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Propagation of ripples on pyrochlore induced by ion beam bombardment
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The morphological evolution of ripples formed on the surface of Cd,Nb,O; pyrochlore single crystals by
focused ion beam bombardment was investigated using in sifu electron microscopy. At high ion fluences and
off-normal bombardment angles, faceted surface ripples with a “terracelike” structure were observed. The
ripple propagation direction was oriented along the projected ion beam direction at incident angles ranging
from 35 to 65° under high-dose ion bombardment. One side of the terrace was found to be perpendicular to the
incident ion beam direction, while the other side was parallel to the ion beam. The terrace propagation velocity
and direction were determined and interpreted on the basis of this asymmetric structure. A model based on the
propagation of a shock wave that effectively “self-selects” a stable slope was developed in order to explain the

observed faceted ripple formation.
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I. INTRODUCTION

The morphological evolution of ion-beam-induced sur-
face ripples has recently been extensively investigated, and
several models of ripple growth based on continuum dy-
namical equations for the height of the interface have been
proposed and numerically evaluated. These studies have re-
vealed a rich variety of interesting new phenomena.'8 Four
primary mechanisms have been considered for ripple forma-
tion including: sputtering, surface diffusion, redeposition,
and viscous flow.!>>° At the initiation point of surface
ripple formation, a linear partial differential equation was
developed in which only a first-order term in the slope was
included. In this regime, the driving mechanism is the depen-
dence of the sputtering yield on the local surface curvature.
The orientation and wavelength of the ripples can be de-
scribed by the Bradley and Harper (BH) model.! With in-
creasing ripple slope for continuing bombardment, a second-
order term in the slope was added and an associated
nonlinear partial differential equation was developed.>* In
this regime, the nonlinear terms dominate and give rise to
other surface morphologies such as roughening, coarsening,
and saturation of ripples by either destroying existing ripples
or generating a new rotated ripple structure.>! Most of the
morphological features induced by ion bombardment can be
accounted for based on this nonlinear equation. However,
recent experimental observations show that the existing mod-
els can only partially describe (or even contradict) the ob-
served propagation of ripples. For example, for a Si (111)
surface bombarded by 30 keV Ga ions, Habenicht et al.!!
found that the propagation direction of ripples on Si due to
ion bombardment is opposite to that predicted by current
models. The same result has been reported by Alkemade® for
the ion bombardment of SiO,. Additionally, Datta and
Chini'? found no shift in the ripples following the ion bom-
bardment of diamond. Ripple propagation is an important
phenomenon in its own right, but this aspect of ion-beam-
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induced surface modification has not been extensively stud-
ied.

A common feature of most models for ripple formation is
the assumption of a smooth surface profile.> Under this as-
sumption, the surface can be described in powers of deriva-
tives of the ripple height, and thus, analytical results can be
obtained based on Sigmund’s theory.'!# For ripple propa-
gation, the velocity can be calculated using the BH model in
the linear regime.! This model was derived using an integral
form of the sputtering yield given by Sigmund and a pre-
scribed undulating shape of the surface under the small-slope
approximation. Thermally induced surface diffusion was in-
corporated to balance the sputtering. Using linear analysis, a
critical incident angle (around 65°) separating the propaga-
tion direction was obtained. When the incident angle is
smaller than this critical value, the ripple moves against the
projected ion beam direction; while when the incident angle
is larger than this critical value, the ripple moves along the
projected ion beam direction. This critical angle has, how-
ever, not been experimentally observed previously, and the
experimental results, in fact, show movement taking place
along the opposite direction relative to that predicted. Re-
cently, a viscous flow term was added to the BH model to
explain the propagation of surface ripples.® In this model, an
amorphous layer undergoing viscous flow with a stress pro-
portional to the layer thickness was suggested. Based on the
Navier-Stokes relations, a nonlinear partial differential equa-
tion describing viscous flow induced by ion bombardment
was derived. Linear analysis using first-order terms in the
height shows that the viscous flow gives rise to an extra
velocity that causes the ripples to move along the projected
ion beam direction for all incident-beam angles. However,
this approach is also only valid under the small-slope ap-
proximation, and it neglects the actual morphology of the
ripples.

Investigations of ion-induced features with a large slope
have been reported.'>'® Barber et al.'® proposed a geometri-
cal construction to the predicted morphological evolution
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during ion bombardment by employing an approach used in
chemical etching. Nobes et al.">~!7 derived a shock-wave
equation on the basis of the fact that different erosion by an
ion beam along the curvature can lead to a slope change.
Based on this model, Nobes et al.'>~7 successfully predicted
many of the surface features induced by an ion beam, includ-
ing the cone formation, the apex angle of the cone, and the
evolution of a hemispherical trough. In a more recent analy-
sis of the ion sputtering of steep surface features, Chen et
al."® developed a shock-wave equation by making use of the
classical theory of sputtering yield without using the small-
slope approximation. By considering thermal diffusion, Chen
et al."® found a stable slope for long-time bombardment con-
sistent with that predicted by Barber et al.'® and Nobes et
al.">'7 In Ar-ion-irradiated Si, Chini et al.?’ reported that
ion-induced ripples have amorphous layers and that one side
of the ripple is parallel to the ion beam direction. In addition,
the formation of saw-tooth-like ripples has been discussed by
Carter.?!

In the present work, the morphological evolution of ion-
beam-induced ripples on the Cd,Nb,O; pyrochlore surface
formed by focused ion beam (FIB) bombardment is investi-
gated. Through in situ experiments, terracelike ripples were
found that consisted of relatively steep slopes. The slope and
velocity of the terrace depended only on the incident ion
beam angle, independent of the details of the ion bombard-
ment process. Following the approach by Nobes et al.,”>"!7 a
partial differential equation was formulated for arbitrarily
large slopes in which a shock wave was present. The terrace-
like ripples can, therefore, be understood in terms of the
propagation of a shock front that “self-selects” a stable slope.

II. EXPERIMENTAL

The experiments were carried out using a FIB in a dual-
beam instrument (FEI Nova 200 NanoLab). A single crystal
of Cd,Nb,0O; pyrochlore was irradiated in a vacuum of 2
X 1077 mbar at room temperature. A 30 keV focused Ga*
beam with a current of 5 nA was used for all of the ion beam
experiments. The incident angle was varied from 35 to 65° to
measure the relationship between the propagation velocity
and incident angles. An ion fluence of ~3 X 10'® cm~2 was
chosen as the high-fluence limit. The spot size of the 30 keV
Ga* ion beam was 50 nm with an overlap of 50%. Each spot
size was bombarded during 1 us with a repetition time of
100 ms. The surface morphology was characterized by in situ
scanning electron microscopy (SEM) and ex situ atomic
force microscopy (AFM). AFM measurements were carried
out in the tapping mode under ambient condition using
phosphorus-doped Si cantilevers (Nanoscope IV).

III. RESULTS

In order to eliminate the effects of sample shift on the
propagation of the ripples, ion bombardment was first per-
formed on a single area of 30X30 um? for 5 min—
corresponding to an ion flux of 3.5X 10" s~! cm™. One-
sixth of the area was then covered, and the ion beam
impacted the remainder of the surface for an additional 3 min
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FIG. 1. SEM images showing the propagation of ripples with
the ion beam at different incident angles. Five regions are shown in
each image; the fluence is 1.04 X 10'® c¢cm™2 for the left region (5
min) and increases by 6.24 X 10'7 ¢cm™ (3 min) per region from the
left to right. Dashed lines indicate the propagation of ripples, and
the arrow is the projected ion beam direction. Incident angles are (a)
35, (b) 40, (c) 50, and (d) 60°. The scale bar is 10 um. Note the
ripple shifts along the projected ion beam direction with increasing
fluence.

using the same flux. Subsequently, 2/6 of the area was cov-
ered, and bombardment of the remainder of the area was
continued. This step was repeated until five regions were
formed, each of which was subjected to a higher fluence
(6.24x10'7 cm™) than the previous area (Fig. 1). Thus, it
was possible to accurately follow the relative movement of
the ripples with increasing ion fluence in a single examina-
tion. For incidence angles ranging from 35 to 65°, the propa-
gation direction is along the projected ion beam direction.
This direction is in accordance with the observations re-
ported by Alkemade’ and Habenicht and Lieb'! but is oppo-
site to that predicted by existing models.'-

Most of the common features of ripple evolution as a
function of variations in the ion fluence for different materi-
als in previous studies are shown in Fig. 1. These include a
coarsening effect with an increase in the wavelength such
that small ripples are effectively eliminated by merging
together;'>?? a transition from the perpendicular model (i.e.,
with the wave vector perpendicular to the ion beam direc-
tion) to a parallel mode at a fixed angle of incidence [Fig.
1(d)] (Ref. 10 and 22); the movement of the propagation
along the projected ion beam direction regardless of the
angle of incidence;>!! and a roughening effect.”?' As shown
by dashed lines in Fig. 1, the propagation direction is always
along the projected ion beam direction—although at low in-
cidence, the magnitude of the shift of the ripples is small.

Figure 2 shows the relationship between the propagation
of the ripples and the incident ion beam angle as obtained
from Fig. 1. The average velocity was calculated over the
entire image (50 fronts were counted for each image). Due to
the coarsening of the ripples, only the fronts crossing neigh-
boring regions (or several regions) are considered here. At a
fixed flux, the velocity is stable with increasing bombard-
ment time, but it increases with an increasing angle of inci-
dence. The propagation velocity was found to be propor-
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FIG. 2. (Color online) Dependence of the propagation velocity
on incident angle at energy 30 and 20 keV. Flux is 3.5
X 10 s~ em™.

tional to the sine of the angle of incidence. To study both flux
and energy effects, experiments were performed using vari-
ous fluxes and different energies. If the fluence is sufficiently
large (i.e., larger than 1 X 10'7 c¢m™2), the dependence on the
sine of the angle of incidence can be observed.

As noted above, most prior studies of ripple behavior
have focused on the dynamic equations and ascribed the ob-
served phenomena to the evolution of nonlinear terms. Mi-
croscopic details of the ripple profile have previously been
overlooked, and the profile was assumed to be a smooth
curve (i.e., without facets) with a small slope.!? By taking
high-magnification images along various viewing directions
(Fig. 3), we find that terrace structures with steep slopes are,
in fact, generated with increasing ion beam fluence. By ro-
tating and tilting the sample [Figs. 3(a) and 3(b)], these char-

FIG. 3. SEM images showing the terracelike ripples induced at
incident angles of (a) 45 and (b) 60°. The viewing directions are (a)
tilt 20° relative to surface normal and (b) rotated 40° and tilted 30°
relative to normal. The fluence is 6 X 10'7 c¢m™2. The projected ion
beam before rotation and tilt is from top to bottom. Scale bar is
1 pm.
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FIG. 4. SEM and AFM images showing the orientation of
ripples related to ion beam direction. The SEM images are viewed
from (a) parallel to ion beam and (b) perpendicular to ion beam. (c)
Cross-sectional SEM image. (d) AFM cross-section profile. Energy
at 30 keV, fluence of 6 X 107 c¢cm™2, and incident angle at 45°. Inset
shows the ripple induced at 65° with energy 30 keV and fluence of
2% 10" ¢cm™ viewed from direction perpendicular to ion beam.

acteristic structures can be identified via details that are not
readily observable in images obtained at low magnification
(Fig. 1). Moreover, by studying the orientation of the ter-
races, it was found that one surface of the terrace is parallel
to the ion beam while the other is nearly perpendicular to the
ion beam (Fig. 4). Parallel facets can be confirmed from
images viewed along the beam direction [Fig. 4(a)]. Because
one side of the structure cannot be observed along this direc-
tion, this side should be parallel to the ion beam. If a shadow
area exists, as shown by Carter,>' saw-tooth-like ripples will
develop in which one side of the saw tooth is nearly parallel
to the ion beam. When viewed from the direction perpen-
dicular to the ion beam [Fig. 4(b)], the other side of the
terrace (which is nearly perpendicular to the ion beam) can
be observed. This relationship can also be confirmed by uti-
lizing cross-sectional SEM images [see Fig. 4(c)] and AFM
cross-sectional profiles [see Fig. 4(d)]. It was found that the
terrace structure described above propagates over a large dis-
tance while preserving or even sharpening the characteristi-
cally steep slopes.

Figure 5 shows the transition area between the effects due
to the different ion beam fluences. As compared with Fig. 1,
the enlarged images in Fig. 5 reveal additional details regard-
ing the ripple growth. Only the perpendicular side of the
ripples recedes while the other (parallel) side is not shifted.
This arises because the sputtering yield is close to zero for
the parallel side and only the perpendicular sides are sput-
tered. Further support for this process can be obtained from
the images that are viewed from the directions either perpen-

dicular or parallel to the ion beam [see the insets in Figs. 5(a)
and 5(b)].
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FIG. 5. Ripple evolution at different ion fluences (SEM images).
High magnification image with a tilt at 15° relative to surface nor-
mal at incident angles (a) 40 and (b) 60°. The insets show SEM
images viewed from direction (a) along ion beam direction and (b)
perpendicular to ion beam direction. Only the perpendicular side is
sputtered and recedes, but the parallel side does not shift for differ-
ent fluences. Dashed lines show different fluence regions. From
right to left the fluence increases by 6.24 X 10'7 cm™2. Scale bar is
1 pm.

IV. DISCUSSION
A. Steady-state topography induced by ion sputtering

At the initiation of the ripple formation process, the sur-
face varies sufficiently smoothly so that the conditions for
the validity of the BH model are satisfied. The ripple forma-
tion can then be described by a linear equation, and the cor-
responding ripple orientation and wavelength can be calcu-
lated directly by linear analysis. As the sputtering proceeds,
due to curvature-dependent sputtering effects where the crest
erosion is lower than that of the trough, the steep ripple
slopes are generated. Hence, the model resulting from an
expansion in gradients of the ripple height breaks down.

The explanation used to account for the deep slope for-
mation observed in cone structures induced by ion beam
bombardment can be applied to our experiments.'>~!7 Fol-
lowing this approach, we can derive an equation for the
ripple growth profile. Here we assume that the sputtering
yield is only dependent on the incident-beam angle and that
redeposition, viscous flow, and thermal diffusion are all neg-
ligible. As shown in Fig. 6, the coordinates are established
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FIG. 6. Evolution of surface bombarded by ion beam. Ion sput-
tering rate direction is along the surface normal.

with the & axis parallel to the ion beam. For a two-
dimensional slope, the rate can be determined by the sputter-
ing yield. At a normal incidence of ion bombardment, sput-
tering occurs in a direction that is locally normal to the
surface. The incident-beam angle 6 is the angle measured
from the ion beam direction to the surface normal. When the
surface is removed by an ion beam with velocity v at time ¢,
the decrease along the % axis is given by

oh
E:—v\/1+p2, (1)

where p is slope given by p=dh/dx. If we only consider
sputtering yield, v is given by

v=QI(0)Y(0), (2)

where () is atomic volume, I(6) is local ion flux, and Y(6) is
sputtering yield at incidence 6. The latter two terms are sur-
face slope dependent. For normal bombardment 1(6) is given
by

1

1(9)= \/sza (3)

where [ is ion flux. A combination of Egs. (1)—(3) gives

oh
—==-QIY(6). 4
P (0) 4)
If we make derivative of Eq. (4) in terms of x, we have
J aaY(e) a6
w__ M9 98 (5)
at a0  Ix

The same equation has been derived previously by Nobes
et al.">" using a different approach. Using this equation,
they explained the process of sharp cone formation and de-
rived a relationship such that the apex angle of the cone is
m—26, where 6, is the critical angle for which the sputtering
is a maximum.'>-'® Equation (5) shows that the change in
slope in terms of time depends on two terms: the change in
the sputtering yield in term of the incident ion beam angle
and the change in the incident angle in terms of the coordi-
nates. For the case of the sputtering yield, as shown in Fig.
7(a),?? it is well known that the sputtering yield increases
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FIG. 7. Schematic illustration of the process of terracelike ripple
formation. (a) The dependence of the sputtering yield on the inci-
dent angle and terracelike ripple formation with increasing of flu-
ence at (b) 35 and (c) 60°. In (b), A shows smallest incident angle
and B shows largest incident angle. In (c) critical incident angle (6.)
and shadow area (starting at incident angle 7/2) appear. Dashed
lines show surface normal.

slowly for angles from O to around 70° and then decreases
abruptly to zero at 90°. There is a maximum value of the
sputtering yield for which dY(6)/96=0. Here we assume that
the initial surface is a sinusoidal curve, and the change in
local incidence with the coordinate is shown in Figs. 7(b)
and 7(c). Because the signs of JY(6)/d0 and 96/dx are
known for a given curve, we can determine the slope change
during ion bombardment.

Under steady state dp/dt=0, we have =0, 6=7/2, or
60=6,, and the final slope is the slope that the local incident
angle should be one of the three possible solutions at steady
state (0,90°,6,). If we know the signs of dY(6)/d6 and
36/ dx, the increase or decrease in slope (i.e., the local inci-
dent angle) can be obtained. Hence, for a high-fluence limit,
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FIG. 8. Schematic illustration of the propagation of terracelike
ripples. The competitive of local flux and sputtering yield leads to
the propagation of ripples along projected ion beam direction.

a combination of three slopes can be obtained as shown by
Nobes and Carter.">"!7 If the local incident angle 6< 6,
(which means dY(60)/36>0), two conditions can be found:
for 96/dx>0, slope p will decrease and consequently we
have 6— 6,; another condition is §— 0 for 960/ dx<<O0. If the
local incident angle 6> 6, [which means dY(6)/d6<0],
there are also two conditions: — /2 when d6/dx <0 and
60— 6. when 96/ dx> 0. At off-normal incidence, for simplic-
ity, we rotate coordinates and let 4 be parallel to the ion
beam direction. Under this condition, Eq. (5) does not
change but the slope should be evaluated in the rotated co-
ordinates. At low incident angle [Fig. 7(b)], condition 6
<@, is satisfied along the whole surface. We then have a
steep surface with incidence =0 for 46/ dx <0 and 6= 6, for
26/ dx>0. At high incidence [Fig. 7(c)], there exist points at
which the off-normal beam is tangent to the curve on the
surface, which means that no motion perpendicular to the ion
beam can be induced by the ion beam, i.e., only planes either
parallel or perpendicular to the ion beam incidence can be
formed on the surface under the high-fluence limit. There-
fore, parallel and perpendicular facets can be induced [Fig.
7(c)]. For a low incident angle, the length of the perpendicu-
lar surface is shorter than that of the parallel surface—while
for a high incident angle, it is the reverse. These results are in
good agreement with the experimental observations. The dis-
continuous points [for example, A and B in Fig. 7(b)] can be
understood from the different sputtering yields: a peak posi-
tion appears at point A because the sputtering yield is a mini-
mum compared with the neighbors, while at point B, the
sputtering is a maximum (i.e., for the largest incident angle),
and a trough can be generated. Because the curve of the
sputtering yield [as related to incident angle, see Fig. 7(a)] is
so flat around 0~ 15°, the incidence on the perpendicular
side of terrace at steady state can be varied in a range of 6
=0~15°.

The ripple propagation velocity can also be explained
from this particular shape. At low incidence (6<45), the
maximum sputtering yield occurs on the slope (down slope)
that is opposite to the ion beam [Fig. 7(b)]. As shown in Fig.
8, for the slope (up slope) that faces the ion beam, incident
angle #=0, the flux is I, sputtering yield is Y (sputtering
yield at 6=0), and projected velocity along x axis is v,
=1 sin 6,Y, where 6, is the angle between ion beam and
global surface normal. For the slope that opposes the ion
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beam, the flux is I cos 6,, sputtering yield is Y(6,), and pro-
jected velocity along x axis is ©v,=-Qf sin(6,
—6y)cos 6,Y(6.). Therefore, the observed velocity is

v, =Q[sin 6,Y - sin(, — Oy)cos 6.Y(6,)]. (6)

If we use Sigmund’s theory, Y(6)=Y cos™! 6, which is valid
at incident angle #<60°,"'* we have positive propagation
velocity at >35° by assuming that 6.=70°.

At high incident angle (6>45°), we should consider the
shadow effects [Fig. 7(c)]. Under these conditions, the sides
of the terrace are either perpendicular or parallel to the ion
beam. The velocity is

v, =Q1Y sin 6. (7)

This result is also in good agreement with our experimental
observations.

Note that, from the present results, the value of the veloc-
ity at low incidence also satisfies Eq. (7) (Fig. 2), and the
incident angle on the slope that is opposite to the ion beam is
close to /2 (Fig. 5). However, from Fig. 7(b), the critical
incident angle was predicted on the down slope. This means
that sputtering alone cannot explain the parallel structure for-
mation. For low incident angles, one needs to consider other
mechanisms. It is known that linear curvature-dependent vis-
cous flow and surface diffusion can give rise to surface
smoothing resulting in a decrease in the angle between the
facets from 70 down to 60° or less for the “down”
slope.”?*?> However, if we assume that there is an amor-
phous layer on the surface of the substrate, ion impact can
generate a local anisotropic deformation and plastic flow—
resulting in a nonlinear curvature-dependent viscous flow
and ripple formation.?*~>® Because this flow is a function of
stress that depends on the thickness of the amorphous layer,
the substrate can lead to an increased retardation of flow near
the troughs relative to the crests of the surface. As a result, a
shadowing area can be created, leading to parallel facet for-
mation. Additionally, the incident angle 35° is the minimum
angle for ripple formation. For a slope equal to 1 (the small-
slope approximation is valid at slopes less than 1), at an
incident angle of 35°, the local maximum incident angle can
reach a value close to 80°. Hence, for the large slopes (larger
than 1) we have considered here, it is reasonable to assume a
tangent profile of the ripples relative to the ion beam, and as
a consequence, only perpendicular and parallel facets can be
created.

B. Shocks in ripples

Since the slope p=tan 6, Eq. (5) can be rewritten as

a0 a0

o +C(0)O7x—0, (8)
where C(6)=Q1 cos?> H9Y(6)/36. This form of the equation
is found in many physical phenomena and typically results in
discontinuities due to the interference between waves.
Shocks (or rarefaction waves) result when these discontinui-
ties occur. In an analogy to chemical etching, Barber et al.'®
employed the properties of shock waves to develop a geo-
metrical approach to predicting surface morphologies in-

PHYSICAL REVIEW B 80, 085413 (2009)

duced by ion beams. Subsequently, Nobes et al.'>'7 derived
nonlinear equations confirming that ion bombardment can
give rise to the shock waves and thus lead to edge formation.
In a recent analysis of surface morphology development in-
duced by ion beams, a kinematic shock-wave formulation
has also been derived by Chen et al.'® to interpret the steep
slope development. It is now believed that the formation of a
large-slope surface morphology during ion beam etching
may be understood in terms of the propagation of a shock
front. The analytical solution to this shock-wave equation is
quite difficult, but the development of the surface morphol-
ogy can be constructed from this equation by plotting the
trajectories as well as the etching depth as defined by the
sputtering yield.!3-182%30 In order to understand step forma-
tion in ripples, we have applied geometrical construction to a
sinusoidal surface at various incidence angles. This approach
is based on the fact that surface development during ion
bombardment can be described by a shock wave in which the
orientation of the ion-etching trajectories can be well defined
by the velocity of the surface in the normal direction. A
program was written to draw trajectories from 100 equally
spaced points on the initial sinusoidal surface according to
the slope and local incident angle that is a function of the
coordinates. The slope of the trajectories as derived by Carter
et al.'’ is given by

dh _sin 6 cos 0(dY(6)/d6) - Y(6)
dx cos? A(dY(6)/d6)

)

The continuous equation for sputtering yield as a function of
incident angle was given by?

2
Y(6) =cos 6 exp(— %COS2 19), (10)
o

where a is average ion energy depth and « is ion energy
straggling (a?/2a*=3.5 was used in computer calculation).
For initial curve h=sin x, at off-normal incidence 6, (global
incidence), we have 6=|-6,+m+arctan(cos x)|. Figure 9
shows the profiles for the sputtering of a sinusoidal surface at
different incidences. The trajectories show the distance and
direction of the recession of the initial surface. Each trajec-
tory slope is constant, and the initial surface point will move
along this line under ion etching. Equation (9) and sputtering
yield [Eq. (10)] determine the slope and depth,
respectively.'>!82! When two trajectories meet, an edge is
produced, and the lines beyond the meeting point are erased.
The distance between =0 and #=1 in Fig. 9 shows that the
down slope recedes faster than the up slope. With the change
in down slope, the erosion rate on some points on the down
slope becomes smaller. Facet structure is evident for long-
term bombardment where the incident angles of about 0 and
75° on two sides of the terrace are developed, and the veloc-
ity of propagation is along the projected ion beam direction
at both high and low incidences. Due to neglecting other
effects such as viscous flow and redeposition, the parallel
facet cannot be predicted. Figure 9 shows that, at the very
beginning of the bombardment, ripples move against the pro-
jected ion beam direction for all incident angles, and after a
critical time, the ripples move along the projected ion beam
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FIG. 9. (Color online) Geometrical construction of surface de-
velopment subject to a uniform ion flux at incident angles (a) 35
and (b) 45°. The initial surface at time =0 is sinusoidal. Dashed
curves show the surface morphology after time r=1 and 2. Fine
lines show the orientations of ion-etching trajectories. A facet struc-
ture forms due to the discontinuous slope.

direction. This result is consistent with predictions from the
BH model. Therefore, the propagation of ripples at an early
stage where the BH model is applicable cannot be detected,
while observable ripple propagation takes place after facet
formation at later time when the linear BH model breaks
down.

An alternative explanation for ripple evolution is based on
the earlier linear model work of BH and extended nonlinear
models. Using Sigmund’s theory,!#3! the total number of
sputtered atoms per unit area per unit time can be estimated
by integrating the Gaussian distribution of energy on a pre-
scribed shape of the surface. Equation (2) is then replaced
by2,14

v=Qj I(r)Y(r)dA, (11)
R

where I(r) is a local flux, I(r)dA is the number of ions hit-
ting on an area dA, and Y(r) denotes the sputtered atoms at
original position (r=0) generated by an ion hitting the sur-
face in a point r. The integral is evaluated over the area ‘R.
This equation computes the sputtered atoms induced by the
accumulated energy from different positions, i.e., curvature-
dependent sputtering. Equation (2) only describes single-ion
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effects without any consideration of neighboring ion contri-
butions and is valid for large-slope-dependent sputtering and
the small curvature approximation.

Using Eq. (11), but without the small-slope approxima-
tion, Chen et al.'® derived a partial differential equation and
found that steep slopes with an incident angle of 76° can be
induced by ion beams—consistent with our studies. Chen et
al.' also showed that curvature-dependent sputtering can be
ignored without a significant error, and the surface diffusion
in which the diffusive fluxes are fourth order does not affect
the slope and velocity.!” Recently, redeposition and ion-
induced viscous flow have been highlighted in the evolution
of the surface morphology induced by ion beams.>?3>-3* The
analytical equation for these two effects is, however, not well
established.?>3 In the present case, if we define redeposition
as a damping term as shown by Facsko et al.’® dh/dt=—ch,
where / is surface height and ¢ is a constant, in some cases,
discontinuity cannot occurs.>® This means that redeposition
tends to smoothen the surface. In our experiment, the step
structure can always be formed for the high-fluence limit,
and thus, this term is not dominant. This may be due to the
high-vacuum conditions that can lead to a small redeposition
effect. Ion-induced viscous flow, as shown in section A, can,
however, contribute to the formation of a parallel surface of
terracelike ripples.

V. CONCLUSION

We have shown that terracelike ripples can be induced by
ion beams after a long-term bombardment. The sides of the
terraces are either parallel or perpendicular to the ion beam
direction. This is accounted for based on slope-dependent
sputtering rather than a curvature-dependent sputtering yield
that has been widely used for the description of ripple for-
mation. The velocity was measured and found to be propor-
tional to the sine of the incident angle. The mechanism of
formation for such a special shapes is treated by considering
slope-dependent sputtering. Shock-wave phenomena were
introduced to explain the observed terrace structure forma-
tion. Although this analysis is oversimplified in several re-
spects, there is an encouraging qualitative agreement be-
tween the model predictions and the experimental results
presented here.
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