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We have investigated bombardment-induced pattern formation and smoothening during Ar+ ion erosion of
Al2O3 surfaces. The experiments show that ion smoothening of a patterned surface is explained by a mecha-
nism where collisions with near-surface atoms produce an effective downhill current. Quantitative agreement
is obtained using ion-collision simulations to compute the magnitude of the surface current. The results lead to
predictions for the surface morphology phase diagram as a function of ion energy and incidence angle that
substantially agree with experimental results.
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I. INTRODUCTION

The mechanisms of spontaneous pattern formation
�ripples and dots� during ion bombardment in the energy
range 0.3–40 keV have been studied by a number of
authors.1–9 The phenomenon is currently understood as aris-
ing from a competition between roughening and smoothen-
ing mechanisms, and the general features are reproduced by
a continuum theory first described by Bradley and Harper
�BH�.10 However, certain experimentally observed features
are not predicted by BH, including a pronounced nonthermal
smoothening effect that prevents pattern formation for cer-
tain combinations of substrate, ion species, ion energy, and
incidence angle. For example, Carter and Vishnyakov �CV�
observed ripple pattern formation on Si surfaces bombarded
by 10–40 keV Xe+ at 45° incidence, but they noted a curious
lack of roughening during ion etching at normal incidence.2

This effect has also been observed for other materials includ-
ing diamond and quartz.11,12 It is this smoothening effect and
the transition between the stable and unstable regimes as the
incidence angle is varied that we investigate in this paper.

CV suggested that an “atomic drift” induced by ion colli-
sions with near-surface atoms is responsible for preventing
roughness from building up in the region of stability.2 In a
related context, Moseler et al.13 performed a molecular-
dynamics study in which a very similar downhill current
mechanism operating only at the surface was implicated for
the “ultrasmoothness” of tetrahedral amorphous carbon thin
films deposited at normal incidence from energetic C atoms.
In both cases, the mechanism was predicted to be most ef-
fective at angles of incidence near the surface normal. Mod-
els for erosion that take this mechanism into account do in-
deed predict regions of stability, making it straightforward to
extend the BH theory to include a smoothing regime at nor-
mal incidence and also at very high angles near grazing in-
cidence.

However, other experimental work is not consistent with
the effect proposed by CV. For example, Ziberi et al.14 found
that for 1–2 keV Ar+ or Xe+ ions incident on Si, a region of
stability exists between 30° –60°; in contrast, Ne+ produces
smoothening at all angles. These observations are not con-
sistent with the original BH theory or with a theory extended
by the addition of the CV mechanism. These and other ex-

perimental results have stimulated proposals for additional
mechanisms to explain the disparate results. Effects such as
non-Gaussian energy deposition, nonlocal damping due to
redeposition, crater rim formation around the point of ion
impact, and nonlocal elastic effects may also allow windows
of stability under certain conditions.15 The various models
predict distinct features, such as different wavelength depen-
dence of the smoothening rate in the stable region, as well as
either wavelength divergence or no divergence near the tran-
sition boundary. In order to distinguish between them, it is
crucial to characterize the roughening/smoothening behavior
on both sides of the transition.

We have found that ripple pattern formation or smoothen-
ing can be produced on simple oxide surfaces such as Al2O3
and SiO2, and that one or the other can be selected simply by
changing the ion incidence angle by 10° –20° toward normal
incidence.16 Divergence of the ripple wavelength is observed
near the transition, which is consistent with the CV mecha-
nism. In this paper we test additional features of Carter’s
model through direct comparison to careful experiments. The
results show that the dynamics of the surface width evolution
are consistent with q2 dependent smoothening, and the mag-
nitude of the smoothening coefficient � is consistent with
Carter’s mechanism. A ripple wavelength phase diagram is
deduced, which quantitatively agrees with ripple wavelength
measurements, suggesting that an extended BH theory in-
volving surface-confined viscous flow and the CV mecha-
nism reproduces the essential features of pattern formation
and smoothening for this class of materials.

We make use of the patterning effect as an easy route to
fabricate a rippled surface morphology on sapphire. A spe-
cific surface wavelength is selected through the choice of the
angle of incidence and is tunable over a wide range. The
nanoscale pattern thus produced is smoothed out by ion bom-
bardment at a different angle closer to normal incidence.
This leads to a version of a classic experiment where surface
corrugations of different wavelengths are observed to relax at
different rates.17 However, we use ion-beam smoothening
rather than thermal smoothening, as was usually done, and
we use a spontaneously formed pattern rather than the one
produced by conventional lithography. We use grazing-
incidence x-ray scattering to follow the surface dynamics
because the typical pattern wavelengths are significantly
shorter than optical wavelengths.
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II. EXPERIMENT

Real-time monitoring of Al2O3 surface evolution upon
ion-beam erosion is carried out in a custom-built surface
x-ray ultrahigh vacuum chamber installed at the National
Synchrotron Light Source x-ray beamline X21. A wave-
length of �=0.1192 nm is selected by a Si�111� monochro-
mator and the beam is focused at the experiment by a bend-
able cylindrical mirror. A schematic diagram of the sample
and scattering geometry is shown in Fig. 1�a�. The y axis of
the coordinate system for the experiment is along the projec-
tion of the incident x-ray beam onto the surface. Grazing-
incidence small-angle x-ray scattering �GISAXS� is em-
ployed where the incidence angle of the x-ray beam is fixed
at an angle near the critical angle for total external reflection.

A linear position sensitive detector is oriented in the plane of
the surface so that the surface x-ray diffuse scattering can be
monitored in real time. The components of the scattering
momentum transfer �Q=kf−ki� are determined by the angle
of incidence �i, the exit angle � f, and by the in-plane angle
�. The channels of the linear detector are oriented at various
� angles and hence at different values of Qx. Two data col-
lection modes are used for the GISAXS measurements: �i�
Two-dimensional �2D� GISAXS reciprocal-space maps are
acquired by varying � f through the range 0.3° to 1.8° with a
fixed �i=0.2°. The � f scan closely approximates a Qz vs Qx

reciprocal map of the diffuse scattering component since Qy
is very small in the GISAXS geometry. �ii� Time-resolved
GISAXS spectra are recorded in a fixed geometry with � f

FIG. 1. �Color� Surface morphology and reciprocal-space maps of an Al2O3 surface before and after ion-beam smoothening. �a�
Schematic diagram of the experiment showing the coordinate system used for the x-ray scattering measurements and the relevant scattering
angles. �b� AFM image of a patterned Al2O3 surface with a wavelength of 32 nm and average amplitude of 1.0 nm. The scale bar is 200 nm.
The inset �I� is a smaller version of �b� and �II� represents the Al2O3 surface after normal-incidence ion polishing. The scale bars in the insets
are both 100 nm. �c� 2D GISAXS of the prepatterned Al2O3. �d� 2D GISAXS of the same surface after smoothening, corresponding to the
inset �II�. The color shades represents the logarithmically scaled intensity.
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=0.8° and Qz=0.92 nm−1. This time-resolved data is the
main result of this paper.

III. RESULTS AND DISCUSSION

The sample patterning and smoothening processes are il-
lustrated in Figs. 1�b�–1�d�. First, a ripple pattern is produced
by 45° off-normal incidence Ar+ ions at 600 eV, where the
off-normal incidence is in the x-z plane, as detailed in our
previous study.16 An atomic force microscope �AFM� image
of the patterned starting surface of Al2O3 is shown in Fig.
1�b�, which reveals a wavy ripple morphology across the
entire image.

The smoothening step is accomplished by bombardment
with a normal incidence Ar+ ion beam at 300 eV with a total
ion fluence of 5.4�1017 /cm2. The inset �II� in Fig. 1�b� dis-
plays the postimpact surface morphology and can be com-
pared directly with inset I. The ripple pattern disappears, and
a surface with an RMS roughness is reduced from 0.34 to

0.09 nm. This illustrates clearly that normal-incidence ion
impact produces a net smoothening effect even on an ini-
tially rough Al2O3 surface. The patterned and subsequently
smoothed surfaces are also examined by GISAXS. Figure
1�c� displays a 2D GISAXS map of the rippled Al2O3 sur-
face. Sharp satellite streaks are observed indicating a surface
ordering along the x direction. In contrast, Fig. 1�d� displays
the postimpact 2D GISAXS pattern. It is apparent that the
smooth Al2O3 surface produces only a single peak at Qx=0
in the diffuse scattering.

Figure 2�a� shows a real-time GISAXS series of the
smoothening process with an ion density of Jion=8.9
�1014 cm−2 s−1 and a data collection time interval of 1 s.
Note that the satellite peak intensity decreases but the peak
position is unchanged upon irradiation. This indicates that
the rippled surface is smoothed while preserving the ripple
wavelength, enabling us to directly determine the smoothen-
ing coefficient from the ripple amplitude decay.

In the linear theory, the one-dimensional �1D� height evo-
lution of an ion-beam-eroded surface is described by a

FIG. 2. Time-resolved GISAXS of normal-incidence ion-beam smoothening at room temperature. �a� An example of a GISAXS time
series. �b� The evolution of first-order satellite peak intensity versus ion flux for samples with various ripple wavelengths. The Ar+ ion-beam
energy was 300 eV. The inset shows the dependence of smoothening coefficient ��� on q, where the smoothening coefficient is derived from
the slopes of the curves in the main part of the figure. �c� The evolution of first-order satellite peak intensity for various ion energies �. The
inset shows the dependence of experimental smoothening coefficient � on ion energy as compared to the calculated values based on the ILC
model.
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Langevin equation that models the operative ion-induced ef-
fects,

�h�x,t�
�t

= �x
�2h�x,t�

�x2 − Kx
�4h�x,t�

�x4 + ��x,t� , �1�

���x,t���x�,t��� = Y	2Jion cos�
���x − x����t − t�� . �2�

The coefficient �x represents the curvature-dependent surface
stability �instability� term for positive �negative� values of �x.
The coefficient Kx represents surface smoothening mecha-
nisms such as surface diffusion or surface-confined viscous
flow that produce a �4h term in Eq. �1�. ��x , t� is a Gaussian
white-noise term related to random fluctuations, which are
uncorrelated in space and time, in the flux �Jion� of the in-
coming ions, while 	 is the substrate atomic volume, Y is
the sputter yield and 
 is the angle of ion incidence with
respect to the surface normal. The power spectral density is
directly proportional to the diffuse-scattered intensity I�q , t�
in a GISAXS geometry and can be obtained through a spatial
Fourier transform with the result

�h�q,t��2 = ��h�q,0��2 − �h�q,���2�e−2b�q�t + �h�q,���2, �3�

where h�q , t� is the Fourier transform of surface height and q
is the wave number of a surface ripple �2
 /��. The function
b�q�=�q2+Kq4 represents the combination of all operative
mass transport mechanisms induced by ion erosion on the
surface, and �h�q ,���2�1 /b�q� for smoothening with no in-
stabilities. In our experiment, we focus on the first term of
Eq. �3�. We integrate I�q , t� over the satellite peaks and sub-
tract the base level, which includes the second term of Eq.
�3� and any background signals. Although the second term of
Eq. �3� can be directly measured, in principle, from careful
analysis of an AFM image or GISAXS spectrum of the
smoothened surface, we have found this approach to be
problematic because the surface roughness is very low. For
example, measurement of the power spectral density �PSD�
by AFM is ambiguous because the circularly averaged PSD
from such a surface exhibits partially correlated instrument
noise, which itself mimics the q−2 dependence expected for
our model.

Figure 2�b� displays surface smoothening of Al2O3 sur-
faces with different ripple wavelengths at an ion energy of
300 eV. The intensity of the first-order satellite peaks is plot-
ted as a function of ion fluence �t Jion�. It is clear that
normal-incidence ion impacts smooth the surface more
quickly at smaller length scales. The characteristic ion flu-
ence of smoothening �� Jion� can be easily extracted by a
simple exponential fit for all curves in Fig. 2�b�. The smooth-
ening coefficient represented as �=1 / ��Jion�, is plotted as a
function of wave number q in the inset of Fig. 2�b�. We have
b�q�=�Jion /2 since 1 /�=2b�q� from Eq. �3�. If a single-
component power-law relation is assumed then a fit to b�q�
�qp gives a coefficient p=2.17. This clearly indicates that a
q2 dependent smoothening mechanism is dominant on Al2O3
surfaces.

The inset of Fig. 2�b� shows the result of a multiple-
component power-law fit combining p=2 and 4 terms. The
fit gives �=0.41 nm2 /s and K=2.16 nm4 /s for 300 eV ion-

beam polishing. We note that thermally activated surface re-
laxation on Al2O3 is expected to be negligible at room tem-
perature, so that mechanisms such as surface diffusion may
be ignored. The non-negligible value of K is attributed to
ion-enhanced surface-confined viscous flow �IVF�.7 Hence
we refer to it as KIVF below.

The ion energy ��� dependence of ion polishing is further
investigated on a prepatterned rippled Al2O3 surfaces, each
with a wavelength of 30 nm. The integrated intensity of first-
order satellite peaks is plotted as a function of ion fluence for
different ion energies in Fig. 2�c�. Higher-energy impacts
smooth the initially rough surfaces more quickly than lower
ones. The measured smoothening coefficient � is plotted as a
function of ion energy in the inset of Fig. 2�c�.

As mentioned above, a q4-dependent smoothening mecha-
nism is suggested by previous studies of ripple formation on
Al2O3 and SiO2 surfaces, which is attributed to surface-
confined IVF.7,16 This smoothening, in combination with the
q2-dependent surface instability induced by curvature-
dependent erosion �CDE� from classic sputtering theory, al-
ways produces pattern formation regardless of the strength of
q4-dependent smoothening mechanism.4,10,18 We emphasize
that there is no way to produce smoothening �i.e., b�q��0�
over the entire spectrum with only the IVF smoothening
mechanism in the presence of the CDE instability �i.e., when
�CDE�0�. Therefore, we consider an additional smoothening
mechanism here, which is ion-impact-induced lateral mass
redistribution �ILC�.13 Since ILC gives rise to a q2-dependent
smoothening term with coefficient �ILC, it weakens or even
completely cancels the q2-dependent roughening term �CDE
at all values of q, and hence can produce a smooth, stable
surface morphology. The results reported above in Fig. 2�b�
suggest that the smoothening does indeed have a q2 charac-
ter; hence, we are motivated to consider this mechanism fur-
ther.

The magnitude of the ILC smoothening effect can be ob-
tained from an analysis of the surface collision dynamics. We
have performed binary collision approximation-�BCA�-based
Monte Carlo simulations of ion-matter collisions19 in order
to compute collision cascade induced lateral displacements
along the ion-beam direction �dI,x , I=1,2 . . .S�. The quantity
I represents each recoil atom at and beneath a surface, and S
is the total number of recoil atoms. The average displace-
ment of all recoil atoms under impacts can be represented as
�rec,x= ��IdI,x� /N, where N is the number of ion-impact
events. The ILC coefficient �ILC,x with units of nm2 /s is
evaluated to be �	Jion cos 
���rec,x /�
. Note that all param-
eters in the ILC computation are either known quantities or
are readily obtained from the Monte Carlo simulations with
reasonable accuracy.

The smoothening coefficient � versus ion energy, which
is based on the computation described above, is drawn as a
dashed curve in the inset of Fig. 2�c�. The agreement can be
improved by also taking the IVF surface-confined viscous
flow term into consideration. Therefore the solid curve in the
inset of Fig. 2�c� includes the effects of relaxation by both
mechanisms and is in excellent agreement with the experi-
mental measurements except at the lowest energy of 300 eV.
The BCA approximation should be accurate down to at least
100 eV for Ar+ bombardment of targets containing Al and
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O.20 Therefore, it is not clear why the simulations underesti-
mate the ion-impact-induced smoothening strength at 300
eV.

Having established the veracity of the ILC term in the
refined model, we will apply it to predict surface morpholo-
gies of ion-beam-eroded surfaces. The observed wavelength-
angle phase diagram for sapphire ripples produced by 600
eV Ar+ bombardment at room temperature is displayed in
Fig. 3. We have previously found that the IVF mechanism
fails to explain the rapid increase in wavelength near 20° or
the existence of a smooth region near normal incidence.16

However, the refined model, which combines the ILC
mechanism with IVF smoothening and the CDE instability,
provides a compelling physical explanation of the experi-
mental observations. We proceed by adding a new surface
curvature-dependent �2h /�x2 term with coefficient �ILC into
Eq. �1�. Then, the expression for the ripple wavelength ob-
tained through minimization of b�q� becomes

� = 2
	 2KIVF

��CDE + �ILC�
; ��CDE + �ILC� � 0, �4�

where �CDE and �ILC both implicitly depend on the angle of
incidence. A similar equation exists for �y since generally
�x��y for off-normal incidence. The coefficients for the
curvature-dependent instability can be calculated
analytically,4 while the ILC terms can be computed using
Monte Carlo simulations following the procedure that we

have outlined above. The calculated wavelength-angle phase
diagram is displayed in Fig. 3 and compared with the experi-
mental data. There are four distinct regions in the phase dia-
gram. Region I: ��CDE+�ILC��0 for both x and y directions.
The �positive� ILC-driven smoothening term overwhelms the
�negative� curvature-dependent erosion-induced instability.
This smooth region spans from normal incidence to an angle
of incidence of about 25°. Region II: ��CDE,x+�ILC,x��0.
The ripple with a wave vector parallel to the projection of the
ion beam onto the surface ��x� dominates the surface mor-
phology in this region. Near the region I/II boundary, the
ripple wavelength increases rapidly to micrometer length
scale as observed experimentally. Region III: This region is
characterized by ��CDE,x+�ILC,x��0 and ��CDE,y +�ILC,y��0.
The �x wavelength increases to infinity at the region II/III
boundary near 70°. Thus, the �x-type ripple disappears and
the dominant ripple switches to the y direction. Region IV:
��CDE+�ILC��0 for both x and y directions. Neither type of
ripple is stable since both �CDE,x and �CDE,y become effective
smoothening terms when they are positive. Another smooth
region is predicted although shadowing effects, which are
not accounted for, may introduce an extra surface instability.
Overall, the prediction of the refined model is in striking
agreement with experimental observations.

IV. CONCLUSION

In conclusion, we have developed a simple model to ex-
plain the transition between pattern formation and smoothen-
ing during ion erosion as a function of the angle of ion inci-
dence. Real-time x-ray scattering measurement of the
smoothening process supports the idea that an impact-
induced mechanism is the dominant smoothening process. In
theory, ion-impact-induced downhill currents will be a domi-
nant mechanism for any material system for which there are
no strong surface instability mechanisms present.
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