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Off-normal ion bombardment of solid targets often leads to development of periodically modulated struc-
tures on the eroded surface. For tilted incidence ���30°� of 16.7 keV O2

+ ion beam on Al thin films, quasi-
periodic ripple topography has been found to develop on the sputtered surface. As predicted by Bradley-Harper
theory, below a critical angle �c�60°, the ripple wave vectors are found to be oriented parallel to ion beam
projection, while for angles above �c the ripple wave vectors are perpendicular to the ion beam projection. At
the critical angle of ripple rotation, one observes moundlike morphology, the growth of which is similar to that
of parallel ripples. It is noted that the intrinsic roughness of the film surface plays an important role in the
smoothing and roughening kinetics at the early stages of sputtering.
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I. INTRODUCTION

Bombardment of solid surfaces with energetic ions, be-
sides causing sputtering of target atoms, results in pro-
nounced topography evolution. It has been shown both theo-
retically and experimentally that off-normal ion
bombardment leads to the formation of periodically modu-
lated structures �ripples� on the surface of the eroded
material.1,2 The phenomenon of ripple formation has at-
tracted much research interest in recent years both for under-
standing the underlying mechanism as well as for potential
applications in the field of nanotechnology since sputtering
can lead to spontaneous creation of patterns on the surface of
many materials which can further be exploited for various
technological applications. So far the formation of sputter
ripples has been reported on ion bombarded surfaces of
amorphous materials,3 semiconductors,4,5 graphite,6 and
metals,7,8 all considering surfaces of bulk samples. Recently,
we have shown that spontaneous ripple formation can also
take place on a number of ion bombarded polycrystalline
thin films9,10 which have wider impact on technological ap-
plications. Generally, the ripple structures are interpreted on
the basis of Bradley and Harper �BH� theory1 where the in-
terface instabilities caused by sputtering erosion compete
with slow surface diffusion. The most important aspect of the
BH theory is that the orientation of the ripples should change
with the angle of ion incidence. Makeev et al.2 developed
morphological phase diagrams for the parameters character-
izing the sputtering process where ripples with various char-
acteristics form. It is shown that for small angles of inci-
dence the ripple wave vectors are aligned along the ion beam
direction, while at large angles of incidence the orientation
changes perpendicular to the beam direction. The boundary
between the two morphological regions depends critically on
the shape of the collision cascade, thus on the bombarding
ion energy and ion/target masses. There are a few experi-
mental reports3,8,11,12 where the change in orientation of the
ripples as a function of ion incidence angle occuring in the
same physical system has been studied. In the present paper,
we report the development of ripples on Al thin films under
16.7 keV O2

+ ion bombardment at various angles of incidence
and show the rotation of the ripple pattern as the incidence

angle is changed. The characteristics of the ripples, namely,
the wavelength and amplitude have been studied as a func-
tion of projectile fluence. The growth of surface morphology
at the critical angle of ripple rotation is also studied.

II. THE BRADLEY-HARPER MODEL OF SPUTTER
RIPPLE FORMATION

According to Sigmund13 if an ion is incident non-
normally on a surface, since it has a finite range, the maxi-
mum sputtering effect will not occur at the very point of
impact, but further “downstream.” The ion deposits its en-
ergy into a region of ellipsoidal shape, which is characterized
by the mean penetration depth a and the longitudinal and
lateral straggling widths � and �, respectively. The deposited
energy is very much sensitive to the local surface curvature
provided that the ion depth is much less than the radius of
curvature. Sigmund13 showed that on a length scale of the
order of the penetration depth of the ions, the surface eleva-
tion erodes more slowly than a depression. It is also known
that the surface curvature induces gradients in the chemical
potential to drive mass transport away via surface diffusion
from the elevated regions of the solid towards depression.14

Combining these two counteracting effects, Bradley and
Harper1 developed a linear equation for the time evolution of
the surface profile h�r , t�=h�x ,y , t� as follows:
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Here the projection of the ion beam on the surface is consid-
ered to be in the x direction. v0��� is the rate of erosion of the
unperturbed flat surface at an angle � between the surface
normal and incident beam direction. v0���� is the velocity of
the perturbed surface, f is the incident projectile flux, n is the
atomic density of the target, Y0��� is the sputtering yield of a
surface inclined at �. �x,y are effective surface tension coef-
ficients caused by the sputter process. B is a coefficient
which depends on the surface self-diffusivity, the free energy
per unit area, and the number of atoms per unit area moving
across the surface. Equation �1� can be solved in Fourier
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space. We define hk as the Fourier transform of the surface
height and k as the surface wave vector of interest. The
general solution for a periodic perturbation is of the form

hk = − v0���t + A exp�i�kxx + kyy − �t� + rkt� , �2�

where kx, ky, �, and rk are real. Substituting Eq. �2� in Eq. �1�
we obtain the growth rate

rk = − �fa/n�Y0�����x���kx
2 + �y���ky

2� − B�kx
2 + ky

2�2. �3�

In principle, waves of all wave vector values can develop but
the selection of the dominant wave vector is determined for
which the rate of amplitude increase is maximum. The wave-
length that maximizes rk is given by

� = 2�� 2nB

faY0���	����	
. �4�

Here ���� is the larger of the two negative surface tension
coefficient values −�x��� and −�y���. At moderate incidence
angles the ripples are directed perpendicular to the ion beam
plane �x-direction ripples� as �x	�y 	0, while at grazing
incidence angles ��y 	0,�x
0� the ripples are aligned par-
allel to the ion beam plane �y-direction ripples�. There exists
a sharp boundary between these two regions. The critical
angle �c above which the the ripple wave vector rotates to
90° can be determined from the condition �x��c�=�y��c�.
These coefficients can be calculated from the energy deposi-
tion parameters of depth and straggles as prescibed in the
literature.1,2

In the BH theory the diffusion mechanism is considered to
be of thermal origin, which is quite feasible for metals at
room temperature. It may be noted that the diffusive term
−B�2��2h� may be modified by the presence of grain bound-
aries or the misalignment of neighboring crystallites. One
should also consider the effect of step-edge barriers, which,
however, seems to not be prominent in the present experi-
ment since the wavelength of the ripples is found to be larger
than the grain sizes.

III. EXPERIMENTAL

Thin films of Al of nominal thickness 200 nm were pre-
pared on a clean Si�100� substrate by dc magnetron sputter-
ing. X-ray diffraction measurements show that the films were
polycrystalline in nature. The prominent crystallites were
�111� and �200� and their average dimensions were, respec-
tively, 45 and 37 nm. These samples were sputtered with
mass analyzed 16.7 keV O2

+ ions in a low energy ion beam
�LEIB� system developed in the laboratory.15 The angle of
ion incidence with respect to the surface normal, �, was var-
ied in the range 0–85°. The beam current density was in the
range 2.5–20 �A/cm2 depending on the angle of incidence.
The projectile fluence was varied in the range 5�1016 O
atoms/cm2 to 5�1017 O atoms/cm2 and measured by a cur-
rent integrator �Danfysik, model 554� after suppression of
the secondary electron emission. The base pressure in the
target chamber was less than 8�10−8 mbar. The surface
morphology of the ion-irradiated surface was examined in a
MMSPM NanoScope IV �M/S Veeco, USA� both by tapping
and contact modes at ambient conditions.

For the quantitative analysis of the ripple morphology, we
have calculated numerically the height-height autocorrelation
function C�r�= 
�h�r�h�0���, where h�r� is the relative sur-
face height at the position r and 
 � denotes an average over
all positions and directions. If one plots the one-dimensional
autocorrelation function along the wave vector, it will show
well-defined satellites due to the periodicity of the rippled
surface. The mean ripple wavelength � is defined as the
separation between the central peak and the first secondary
correlation maximum. We have also calculated the root-
mean-square �rms� roughness or the interface width w
=�
�h�r�− 
h�0���2�, directly from the atomic force micro-
scope �AFM� images. The rms roughness provides a measure
for the ripple amplitude. The data represent the arithmetical
average of typically three or more scans on different posi-
tions of the sample, with error bars representing the standard
deviation. It may be noted that the error bars in some data
points are smaller than the size of the plotting symbol and
thus do not appear explicitly.

IV. RESULTS AND DISCUSSION

A. Orientation of the ripples as a function of angle of
incidence

Figure 1 shows some representative AFM images of the
surface sputtered at different angles of incidence. The power
spectral densities �PSD� calculated from the Fourier trans-
form of the respective images are also shown in the inset. It
can be seen that the ripples start to develop prominently from
�
30°. In the angular range 30° 	�	60°, the ripple wave
vector is found to be parallel to the ion beam direction,
whereas for �
60°, the ripples are formed with the wave
vector perpendicular to the beam direction. The orientation
changes can also be verified from the PSD images where the
initial circular spot around k=0 splits into two bright spots
with the wave vector parallel to the ion beam direction. As �
approaches 60°, the two spots merge together and become a
single circular bright spot indicating the roughening being
dominant equally in both x and y directions. Further increase
of � separates the two spots again, but the orientation is now
rotated by 90° with respect to the previous one thus confirm-
ing the BH prediction. A close inspection of the successsive
morphologies developed at �=55, 60, and 63°, respectively,
reveals clearly that the critical angle of transition �c from
parallel ripples to perpendicular ripples is very close to 60°.
In passing, we should mention that the orientation of the
ripples is found to be completely determined by the ion beam
direction and no effect of azimuthal rotation of the target is
observed.

The magnitude of �c is dictated by the spatial distribution
of deposited energy, i.e., the parameters a, �, and �. The
SRIM simulation16 can be used to calculate the mean penetra-
tion depth a. However, the values of straggling parameters
are not easy to extract from SRIM. For small �, expanding
�x��� and �y��� to second order in �, it can be shown1 that
�x��� will be less than �y��� when the following condition is
satisfied:

� a

�
2

+ ��

�
2

� 3. �5�
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Two cases may be considered. The first one is the sym-
metric distribution of deposited energy, i.e., �=�. The above
condition is met when a /���2. That means for smaller re-
duced energy depths a /�, ripples will also appear along the y
direction at low angles of incidence.2 Such a result is some-
what unphysical and has not been reported so far. On the
other hand, if one assumes an asymmetric distribution such
that ���3�, the ripples will always be directed along the x
direction for small � even for small enough a /� values con-
sistent with most experimental observations. A typical dam-
age cascade may be characterized by �=a /2 and �=a /4 as
proposed by Bradley and Harper.1 Bolse17 prescribed a
method to calculate the deposited energy depth distribution
function FD�x� by using the SRIM code. A 16.7 keV O2

+ ion
sputters the Al surface as two O atoms with half the incident
ion energy, for which Bolse’s recipe yields a=11.9 nm and
�=11 nm. In order to calculate �, we assume that �c corre-
sponds to the point of intersection of the two functions �x
and �y. A value of �=4.5 nm fits well to the experimental
value as shown in Fig. 2, which is quite a reasonable esti-
mate when compared with the damage data of Winterbon et
al.18 under the present experimental conditions.

Figure 3 shows the rms surface roughness w measured
over sampling areas of 5�5 �m2 as a function of the angle
of ion incidence �. The roughness of the bombarded surface
first decreases from the initial surface roughness followed by
a sharp increase with �, showing a maximum around �

=60°. After that w again decreases as � approaches the graz-
ing angles. The sputter deposited film surface is found to be
microscopically rough consisting of closely spaced conelike
structures �cf., Fig. 1�. Because of the angular dependence of
the sputtering yield19 the surfaces with higher local incidence
angles will be eroded faster than the surroundings and a

FIG. 1. �Color online� AFM images showing a sequence of the evolution of the surface topography of the Al film with increasing
bombarding angle. The insets represent the corresponding 2D FFTs. The projectile is 16.7 keV O2

+ with a fluence of 2�1017 O atoms/cm2.
The ion incidence angles corresponding to each micrograph are indicated. The projected ion beam direction is from the bottom to the top.

FIG. 2. �Color online� The angular dependence of the surface
tension coefficients as calculated from the BH theory. The depth
distribution of the deposited energy as simulated with SRIM code is
shown in the inset.
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smoothing of the surface can be observed with time. From
the section analysis of the topography we estimate the in-
clined angles of the sides of the cones with respect to the
base being in the range 10–15°. Following a simple geomet-
ric consideration as described in Refs. 20 and 21, under the
assumption that the maximum sputter etching occurs around
80°, it can be shown that such a process of ion beam smooth-
ing is particularly effective at near grazing incidence angles
��70° �. These conelike asperities are of a sufficiently large
aspect ratio �height/lateral dimension� that the BH mecha-
nism apparently could not operate at the very early stages of
sputtering. Once the asperities are removed by erosion, the
curvature-related instability begins to be relevant and ripples
appear.

It is noted that at lower incidence angles ���30° �, the
ripple morphology does not develop. This is not unexpected
because both the negative surface tension coefficients are
almost equal at near-to-normal ion incidence angles �cf., Fig.
2�. Probably the angular range 0° 	�	30° represents a
slower regime where ripples would appear at longer sputter
times. In another approach, Carter and Vishnyakov22 have
added an extra smoothing term of the form 	A�E ,��	�2h in
Eq. �1�. This term is based on the anisotropic diffusion of
recoil-sputter-adatoms parallel to the surface and is shown to
be dominant over the erosion instability for small values of �
at a given ion energy E.

B. Evolution of parallel ripples as a function of projectile
fluence

Here we have studied the evolution of ripples sputtered at
�=45°. In this region both �x and �y are negative, while 	�x	
is greater than 	�y	. As a result roughening grows in the x
direction faster than in the y direction and ripples form with
their wave vector oriented along the ion beam direction. The
wavelength and amplitude of the ripples as a function of
bombarding oxygen fluence  are displayed in Fig. 4. Ini-

tially the wavelength shows no significant change with flu-
ence as demanded by the BH theory, but it tends to increase
at fluences 
3�1017 O atoms/cm2. On the other hand, the
ripple amplitude �� rms roughness w� grows fast exponen-
tially in the early stages followed by a slower rate of growth
later indicating the effect of nonlinear processes.23 The
dashed line represents the least square fit to the experimental
data in the linear regime by an exponential function w
�exp� 

0
� with 0�2.5�1017 atoms/cm2. Dividing the in-

cident oxygen projectile flux by 0, the growth rate of
ripples is found to be about 5.7�10−4 s−1 under the present
experimental conditions.

C. Evolution of perpendicular ripples as a function of
projectile fluence

At grazing angles only �y is negative. Since the negative
surface tension coefficients are the origin of instability,

FIG. 3. �Color online� Showing the dependence of the rms sur-
face roughness w on the ion incidence angle � during 16.7 keV O2

+

ion sputtering of the Al film with a fluence of 2�1017 O
atoms/cm2.

FIG. 4. �Color online� The fluence dependence of �a� ripple
wavelength � and �b� ripple amplitude w for parallel ripples ��
=45° �. The dashed line in �b� corresponds to the exponential
growth.
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ripples along the y direction are developed. Figure 5 shows
the plots of wavelength � and the rms roughness w data as a
function of oxygen fluence  for �=80°. Here also the char-
acteristic wavelength is more or less invariant at lower flu-
ences, but it increases at higher fluences. The most interest-
ing observaion is, however, that the roughness amplitude is
largely insensitive to the fluence in the range investigated
and is less than the initial surface roughness �Fig. 5�b��. This
is in contrast to the prediction of BH theory. Probably BH
mechanism is involved in the early nucleation stage until
other mechanisms such as redeposition and self-sputtering
become important. The latter one is thought to be a potential
candidate for damping of ripple morphology at higher angles
of incidence.24,25 The emitted sputtered particles, which are
energetic enough, preferentially erode the peaks than the val-
leys thereby causing suppression of ripple growth.25

At angles close to grazing the increasing importance of
ion reflection cannot be ignored. At this stage there is a pos-
sibility of deviation of the true collision cascade shape from
a Gaussian ellipsoid.26 The effect of ion reflection is, how-

ever, not easy to incorporate into continuum equations. Al-
ternatively, one can study the sputter rippling by computer
simulation employing Monte Carlo �MC� methods where the
effects of ion reflection and shadowing of ions by surface
structures are taken into account.27,28 In these cases, the
growth of ripples is found to be very much sensitive to the
choice of the diffusion term and the efficiency of relaxation.
Stepanova and Dew27 have demonstrated that the vertical
height fluctuations �amplitude� of the ripples may not in-
crease with erosion time when an irreversible relaxation
mechanism at relaxation rates higher than a certain threshold
value is applied. This type of relaxation is generally appli-
cable to samples at low temperatures. At room temperature
or higher, thermally activated diffusion is more feasible, for
which the morphology may behave differently.

D. Morphology evolution at the critical angle �c

For sputtering at �=�c, �x and �y are equal; the erosion
fails to select any preferred direction. In this case, the growth
of parallel and perpendicular ripples will be overlapped. If
the amplitude of each orientation is roughly equivalent, a
moundlike morphology is expected to develop at the surface
as found in the present experiment. Although no long range
coherence is observed, the roughness should increase expo-
nentially with a dominant correlation length. Figure 6 shows
the evolution of the roughness parameter as a function of the
oxygen fluence at �c=60°. Here also w increases exponen-
tially with a similar growth rate as that of parallel ripples.

V. SUMMARY

In summary, the oblique angle 16.7 keV O2
+ ion bombard-

ment of Al thin films leads to four distinct phases in the
surface-topography evolution depending on the angle of ion
incidence. The ripple-topography appears at incidence angles
��30°. In the angular range 30 to 60°, ripples are formed
with wave vectors parallel to the incident ion beam projec-

FIG. 5. �Color online� The fluence dependence of �a� ripple
wavelength � and �b� ripple amplitude w for perpendicular ripples
��=80° �.

FIG. 6. �Color online� The rms amplitude w of the mound mor-
phology developed at �=60° as a function of oxygen fluence. The
dashed line corresponds to the exponential growth.
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tion on the surface. While for grazing ion incidence, i.e., �

60°, ripples are formed with wave vectors perpendicular to
the incident beam direction. The transition angle for the
change of ripple orientation under the present sputtering con-
ditions is found to be very close to 60°. Although the dynam-
ics of parallel ripples largely follow the BH mechanism, the
perpendicular ripples exhibit a deviation from the features of
BH instability, probably some damping mechanisms, e.g.,
self-sputtering being dominant at large angles of incidence.
At the critical angle of ripple rotation, one observes the de-
velopment of moundlike morphology consistent with the be-
havior predicted by the instability theory of Bradley and
Harper.1 It is noted that at very early stages of sputtering the
BH mechanism could not work, because of the microscopic

roughness of the initial surface the local angle-dependent
sputtering prevails over the curvature-dependent sputtering
leading to smooth surfaces. At later times, when the surface
protrusions are shaved off, the erosion driven destabilization
starts to be relevant and the ripple structures form on the
surface. Finally, at �	30° no regular morphology is found to
develop due to a lesser degree of anisotropy in sputter ero-
sion and also the probability of the existence of additional
smoothing mechanisms operating at lower incidence angles.
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