

∂h

∂x
+ νx

∂2h

∂x2
+ νy

∂2h

∂y2

−Kxx
∂4h

∂x4
− Kyy

∂4h

∂y4
− Kxy

∂2h

∂x2

∂2h

∂y2
− K∇4h

+ λx

2

(
∂h

∂x

)2

+ λy

2

(
∂h

∂y

)2

+ ξx

(
∂h

∂x

)(
∂2h

∂x2

)

+ ξy

(
∂h

∂x

)(
∂2h

∂y2

)
+ η(x,y,t), (5)

where λx and λy represent the dependence of the erosion
rate on the local incidence angle, ξx and ξy are nonlinearities
responsible for the development of ripples with asymmetric
profiles, and η(x,y,t) is a Gaussian noise term which accounts
for the stochastic nature of the IBS process and surface
relaxation events. In the framework of Sigmund’s theory of
ion erosion, the coefficients γx, νi = νeros

i + νredist
i , Kij , λi ,

and ξi in Eq. (5) can be calculated from Eqs. (A1)–(A18) given
in the Appendix. The corresponding values estimated for our
experimental conditions are tabulated in Table II, indicating
that λx < λy < 0 and ξx < ξy < 0. Furthermore, the ion-
induced viscous relaxation coefficient calculated from Eq. (4)
with Feff = 1.39 × 1015 ions cm−2 s−1 is K = 14.04 nm4 s−1.
For these parameters, Eq. (2) yields a periodicity of 
x =
26.6 nm. Equation (5) was integrated numerically using the
RIPPLES AND DOTS package written in MATLAB R© [94]. A
simple finite difference Euler’s method with periodic boundary
conditions was employed on a 500 × 500 spatial mesh with
a spatial discretization of 	x = 	y = 1 nm and a time step
of 	t = 0.001 s. The noise term was set to η = 0.01 nm s−1

and the AFM image of an as-grown (unsputtered) alumina
thin film (Fig. 1) was used as initial surface roughness at
time t = 0 to provide a realistic initial condition for all
simulations. In Fig. 11, simulated images of the surface
morphology calculated by integrating Eq. (5) are compared
with experimental AFM images of alumina thin films exposed
to a uniform 1 keV Xe+-ion beam with ϑ = 55◦ during
100 s (φ = 1.39 × 1017 ions cm−2), 187 s (φ = 2.60 ×
1017 ions cm−2), 340 s (φ = 4.73 × 1017 ions cm−2), and
742 s (φ = 1.03 × 1018 ions cm−2), respectively. Figure 11(b)
shows numerical simulations using the coefficients given
in Table II except for ξx = ξy = 0. In contrast to Bradley-
Harper’s simulations leading to an exponential growth of the
ripple amplitude (see the Supplemental Material, Fig. S7 [73]),
we observe a gradual increase in the surface roughness
consistent with the experimental power-law dependence of
σrms with φ. However, while irregular wavelike structures
clearly appear in the early stage of simulation, grooves are
produced instead of ripples owing to the negative sign of the

TABLE II. Linear and nonlinear ion-stimulated erosive coefficients calculated using the relations given in the Appendix [Eqs. (A1)–(A18)]
for 1 keV Xe+ IBS of amorphous alumina thin films with ϑ = 55◦ (Feff = 1.39 × 1015 ions cm−2 s−1).

γx νx νy Kxx Kyy Kxy λx λy ξx ξy

(nm s−1) (nm2 s−1) (nm2 s−1) (nm4 s−1) (nm4 s−1) (nm4 s−1) (nm s−1) (nm s−1) (nm2 s−1) (nm2 s−1)

1.57 −1.60 0.051 0.288 0.018 0.242 −3.93 −0.71 −6.86 −0.80
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FIG. 11. (a) AFM topographic images of amorphous alumina thin films after 1 keV Xe+-ion exposure with increasing ion fluences φ

(ϑ = 55◦ and T = 300 K). (b) Numerical integration of Eq. (5) using K = 14.04 nm4 s−1 and the coefficients listed in Table II except for
ξx = ξy = 0. (c) Numerical integration of Eq. (5) using K = 14.04 nm4 s−1 and the coefficients listed in Table II except for λx = 2.6 nm s−1,
λy = 10λx, and ξx = ξy = 0. Corresponding PSD are shown in the inset together with associated 1D profiles (dotted lines indicate the positions
of the experimental first-order peaks). The projection of the ion-beam direction onto the surface (x direction) is indicated by the white arrows.

λi coefficients [79,95]. Moreover, at longer times, the periodic
pattern becomes increasingly blurred and the surface exhibits
kinetic roughening as commonly reported when λy/λx �
1 [78,96]. Actually, it can be observed in Fig. 11(c) that the
dynamics of the surface evolution is strongly affected by the
sign of the λi coefficients and by the λy/λx ratio. Indeed, setting
λx = 2.6 nm s−1 and λy/λx = 10 not only turns the grooves
into disordered ripples at early times, but also transforms the
cellularlike structures into ripplelike structures with increasing
degree of ordering and homogeneity at higher fluences. Hence,
while the results from the above confirm that the dynamics
of ripple formation is dominated by nonlinear effects, it

appears that in addition to the nonlinear terms calculated
by applying Sigmund’s theory, other nonlinear effects due
to, e.g., redeposition [97], surface stress [56,57,82], or cou-
pling between the surface topography and the surface trans-
port [53,79] or composition [54,55] should also be considered.

3. Nonlinear contributions to the profile asymmetry

Since the numerical simulation presented in Fig. 11(c) was
performed with ξx = ξy = 0, it is not able to reproduce the
asymmetric profile of the ripples. This is clearly evidenced
in Fig. 12(a), showing the evolution of the slope angle
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FIG. 12. (a) Slope angle distributions obtained at φ =
1.39 × 1017 ions cm−2, φ = 2.60 × 1017 ions cm−2, φ = 4.73 ×
1017 ions cm−2, and φ = 1.03 × 1018 ions cm−2 from the numer-
ical simulations presented in Fig. 11(c) with ξx = ξy = 0. Slope
angle distributions obtained from numerical simulations with (b)
ξx = −1.5 nm2 s−1, (c) ξx = 1 nm2 s−1, and (d) ξx = 2 nm2 s−1.
(e) Slope angle distributions obtained from numerical simulations
and from AFM observation of an alumina thin film after room
temperature 1 keV Xe+-ion exposure with ϑ = 55◦ and φ = 1.75 ×
1018 ions cm−2.

distribution with ion fluence when the nonlinear terms of the
form (∂h/∂x)(∂2h/∂i2) are not considered in the simulation.
In contrast, with ξx = −1.5 nm2 s−1, the surface develops
asymmetric ripples with the (positive) slope facing the ion
beam being less steep than the opposite (negative) slope
[Fig. 12(b)], which contradicts our experimental observations.
Instead, for positive values of ξx, the patterning dynamics re-
sults in the development of ripples with the slope of the upwind
face increasing more rapidly than the slope of the downwind
face [Figs. 12(c) and 12(d)]. So, as seen in Fig. 12(e), the slope
angle distribution obtained by numerical simulation at t =
1256 s with ξx = 2 nm2 s−1 compares reasonably well with that
determined by AFM from a 1 keV Xe+-eroded amorphous alu-
mina thin film with ϑ = 55◦ and φ = 1.75 × 1018 ions cm−2.
This tends to confirm that the nonlinear coefficients given in
Table II are not correctly estimated, and therefore suggests that
additional nonlinear effects that are not captured by the Sig-
mund’s theory contribute to the formation of the ripple pattern.

4. Nonlinear contributions to the wavelength coarsening

Although the numerical integration of Eq. (5) can provide
a successful description of the evolution of the ripple profile,
it fails to reproduce the coarsening of the ripple wavelength
with fluence clearly seen in the experiments [Figs. 8(a)
and 11(a)]. Indeed, the PSD analysis of the images displayed

in Fig. 11(c) (insets) reveals that the evolution of the ripple
wavelength is not correctly reproduced by the simulation,
especially at low fluences φ � 2.60 × 1017 ions cm−2. In the
last decade, to overcome the inability of single-field models
to predict ripple coarsening, coupled two-field models have
been proposed to describe the evolution of surfaces subjected
to IBS at off-normal incidence [53–55,79]. Following the
theory introduced by Muñoz-Garcı́a et al. [53,79], in which
the surface topography is coupled to the thickness of a mobile
layer, the surface height evolution h(x,y,t) of an amorphous
solid can then be described by

∂h

∂t
= −v0 + γx

∂h

∂x
+ νx

∂2h

∂x2
+ νy

∂2h

∂y2
− Kxx

∂4h

∂x4

−Kyy
∂4h

∂y4
− Kxy

∂2h

∂x2

∂2h

∂y2
− K∇4h

+λx

2

(
∂h

∂x

)2

+ λy

2

(
∂h

∂y

)2

− λ(2)
x

∂2

∂x2

(
∂h

∂x

)2

− λ(2)
y

∂2

∂y2

(
∂h

∂y

)2

+ η(x,y,t), (6)

where λ
(2)
i are positive coefficients, which physically reflect

local redeposition of sputtered material and surface-confined
transport. For the sake of simplicity, the nonlinear terms of the
form (∂h/∂x)(∂2h/∂i2) are not considered in Eq. (6) because
they do not contribute to the evolution of the ripple wavelength
with time. In contrast, in comparison with Eq. (5), the further
presence of the nonlinear λ(2)

x coefficient in Eq. (6) tends to
promote coarsening of the ripple wavelength, especially for
large λ(2)

x /λx values [79]. In order to stress the importance
of this additional nonlinearity, simulation of alumina
surface evolution during 1 keV Xe+ IBS with ϑ = 55◦ was
performed by numerical integration of Eq. (6). Figure 13
shows snapshots of the simulated surface morphology for
integration times t = 100 to 742 s using the following
parameters: K = 5 nm4 s−1, λx = 0.6 nm s−1, λy = 6 nm s−1,
λ(2)

x = 10 nm3 s−1, and λ(2)
y = 0. It is seen that the surface

morphology evolves in a manner reasonably consistent with
experimental observations shown in Fig. 11(a). Specifically,
not only the power-law dependence of the ripple wavelength
and height but also the progressive enhancement of pattern
ordering with time are reproduced by the simulation (see
insets in Fig. 13 and the Supplemental Material, Fig. S8 [73]).
Although more refined models that have been demonstrated to
lead to a narrow band of unstable wavelengths in the case of
binary compounds (e.g., ion-assisted phase separation [87,88]
or coupling between the topography of the surface and a thin
surface layer of altered composition [54,55]) could also be
considered, the relative agreement between experiments and
numerical simulations reflects that the formation of periodic
nanoripples by IBS of amorphous alumina surfaces arises as
the complex interplay between multiple physical mechanisms,
which extend well beyond Sigmund’s theory.

V. CONCLUSION

The morphological evolution of amorphous alumina
surfaces under low-energy Xe+ IBS has been investigated
in detail by ex situ AFM and 3D GISAXS reciprocal
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FIG. 13. Numerical integration of Eq. (6) using K = 5 nm4 s−1 and the coefficients listed in Table II except for λx = 0.6 nm s−1, λy =
6 nm s−1, λ(2)

x = 10 nm3 s−1, and λ(2)
y = 0. (a) Integration time t = 100 s, (b) t = 187 s, (c) t = 340 s, and (d) t = 742 s. Corresponding PSD are

shown in the inset together with associated 1D profiles [dotted lines indicate the positions of the experimental first-order peaks, see Fig. 11(a)].
The projection of the ion-beam direction onto the surface (x direction) is indicated by the white arrows.

space mapping. It is shown that periodic nanoripples oriented
perpendicular to the projection of the ion beam onto the surface
develop for ion incidence angles ranging between ϑ = 50◦
and 75◦. In contrast, the surface remains smooth for ϑ � 45◦
and ϑ � 85◦, while roof-tile structures elongated along the
ion beam emerge for ϑ ≈ 80◦. Our experiments show that the
ripple wavelength of patterns produced with ϑ = 55◦ increases
with temperature, ion energy, and fluence, whereas the pattern
ordering is enhanced with ion fluence, but deteriorates with
increasing temperature. Moreover, ripple patterns present an
asymmetric profile which is all the more pronounced that
the ion incidence angle is large or erosion duration is long.
The observed dependence of the surface morphology on
ion incidence angle, temperature, and ion energy has been
discussed in the framework of linear continuum theoretical
models. The ensemble of our results allow us to conclude
that the physical processes involved in the morphological
evolution of ion-eroded alumina surfaces include both erosive
or redistributive effects. However, while mass redistribution
acts as a driving force to smoothen the surface at near-normal
and very grazing incidence angles, an instability mechanism
by curvature-dependent erosion dominates the formation of
ripple patterns in the ϑ range from 50◦ to 65◦. Furthermore,
regarding the possible relaxation mechanisms, it appears clear
that surface-confined ion-induced viscous flow dominates over
thermal diffusion and ion-induced effective surface diffusion.
Our results also suggest that geometric shadowing and
reflection of primary ions may have only a minor impact on
patterning for ion incidence angles below 65◦, while playing
a substantial role for ripple coarsening and asymmetry in the
high ϑ range. Although our linear model is successful in pre-
dicting the dependence of ripple wavelength with ion incidence
angle, temperature, and ion energy, pattern evolution with ion

fluence also reveals that nonlinear effects contribute strongly
to the dynamics of ripple formation. However, comparison of
the observed patterning dynamics to numerical integrations
of nonlinear differential equations show that complex non-
linear effects, such as local redeposition or surface-confined
transport, might control the time evolution of the ripple
wavelength and profile (height and asymmetry). Beyond the
theoretical improvements still needed for progress towards the
quantitative continuum description of the present experiments,
it is nevertheless worth noting that IBS allows us to control the
morphology of rippled alumina surfaces that might be used
as efficient templates to tailor electrical, optical or magnetic
properties of functional thin films or nanostructures [18,50].
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APPENDIX

Linear ion-stimulated erosive coefficients in Eq. (1) can be calculated using the relations given by Bradley [98]:

γx = v0

cos ϑ

sin ϑ

B2
1

[
a2

σ 2

a2

μ2

(
a2

σ 2
− 1

)
cos2 ϑ − A2

]
, (A1)
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A = a2

σ 2
sin ϑ, (A8)
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σ 2
sin2 ϑ + a2

μ2
cos2 ϑ, (A9)

B2 = a2

σ 2
cos ϑ, (A10)

C = 1

2

(
a2

μ2
− a2

σ 2

)
cos ϑ sin ϑ. (A11)

Furthermore, the redistributive contribution of the curvature-dependent coefficients can be calculated using the relations given
by Davidovitch et al. [59] after the seminal work of Carter and Vishnyakov [58]:

νredist
x = Feff�

δ

2
cos 2ϑ = v0

cos ϑ

a

2
cos 2ϑ, (A12)

νredist
y = Feff�

δ

2
cos2 ϑ = v0

a

2
cos ϑ, (A13)

assuming that the sum δ of atomic shifts (recoil atoms) generated by each incident ion is

δ ≈ Y0(ϑ)a = v0

Feff� cos ϑ
a. (A14)

Lastly, nonlinear coefficients in Eq. (5) can also be calculated using the relations given by Makeev et al. [52]:
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[23] J. Völlner, B. Ziberi, F. Frost, and B. Rauschenbach, J. Appl.
Phys. 109, 043501 (2011).

[24] S. A. Khan, D. K. Avasthi, D. C. Agarwal, U. B. Singh, and
D. Kabiraj, Nanotechnology 22, 235305 (2011).

[25] H. Gnaser, B. Reuscher, and A. Zeuner, Nucl. Instrum. Methods
Phys. Res. B 285, 142 (2012).

[26] D. Kramczynski, B. Reuscher, and H. Gnaser, Phys. Rev. B 89,
205422 (2014).

[27] M. Teichmann, J. Lorbeer, F. Frost, and B. Rauschenbach,
Nanoscale Res. Lett. 9, 439 (2014).

[28] H. Zhou, Y. Wang, L. Zhou, R. L. Headrick, A. S. Özcan, Y.
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