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Abstract

We conducted a systematic study on nanopatterning by multiple-ion-beam sputtering, focusing
on the superposition of the simple patterns formed by individual ion beams. When Au(001) is
simultaneously sputtered by two ion beams at grazing incidence, both nanodot and nanohole
patterns are obtained. If a rippled surface is subsequently sputtered at normal incidence, a
nanobead pattern is obtained. All of the obtained patterns consist of the nanopatterns formed by
individual ion beams; however, the superposition of nanopatterns is not realized in its ideal
form. We also discuss the microscopic mechanism of pattern formation by multiple-ion-beam
sputtering, and consider the questions and possibilities remaining to be explored.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Ton-beam sputtering (IBS), widely applied in the fabrication
of self-organized nanostructures, can be applied to almost
all materials, including insulators, metals, and even organic
materials, and is manipulated by easily controllable physical
parameters [1]. This physical self-assembly is distinct from the
self-organized growth of organic and bio-materials, which is
only applicable to limited classes of materials and is controlled
by chemical and thermodynamic variables.

The patterns currently able to be formed by IBS are limited
to symmetric hexagonal or square patterns of dots, holes, or
ripples. If the incident ion beam is oriented nearly normal to
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the surface, two-dimensional (2D) patterns of nanodots [2—6]
or nanoholes [7, 8] are formed. By oblique incidence of the
ion beam, periodic ripples can be produced on the irradiated
surface [9-22]. It appears that only the most basic structures
can be produced by IBS; therefore, novel approaches are
urgently required to obtain the more complex and structurally
versatile patterns needed for the tailored nano-sculpting of
surfaces.

To date, sputter-induced patterning has been performed
using a single ion beam under fixed sputter geometry, although
in one case a rotating substrate was used [23]. This practice
employed in IBS may represent one of the factors that limits
the diversity of IBS-induced patterns. To increase the range of
achievable nanopatterns, Carter [24] proposed the use of dual-
ion-beam sputtering (DIBS) to induce interference patterns,
although this idea has yet to be fully tested experimentally.

Recently, Vogel and Linz investigated the possibility of
nanopatterning by multiple-ion-beam sputtering [25]. The
authors started from the damped Kuramoto—Sivashinsky (dKS)
equation and predicted the formation of various surface
patterns by adjusting the parameters that determine the
strength of the damping y and ion-induced effective surface
diffusion 6. The parameters y and § can be controlled in
experiments by, for example, tuning the incident angles of
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Figure 1. Schematic illustration of the three different modes of multiple-ion-beam sputtering considered in this study.

the four ion beams. As an alternative, the authors also
suggest the possibility of the sequential application of an ion
beam, with the sample held in different orientations with
respect to the beam at each application, in order to fabricate
sophisticated nanopatterns [25]. To date, however, few
experimental studies have considered patterning by multiple-
ion-beam sputtering [26-28].

In this report, we present the experimental results of
multiple-ion-beam sputtering of Au(001) performed in three
different ways: a case of DIBS and two cases of sequential
ion-beam sputtering (SIBS). In the DIBS approach, two ion
beams were simultaneously incident on Au(001) at a grazing
angle and oriented perpendicular to each other in azimuth
(figure 1(a)). In the SIBS approach, we sputtered the sample
in a single direction using a single ion beam (at the same
grazing angle as that used for DIBS) to form ripples on the
substrate. The rippled surface was then rotated by 90° in
azimuth while maintaining the polar angle, and sputtered again
(figure 1(b)). In the second SIBS experiment, the rippled
surface was further sputtered by an ion beam oriented normal
to the surface (figure 1(c)).

The DIBS experiment yielded 2D patterns of nanoholes
and nanodots (without ripples), although it must be
remembered that sputtering was made at a grazing angle with
the sample at rest [26]. In the diffusive regime, where energy
and flux are relatively weak and pattern formation is largely
governed by diffusion of the main surface species, a square-
symmetric pattern of nanoholes is formed, where the edges of
the squares are aligned along the directions of high symmetry
in the substrate. In the erosive regime, beam energy and beam
flux are sufficiently large that erosion is the dominant effect
in the patterning process. In this case, pattern orientation is
independent of the crystallographic directions of the substrate;
instead, it relates to the direction of the ion beam.

For the case of SIBS with crossing ion-beam sputtering
(CIBS) of the pre-rippled surface [27] (figure 1(b)), we
observed a rapid decay of the initial ripple and the growth
of new ripples in the direction of the crossing ion beam. No
interference pattern of crossing ripples was observed under
either the erosive or diffusive regimes. For the other case
of SIBS, involving IBS oriented normal to the pre-rippled
surface [28] (figure 1(c)), we observed a pattern of nanodots
arranged along the underlying ripples or nanobeads. This
nanobead pattern appears to result from the superposition of

ripples and dots that formed consecutively by sputtering at a
grazing angle and by subsequent normal-incidence sputtering,
respectively. However, the wavelength of the ripple in the
nanobead pattern is larger than that of the initial ripple, and
the dots form only on the crests of the ripples. This nanobead
pattern is a salient feature, raising the possibility that SIBS will
enable new schemes to fabricate sophisticated nanopatterns.

We also studied the mechanism of pattern formation
by multiple-ion-beam sputtering, following the approach of
Bradley and Harper [29]. In their model, the diffusion of
adatoms and vacancies is considered according to the theory
of Mullins [30] and sputter erosion is considered according to
the theory of Sigmund [31].

We applied the BH approach to the DIBS method, and
derived a continuum equation with the same form as the
Kuramoto—Sivashinsky (KS) equation for the present DIBS
geometry, although with different coefficients. The most
notable feature of the KS equation for DIBS is that it does not
induce growth instability, in contrast to the observed patterns
generated by DIBS. For the SIBS case, a numerical analysis
using the KS equation does not reproduce the observed pattern
evolution. The results of these two theoretical studies suggest
that pictures beyond that of BH are needed to describe the
processes involved in pattern formation by multiple-ion-beam
sputtering. We also discuss ways to overcome the limitations
of the BH-type approach.

2. Experiment

All sputtering experiments were performed in a custom-built
ultrahigh-vacuum chamber. The base pressure of the chamber
is in the range of mid to high 107! Torr. Clean and atomically
flat Au(001) surfaces were prepared by a series of Ar™
sputtering and annealing cycles with an annealing temperature
of 730 K. The mean terrace width of the clean Au(001) was in
the order of several hundred nanometers.

During both DIBS and the grazing-angle sputtering in
SIBS, the impinging ion beams make a grazing angle to
the surface normal of 6 =~ 73° (figure 1). Each ion gun
is mounted on a goniometer that enables adjustment of the
incident angle in two perpendicular directions. The ion
energy € and ion flux f for each ion beam are operated
in two modes: (i) € = 0.5 keV and relatively small flux
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Figure 2. (a) Initial Au(001) sample. (b)-(d) Nanopatterns induced by DIBS under the diffusive regime, € = 0.5 keV and

f=fi+ fr =0.93ions nm~2 s~!. The figures are presented in order of increasing fluence. (b) ¥ = 5.2 x 10> nm~

2

bl

(©) ¥ =2.0 x 10* nm™2, (d) ¥ = 3.5 x 10* nm~2. (e) Representative SEM image taken at ¥ = 2.0 x 10* nm~2 and corresponding
autocorrelation function (inset). (f) Height profiles along the two lines marked in (c). Arrows indicate the incident ion-beam directions.

(f < 1ionnm~2s~! for DIBS and f < 0.1 ionnm~2s~!
for CIBS), and (ii) € 2.0 keV and relatively large flux
(f > 1ionnm~2s~! for DIBS and f > 0.1 ionnm~2s~!
for CIBS)>. The former case corresponds to the diffusive
regime and the latter to the erosive regime [32]. A minor
increase in sample temperature (less than 20 K) from the initial
temperature (room temperature) was observed at the last stage
of sputtering because of thermal accumulation associated with
extended sputtering. The morphological evolution of Au(001)
by IBS was investigated ex situ by atomic force microscopy in
contact mode.

3. Dual-ion-beam sputtering

DIBS in the diffusive regime. Figure 2 shows the development
of nanopatterns on Au(001) by DIBS in the order of increasing
ion fluence W (=f x t). Figure 2(a) shows a representative
initial Au(001) displaying wide terraces with an average width
of several hundred nanometers. For ¥ =~ 5.2 x 10° nm~2,
ordered holes are clearly visible in figure 2(b). The holes are
closely packed and have four-fold symmetry, with edges along
the {110} directions (see inset in figure 2(b)). The inset shows
the height-height correlation function G(d) = (h(r)h(r+d)),

3 The total flux is doubled during DIBS, and thus the temperature rise of the
sample is higher than during CIBS. To compensate the enhanced diffusion
during DIBS, a larger f is required to reach the erosive condition than that
during CIBS. The referred f is a nominal value estimated from the integrated
fluxes over the entire irradiated area, which extends further beyond the sample
area due to both the grazing incidence and the defocused operation of the ion
gun for uniform irradiation of the sample.

where (-) denotes the spatial average and d is displacement.
Each hole is enclosed by four sub-linear ridges, suggesting
that the pattern originates from crossing ripples; however,
the ridges are aligned along the densely packed {110}
crystallographic direction rather than along the beam directions
(marked by arrows in figure 2(a)). This finding indicates that
the nanopatterning is governed by the diffusion of surface
species. As the ion fluence increases further (figures 2(c)
and (d)), lateral and vertical growth of the holes is observed,
and the symmetry and order of the nanopatterns show a gradual
decrease, possibly reflecting the accumulation of thermal
agitation. Figure 2(e) shows a wider view obtained by scanning
electron microscope, confirming the formation of a nanohole
pattern. The uniformity and long-range order of the pattern are
also more clearly observed in this image.

Such nanohole arrays have been reported previously for
various materials [33, 34], although with relatively poor lateral
order because nanohole arrays form in the diffusive regime by
thermally activated vacancies. The relatively high order of the
present nanohole pattern may be attributed to the preferential
diffusion of vacancies along ripples that offer highly efficient
diffusion channels along their step edges. To improve the
order of sputtered patterns, recent studies have explored the
sputtering of pre-patterned surfaces [35]. In this context,
during DIBS we witnessed self-templating (by the ripples) and
the self-organized growth of nanoholes.

Figure 2(f) shows representative line profiles along the two
crystallographic directions marked by solid and dashed lines in
figure 2(c). Comparison of the two profiles reveals that ridges
along [110] (solid line) are broader than those along [110]
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Figure 3. Nanopatterns induced by DIBS under the erosive regime, € = 2 keV and f ~ 3.25 ions nm~2 s~!. (a)~(d) are presented in order of
increasing fluence. (a) ¥ = 940 nm~2, (b) ¥ = 1900 nm~2, (c) ¥ = 3900 nm~2, and (d) ¥ = 6350 nm~2. The inset in (d) shows the
height-height correlation function. (e) Height profiles along the two lines marked in (d). Arrows indicate the incident ion-beam directions.

(dashed line). The mean wavelengths along [110] and [110],
as estimated from the height-height correlation function, are
65 £ 3 and 54 £ 2 nm, respectively, reflecting the difference
between the two ion beams employed for DIBS. Another
distinguishable feature is that the ridges show slope selection,
with different slopes on opposing faces (figure 2(f)): the (1,1,4)
facet is frequently found on the illuminated (by the crossing
ion beam) side, while the (1,1,6) facet is found on the shadow
side. Similarly asymmetric ripple slopes are also observed for
ripples formed in the erosive regime (figure 3(e)). It is tempting
to attribute this asymmetry to the slope dependence [36, 37] of
the erosion rate as the ion beam crosses the ripple; however,
the different erosion rates of the two sides only affect their
lateral erosion rates. As long as the erosion rate is uniform
on each side, the slopes remain unchanged. This finding
indicates the likely existence of effects that are dependent on
the incident angle (in addition to sputter erosion) and that
produce asymmetric slopes.

DIBS in the erosive regime. Ordered patterns of nanodots
develop in the erosive regime (figure 3). Figure 3(a) shows
the incipient stage of nanodot formation, revealing tiny dots of
various sizes and shapes. In some regions, the dots already
show the square-symmetric order of the nanodots. With
increasing W, the dots grow and are more easily discernable,
but most remain linked to each other (figure 3(b)). In
figure 3(c), openings are locally present, and the pattern
resembles a labyrinth (figure 3(c)). With further sputtering,
a pattern of separated dots emerges (figure 3(d)). The
dots are reasonably well ordered and show square-symmetric
correlations, as shown in the height-height correlation (inset in
figure 3(d); however, the dot size is highly variable and there
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Figure 4. Nanopatterns induced by DIBS with unbalanced dual
beams (a) and single IBS (b). For the case of DIBS, the beam fluxes
are varied from that for figure 3(d): f is decreased by about 5% and
f> is increased by about 30%. For (b), the beam flux is the same as

f2in (a).

are many point defects that are largely more/less than four-
coordinated.

It is noteworthy that in the erosive regime the 2D pattern
of nanodots (as seen in figure 3) is achieved only under
the balance of the two ion beams; otherwise, modulated
ripples are observed (see figure 4(a)). The 2D nanohole
pattern, on the other hand, is formed in the diffusive regime
with no strict requirements for the balance of the two ion
beams. The modulated ripples are markedly different from the
ripples formed by single-ion-beam sputtering, which show no
modulation in height and width (figure 4(b)). The observed
modulation in figure 4(a) is suggestive of the incomplete
breakage of ripples into dots by the crossing (minor) ion beam
of lesser flux.
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We explain the distinct behaviors under the two sputtering
conditions as follows. The role of each ion beam during DIBS
is two-fold: each beam produces ripples along its direction
while simultaneously destroying perpendicular ripples. If a
balance is not achieved between the two beams, then one beam
(the major beam) breaks a crossing ripple into nanodots, while
the other (minor) beam is incapable of breaking the crossing
ripple into separate nanodots, instead resulting in modulation.
As a result, the nanodot pattern is observable only under
highly restricted conditions in which both beams break their
crossing ripples into nanodots simultaneously. In the diffusive
regime, however, diffusion of the adatoms and/or vacancies
along the edges of the ripples occurs so rapidly [32] that the
ripple defects caused by the crossing ion beam are efficiently
cured. Thus, the ripples in both directions are able to maintain
their shape, forming ripple-bound holes under most sputtering
conditions. In short, the instability that forms a nanodot array
from a ripple is absent in the diffusive regime.

Does the superposition of crossing ripples occur during
DIBS? It would be interesting to determine whether the pattern
induced by DIBS results from the superposition of the two
crossing ripples, each of which is independently formed by the
respective ion beam employed for DIBS [24, 25]. To address
this issue, we performed ripple formation independently for
each ion beam employed for DIBS (under the same DIBS
conditions) and digitally superposed the two ripple patterns.
We then compared the new image with the DIBS image.

Figure 5(a) shows the pattern obtained by DIBS under
diffusive conditions, while figure 5(b) shows the digitally
superposed image consisting of two independently formed
ripple patterns. We also obtained a DIBS pattern (figure 5(c))
and superposed image (figure 5(d)) under the erosive regime.
For both regimes, the superposed images do not resemble the
DIBS images, which show larger characteristic lengths and
spacings. Moreover, in the diffusive regime the nano-features
in the real image are nanoholes rather than the nanodots
observed in the superposed image, and the instability of the
nanodot pattern observed under the erosive regime is not
apparent in the superposed pattern. Taken together, the above
observations indicate that superimposing the ripples that form
during DIBS is an invalid approach.

One might wonder, however, whether the increase in
the characteristic length in both regimes reflects an increase
in substrate temperature arising from the doubled flux in
DIBS compared with that in single ion-beam sputtering.
In fact, we observe an increase in sample temperature of
<20 K at the end of each sputtering term relative to the
original temperature. According to the linear theory proposed
by Bradley and Harper [29], the ripple wavelength follows
l \/2 Kexp(—E/kgT), where K is the thermal diffusion
constant, E the relevant diffusion barrier, kg the Boltzmann
constant, and 7" the substrate temperature. Indeed, by using
the known terrace diffusion barrier on Au(001), whereby E ~
0.65 eV [38], we estimate the increase in the characteristic size
to be approximately 112%, corresponding to a 20 K increase
in substrate temperature. Thus, the enhanced temperature can
explain the discrepancy in characteristic length between the
DIBS pattern and the superposed ripple pattern.

D

s

JD

Figure 5. Nanopatterns formed by DIBS under the diffusive (a) and
erosive (c) regimes. (a) is obtained from figure 2(d), and (c) from
figure 3(d). (b) and (d) are digitally superposed images for the
diffusive and erosive regimes, respectively.

Furthermore, with increasing substrate temperature the
species shaping surface may change from adatoms to
vacancies, as the diffusion barrier for advacancy is higher
than that for adatom [7, 39]. In fact, such a change in
surface structure from adatom islands to vacancy islands
has been reported previously with an increase in substrate
temperature [7, 39, 40]. The ion flux is lower for the diffusive
regime than for the erosive regime; consequently, the effective
temperature that approximately scales inversely to the flux [41]
should be higher in the former than in the latter. Accordingly,
the switch in surface species is likely to occur (and is actually
observed) in the diffusive regime. In short, thermal effects
are critical in shaping Au(001) during sputtering, whereas the
present experiments were performed without the temperature
being fully stabilized. Before reaching a firm conclusion
regarding whether the superposition of ripples works during
DIBS, further experiments are required in which substrate
temperature is carefully controlled.

Microscopic picture of DIBS. To obtain a microscopic
picture of DIBS, we established a continuum equation
following the scheme of Bradley and Harper. We apply
the Sigmund theory for sputtering to the case in which two
ion beams are incident simultaneously: the normal erosion
velocity V, at a generic point o on the surface is described
simply by superposition of the two energy dissipation functions
corresponding to the two ion beams: V,, f dr {e;(r) fi(r) +
&(r) f2(r)}, where dissipation of the impact energy e(r)
is represented by the Gaussian function with widths of o
along the incident ion direction and p in the lateral plane
perpendicular to this direction [31, 42]. This calculation does
not take into account any correlation effect between the two
beams.
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Table 1. Coefficients of the KS equation, estimated by the TRIM algorithm under the experimental conditions. All values are per unit flux.

@A A DAY D,A&) D, &)
SIBS in x 14.2 —-0.9 —2888.4 38.5 —939.1
SIBS in y —-0.9 14.2 38.5 —2888.4 —939.1
DIBS with r = 1 13.3 13.3 —2849.9 —2849.9 —1878.2

The resulting continuum equation remains in the same
form as the KS equation provided that the azimuthal angle
between the two incident beams is 90°, although the coefficient
of each term is modified to reflect DIBS. In the general case of
DIBS, detailed formulae are given in [43]. The KS equation
reads as follows:
dh 2 2 4 292
v VeVih + vy Vih — Dy Vih — Dy ViVih

— Dy Vih — KV*h

+ A (Vih)? + A (Vyh)? + n(x, v, 1). (1)

Here, v is the effective surface tension generated by the
erosion process and D is the ion-induced effective diffusion
constant [41]. A is the tilt-dependent erosion rate [44] and
n is uncorrelated white noise with a zero mean, mimicking
the randomness resulting from the stochastic nature of ion
arrival at the surface [45]. For the KS equation for DIBS,
the coefficients v and D are determined as follows; v(P1BS) =
v 4 v where vi(x) is the coefficient of the VA term
when a single ion beam is incident along the x direction, and
r = f/fi. v)(;DIBS) and D®®S) are determined in a similar
manner.

The numerical value of each coefficient is estimated by
TRIM analysis [46] under the experimental condition [26], and
the results are summarized in table 1. Because D,, and D,
are very large in absolute magnitude due to sputter-induced
diffusion, the coefficients V2h, vPBS)  and V)EDIBS) become
positive, and D{P'BS) and D;?IBS) are negative. Thus, the linear
instability condition for the KS equation no longer holds for
DIBS, in contrast to experimental observations. Hence, the KS
equation for DIBS fails to explain pattern formation by DIBS.

The discrepancy between the stable surface predicted by
the KS equation for DIBS and the observed nanopattern may
be resolved within the KS picture if a cross term exists in the
form of 0, 0yh, as this can yield a different dispersion relation
in the linear instability analysis. In fact, the cross term was
proposed in [25] to take into account the interference effect
between the two beams, even though this effect was considered
in the damped KS equation. In our case, we described DIBS
by adding the Sigmund energy dissipation functions of the two
beams; we neglected higher-order correlations of the sputter
events. It is necessary to carefully examine the types of
correlation effects that are possible, as well as how they can
be represented in continuum theory. The cross term can also
be obtained in the KS equation for DIBS if the azimuthal angle
between the two ion beams deviates from 90°. It is possible
that there exists dispersion in the direction of each ion beam
in the experiment, and therefore that the angle between them
would vary by about 90°. In such a case, the cross term might
remain effective, and instability in surface growth might still

hold in DIBS, thereby yielding the pattern observed in the
present experiment.

From a theoretical perspective, we remain cautious about
oversimplifying the treatment of sputtering events during
DIBS. Each ion beam during DIBS hits the crossing ripples
with a large difference in incidence angle between the
illuminated and shadow sides. In terms of the morphological
evolution of such a highly modulated surface, it is essential to
use a nonlinear term that takes into account the dependence
of erosion rate V, on the local slope [47]. This suggests that
the linear instability argument may not be applicable in the
present experimental situation. Finally, redeposition of the
sputtered atoms is not included in the KS equation for DIBS;
however, the results of recent experiments [6], hydrodynamic
modeling [37], and molecular dynamic simulations [48]
indicate their significant contribution to the morphological
evolution of the surface during ion-beam sputtering.

4. Sequential ion-beam sputtering

The simultaneous incidence of multiple ion beams on a surface
is limited in its variety by the port arrangement of the sample-
preparation chamber. Moreover, it is difficult to obtain precise
control of each ion beam to dose the required flux with a well-
defined incidence angle, although such control is sometimes
demanded, as indicated by the high sensitivity of DIBS patterns
to the balance of the two ion beams (figure 4). An alternative
approach involves the sequential application of a single ion
beam to a sample surface whose orientation with respect to the
ion beam is varied in a controlled manner [25]. In a numerical
study of the damped Kuramoto—Sivashinsky equation, Vogel
and Linz [25] predicted that various nanopatterns could be
obtained by SIBS. The orientation of a sample can be precisely
and reproducibly controlled during an experiment, meaning
that SIBS can be performed in a well-defined manner.

SIBS can be realized by various combinations of sample
orientations relative to the ion beam. As a very simple case, we
first sputtered a sample in the close packed [110] direction of
Au(001) with the polar angle fixed at 72° from the normal to
the sample surface (figure 2(b)), and formed a ripple pattern.
For the next sputtering, we rotated the sample by 90° in
azimuth while maintaining the polar angle. Figure 6(a) shows
the ripple pattern formed by the initial IBS along the [110]
direction of Au(001) under the sputter condition of the erosive
regime, similar to that for DIBS. With subsequent sputtering
by the crossing ion beam, the initial ripple pattern is heavily
damaged such that its order and mean coherence length are
severely degraded (figure 6(b)). On the modified ripple pattern,
we observe the growth of new ripples along the direction of
the crossing ion beam that will prevail upon the surface with
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Figure 6. (a) Rippled Au(001) surface in the erosive regime.

(b) Surface morphology (induced by CIBS) of the rippled Au(001) in
the erosive regime. Sputter conditions were as follows: € = 2.0 keV,
f =0.31ionsnm2s~!, and ¥ = 84.8 ions nm~2. (c) Rippled
Au(001) surface in the diffusive regime. (d) Surface morphology
(induced by CIBS) of the rippled Au(001) in the diffusive regime.
Sputter conditions were as follows: € = 0.5 keV,

f =0.06ions nm™2 s~!, and ¥ = 716.3 ions nm—2. Arrows indicate
ion-beam projection.

further IBS. Under the diffusive condition, similar to the case
of DIBS, we also observe initial ripple formation (figure 6(c))
and its destruction, followed by new ripple formation along the
direction of the crossing ion beam (figure 6(d)). Hence, an
immediate conclusion one can make is that the superposition
of two ripples formed by IBS in perpendicular directions is not
realized under both erosive and diffusive sputtering conditions.
This is in contrast to the prediction of a numerical study
of the dKS model [25]. The results of molecular dynamic
simulations indicate that nonlinear effects such as redeposition
play a significant role during pattern evolution in particular
if the crossing ion beam is incident on the highly corrugated
surface [27, 48]. An accurate description of morphological
evolution by SIBS requires adequate treatment of such effects.

As a second example of SIBS, we performed sputtering
normal to Au(001) after forming a ripple pattern on the surface.
If we achieve a superposition of patterns fabricated by each
sputtering, we would expect a ripple pattern overlapped by
nanodots or nanoholes. Figure 7(a) shows the ripple pattern
formed along [110] under the sputtering condition of the
erosive regime, as mentioned above. After sputtering oriented
normal to the rippled surface, we obtain a pattern in which
nanodots are located on the ripples, which we refer to as
nanobeads (figure 7(b)). The nanobead pattern appears to be
a realization of the superposition of the nanodot and ripple
patterns; however, as the normal-oriented ion-beam sputtering
proceeds, the rippled surface becomes smooth and ripples

Figure 7. (a) Initial rippled Au(001) pattern and (b) nanobead pattern
induced by subsequent IBS oriented normal to the rippled Au(001).
The sputter conditions for the initial ripple (nanobead pattern) were
as follows: € = 2.0keV (¢ =2.0keV), f = 0.31 ions nm~2 5!

(f = 1.19ions nm~2 s7'), and ¥ = 4500 ions nm™>

(¥ = 1781 ions nm~2). The arrow in (a) indicates the projection of
the ion beam.

with small (less than 30 nm) widths disappear, resulting in an
increase in mean ripple width [28].

From a practical viewpoint, this result is stimulating
because two different patterns expected for the two different
sputtering geometries are apparently superposed to form a
novel pattern (i.e. a nanobead pattern). A second interesting
feature is that the nanodot pattern acquires a high degree of
one-dimensional order, guided by the ripples as a template.
In some regions, the dots on an individual ripple grow in
tandem with those on adjacent ripples to form a square-
symmetric order of nanodots on ripples. The nanodots formed
solely by normal IBS and self-organized themselves into
a square-symmetric pattern of much lower order than that
of the nanobead obtained by SIBS. This result raises the
possibility that a suitable combination of SIBS can produce
novel ordered nanopatterns, although an approach involving
the superposition of patterns is not applicable in their pristine
form.

5. Summary and conclusion

We sputtered Au(001) by dual ion beams and studied
the development of the induced pattern. Highly ordered
nanopatterns were formed by DIBS: a 2D nanohole array in the
diffusive regime and a nanodot array in the erosive regime. In
the erosive regime, instability is observed in pattern formation.
Careful balancing of the two crossing ion beams is necessary
for 2D pattern formation.

We derived a continuum equation from Sigmund theory
with two energy dissipation functions to take DIBS into
account. For the present DIBS, with two beams that are
perpendicular to each other in azimuth, the equation has the
same form as the KS equation, although the coefficients are
altered to reflect DIBS. The KS equation predicts a stable
surface, contrary to experimental observations. We propose
several possibilities e.g. redeposition, in terms of improving
our understanding of nanopatterning by DIBS.

We also examined the possibility of SIBS for nanopattern-
ing via interference patterns formed in sequence. First, we
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formed a ripple pattern along a given direction via the graz-
ing incidence of the ion beam; we then repeated the process at
90° to the initial direction. We did not obtain an interference
pattern; instead, the initial pattern was destroyed before new
ripples could occur along the ion-beam direction. However,
in the case of normal sputtering of a pre-rippled surface, we
obtained a pattern of nanobeads consisting of nanodots on the
existing ripples. This nanobead formation raises the possibility
of forming novel nanostructures by SIBS.

Pattern formation by multiple-ion-beam sputtering is not
properly explained by conventional theories on sputter-induced
patterning based on the Bradley and Harper picture, which
combines the sputtering theory of Sigmund and diffusion
theory. To accurately describe multiple-ion-beam sputtering
and pattern formation, it may be necessary to take into account
factors that are currently missing from the BH model, e.g. the
correlation effects of ion beams and redeposition.
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