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a b s t r a c t

We studied the roughness evolution of Si surfaces upon Ar ion erosion in real time. Following the theory of
surface kinetic roughening, a model proposed by Majaniemi was used to obtain the value of the dynamic
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scaling exponent ˇ from our data. The model was found to explain both the observed roughening and the
smoothening of the surfaces. The values of the scaling exponents ˛ and ˇ, important for establishing a
universal model for ion erosion of (Si) surfaces, have been determined. The value of ˇ proved to increase
with decreasing ion energy, while the static scaling exponent ˛ was found to be ion energy independent.
ynamic scaling
i

. Introduction

The analysis of Si surface roughness evolution under ion treat-
ent and the determination of technological parameters necessary

o preserve or to improve the surface smoothness are becom-
ng increasingly important for advanced, reflective X-ray/Extreme
ltraviolet (EUV) optics. This notably concerns the next genera-

ion of optics [1], where ion etching is used to figure a macroscopic
i substrate with sub-nanometer accuracy while the microscopic
oughness is maintained at an atomic level [2]. It is furthermore of
ajor importance for the fabrication of multilayer reflective coat-

ngs for EUV optics, because the reflectivity of Mo/Si multilayer
irrors is influenced by the ion polishing steps in the manufac-

uring process [3–5].
In general, a variety of surface patterns can be observed upon ion

reatment (smoothening, roughening, formation of ripples, nan-
dots, etc.), see, e.g., Ref. [6]. These topographies depend on the
tch time, the surface material, the ion energy, and the ion angle

f incidence. The final surface topography is determined by com-
eting roughening and smoothening mechanisms with different
patial frequency and time dependencies. A surface that is grow-
ng or eroding under non-equilibrium conditions often develops as
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a fractal-like structure. This effect has been observed and formal-
ized within the theoretical framework of surface dynamic scaling
or kinetic roughening [7,8]. In this concept, several parameters,
known as scaling exponents, can be used as the signatures in space
and time of the growth or etch processes. By comparing the exper-
imental scaling exponent values with the theoretical predictions,
one can establish, in principle, a differential equation describing
the film growth or erosion at a mesoscopic level. As an example,
it was demonstrated in [9] that the evolution of the roughness
of a tungsten film during Ar+ ion erosion is consistent with the
prediction of the Kardar–Parisi–Zhang (KPZ) equation [7]. Being a
universal description of the ion erosion of Si surfaces, such an equa-
tion would contribute tremendously to the understanding of the
interplay between the mechanisms leading to different morpholo-
gies and dynamics for ion-eroded surfaces [10], and also provide
the ultimate tool for the selection of etch settings that lead to the
best smoothening results.

The classical formulation of the scaling model assumes that the
initial substrate is perfectly smooth. A number of questions arise
in this framework. For instance, how does a non-zero roughness
of the initial substrate affect the scaling model? Does the scaling
behaviour depend on the initial substrate roughness? Is it pos-
sible to divide the eroded surface roughness into contributions

from the initial substrate roughness and from the erosion induced
roughness, the latter following the scaling law? The scaling con-
cept is usually used to describe roughening, but can it also describe
smoothening of a surface? Answers to these questions are impor-
tant for the further development of the ion etching technology.

http://www.sciencedirect.com/science/journal/01694332
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Table 1
Overview of the sample coding and properties.

Sample code Ion energy (eV) Preliminary
roughening

Etch rate (nm/s)
012 V.I.T.A. de Rooij-Lohmann et al. / App

In the present paper we describe experimental results on a study
f the surface evolution of Si substrates with a different initial
oughness upon Ar ion treatment. The goals of the study are (a) ver-
fication of the scaling model at the initial stage of ion etching, when
he initial substrate roughness gives an essential contribution to
hat of an eroded surface, (b) analysis of the dependency of the sur-
ace dynamics on the initial substrate roughness and the ion energy,
nd (c) analysis of the possibility to distinguish between the two
actors that contribute to the roughness of an eroding surface, viz.
he initial surface roughness and the erosion induced roughness.

. Materials and methods

Among different techniques used for determination of the scal-
ng parameters, the X-ray Scattering (XRS) method has a number
f advantages, like allowing to study the evolution of the surface
oughness in situ and in real time. This is essential, because oxida-
ion or contamination by a vacuum background may result in an
ncontrolled development of the surface roughness.

The experiments have been conducted at the grazing incidence
-ray reflectometry setup at the BM5 beamline of the ESRF syn-
hrotron facility. The setup has been described in detail in, e.g.,
ef. [11]. B-doped (1 0 0) silicon wafers with a thickness of 725 �m
ere used as substrates and mounted in a vacuum chamber. The
-ray beam enters and exits the chamber via 150 �m thick Kapton

oil windows. A microwave electron cyclotron resonance plasma
ource (Ø 25 mm, described in detail in Ref. [12]) provided Ar ions
or sample erosion. It was mounted at a distance of 8 cm from the
ample and the grazing angle of incidence was set to 55◦ with
espect to the sample surface.

In order to characterize the ion erosion process, a set of diffuse
catter patterns (scattering diagrams) has been recorded with a CCD
amera (1024 × 256 pixels, pixel size 19 �m × 19 �m, integration
ime 5 s) that was placed at a distance of 1 m from the sample. The
amera was cooled with liquid nitrogen to reduce the thermal noise.
beamstop was installed in front of the CCD camera to block the

pecular reflected beam and prevent detector overexposure. The X-
ay energy was set to 17.5 keV (� = 0.071 nm), and the grazing angle
f the probe beam was 0.09◦, which is just below the critical angle
or total external reflection. The vertical X-ray beam size was set to
.2 mm, while the horizontal beam size was set to 4.6 mm to favor
high intensity at the detector. As the scattering diagram is very
arrow in the azimuthal (horizontal) plane, the scattered intensity
as integrated in this direction through pixel binning.

The scattering diagram �(�) from an isotropic surface is,
ccording to first order perturbation theory, proportional to the
ne-dimensional power spectral density (PSD1D) function of the
urface roughness (see, e.g., Ref. [13]). Therefore, the PSD-function
an be deduced from the experimental data directly via:

(�) = 1
Wi

dWscat

d�
=

k3
∣∣|(1 − ε)T(�0)T(�)|

∣∣2

16� sin �0
· PSD1D(�), (1)

ith

SD1D(�) = 4

∫ 〈
z(��)z(0)

〉
cos(2���)d�;

� = 1
�

| cos � − cos �0|; T(�) = 2 sin �

sin � +
√

ε − cos2 �
,

here Wi and dWscat are the radiation powers of the incoming

eam impinging under an angle �0 and of the outgoing beam scat-
ered in the � direction within an angular interval d�, respectively.
he spatial frequency is denoted by �; the dielectric constant of
he sample by ε; the wavenumber by k = 2�/�, and the amplitude
ransmittance of a perfectly smooth surface by T(�). The function
NR1000 1000 No 3.5
R1000 1000 Yes 3.5
R300 300 Yes 0.12

z(��) describes the surface relief, and angular brackets denote an
ensemble averaging. The procedure for normalization of the scat-
tering data is described, e.g., in Ref. [14].

In addition to the scattering measurements, experiments were
performed on etching of 60 nm thick Si films deposited onto Si sub-
strates in order to establish the etch rate as a function of the ion
energy. The film thickness before and after a short etching step was
determined from a �–2� scan that was measured with a scintillator
detector. The thus obtained etch rate was 0.12 nm/s at an ion energy
of 300 eV and 3.5 nm/s at 1000 eV (argon pressure 1 × 10−3 mbar).

In two of the three experiments presented below, the sam-
ple surface was roughened beforehand with a 10 min, 1000 eV
Ar+ treatment at a grazing angle of � = 10◦ and an Ar pressure of
1 × 10−3 mbar. Table 1 gives an overview of the samples used for
the investigation reported in this paper.

3. Results and discussion

Figs. 1 and 2 show the evolution of the PSD-function and the
rms roughness of the three samples studied. Sample NR1000 is ini-
tially very smooth with a rms roughness of only 0.15 nm in the
[2 × 10−4, 2 × 10−2 nm−1] spatial frequency range. Nevertheless, no
significant increase in roughness is observed during etching with
1000 eV Ar+ ions despite the large removed thickness of 1.2 �m. In
contrary, when the sample is roughened prior to the experiment
(sample R1000), very fast smoothening of the surface occurs dur-
ing the first 20 s of the ion treatment. The roughness reduction is
especially pronounced in the mid and high spatial frequency range,
while the low frequency part of the roughness spectrum is much
less affected.

The rms roughness of both samples (NR1000 and R1000) becomes
almost the same after about 20 s of etching, which demonstrates
that the memory of the initial roughness is only lost after removal
of 70 nm Si, despite the very small initial roughness of the samples
(0.15 and 0.28 nm).

The PSD-function and the rms roughness of a beforehand rough-
ened sample evolve more gradually when the etching energy is
reduced to 300 eV (sample R300), as can be expected from the 30-
fold reduction of the etching rate. The high frequency roughness
is reduced in the first 30 s of the etching treatment, after which
it remains almost constant. At lower spatial frequencies, on the
other hand, the initial smoothening is followed by a slower, but
pronounced roughening.

In general, and compatible with recent results for flat Si tar-
gets at normal incidence and in a similar energy range [15], we
obtain no pattern formation in our etching experiments. However,
while for the non-roughened sample the ensuing surface morphol-
ogy remains basically featureless as in [15], both samples R1000 and
R300 develop non-trivial correlations at small length-scales/high
spatial frequencies with increasing irradiation time (see Fig. 1), that
can be described within the framework of surface kinetic roughen-
ing. This requires that the 1D PSD-function of the film roughness

1+2˛
behaves as an inverse power law PSD1D(�)∼1/� at high spatial
frequencies �. Hence, through analysis of the asymptotic behaviour
of the PSD-function at large �, one can determine the so-called
static scaling exponent ˛. This exponent characterizes the saturated
roughness and is found to equal ˛ = 0.23 ± 0.08 for sample R1000 and
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ig. 1. Evolution of the PSD-function of the samples studied upon etching. The
ashed lines indicate the asymptotic behavior for the PSD1D at high spatial frequen-
ies.
= 0.30 ± 0.05 for sample R300. Therefore, within the experimental
rror we can conclude that the value of ˛ is independent of the ion
nergy. For sample NR1000 the exponent ˛ is not clearly defined in
he spatial frequency range measured in the XRS experiment.

ig. 2. The evolution of the root-mean-square roughness 	 upon etching, for each
f the three samples. The thick, solid lines represent the best fits in the framework
f the Majaniemi model (2), (4). The curves R1000 and NR1000 have been fitted simul-
aneously with the same values for the fitting parameters. The, initially dominant,
ontribution of 	E gives rise to a sharp increase of 	, and is followed by smoothening
ue to the decreasing value of 	S .
rface Science 256 (2010) 5011–5014 5013

The dynamic exponent ˇ can be found from analysis of
the rms roughness evolution with the erosion time 	2(t) =∫

PSD1D(�) d�∼t2ˇ. However, this equation implies a perfectly
smooth initial surface. In reality, the surface roughness upon etch-
ing is determined by two factors: the initial roughness of the initial
substrate 	S disappearing with the erosion time, and the etching
induced roughness 	E following the scaling law 	E(t)∼tˇ.

The question how to distinguish between the contributions of
	S and 	E was considered in detail by Majaniemi et al. in Ref. [16],
where the analysis was based on the linear theory of film growth
or erosion. The authors of [16] demonstrated that it is necessary
to discriminate two cases, depending on whether the correlation
length of the treatment-induced roughening process 
(t)∼tˇ/˛ is
smaller or larger than that associated with the initial roughness 
S .
In the early stage of growth/erosion, the initial substrate roughness
	S was found to give a constant contribution to the treated surface
roughness 	(t), regardless of the growth/erosion time:

	2(t) = 	2
S + 	2

E (t); 	E = A · tˇ; 
(t) � 
S, (2)

with A a proportionality constant.
However, when the correlation length of the treatment-induced

roughness becomes larger than that of the initial substrate rough-
ness, the contribution of the initial substrate to the surface
evolution depends on the treatment time, i.e. 	S → 	S(t) in Eq. (2),
and decays universally with the deposition/erosion time as

	S(t) = 	S(0) · 
S/
(t); 
(t) � 
S. (3)

To obtain a smooth transition between the two limiting cases
(2) and (3), the authors of [12] suggest the following formula

	S(t) = 	S(0)

(1 + t/tS)ˇ/˛
, (4)

where tS is a fitting parameter.
The solid curves in Fig. 2 are the result of fitting 	2(t) according to

Eqs. (2) and (4), using ˛ as obtained from the asymptote in Fig. 1, and
taking the 5 s recording time of the CCD detector into account. Note
that evolution of the rms roughness of samples NR1000 and R1000 is
described properly with the use of the same set of fitting param-
eters, namely, ˇ = 0.07 ± 0.01 and ts = 2.6 ± 0.4 s. As seen in Fig. 2,
the Majaniemi model (Eqs. (2) and (4)) simultaneously explains
smoothening as well as roughening of a surface upon ion erosion,
depending on the rms roughness of the initial substrate. Note that
the very small value of ˇ could also be compatible with very slow
logarithmic growth of the roughness. Similarly, the evolution of the
rms roughness of the sample R300 is well described by Eqs. (2), (4),
although the fitting parameters are different: ˇ = 0.14 ± 0.02 and
ts = 16 ± 2 s, demonstrating that the value of the dynamic scaling
exponent ˇ depends on the ion energy.

The derived sets of scaling exponents ˛ and ˇ correspond to
none of the growth/erosion equations reported in the literature.
Such a disagreement has already been pointed out in literature (see,
e.g., Ref. [17] and references therein) and may be due to the high
degree of complexity of the eroded surface dynamics.

4. Conclusions and outlook

We analyzed the roughness evolution of Si substrates upon
Ar ion etching. The evolution was demonstrated to depend
on the initial substrate roughness 	S: a small increase of
the rms roughness was observed for the smoothest sample

upon etching at an ion energy of 1000 eV, while very fast
smoothening was observed during the first 30 s of etching of a
rougher sample. After 30 s of ion erosion, the surface dynam-
ics were the same for both samples, regardless of the initial
surface roughness. Smoothening was also observed for an ini-
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014 V.I.T.A. de Rooij-Lohmann et al. / App

ially rough sample that was eroded at a lower ion energy
300 eV).

The static scaling exponent was demonstrated to be inde-
endent of the ion energy (within experimental uncertainty):
= 0.23 ± 0.08 for etching at 1000 eV, and ˛ = 0.30 ± 0.05 for etching

t 300 eV. The Majaniemi model, which divides the eroded sur-
ace roughness into contributions of the initial substrate roughness
nd the erosion induced roughness, was demonstrated to properly
escribe our experimental data. This model, based on the analysis
f linear equations describing growth/erosion processes, was used
o fit our data and obtain the dynamic scaling exponent ˇ. Using
he same set of parameters, the model explains both the observed
oughening of the smoothest sample and the smoothening of the
oughened sample upon erosion with 1000 eV Ar+. While no ion
nergy dependency was found for the static scaling exponent,
he dynamic scaling exponent proved to increase with decreas-
ng ion energy: ˇ = 0.07 ± 0.01 at E = 1000 eV and ˇ = 0.14 ± 0.02 at
= 300 eV. The scaling exponents ˛ and ˇ are important parameters

or the determination of a comprehensive theory of ion erosion of
Si) surfaces. However, in order to accomplish the greater goal of
full theory of ion erosion of Si surfaces, it is necessary to investi-
ate a larger part of the parameter space. More experiments have
o be conducted in which the ion energy, angle of incidence, ion

ass, and initial surface roughness are varied. The comprehensive
heory resulting from such experiments would be a leap forward in
he understanding of ion-solid interactions, and be of great interest
or miscellaneous thin film applications.
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