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Results of a survey of the morphological evolution of the surface of Si�111� are presented for conditions in
which regular patterned morphologies are spontaneously created during low energy �250–1200 eV�, oblique
incidence �60° from normal�, Ar+ ion beam etching at elevated temperature �500–750 °C�. The morphological
evolution was found to vary with sputtering time �fluence�, ion flux, ion energy, and sample temperature.
Experimental regimes in which it is appropriate to analyze ripple evolution in terms of the linear Bradley-
Harper theory are identified, through which we find that the activation energy for surface mass transport on
ion-bombarded Si�111� is 1.7±0.1 eV, in general agreement with measurements made in other manners. At
higher fluence, nonlinear pattern forming effects are observed, including the observation of the formation of
three distinct regular morphologies: two types of one-dimensional ripple arrays that differed both in orientation
and regularity, and a two-dimensional array consisting of dots, all of which appear in different fluence regimes.
All patterns possessed submicron periodicity and nanometer scale amplitudes. In addition, the wavelengths of
one-dimensional ripples were often observed to coarsen with fluence, an effect potentially attributable to
step-edge dynamics.

DOI: 10.1103/PhysRevB.72.075350 PACS number�s�: 68.35.Bs, 68.37.Ps, 81.10.Aj, 81.15.Np

I. INTRODUCTION

It has long been known that regular arrays of submicron
scale features �ripples or dots� sometimes form on metal and
semiconductor surfaces etched with keV and sub-keV
ions.1–4 Physical models of these phenomena have argued
that a nonequilibrium pattern forming morphological insta-
bility traditionally called sputter rippling leads to such fea-
tures. Generically, sputter rippling models contain a surface
curvature dependent ion-induced etching mechanism5 tend-
ing to roughen surfaces that competes with thermally acti-
vated mechanisms such as surface diffusion6,7 or viscous
flow8 that tend to smoothen surfaces. These etching and
smoothening mechanisms operate at different lengthscales
over different times, and certain experimental and materials
parameters lead to amplification of surface features possess-
ing a “maximally unstable” lengthscale; commonly, this am-
plification results in a semiperiodic rippled morphology
whose wavelength correlates to the maximally unstable
lengthscale. Most comparisons between experiment and
theory reference a linearized model of etching versus
smoothening commonly called Bradley-Harper �BH� theory,6

which is valid in the limit of short sputtering times where
small slope approximations are valid to describe surface
morphologies and the ion range is small compared to surface
radii of curvature. Under these conditions, many predictions
of the linear BH theory have been experimentally verified, in
particular the dependence of ripple orientation on ion beam
incidence angle9 and the temperature dependence of the
ripple wavelength.10

Most sputter rippling experiments are performed for long
enough times that the assumptions of the linear models may
no longer be valid, and many interesting and perhaps useful
nanoscale surface morphologies have been produced that are

not predicted by linear analytical theory. One intriguing ex-
ample is the work of Facsko et al.11 who have shown that
well-organized arrays of dots possessing hexagonal symme-
try form on ion-irradiated GaSb surfaces. These dots are of
sufficiently large aspect ratio �amplitude/diameter� that the
local surface radius of curvature 1/� is of order the ion
range. Interesting composition dependent differential sputter-
ing may be playing a role in this system, as well as redepo-
sition of sputtered atoms.12,13 In single component systems,
nonlinear behavior was characterized by Erlebacher et al.14

in the amplitude evolution of 750 eV etched Si�001�, in
which ripple amplitudes were observed initially to grow ex-
ponentially with ion fluence in agreement with predictions of
the linear theory, but then were seen to saturate at sufficiently
high ion fluence, in variance to the linear theory.

Analytical models of sputter rippling are an area of active
interest, and a full description of pattern forming behavior in
the nonlinear regime is still lacking. Some important results
have been made, however, in particular by Barabasi and co-
workers. By accounting for third and fourth order terms in
the roughening rate dependence on surface topography �the
linear theory only accounts for second order terms6�, they
have extended sputter rippling models into the nonlinear
regime7,15 and developed a model formally similar to the
noisy Kuramoto-Sivanshinsky equation.16 This model con-
tains ion-beam related terms that lead to �athermal� surface
relaxation at sufficiently great surface curvature, and thus
explains ripple formation at temperatures for which surface
diffusion is not active.

A number of computer simulation studies of sputter
rippling,17–20 mostly employing Monte Carlo �MC� methods,
have attempted to couple the myriad physically relevant mi-
croscopic processes that lead to the sputter rippling instabil-
ity, in a sense offering a solution of the equations of surface
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evolution well into the nonlinear regime. For our background
purposes here, we focus on the results of three such simula-
tion studies. First, Koponen and co-workers17 found that
ripples formed in the absence of any type of thermally acti-
vated surface relaxation using a Monte Carlo �MC� model.
These results indicated that ion-induced effective surface
diffusion15 may play an active role in the morphological evo-
lution at low substrate temperature, the effect later explored
analytically by Makeev and Barabasi.21 Second, simulation
studies suggested that not only could amplitudes saturate in
the nonlinear regime, but also completely different mor-
phologies �rotated one-dimensional ripple arrays or two-
dimensional dot arrays� may also appear at sufficiently high
ion fluence.18,20 Third, kinetic Monte Carlo �KMC�
simulations20 have recently demonstrated that the ripple
wavelength may coarsen with ion fluence in contrast to the
linear theory,6 which predicts that the characteristic period-
icity is invariant with fluence. The KMC model is relevant to
our discussion of step-edge dynamics, below.

Here we present results from an experimental survey of
the morphological evolution of the surface of Si�111� for
conditions in which regular patterned morphologies are
spontaneously created during keV and sub-keV energy
�250–1200 eV�, oblique incidence �60° from normal�, Ar+

ion beam etching at elevated temperature �500–750 °C�, and
the further influence on morphological evolution by ion flu-
ence and ion flux. A significant number of observations were
made that correspond to effects not associated with linear
BH theory, including the formation of three regular but tran-
sient morphologies: two types of one-dimensional ripple ar-
rays that differed both in orientation and regularity �parallel
ripples with wave vector oriented parallel to the projected
ion beam, i.e., ripples oriented perpendicular to the projected
beam direction, and perpendicular ripples with wave vector
oriented perpendicular to the projected beam direction, i.e.,
ripples oriented parallel to the projected beam direction� and
a two-dimensional array consisting of a superposition of par-
allel and perpendicular mode ripples. Also, one-dimensional
ripples were observed to coarsen, in which the apparent
ripple wave vector sputtering time functional dependence
was best described by an offset exponential decay.

The discussion of our results focuses on two issues. �a�
Does the linear BH theory describe our results at any time?
This question arises because we observe both the wavelength
of each ripple mode to coarsen with fluence and to saturate in
amplitude, effects associated with nonlinear behavior. We
show that analysis of ripple evolution at very low fluence
yields results consistent with predictions of the linear BH
model, and also provides the first direct experimental mea-
surement of the roughening and relaxation factors in the lin-
ear model. �b� What causes ripple wavelength coarsening?
The basis of amplitude saturation has been discussed in the
literature, and includes effects such as ion induced effective
surface diffusion21 and step-step interactions leading to ter-
race pinch-off at the peaks of growing ripples, in turn leading
to amplitude saturation.14 Castro and co-workers13 have
made the analytical prediction that the characteristic length
of the surface morphology follows a power law dependence
on time �fluence�, a functional form that accurately describes
coarsening of InP sputter dots22 formed during oblique inci-

dence sputtering of a rotating sample. However, it does not
explain well the ripple coarsening on Si�111� that we report
here, which, as we discuss below, does not follow a power
law. We believe that the inability of Castro et al.’s theory to
predict the details of coarsening on Si�111� ripples might be
attributed, in part, by their assumption that the microstruc-
ture of the sputtered surface is amorphous. In the experi-
ments reported here, the substrate temperature is sufficiently
high that recrystallization occurs faster than etching, so that
our surfaces remain crystalline. To explain our results, we
show that a simple model incorporating step-step dynamics
upon a crystalline surface will lead to ripple coarsening, in
qualitative agreement with our results for Si�111�.

The paper is structured as follows: in Sec. II, an overview
of linear BH theory is presented as a theoretical foundation
to which much of our data will be compared. In Secs. III and
IV, respectively, we describe the experimental details and our
results. Our discussion, Sec. V contains two sections. In Sec.
V A, we discuss small fluence results and interpret these re-
sults within the linear BH theory. In Sec. V B, we discuss
possible origins for ripple coarsening. Finally, Sec. VI con-
tains conclusions.

II. BRADLEY-HARPER THEORY OF SPUTTER RIPPLING

Bradley-Harper theory �BH�6 predicts the functional de-
pendence of the ripple wavelength with substrate tempera-
ture, ion energy, and ion flux and the temporal evolution of
ion sputtered surfaces for short sputtering times. The model
sets up a competition between ion-induced surface roughen-
ing as described by Sigmund’s model of a local surface
curvature-dependent sputtering yield,5 and surface smooth-
ening due to surface diffusion on a surface above its rough-
ening temperature.23

BH use perturbation analysis in the small slope limit �for
which the surface curvature �=−��2h /�x2� / �1+ ��h /�x�2�3/2

�−�2h /�x2� to derive the following expression for the sur-
face amplitude h�x ,y , t� evolution:

�h

�t
= − v0��� + v0����

�h

�x
+ fa�Y0�����1���

�2h

�x2 + �2���
�2h

�y2�
− B�2�2h . �1�

The first term on the right-hand side of Eq. �1� is the erosion
rate of an unperturbed surface at an angle � between the
surface normal and incident ion direction �oriented along the
x direction�. The second term and third terms describe ion-
induced roughening; v0���� is the velocity at which ripples
travel due to anisotropic etching of the front and rear sur-
faces of a perturbation with wave vector in x, f is the ion
flux, a is the ion range, � is the atomic volume, Y0��� is the
sputtering yield of a flat surface with slope �, and the �
prefactors to the principle curvatures in the small slope limit
account for the fact that the sputtering yield of a ripple valley
is larger than that for a ripple crest. The curvature effect on
sputtering is athermal and anisotropic when the sample is
being ion etched at oblique incidence, as in our case here.

Surface smoothing by surface diffusion is accounted for
by the final term on the right-hand side of Eq. �1�. The
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smoothing prefactors are usually taken to be of the classical
form describing isotropic surface diffusion above the surface
roughening transition temperature:

B =
Ds�� �2

kBT
�2�

This factor depends upon the surface diffusivity Ds �which
has an Arrhenius temperature dependence�, the surface en-
ergy �, Boltzmann’s constant kB, the substrate temperature T,
and the concentration � of mobile species. Assuming that the
mobile species are point defects such as adatoms or terrace
vacancies, the steady-state value of � may be due to a bal-
ance between their creation rate due the ion beam �an ather-
mal process� and their annihilation rate due to direct ion
impingment, or diffusion to traps such as other defects or
step edges.10 However, in the absence of information regard-
ing the particular nature of the surface diffusers, one needs to
consider also the possibility that the concentration of mobile
species maintains thermal equilibrium with the surface. In
this case, � is also a thermally activated quantity, and the
temperature dependence of B may be written in the form

B =
B0

kBT
e−E/kBT, �3�

where B0=D0�0��2. In this equation, we have separated the
temperature dependence of Ds=D0e−Ed/kBT and �=�0e−Ef/kBT.
The effective activation energy for mass transport during
sputter patterning for the case of thermalized diffusers is thus
the sum of a migration and formation energy, E=Ed+Ef.
However, for an athermal concentration of diffusers �, E
=Ed. Thus our experimental measurement of an activation
energy for surface diffusion under ion bombardment may be
considered an upper bound for the migration energy.

A linear stability analysis of surface evolution using Eq.
�1� in two-dimensional Fourier space results in a growing
ripple morphology that may be expressed as a linear combi-
nation of ripple modes growing with wave vector in x, par-
allel to the projected ion beam direction �“parallel ripples”�
and ripple modes growing with wave vector in y, perpen-
dicular to the projected ion beam direction �“perpendicular
ripples”�. Because of the term containing v0�����h /�x in Eq.
�1�, parallel mode ripples are traveling wave modes. The
amplitude of each Fourier mode hq�t� in either orientation,
with wavelength �=2� /q, grows independently at short
times according to

hq�t� = hq�0�eRqt, �4�

where the amplification factor Rq is related to lengthscale-
dependent roughening and relaxation factors and is time in-
variant. This quantity is usually expressed as

Rq = − Aq2 − Bq4, �5�

where

A = fa�Y0������� . �6�

For perpendicular mode ripples, �2 is used; for parallel mode
ripples, �1 is used. For all experimental conditions �e.g., ion
beam incidence angle� �2	0 indicating that perpendicular

mode ripples are always in principle activated �i.e., −Aq2


0�. At sufficiently glancing incidence below a critical angle
�crit, �1	�2. For these conditions, the surface modes with
the fastest growing amplitude are parallel mode ripples, and
of these, the mode with the fastest growing amplitude is
expected to dominate the morphological evolution. In either
case, the analysis predicts the existence of a characteristic
wave mode q*, that grows faster than all of the other modes:

q* =�− A

2B
. �7�

The particular value of A to use depends on the minimum of
��1 ,�2�. If the temperature and flux dependence of the vari-
ous terms contained within A and B are known, it is straight-
forward to obtain the functional dependence of the charac-
teristic wavelength upon these various experimentally
controllable parameters.10

III. EXPERIMENT

Sputter rippled samples were made inside of an UHV
chamber with a base pressure of 6.0�10−11 Torr on 3 in.
Si�111� wafers �n-type, As-doped, 0.002–0.020 � cm�.
Sample temperature was controlled using a pyrolitic boron
nitride/graphite filament backside radiant heater and moni-
tored using a thermocouple spring-loaded to the rear of the
sample and an infrared thermometer that probed the sample
surface; the samples were maintained at temperatures be-
tween 500 and 750 °C. Sample blackbody spectra were also
collected using light scattering spectroscopy �discussed be-
low�. All referenced sample temperatures were in the center
of the sample wafer. A collimated and neutralized Ar+ ion
beam from a Kaufmann ion source was directed 60° from the

surface normal and was oriented parallel to the �11̄0� direc-
tion on the silicon surface. The samples could be rotated
azimuthally to within a precision of 8.8 arcsec with our
homebuilt sample manipulator. In this study we varied the
ion energy � between 250 and 1200 eV and ion flux between
0.38 and 3.0 mA/cm2. The temperatures at which these ex-
periments were performed are high enough that recrystalli-
zation always occurs much faster than amorphization during
individual ion impacts.24

Quantitative information regarding the ripple amplitude
and periodicity, in addition to the sample morphology, was
obtained using ex situ atomic force microscopy �AFM� and
in situ UV light scattering spectroscopy �LiSSp�.25 Our
LiSSp apparatus consists of a broadband 300 W Xe source
that is used to illuminate an approximately 10 mm2 region in
the sample center. A spectrum of nonspecular scattered light
is then collected at a fixed angle by a charge-coupled device
array. Peaks in this spectrum are due to surface features with
sufficient periodicity to satisfy the Bragg condition. The de-
tails of LiSSp are discussed elsewhere;25 in short, a LiSSp
spectrum is proportional to the morphological power spec-
trum of the surface,26 and thus data may be represented by
plotting the square of the Fourier component of the surface
morphology versus Fourier component wave number. We ob-
tain a proportional measure of the magnitude of the Fourier
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decomposition of the surface morphology hq vs wave num-
ber q by examining the square root of the LiSSp spectrum. In
our apparatus geometry, we are able to use LiSSp to probe
feature periodicities between 450 nm and 1.1 m.

In this experiment, LiSSp spectra were collected at time
intervals during sputtering runs that typically lasted more
than 5 h. A typical collection time was of order 10 s. It was
necessary to turn off the ion beam while obtaining spectra to
avoid interference effects from the Ar+ plasma, thus creating
the possibility of surface relaxation during the short intervals
in which LiSSp spectra were collected. However, multiple
comparisons between samples analyzed only by ex situ AFM
and identical samples also probed by LiSSp indicated that
such an effect, if present, was negligible. The evolution of
both parallel and perpendicular modes was accomplished by
rotating the sample 90° during a collection period. Ex situ
AFM was used to confirm morphological information ob-
tained by LiSSp. In addition, AFM was used to determine
sample feature sizes that were outside of the LiSSp detection
range.

The lack of surface relaxation during collection of LiSSp
spectra suggested that surface relaxation does not occur on
the experimental time scale while the beam was turned off.
To examine this further, we annealed a number of our
samples at 750 °C for 48 h and did not observe any measur-
able difference in the surface amplitude. This observation
suggests that the concentration of species participating in
surface diffusion during the evolution of sputter ripple pat-
terns is to a great degree controlled by athermal creation
mechanisms due to the ion beam.

IV. RESULTS

Our results consist of LiSSp spectra and AFM micro-
graphs which are used to describe the morphological evolu-
tion of ion sputtered Si�111�. Initially we present general
features of ripple evolution at different temperatures and flu-
ence, and then describe details of coarsening behavior. We
then present results of studies in which the ion flux and ion
energy were varied.

A. General morphological behavior vs temperature
and fluence

The AFM micrographs shown in Fig. 1 are representative
of the morphological evolution of Si�111� sputter ripples.
Sputtering conditions for this sample were T=637 °C, �
=500 eV, f =0.75 mA/cm2, and micrographs were taken for
samples sputtered for t=1800, 3600, and 10 260 s, respec-
tively. For low ion fluence, parallel ripples form; at higher
fluence, perpendicular ripples begin to appear superimposed
on the parallel ripples leading to the formation of a two-
dimensional array of dots with quasirectangular symmetry.
After very long sputtering time, the parallel ripples disap-
pear, leaving only perpendicular ripples, and at even longer
times, the surface becomes randomly rough. For this ion flux
and energy, this double morphological transition was seen on
samples with temperatures between 630 and 700 °C. This
range is limited because parallel ripples disappear very

quickly for T	630 °C and perpendicular ripples grow very
slowly when the sample temperature is above 700 °C. Thus,
for all samples discussed that were formed at temperatures
greater than 700 °C �f =0.75 mA/cm2�, we only observed
parallel mode ripples. In addition, because of limitations in
the LiSSp detection range, evolution of perpendicular mode
ripples was followed primarily at low temperature
�600–685 °C� while the evolution of parallel mode ripples
was followed primarily at high temperature �T
700 °C�.

Visual inspection suggests that the two one-dimensional
modes are fundamentally different; parallel ripples are much
more regular and possess a much smaller amplitude than
their perpendicular counterparts. This observation is con-
firmed by representative LiSSp spectra shown in Fig. 2. The
spectrum corresponding to the parallel mode rippled sample
is much more sharply peaked �smaller width at half-max�
and is much less intense than that of the perpendicular mode
sample, indicating that the feature size distribution is much
more mono-disperse in the former case. The LiSSp spectrum
also confirms an AFM observation that, while more regular,
the amplitude of parallel mode ripples is much smaller than
that of the perpendicular mode ripples.27 We reiterate that
this phenomena involving ripple formation followed by dot
and, finally, rotated ripple formation during oblique inci-
dence ion sputtering has been observed previously in com-
puter simulations.18,20 Although there may be some evidence
that this effect has been seen in sputter rippled Cu�001�,28 the
effect really is quite dramatic in Si�111�.

B. Coarsening of one-dimensional ripple modes

Apart from morphological transitions, another ubiquitous
feature of the evolution of ripples on Si�111� is ripple coars-
ening as the sputtering time increases. Regardless of ripple
orientation, coarsening was observed; that is, while parallel
mode ripples dominated the morphology, they coarsened,
and while perpendicular mode ripples dominated the mor-
phology, they coarsened. The effect is illustrated in Fig. 3,
which shows a series of LiSSp spectra obtained from parallel
and perpendicular mode rippled samples. While measur-

FIG. 1. �Color online� AFM topographs showing the morpho-
logical progression of ion sputtered Si�111� at T=637 °C and f
=0.75 mA/cm2. �a� After short sputtering time, t=1800 s, parallel
ripples form; �b� after longer sputtering time, t=3600 s, perpendicu-
lar ripples appear leading to a two-dimensional morphology. At
much larger ion fluence, t=10 260 s, the parallel ripples vanish
leaving a new one-dimensional morphology, shown in �c�. The fea-
ture periodicity and distance between the ripple peak to valley for
each case are �a� 300 and 1.5 nm, �b� 393 nm �parallel� /600 nm
�perpendicular� and 3.75 nm, and �c� 	650 and 	35 nm,
respectively.
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able coarsening occurs after short periods of ion etching
�	600 s�, feature coarsening is actually a relatively minor
effect considering the high flux and fluence; we find that the
parallel and perpendicular ripple wavelength increases by at
most a factor of 1.32 and 1.78, respectively, for fluence of
order 1.6�1020 ions/cm2.

Close inspection of the apparent characteristic scattering
vector qapp, defined as the position in q-space where the
power spectrum is peaked, reveals that for both parallel and
perpendicular mode ripples, qapp decays exponentially with
fluence �we make a distinction between the experimentally
derived apparent wave vector qapp and the maximally un-
stable wave vector q* as predicted by theory�. Figure 4
shows representative data for qapp vs time for different tem-
peratures. We note that the data are best fit �with fitting pa-
rameters y0 ,�,�� by an offset exponential decay, an empiri-
cal fit of the form

qapp�t� = y0 + �e−t/�. �8�

The linear BH theory does not contain a prediction of such
coarsening. However, we can connect to the linear behavior
by considering the t→0 limit of this empirical form. At t
=0, qapp�0�=y0+� is characteristic of ripple evolution at a
particular temperature, i.e., it should be equivalent to q* in
Eq. �7�. Our data for qapp�0� for parallel mode ripples shows
a clear decrease in qapp�0� with temperature for T
700 °C,
as shown in Fig. 5. For perpendicular mode ripples qapp�0�
appears, within experimental resolution, nearly constant with
temperature.

Additional information obtained from LiSSp spectra can
be used to highlight the differences between parallel and per-
pendicular mode sputter etched features. Because the square

FIG. 2. Representative LiSSp spectra of samples where the
ripple morphologies are most highly regular �i.e., the spectra are
most intense and sharply peaked�. The noise in the spectra seen for
q	0.007 nm−1 is due to the spectrometer detection limits. The per-
pendicular mode spectrum was taken of a sample sputtered at T
=644 °C for 6840 s and the parallel spectrum was taken after t
=57 600 s at 717 °C; for both, the ion flux f =0.75 mA/cm2. Par-
allel mode ripples are seen to be more organized as indicated by a
sharper peak width whereas perpendicular mode ripples have
greater amplitude.

FIG. 3. LiSSp spectra showing the morphological evolution of
ripples: �a� parallel mode ripples at T=733 °C and �b� perpendicu-
lar mode ripples at T=629 °C. Note that the power spectral density
of the surface morphology increases with time and becomes more
sharply peaked, indicating ripple formation. Also note the peak shift
toward lower scattering vector indicating ripple coarsening.

FIG. 4. Apparent wave vector qapp vs time t for parallel ripples
�open circles� and perpendicular ripples �closed squares� at various
sample temperatures. Lines: fits to offset exponential decay func-
tional form �Eq. �8��.
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root of power spectral density approximately scales linearly
with corrugation amplitude,29 we find that the ripple aspect
ratio �=h /�app� stays roughly constant during growth for par-
allel mode ripples. However, for perpendicular mode ripples,
the aspect ratio first rises quickly but then decreases as ki-
netic roughening becomes more prominent.

C. Effect of flux on ripple morphology

For the particular value of f =0.75 mA/cm2 and sample
temperatures above approximately 685 °C, parallel ripples
were never seen to disappear �at any fluence� and be replaced
by perpendicular mode ripples. That is, the morphological
transition and transient observation of two-dimensional
ripples was not observed. However, by increasing f , we were
able to increase the cutoff temperature above which perpen-
dicular mode ripples did not form. In general, our results
indicate that higher ion flux suppresses the parallel ripple
mode and promotes the perpendicular ripple mode forma-
tion. This behavior is clarified using two different types of
data, as shown in Fig. 6. The first type consists of a series of
LiSSp spectra �a� of ripples produced at T=644 °C and ion
fluence of 3.2�1019 ions/cm2. For f =0.60 mA/cm2, the
parallel mode spectrum is peaked at 0.0111 nm−1; however,
for f =0.75 mA/cm2, no parallel mode peak is detected. The
second example is shown in two AFM micrographs of pat-
terns formed at T=717 °C and fluence of 7.2
�1019 ions/cm2. Two distinct morphologies are created; per-
pendicular mode ripples are clearly forming in the sample
bombarded with higher flux.

The functional dependence of wavelength with ion flux
has been studied on low energy Ar+-etched Si�001�,10 where
it was found that �	 f−0.5. In that system, only perpendicular
mode ripples form, and they possess no fluence
dependence.10 For Si�111�, it was not initially clear how such
a study be undertaken because the sputter ripple periodicity
varied with ion fluence. Our approach was to analyze the
morphological behavior by examining the wavelength as a
function of flux at fixed ion fluence. In two experiments, we
found that for parallel mode ripples the feature wavelength at
fixed fluence appear to be independent of the ion flux. For a
sample temperature of T=717 °C, for a fluence of 9.6

�1019 ions/cm2, we observed average ripple wavelength of
480 nm both for f =0.75 mA/cm2 and for f =0.98 mA/cm2.
At the same temperature, for a fluence of 2.1
�1020 ions/cm2, the wavelength was found to be 640 nm
both for f =0.75 mA/cm2 and for f =1.7 mA/cm2, respec-
tively. The wavelength of perpendicular mode ripples at
fixed fluence exhibited small stochastic variation with f , for
flux ranging between 0.53 and 1.5 mA/cm2.

D. Effect of ion energy on ripple morphology

Rippling morphologies were also examined by varying
ion energy � at fixed temperature; differing behavior was
seen for each ripple mode. A series of AFM micrographs of
parallel mode sputter ripples formed to an ion fluence of
7.2�1019 ions/cm2 at T=717 °C are shown in Fig. 7. As the
ion energy is increased from 250 to 1200 eV, there is a dra-
matic increase in the regularity of the ripple pattern, and also
a significant decrease in the ripple amplitude and wave-
length. We note that this decrease in amplitude with � was
also observed on Si�001� sputter ripples.30 The ripple wave-
length was found to scale with energy as �	�−�, where a
least-squares fit of the wavelengths corresponding to the mi-
crographs shown in Fig. 7 yielded �=0.45±0.04. In contrast,
no clear trend was observed for perpendicular mode ripples,
which we probed for at T=657 °C, 3.2�1019 ions/cm2. Ini-

FIG. 5. �Color online� Apparent ripple wave vector qapp�0� vs T
for parallel ripples �open circles� and perpendicular ripples �closed
squares�. Line: fit to the linear BH form �Ref. 6�.

FIG. 6. �Color online� Examples of ripple annihilation and cre-
ation due to increased ion flux. �a� LiSSp spectra of parallel mode
features at 644 °C and 3.2�1019 ions/cm2 where low f is
0.60 mA/cm2 and high f =0.75 mA/cm2. �b� and �c�: AFM images
of patterns formed with low �=0.75 mA/cm2� flux �b� and high
�=0.98 mA/cm2� flux �c�. Note the appearance of perpendicular
ripples in �c�.
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tially, the wavelength was found to decrease �with �
=0.26±0.06� and then increase with �; the minimum was
located at �=1000 eV, illustrated in Fig. 7�d�.

V. DISCUSSION

A. Analysis of surface morphological evolution
in the linear regime

Generally, we found that for low ion fluence �	1.1
�1019 ions/cm2�, the amplitude of a particular surface mor-
phological wave mode hq could be interpreted initially to
increase exponentially with amplification factor Rq. The typi-
cal time evolution of a surface morphology Fourier compo-
nent is illustrated in Fig. 8, and exponential increases in am-
plitude were observed for both parallel and perpendicular
mode ripples. The linear BH theory6 indeed predicts that
there should be an exponential increase in the amplitude of
each wave mode before nonlinearities begin to dominate
morphological evolution. For each wave mode, we observe a
crossover time tmax, after which hq saturates or even de-
creases with fluence.

By close analysis of the evolution of wave modes in the
LiSSp data, we found Rq for each surface mode q. First, we
smoothed our LiSSp spectra by performing a 3-point boxcar
average in order to minimize stochastic noise in the data.
Second, we separated for further analysis from our data hq�t�
for all sputtering time less than or equal to tmax �here tmax is
always greater than 1800 s when using a flux of

0.75 mA/cm2 and can sometimes be as large as 7200 s�.
Third, we performed a linear regression of ln(hq�t�) versus t
for each q; Rq is the slope of this line. Representative ex-
amples of the results of this procedure for parallel and per-
pendicular mode ripples are shown in Fig. 8.

Analysis of the spectrum of Rq should provide a good test
of the linear BH theory. Figure 9 shows a representative
example of Rq vs q, which shares some general characteris-
tics found in all of our samples and to the predictions of BH
theory: �1� The curve is peaked, and �2� the position of this
peak is comparable to a characteristic corrugation wave vec-
tor directly observed using either LiSSp or AFM. Fitting Eq.
�5� to the spectrum of Rq vs q data to obtain quantitative
values for the roughening and relaxation factors A and B did
not work unless the spectrum was shifted along the Rq axis,
i.e., a good fit could only be made to the form Rq=−Aq2

−Bq4+C. We are unable to ascribe either an intrinsic physi-
cal interpretation or a systematic experimental parameter to
account for the presence of the offset parameter C. One pos-
sible origin, however, is the presence of long-range weak
correlations, perhaps due to strain fields, shadowing, etc.
Such long range, weak effects are known to manifest them-

FIG. 7. �Color online� Ripple morphologies for different ion
energy �: �a� 250 eV, �b� 750 eV, and �c� 1200 eV. The wavelength
�amplitude� is 740 nm �12 nm�, 415 nm �	4 nm�, and 350 nm �
	4 nm�, respectively. Sample sputtering conditions were T
=717 °C, fluence=7.2�1019 ions/cm2. �d� log-log plot of ripple
wavelength vs ion energy for parallel ripples �squares� and perpen-
dicular ripples �dots�. Perpendicular mode ripples were formed at
T=657 °C, fluence=3.2�1019 ions/cm2, and the line corresponds
to �=8845.34�−0.45.

FIG. 8. Typical time evolution of surface morphology Fourier
components, hq�t� for q=0.01257 nm−1 �ion flux=0.75 mA/cm2�:
�a� T=739 °C and �b� T=644 °C. Fitted lines correspond to early
exponential growth prior to ripple saturation. Amplitude error bars
were obtained from the corresponding LiSSp spectrum as the rms
deviation from the mean of a 3-point boxcar average of data sur-
rounding q.

TEMPERATURE AND FLUENCE EFFECTS ON THE… PHYSICAL REVIEW B 72, 075350 �2005�

075350-7



selves as a constant shift in the response spectrum, as we see
here, at least for small enough q.31 We have performed some
numerical analysis of such effects, and our preliminary con-
clusions, to be reported later, are that such effects do not
interfere with the functional dependence of A, B on experi-
mental parameters as presented above.

The values we find for the roughening and relaxation pa-
rameters A and B by fitting reduced LiSSp data to Eq. �5� are
reasonable, even considering that we do not know the origin
of the offset value C. As an example, for the data shown in
Fig. 9, values of A and B were found to equal −8.00
�10−14 cm2/s and 2.64�10−24 cm4/s, respectively. These
values are near to estimates made using fundamental values
plugged into Eqs. �2� and �6�. For instance, using Y
=1.92 atoms/ ion,32 a=2.8 nm,33 and �1=−9.88�10−2,6,33

we estimate that A is −4.98�10−15 cm2/s. Considering that
this estimate contains large uncertainties, primarily in the
range a �for which we used SRIM� and in �1 �which can
change by an order of magnitude or more when the ratio
between the ion range and straggle is varied�, the comparison
is promising.

Comparisons of the experimental value for B to the theo-
retically predicted ones rely on knowledge of the activation
energy for surface migration on sputtered Si�111� and knowl-
edge of the concentration of surface diffusers, i.e., so that
one may use Eq. �2�. Unfortunately, these values are not
known. However, we do find that the temperature depen-
dence of the parallel mode ripple wave vector extrapolated to
t=0, qapp�0�, can be written in the form of Eq. �3� with an
activation energy E=1.7±0.1 eV; a fit is shown in Fig. 5.
This value is comparable to the sum of adatom migration
energy and formation energy found in the literature,34 but as
discussed above, a definitive interpretation is premature.
When performing the fit to Eq. �3�, the value for B0 is found
to be B0=2.51�10−18 eV cm4/s. We may now perform a
consistency check; we use Eq. �3� to estimate B at T
=733 °C, and find it equal to 8.83�10−26 cm4/s. This value
is close to the value found by analyzing Rq vs q shown

above. A final consistency check is to make a “back of the
envelope” using D0	10−1 cm2/s, �=7.69�1014 eV/cm2,35

and �=2.0�10−23 cm3, to extract a value for �0 of 7.31
�1013 cm−2. This value is of order 10% of the number of
surface sites on Si�111�, and in the athermal mobile species
creation model would correspond to the surface concentra-
tion of diffusers. There are, of course, huge uncertainties
with this estimate, but at least the estimate is neither greater
than one, nor smaller than the thermal concentration of sur-
face diffusers.

We have also used our t=0 extrapolation to measure the
initial roughness spectrum hq�0�. In general, we find reason-
able measures for this quantity. For example, for parallel
mode ripples formed at 733 °C, we obtain hq�0�
=0.287±0.041 nm for q� �0.0077, 0.0131� nm−1, a value
comparable to the step height �=0.314 nm� on Si�111�.

B. Ripple coarsening with ion fluence

The observation of ripple coarsening is interesting be-
cause it is predicted by neither the linear Bradley-Harper
theory6 nor the nonlinear extensions of BH theory.7 Coarsen-
ing of a characteristic length associated with roughening has
previously been observed during low energy sputtering, al-
though not usually in the context of ripple formation, and, in
general, the characteristic lengths followed a power law.36 In
contrast, our empirical exponential decay form, Eq. �8�,
could always be used to describe coarsening. To understand
this phenomenon in more detail, we have studied the appli-
cability of kinetic Monte Carlo simulation to model ripple
formation. This work is reported in detail elsewhere.20 The
simulation model described the surface as crystalline �i.e., as
not amorphized during ion bombardment�, as morphologi-
cally relaxed via surface diffusion, and as sputtered away via
the Sigmund mechanism in which the probability of sputter-
ing at a point on the surface is proportional to the energy
deposited there. The primary conclusion of this work was
that this description of the surface during sputtering is a
“minimal model” sufficient to lead to ripple formation,
coarsening, and indeed, the formation of transient ripple to-
pographies. A natural consequence of this model is that step-
edge dynamics play an important role in ripple formation and
coarsening, which we discuss here.

Step-edge dynamics refers to the physics of fluctuation
and interaction between discrete step edges found on crystal
surfaces. Such interactions may be elastic or entropic. Of
particular relevance in the evolution of unidirectional ripple
structures is terrace pinch-off,37 in which the pairs of oppos-
ing steps at the ripple peaks and valleys fluctuate into each
other and locally annihilate �see Fig. 10�. Once this occurs, a
region of very high step curvature is created that evaporates
very quickly, leading to the formation of terraces on the
ripple peaks and in the valleys.38 Thus if terrace pinch-off is
present, there is a minimum terrace width at the ripple peak
and valley that can be accommodated by the surface mor-
phology. Because continued exponential growth of the ripple
amplitude as predicted by the linear BH theory would lead to
ripple peak terraces that approach zero width, terrace pinch-
off is a short-circuit amplitude saturating mechanism.

FIG. 9. Example of the extracted ripple amplification rate Rq vs
wave vector q for parallel mode sputter ripples formed at 733 °C.
The white line is a fit to the form predicted by BH theory �Ref. 6�
�cf. Eq. �5��, and A, B, and C were found to equal −8.00
�10−14 cm2/s, 2.64�10−24 cm4/s, and −2.60�10−4 s−1,
respectively.
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In order to test for the presence of step-edge dynamics at
the peaks and valleys of a sputter ripple feature with wave
number q, we first approximate the surface profile h�x� as a
one-dimensional sinusoid with amplitude H�t�, i.e., h�x�
=H�t�cos�xq*� and then discretize this sinusoid as comprised
of monoatomic-height steps �of height s=0.314 nm for
Si�111�� and appropriately varying terrace widths. In this dis-
crete step model of the ripple, the value of the topmost ter-
race width l, provided l��, is,

l = �8s/Hq2. �9�

For parallel mode ripples on Si�111�, we have tracked the
topmost terrace width of the apparent wave mode and find
that for each sample this value initially decreases with sput-
tering time and then saturates to a value we denote by lc, as
shown in Fig. 11. This nonzero lc implies that step-edge dy-
namics may indeed be active. In addition, we see an increase
in lc from 	60 to 	75 nm from 717 to 750 °C, consistent
with a presence of a thermally activated process such as
pinch-off. Similar behavior has been previously observed in
the amplitude saturation of Si�001�,14 the contrast being that
for Si�001� no ripple coarsening was seen.

We were motivated by evidence of amplitude saturation
and a critical terrace width to construct a toy model of the
surface evolution in which the surface topography initially
consisted of many Fourier components hq of the same
�small� amplitude H0. Each wave mode was allowed to grow

exponentially �cf. Eq. �4�� according to linear BH theory6

using experimental values for the roughening and relaxation
prefactors A ,B. However, when the uppermost terrace width
l of a particular wave mode reached a critical terrace width
lc, the wave mode ceased to grow and its amplitude remained
constant. Terrace pinch-off was the mechanism used to ex-
plain amplitude saturation.

Generically, at early times, the model looks similar to the
BH form, i.e., exhibiting a time-independent maximally un-
stable wave mode. However, when the initially most unstable
wave mode saturates, the apparent wavelength shifts to
smaller values of q, values for which the corresponding am-
plitude may be greater, as shown in Fig. 12. The results from
the numerical simulation are illustrated as a plot of hq vs q
for different simulation time �Fig. 12�, and show an exponen-
tial decay in wave vector. Qualitatively, these results are
similar to the experimental observation of coarsening. How-
ever, plugging realistic values of H0, Rq, and s into the model
yields a coarsening rate that is about ten times faster than
seen in experiment. This is perhaps not surprising consider-
ing that by truncating the short wavelength features, we are
artificially accelerating the coarsening process.

VI. CONCLUSIONS

This paper describes a study of the morphological evolu-
tion of ion sputter induced ripple and dot formation on
Si�111�. Real time in situ LiSSp measurements as well as
AFM allowed us to probe morphologies over a wide region
of parameter space, including variations in sample tempera-
ture, ion flux, ion fluence, and ion energy. Our data show that
in the low fluence regime, ripple growth initially proceeds
exponentially, in accordance with the linear BH theory.
Moreover, we found that it was possible to extract realistic

FIG. 10. Cartoon of surface relaxation due to terrace pinch-off.
�a� An uppermost terrace has a width l and the steps at its edges are
fluctuating in position. �b� Opposing steps eventually coalesce, and
�c� increased line tension results in terrace dissolution.

FIG. 11. Evolution of the uppermost terrace width
l�=�8s /Hq2� with sputtering time; T=717 °C, f =0.75 mA/cm2.
The uppermost terrace width of this sample stabilized at approxi-
mately 62 nm.

FIG. 12. Results of toy model for amplitude saturation discussed
in the text. Here we illustrate the Fourier wave mode amplitude hq

vs q, using A, B, and C equal to −8.0�10−14 cm2/s, 2.64
�10−24 cm4/s, and −2.6�10−4 1/s, respectively, and lc=125 nm.
The data displays a trend that the apparent ripple wavelength coars-
ens with sputtering time. The inset shows that coarsening is well-
described by an offset exponential decay �line�, qualitatively in
agreement with experiment �Ref. 39�.
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and self-consistent values for the roughening and relaxation
terms described in this theory, and the activation energy for
surface mass transport is reasonable. However, we also ob-
served two phenomena that are not predicted by BH theory,
dot formation/ripple rotation and ripple coarsening, which
occur on this system over a wide range of sample tempera-
ture and ion fluence. Ripple coarsening is potentially de-
scribed by consideration of discrete surface step dynamics at
the peaks and valleys of the ripples. Perhaps most usefully,
we were able to pinpoint regions in parameter space in which
we are able to consistently produce highly ordered features
within a certain range of lengthscales, and thus this study
should assist in expanding the variety and morphological

control of self-organized nanostructures made with ion
beam etching.
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