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Abstract. We thoroughly investigate the impact of redeposition on the self-organized pattern formation
during ion-beam erosion within the framework of a spatially two-dimensional continuum model. An anal-
ysis on prestructured patterns allows the extraction of general properties of this mechanism, the typical
distribution of redepositing particles and approximations in terms of the surface height in particular. By
combining the redeposition model with erosion models, we present detailed results about the impact of
redeposition on spatio-temporal surface evolutions. It is shown that redeposition can play a decisive role
for pattern formation under ion-beam erosion within an extended range in the parameter space.

1 Introduction

Self-organized pattern formation is ubiquitous in nature
and can be observed on length scales ranging from the
macro- to the nanoscale. For application, in particular
the latter is relevant: when the desired length scale is
below the range of conventional top-down methods, e.g.
lithographic microfabrication, self-organized pattern for-
mation provides a promising bottom-up alternative to cre-
ate structures on the nanoscale [1].

One prime example for this approach is the emer-
gence of well-structured morphologies on ion-beam eroded
surfaces (cf. Refs. [1–4] for reviews). While the first ex-
periments can be dated back to 1962 [5], a new im-
petus was given in 1999, when Facsko et al. discov-
ered the self-organized formation of hexagonally arranged
nanodot structures on semiconductor surfaces by low-
energy ion-beam erosion at normal incidence [6]. Since
then, numerous experiments have been carried out which
can essentially be categorized into three groups: (i) low-
energy erosion of III-V semiconductor compounds [6–11];
(ii) erosion of Ge with heavy ions or ion clusters [12–17]
and (iii) low-energy erosion of Si with additional metal
co-deposition [18–21].

From the theoretical point of view, continuum mod-
els offer a promising approach to gain a coarse-grained
understanding of the physical mechanisms acting on the
eroded surface and their interplay leading to the observed
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nanopatterns. By expanding the evolution ∂t H of the sur-
face height H(x, t) (with the lateral coordinate x = (x, y))
into lowest order terms that are compatible with the
symmetry, Cuerno and Barabási proposed an isotropic
Kuramoto-Sivashinsky (KSE) equation as minimal model
for normal ion-incidence [22]:

∂t H = a0 + a1� 2H + a2� 4H + a3 (� H)2 . (1)

Here, the individual terms on the rhs can be interpreted
as follows: while a0 < 0 is the erosion velocity of a com-
pletely flat surface, a2� 4H (with a2 < 0) represents
the smoothing Mullins diffusion [23] and a3 (� H)2 mod-
els the tilt-dependence of the sputter yield to the low-
est order. The coefficient a1 of the (anti)diffusive term
� 2H has a positive, i.e. smoothing, contribution stemming
from the ballistic mass drift [24] but must also comprise
roughening mechanisms that lead to a in total negative
a1 so that an initially flat surface is destabilized in the
model equation (1). The Bradley-Harper mechanism, i.e.
the curvature-dependence of the erosion rate [25], gives
rise to a term proportional to Š� 2H , but also chemical
roughening mechanisms have been proposed [26]. For the
afore-mentioned case (iii), the deflection of approaching
metal atoms constitutes a reasonable roughening mech-
anism since it has be successfully identified in the field
of physical vapor deposition of a thin metallic film on
Si [27–29].

However, it is well-known that the generic solutions of
the Kuramoto-Sivashinsky equation are spatio-temporal
chaotic [30,31] and, hence, the model (1) cannot account
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rE = (xE , HE ) with HE = H(xE , t), the average number of
eroded particles is given by the sputter yield Y (α), where

α = arccos
1√

1 + (� HE )2
(3)

is the local angle of incidence. For the moment, we ne-
glect the Bradley-Harper effect, i.e. a dependence of Y on
the surface curvature. This influence is investigated later
on in Section 3.5.2. Since the eroded atoms do not leave
the surface isotropically, we introduce the angular erosion
distribution f(α, θ, ϕ) to model preferential erosion direc-
tions. The latter distribution is a function of the angle
of incidence α and of two erosion angles θ and ϕ which
are defined by a local spherical coordinate system at rE .
The polar angle θ � [0, π/2) is defined with respect to the
surface normal

n̂E =
Š� HE + êH√

1 + (� HE )2
, (4)

whereas the azimuthal angle ϕ � [Šπ, π] is zero if the
erosion direction coincides with the positive quadrant of
the plane spanned by n̂E and the downhill tangent

t̂E = Š
� HE + (� HE )2·êH√

(� HE )2 + (� HE )4
. (5)

In the case of locally normal incidence, i.e. α = 0, the
tangent t̂E and thereby the angle ϕ cannot be defined.
However, f has to be independent of ϕ under this cir-
cumstances. Since the total number of eroded particles
is already given by the sputter yield Y (α), the function
f(α, θ, ϕ) has to be normalized, i.e.

∫ �/ 2

0
dθ

∫ �

−�
dϕ sin θ f(α, θ, ϕ) = 1 (6)

has to hold for all α � [0, π/2).
The average number of atoms that are eroded by

the ion impact at rE and redeposit on the surface ele-
ment dAR at rR can be calculated by the integration of
Y (α)f(α, θ, ϕ) over the solid angle dΩ that encloses the
area dAR with the vertex rE . Within this infinitesimal
integration, the erosion angles θ and ϕ are given by:

cos θ =
n̂E ·∆
� ∆�

=
ΔHŠ Δx·� HE√[

1+(� HE )2
]
·
[
(Δx)2+(ΔH)2

] (7)

and

cos ϕ =
pE ·̂tE

� pE �
, (8)

where Δx = xR Š xE , ΔH = HR Š HE and pE = ∆ Š
(n̂E ·∆) n̂E denotes the projection of the direction vector
∆ = (Δx, ΔH) onto the tangential plane of the surface at
rE . With dAR = (Š� HR + êH )d2xR the solid angle can
be written as:

dΩ = Š
∆·dAR

� ∆� 3 = Š
ΔH Š Δx·� HR

[(Δx)2 + (ΔH)2]3/ 2
d2xR . (9)

However, the erosion event at rE can only contribute to
the redeposition at rR if the connecting line between these
points is not obstructed by other parts of the surface. To
that end, we introduce the indicator function vH (xR ,xE )
for the visibility of both points, i.e. vH (xR ,xE ) yields 1
if the points are visible with respect to the surface and 0
if the connecting line is obstructed by surface parts lying
in between. Thus, the number of particles eroded by the
impinging ion at rE that redeposit at the surface element
dAR at rR is given by:

vH (xR ,xE )Y (α)f(α, θ, ϕ)
Δx·� HR Š ΔH

[(Δx)2 +(ΔH)2]3/ 2
d2xR , (10)

whereby the angles α, θ and ϕ have to be evaluated ac-
cording to equations (3), (7) and (8).

The last step in the derivation of our model is the
generalization of the single ion impact at rE to a homoge-
neous irradiation of the whole surface with a constant ion
flux J (i.e. number of impinging ions per area and time).
This is achieved by taking the surface integral J

∫
d2xE

of equation (10). The height growth velocity due to pure
redeposition FR is finally given by the multiplication with
the volume of a target atom Va:

FR (xR , t) = VaJ

∫
vH (xR ,xE )Y (α)f(α, θ, ϕ)

×
Δx·� HR Š ΔH

[(Δx)2 + (ΔH)2]3/ 2
d2xE . (11)

The non-local surface integral (11) constitutes the general
form of our redeposition model which is valid for arbitrary
surface morphologies. In the remainder of this article, we
will analyze FR in detail.

2.2 Model properties

In the following, the intrinsic properties of the redeposi-
tion functional (11) are discussed. We address assumptions
made in the derivation, invariances and symmetries as well
as specific limits and the relation to our one-dimensional
redeposition model [52].

2.2.1 Assumptions

In the derivation, we have implicitly assumed a sticking
coefficient of unity, i.e. that each impinging, previously
eroded particle redeposits on the surface. A stick-or-leave
scenario, i.e. the particle either sticks to it with a given
probability or leaves the surface into the vacuum in the
other case, with a constant sticking coefficient less than 1
can be modeled by multiplying the rhs of (11) with the
latter factor. Within the evolution equation for pure re-
deposition, ∂t H = FR , this corresponds to a rescaling of
time. Although it is basically feasible to generalize our
model to more complicated scenarios, e.g. possibly multi-
ple bounces before the actual redeposition event, it comes
at the cost of a vast increase of complexity. However, in the
framework of the SOS-model it was shown that these gen-
eralizations do not influence the redeposition mechanism
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in a qualitative manner [49]. This result substantiates our
simplification.

Additionally, it was assumed that the time of flight
between an erosion and a redeposition event can be con-
sidered as instantaneously with respect to the surface evo-
lution velocity ∂t H .

2.2.2 The visibility function vH

In the surface integral (11), there is an additional non-
locality within the visibility function vH (xR ,xE ). With
the definition of the height difference

dH (xR ,xE , μ) = μΔH + HE Š H((1 Š μ)·xE +μ·xR , t)
(12)

between the connecting line of rE and rR and the surface
height beneath, the visibility function can be formally de-
fined by:

vH (xR ,xE ) =

{
1 if dH (xR ,xE , μ) � 0 for all μ � [0, 1]
0 otherwise.

(13)
As it can be seen, vH is symmetric, i.e. vH (xR ,xE ) =
vH (xE ,xR ) holds for all xR and xE . This fact is exploited
in the numerical algorithm (cf. Appendix A). Further-
more, dH and thereby vH are invariant under invertible
affine transformations of the lateral coordinate system x.
In particular, a lateral scaling x � sxx of the surface pre-
serves the visibility. The same holds also true for a scaling
H � sH H of the height dimension, however, with the
restriction sH > 0. For sH < 0, dH changes the sign
and, therefore, all previously visible pairs (xR ,xE ) be-
come invisible, whereas pairs which connecting lines pre-
viously run entirely below the surface turn visible after
the transformation.

2.2.3 Scale invariance

An inherent property of the redeposition model (11) is the
scale invariance with respect to an aspect ratio conserving,
isotropic scaling of the height and lateral extents, i.e.

{ x � sx, H � sH} with s > 0. (14)

The angular quantities α, θ and ϕ are preserved, whereas
the scaling dΩ � s−2dΩ is canceled out by the integral∫

d2xE � s2
∫

d2xE . As a result, the same redeposition
FR acts on a small-scale surface as on the isotropically
scaled up equivalent. Within the spatio-temporal evolu-
tion equation for pure redeposition, ∂t H = FR , the time
t has to be scaled by t � st to absorb the scaling factor
in the lhs. Thus, the small-scale surface evolves relatively
faster than the corresponding large-scale one due to the
same absolute redeposition effect. In the SOS-model, the
same scale invariance can be extracted from the numerical
results [50].

On the one hand, the scale invariance simplifies the
analysis of the redeposition effect since, for a given mor-
phology, FR does not directly depend on the surface am-
plitude A and on the characteristic lateral length L (i.e.
dot-to-dot distance), but only on the aspect ratio

	 =
A

L
. (15)

In order to absorb intrinsic height and lateral scales, we
introduce the normalized spatial coordinate x̂ and the nor-
malized relative height ĥ:

x̂ =
x
L

, ĥ =
H Š H̄

A
. (16)

On the other hand, the scale invariance constrains sur-
misable approximations of the redeposition mechanism. In
particular, considering a nearly flat surface with a small
relative height h = H Š H̄ � 0, one is interested in a linear
approximation of FR , i.e.

FR =
∑

n =0

c2n � 2n h + nonlinear terms. (17)

For constant coefficients c2n , this approximation can only
fulfill the scale invariance if c2n = 0 for all n. Thus, FR
cannot have a universally valid linear portion with con-
stant coefficients. In contrast, there are nonlinear terms
like (� h)2, h� 2h, . . . that are compatible with the scale
invariance. However, as we have already shown in the in-
vestigation of the one-dimensional variant of the redepo-
sition model, an accurate approximation requires the in-
clusion of a linear damping term proportional to h with
a coefficient depending on the aspect ratio [52]. We will
address this statement over the course of this article.

The scale invariance is violated by the dependence on
the surface curvature when the Bradley-Harper effect is
taken into account. We investigate its influence on the
redeposition mechanism later on in Section 3.5.2.

2.2.4 Small-gradient approximation

If the aspect ratio 	 is small, we can approximate FR
for small height gradients. Due to the scale invariance,
we can scale the surface to have a characteristic length
L = 1 followed by a Taylor expansion for small ampli-
tudes A � 0. In this limit, α � 0 and θ � π/2 holds.
Using the symmetry requirements ∂� Y (α = 0) = 0 and
∂� f(α = 0, θ, ϕ) = 0, one obtains up to the quadratic
order in A:

FR � J Va Y (0)
∫

d2xE vH (xR ,xE )
Δx·� ĥR Š Δĥ

� Δx� 3

×

[

f0·A +

(

f� �� ĥE � + f�
Δĥ Š Δx·� ĥE

� Δx�

)

·A2

]

.

(18)

Here, ĥR , ĥE and Δĥ correspond to HR , HE and ΔH
normalized by the amplitude A. The erosion distribution
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direction towards the valleys. However, in particular for
physically realistic aspect ratios 	 � 1, the explicit an-
gular erosion distribution has no considerable qualitative
impact on the redeposition effect. This fact can also be ob-
served in the one-dimensional continuum model [52] and
in the one-dimensional discrete solid-on-solid redeposition
model [49].

3.3 Approximation of FR

Due to its complexity, one is interested in approximations
for the redeposition model (11). However, the presence of
the visibility function vH impedes analytical expansions
of FR . Thus, simple approximations for FR can only be
obtained by analyzing the numerical data of FR by means
of curve fitting or similar methods.

Particularly with regard to the damping term, we
are interested in an approximation of FR in terms of
the normalized relative surface height ĥ. However, be-
sides height differences, there are also gradient terms
that enter the redeposition model FR (cf. Eqs. (3), (7)–
(9)). When curvature-dependent sputtering is neglected,
higher spatial derivatives do not occur in the redeposition
model. Therefore, we include a local gradient term into
our approximation. Since � H already fulfills the scale-
invariance, the gradient dependence need not be written
in terms of the normalized quantities. A minimal approx-
imation F app.

R � FR that is able to fit the numerical data
very well is the following:

F app.
R = FR,0 + b̂ĥ + ĉĥ2 +

(
d + p̂ĥ + q̂ĥ2

)
· (� H)2 . (33)

Each of the coefficients FR,0, b̂, ĉ, d, p̂ and q̂ are func-
tions of the aspect ratio 	 and depend on the choice of
f , Y and the specific morphology. Besides a term of ze-
roth order FR,0 and a linear damping term, a quadratic
damping term is considered. The gradient term of lowest
order is weighted with the same functional form as the
non-gradient portion of the approximation. The specific
approximation ansatz (33) will be substantiated in this
section and later on in Section 4.2.

The approximation F app.
R can be written in terms of

the non-normalized height H , i.e.

F app.
R = FR,0 + b

(
H Š H̄

)
+ c

(
H Š H̄

)2

+
(
d + p

(
H Š H̄

)
+ q

(
H Š H̄

)2
)

· (� H)2
,

(34)

using the relations b = b̂/A, c = ĉ/A2, p = p̂/A and q =
q̂/A2.

In order to obtain the coefficients of (33), we have nu-
merically calculated FR . By arranging the corresponding
triple (ĥ, (� H)2, FR ) in a three-dimensional coordinate
system, the resulting points can be fitted by the approx-
imation (33) via the six fit coefficients. A representative
plot of this procedure is depicted in Figure 6. The approxi-
mation F app.

R resembles the numerical data very well and,

F
R

F
R

ĥ
(∇H)2

num. FR < F app.
R

num. FR > F app.
R

F app.
R
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Fig. 6. Numerically determined redeposition FR plotted versus
relative height ĥ and squared slope (� H )2 (here for hexagonal
dots, � = 0.25, f skew, Yconst). A least square fit determines
the coefficients of the approximation F app.

R . For the sake of
visibility, the numerical data for FR below and above F app.

R is
indicated by red and green points, respectively.

due to the inclusion of the gradient portion, the coars-
ening of the point data in the valleys is resolved. When
the gradient part in (33) is not considered, the resulting
approximation just in terms of the relative surface height
shows strong deviations from the numerical data. Further-
more, the approximation only with FR,0-, b̂- and ĉ-term is
not able to reproduce the dynamical influence of redepo-
sition in spatio-temporal surface evolution, which will be
discussed later on in Section 4.2.

The approximated coefficients of F app.
R as function of

the aspect ratio 	 are depicted in Figure 7 for representa-
tive models for Y and f and for dots and holes. Indepen-
dently of the morphology and the models for the sputter
yield and angular erosion distribution, a negative damp-
ing coefficient b̂ can be found. Thus, redeposition has a
contribution with the functional form of a linear damping
term, but with a coefficient depending on the aspect ra-
tio. b̂ sets in with 	 for the case fconst and with 	2 in all
other cases. This result was expected with respect to the
discussion in Section 2.2.4. Similarly, a quadratic damp-
ing term can be observed. The corresponding coefficient ĉ
is positive for the dot structures and also for hole struc-
tures with a small aspect ratio. For hole morphologies with
higher aspect ratios, however, ĉ is negative.

While the coefficient FR,0 does not influence the pat-
tern formation process, a fundamental contribution is
given by the term d(� H)2. Since the latter is a scale in-
variant quadratic term, it is already present for 	 � 0 and
it diverges in this limit for the isotropic erosion distribu-
tion fconst due to the linear onset of redeposition with
the aspect ratio. However, independently of the specific
models and the morphology, a positive coefficient d can
be found. This reflects the fact that tilted regions on pat-
terned surfaces face towards adjacent structures, which
leads to an increased solid angle dΩ and, thereby, to an
enhanced redeposition effect on these areas. The positive
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Fig. 7. Fitted coefficient of (33) as function of � for the differ-
ent models for f and for hexagonally arranged dots (left col-
umn) and holes (right column) with Y = Yconst. (a,b): f const,
(c,d): f cos θ, (e,f): f spec, (g,h): f skew.

contribution to the nonlinear term (� H)2 extends the in-
terpretation of this term in the KS erosion model. We will
discuss this fact later on in Section 4.2.

Besides the discussed coefficients, there are also cor-
rections of higher order, corresponding to the p̂- and q̂-
coefficients, present in the approximation. These start at
	 � 0 with a non-vanishing value (divergence in case of
fconst ), whereas the corresponding coefficients tend to zero
in the limit of high aspect ratios. Additionally, the rms
error

RMSE =

(
1

�
3L2

∫ √
3L

0
dxR

∫ L

0
dyR

×
[
FR (xR ) Š F app.

R

(
ĥ(xR ), (� HR )2

)]2
)1/ 2

(35)

is depicted. Even in the limit of extreme aspect ratios
the deviation RMSE is below 0.1 for all investigated mor-
phologies and angular erosion distributions.

Since the approximation (20) is valid for fcos � and
fskew , the quadratic onsets of the coefficient curves in Fig-
ure 7 coincide with the small-gradient approximation F B

R
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Fig. 8. Considered spatial Fourier modes in the decomposition
of FR. Besides the DC mode (black) and the basic mode (red),
we have taken quadratic (blue) and cubic (green) couplings
into account.

for 	 � 0 in these cases. The numerical values of the cor-
responding coefficients for F B

R are listed in Appendix B.

3.4 Fourier analysis

The coefficients of the approximation F app.
R were deter-

mined by the method of least squares, i.e. by minimizing
RMSE. Another way to get insight into the redeposition
mechanism is the Fourier analysis, focusing on the lower
order harmonics only. Instead of minimizing the residual
RMSE via fit coefficients, the Fourier decomposition gives
exact results for the effect of redeposition on the subspace
spanned by the considered modes, whereas higher harmon-
ics are not taken into account. We investigate FR by the
following Fourier ansatz up to the third harmonics:

FR (x̂R ) � F FT
R (x̂R ) = F̃0 +

5∑

i =1

F̃i (	)gi (x̂R )

with gi (x̂R ) =
1
2

∑

k ∈Ki

exp (ik·x̂R ) . (36)

The corresponding wave vectors k are depicted in Fig-
ure 8. The sets Ki = {ki, 1, . . . ,ki,N i} (with i = 0, . . . , 5)
each comprise the modes that have the same amplitude
F̃i due to the symmetry of the surface. The numbers Ni
of amplitudes are N0 = 1 and N5 = 12, whereas Ni = 6
holds for the other cases i = 1, 2, 3, 4.

Using the orthogonality of the Fourier decomposition,
we are able to extract the amplitudes F̃i and, thereby,
the effect of redeposition on the harmonics of the surface
pattern. In Figure 9 the extracted Fourier amplitudes are
depicted as function of the aspect ratio 	 and for the dif-
ferent morphologies and models for f . The DC offset F̃0
was omitted, but since the relation F̃0 = η holds for the
choice Yconst , F̃0 can be read off from Figure 3. From the
coefficient F̃1 in Figure 9 it can be seen that redeposition
has a damping effect on the surface base modes. This is



Page 10 of22

(a) (b)

(c) (d)

(e) (f)

(g) (h)
��

F̃
i

F̃
i

F̃
i

F̃
i

F̃
i

F̃
i

F̃
i

F̃
i

F̃1 F̃2 F̃3 F̃4 F̃5 RMSE

� 0.15

� 0.1

� 0.05

0

0.05

0.1

� 0.15
� 0.1

� 0.05
0

0.05
0.1

0.15
0.2

0.25

� 0.15

� 0.1

� 0.05

0

0.05

0.1

� 0.15
� 0.1

� 0.05
0

0.05
0.1

0.15
0.2

� 0.4

� 0.3

� 0.2

� 0.1

0

� 0.2

� 0.1
0

0.1

0.2

0.3

0.4

0 1 2 3 4 5
� 0.2

� 0.15

� 0.1

� 0.05
0

0.05

0.1

0 1 2 3 4 5
� 0.15

� 0.1
� 0.05

0
0.05

0.1
0.15

0.2
0.25

0.3

Fig. 9. Amplitudes of the Fourier decomposition ( 36) for dots
(left column) and holes (right column) with Y = Yconst . (a,b)
f const , (c,d) f cos � , (e,f) f spec , (g,h) f skew .

because�h( �xR ) = ± (2/ 9)g1( �xR ) holds for dots (+) and
holes (Š) and �F1 has the opposite sign in each case.

The coe�cients �F2 and �F3 belonging to the quadratic
couplings are … with the exception off spec … always nega-
tive. While the cubic couplings �F4 and �F5 are typically
only present at higher aspect ratios, �F5 is pronounced
with positive values for the models f cos � or f skew on dot
morphologies. Furthermore, these con“gurations exhibit
a much higher deviation RMSE (de“ned analogously to
Eq. (35) with F app.

R substituted by F FT
R ) than the other

ones. This means that there are nonlinearities of fourth
or higher order present inFR which are not considered by
the ansatz (36).

We have also investigated the small-gradient approxi-
mation F B

R (cf. Eq. (20)) by means of Fourier decomposi-
tion. The corresponding coe�cients, which also resemble
the quadratic increases forf cos � or f skew at 	 � 0, can be
found in Appendix B.

3.5 In”uence of the sputter yield

For simplicity we have chosen the modelYconst up to here.
A more physical realistic investigation of the redeposition
mechanism has to consider two characteristics of the sput-
ter yield, namely the tilt- and the curvature-dependence
of Y .
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Fig. 10. Same as Figure5, but for the tilt-dependent sputter
yield Ytilt .

3.5.1 Tilt-dependent sputter yield

For the tilt-dependence we use the model Ytilt (cf.
Eq. (22)). Analogously to Figure 5, cross-sections of the
surface and the corresponding redepositionFR are de-
picted in Figure 10. As expected from the small-gradient
expansion (18), the tilt-dependence of Y has no impact
for small aspect ratios. SinceY0 < 1 = Yconst was cho-
sen, the curves in Figure10 for 	 = 0 .25 are below the
corresponding ones in Figure5, but the qualitative shape
is exactly the same. With increasing	 , however, the tilt-
dependence of the sputter yield has a visible e�ect onFR :
on the one hand, the enhanced erosion at the slopes leads
to an increase of the overall redeposition and, on the other
hand, the shape of the cross-sectional curves is altered for
extreme high aspect ratios. In particular, there are addi-
tional local maxima of FR at slopes near the hilltops of the
hexagonal hole morphologies, which can be understood as
follows: as we will see later on in Section3.6, the rede-
positing particles for high aspect ratios stem from erosion
events taking place at approximately the same height, i.e.
�hR � �hE . Since Ytilt has its maximum at slopes with an
angle of � max , these surface regions are subject to max-
imum redeposition with particles stemming from erosion
at the opposing slopes.

For extremely high aspect ratios the entire redeposi-
tion pro“les are diminished due to the decrease ofYtilt for
� � �/ 2.
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Fig. A.2. (a,b) FR plotted against �h for di�erent spatial dis-
cretizations �x : (a) �x = 2 / 97 and R = 720 grid points,
(b) �x = 8 / 97 and R = 180 grid points. (c) In”uence of the
considered integration radius R on the redeposition ratio � for
individual time-steps from the evolution depicted in Figure 16a
(red) and Figure 16c (blue).

converged value atR = 1000 is below 2.5%. Hence, the
relevant part of redeposition is considered with a maxi-
mum visibility radius of R = 40.

Appendix B: Fit coe�cients
for the small-gradient approximation F B

R

For the small-gradient approximation F B
R (cf. Eq. (20)) we

have determined the “t coe�cients of ( 33) by the proce-
dure described in Section3.3. With the appropriate value
f � = 1 /� , the quadratic onsets of the “t coe�cients for
	 � 0 coincide with the corresponding curves forf cos � and
f skew .

For the caseY = Yconst , the coe�cients for F B
R read for

hexagonally ordered dot structures (with JVaY (0) = 1):

FR,0 = 0 .887·	 2, �b = Š 1.793·	 2, �c = 0 .684·	 2,
d = 0 .265, �p = Š 0.073, �q = 0 .027,

RMSE = 0 .004·	 2,
(B.1)

whereas the following results were obtained on the
nanohole morphology:

FR,0 = 0 .463·	 2, �b = Š 2.785·	 2, �c = 4 .165·	 2,
d = 0 .294, �p = Š 0.100, �q = Š 0.061,

RMSE = 0 .003·	 2.
(B.2)

The Fourier coe�cients �Fi , which have been discussed in
Section 3.4, have the following numerical values for dots:

�F0 = 1 .947·	 2, �F1 = Š 0.065·	 2, �F2 = Š 0.317·	 2,
�F3 = Š 0.309·	 2, �F4 = 0 .006·	 2, �F5 = 0 .020·	 2,

RMSE = 0 .004·	 2

(B.3)
while on holes the corresponding values are

�F0 = 1 .946·	 2, �F1 = 1 .265·	 2, �F2 = Š 0.293·	 2,
�F3 = Š 0.180·	 2, �F4 = Š 0.008·	 2, �F5 = Š 0.025·	 2,

RMSE = 0 .007·	 2.
(B.4)
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