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Abstract
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Ultra-smooth and arbitrarily shaped reflective optics are necessary for further progress in
EUV/XUYV lithography, x-ray and synchrotron technology. As one of the most important
technological mirror optic materials, aluminium behaves in a rather difficult way in ultra-
precision machining with such standard techniques as diamond-turning and subsequent ion
beam figuring (IBF). In particular, in the latter, a strong surface roughening is obtained. Hence,
up to now it has not been possible to attain the surface qualities required for UV or just visible
spectral range applications. To overcome the limitations mainly caused by the aluminium
alloy structural and compositional conditions, a reactive ion beam machining process using
oxygen process gas is evaluated. To clarify the principle differences in the effect of oxygen
gas contrary to oxygen ions on aluminium surface machining, we firstly focus on chemical-
assisted ion beam etching (CAIBE) and reactive ion beam etching (RIBE) experiments in a
phenomenological manner. Then, the optimum process route will be explored within a more

quantitative analysis applying the concept of power spectral density (PSD) for a sophisticated
treatment of the surface topography. Eventually, the surface composition is examined by means
of dynamic secondary ion mass spectrometry (SIMS) suggesting a characteristic model scheme

for the chemical modification of the aluminium surface during oxygen ion beam machining.
Monte Carlo simulations were applied to achieve a more detailed process conception.

Keywords: ultra-precision surface machining, ion beam figuring, reactive ion beam etching,

aluminium, mirrors

(Some figures may appear in colour only in the online journal)

1. Introduction

Shape-adapted optics are of increasing interest since high
quality but compactly designed optical systems are a driving
force in modern optical device development. Short-wavelength
applications or operation in rough environmental conditions,
i.e. with high thermal load or mechanical stress, require
metal mirror optical systems. Typical fields of utilization are
EUV/XUV lithography [1], x-ray and synchrotron optics.
Since mirror optics can be designed with high strength and
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low-weight, large-scale applications, e.g. telescope mirrors,
are also relevant [2]. Aluminium is lightweight, cheap, and
a good machinable material with outstanding optical proper-
ties since the reflection coefficient ranges from the UV to the
IR spectral region with values well above 90%. Aluminium-
based mirror optics with a customized shape, e.g. aspherical
or freeform, bear a high potential in laser and illuminating
engineering, as well as in advanced optical systems [3, 4].
The upcoming needs of greater flexible shape adjustment
and increasing surface quality demand improved determin-
istic tools in ultra-precise surface machining [5, 6]. Ion beam
figuring (IBF) is an established method in high-end surface
manufacturing of fused silica, silicon, silicon carbide and
low expansion glasses [7-12]. Advanced IBF techniques
[13-16] and IBF machine optimization proposals [17] are
under consideration. However, the direct machining of

© 2017 IOP Publishing Ltd  Printed in the UK
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Table 1. Ion beam parameters and corresponding aluminium etch rates with respect to the process gas applied. For the purpose of
qualitative comparison (section 1) between the RIBE (index 1) and the CAIBE experiments, the operating distance and the beam
parameters were almost retained. In a second, more quantitative, analysis (sections 3.2/3.3) of the RIBE processes (index 2) the operating
distance and beam parameters were adjusted. In particular, the operating distance denotes the optimum distance between the sample and ion
source where the FWHM is small and the integral beam current is near its maximum.

Process pressure FWHM Beam Operating Etch rate

Process mode Operating gas (Pa) (mm) current (mA) distance (mm) (mm® bl
Ar:0,(6:1) 5.0 x 1073 4.6 0.8 81 0.23
RIBE! Ar: Oy(15: 1) 45 % 1073 4.6 0.8 81 0.45
Ar:0,6:1) 50 x 103 5.7 1.0 81 0.64
CAIBE Ar:0y(15:1) 45 x 1073 5.0 1.0 81 0.74
0, 14 x 1073 5.1 2.4 22 0.17
RIBE? Ar: 0y(6:1) 5.0 x 1073 5.1 1.2 34 0.21
Ar 4.0 x 1073 52 1.3 44 0.89

standard aluminium alloys (e.g. A16061, AI905) have failed up
to now, since distinct surface roughening is obtained during
IBF processing with noble gases [18]. One technological solu-
tion is the coating of the aluminium device with an amorphous
NiP layer [19]. NiP is well-shapeable and reveals ultra-smooth
surfaces after machining with IBF. But the additional process
steps in the fabrication of these optics are costly and time con-
suming. Moreover, the spectral reflection properties of NiP
are not as good as pure aluminium surfaces. That is usually
why a further metallization layer (e.g. Au, Ag) is needed on
NiP-based optics. During application, additional issues arise,
e.g. bending due to the bimetallic effect and NiP delamination
[20, 21]. Hence, it would be most desirable to find an alterna-
tive figuring technique providing direct surface machining of
technologically interesting aluminium alloys.

A promising route is a reactive ion beam etch (RIBE) pro-
cess [22]. In addition to conventional IBF, the process gas con-
tains chemically active species changing the etch mechanism
from pure sputtering to a chemical-enhanced sputter etch
process. Since the complexity of the etch process increases,
ensuring process controllability is an important technological
issue to provide precise surface machining. Usually aluminium
dry etching rests upon chlorine-based chemistry [23], since
aluminium chlorides are the only halide species which readily
transfer into the gas phase. However, chlorine is highly reac-
tive and is, from a technological point of view, filthy, producing
hazardous process by-products and decreasing process stability
and machine life-time due to the erosion of most materials in
contact with it. This paper focuses on the RIBE machining
of standard aluminium alloys with oxygen-containing pro-
cess gas. In contrast to the classical RIBE scheme, no volatile
process products are generated by the reactive gas species but
the machined surface is particularly chemically modified. As
a result, a very stable and non-hazardous etch mechanism is
obtained which, to the best of our knowledge, has never been
applied for ion erosion technology so far. The etch behaviour
is analysed with a special focus on the surface topography and
the local chemical modification. Supported by Monte Carlo
simulations, the experimental examinations are summarized
within a phenomenological RIBE process scheme.

2. Experimental

Ion beam machining experiments were performed in a vacuum
chamber with a base pressure of 2 x 1073 Pa. The ion beam
was generated by a transformer-coupled plasma ion source
(13.56 MHz) with a focusing triple grid extraction system
with an opening diameter of 10 mm. The sample holder was
attached to a five-axes motion system allowing a deterministic
movement in front of the ion beam. To reduce the thermal
effects during processing, the sample holder exhibited a water-
cooled sample mounting to provide an efficient heat dissipa-
tion from the sample. For in situ beam analysis, a Faraday cup
was integrated into the sample holder. We used Ar (N5.2) and
0, (N5.1) as well as argon—oxygen gas mixtures for ion gen-
eration. At 1.5kV beam-voltage, a well-shaped Gaussian-type
ion beam profile was obtained for all process gases. For chem-
ical-assisted ion beam etching (CAIBE) experiments, an addi-
tional gas inlet into the chamber allowed for a background gas
supply to be directed towards the sample at an operating dis-
tance of 81 mm. The optimized ion beam process parameters
used for the ion beam machining experiments are summarized
in table 1. The Gaussian-type beam profile is characterized by
the full-width half maximum (FWHM) and the integral beam
current. For etch rate determination, homogeneous inverse top
hat profiles were prepared by scanned ion beam machining
over a graphite hard mask.

Aluminium disc samples with a 47mm diameter were
made from the rapidly solidified aluminium alloy materials
Al6061 and AI905 (RSP Technology) [24, 25]. The diamond-
turned surfaces were cleaned with acetone prior to ion beam
processing. A graphite hard mask with a 13mm circular
opening defined the testing field for the ion beam machining
experiments. The ion beam was scanned s-like with a constant
velocity of 1.5mm s~! and a line pitch of 0.5mm over the
mask opening to obtain a homogeneously etched area with
defined step edges at the opening borders.

The sample topography was analysed by optical micros-
copy (Zeiss Axiotech 100), confocal microscopy (nanofocus
usurf), white light interferometry (WLI; ADE MicroXAM),
and atomic force microscopy (AFM; Bruker Dimension
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Figure 1. Surface morphology images by confocal microscopy of A16061 samples, (a) untreated and after ion beam machining with

(b) argon, and (c) oxygen gas supply.

ICON). For WLI, objectives with 10x and 50x magnifica-
tion were used. The image sizes were 804 um x 609 pm and
162 pm x 122 pm, respectively, with an equal pixel resolu-
tion of 746 x 478. The AFM was operated in tapping mode™
and in an xy-closed loop configuration. To measure the sur-
face topography, the z-sensor signal was utilized. Scanning
areas of 10 pum x 10 um and 1 pm x 1 ym were used with
a pixel resolution of 1024 x 1024 for each area. The two-
dimensional power spectral density (PSD) was calculated
from the topography images by the SPIP software (version
6.0.14 by Image Metrology). Then, a self-made MATLAB-
based script was applied for radial integration resulting in the
so-called isotropic PSD function. Note the deceptive nomen-
clature, since all anisotropic contributions are superposed to
allow the discussion of the two-dimensional surface features
within a single function. Surface composition mapping was
performed by secondary-electron microscope energy disper-
sive x-ray (SEM-EDX) measurements in a Zeiss Gemini
Ultra 55 machine with a Bruker XFlash 3001 detector. Depth
profiling of the sample composition in the near surface region
was monitored by dynamic time-of-flight secondary ion mass
spectrometry (TOF-SIMS; IONTOF). Therefore a Cs-sputter
source and a 15keV Ga-ion analysis beam were used in nega-
tive ion detection mode. The 50 yum x 50 pm field of analysis
was centered within a 300 ym x 300 pm sputter crater. The
depth scalings of the SIMS profiles were linearly approxi-
mated from the crater depths measured by WLI.

Monte-Carlo simulations of the ion-surface interaction
were performed using the SRIM-2008 (stopping and range of
ions in matter) code within the SRIM/TRIM 2013 software
[26], and the TRIM.SP (transport of ions in matter, sputtering
version) code [27]. Both codes allow for the calculation of ion
trajectories inside the solids to determine implantation profiles
and full collision cascades for energy loss and sputtering yield
analysis. In SRIM-2008, the ZBL interaction potential (uni-
versal potential proposed by Ziegler er al [28]) is used, while
in TRIM.SP usually the Krypton—Carbon potential is applied
[29]. For comparison reasons, the ZBL potential was also uti-
lized in TRIM.SP for this study. However, the choice of the
interaction potential indicated only marginal changes in the
simulation output quantities: implantation depths and spreads
varied within 5% between the ZBL and Krypton—Carbon
potential. The calculated sputter yields showed no effect on

the interaction potential applied. All TRIM.SP simulations in
this paper are made by application of the ZBL potential.

3. Results and discussion

3.1. Effect of oxygen process gas

In accordance with the previously reported results by Egert
[18], our IBF experiments with argon ions also reveal a
considerable surface degradation on aluminium substrates.
Millimetre and sub-millimetre sized domain-patterns are
formed exhibiting strongly differing surface roughness and
height differences up to 90nm between each other after
760nm depth machining (figure 1(b)). Furthermore, micro-
scopic etch pits are observed which contribute strongly to
the micro-roughness. A significant improvement of the sur-
face quality can be reached with pure oxygen processing
(figure 1(c)). The domain-pattern structure is eliminated, but
the defect structure in the form of a series of etch pits with a
tendency of ordering inside directed chains over the surface
is still apparent. In an optical inspection under grazing and
under normal incidence the domain-patterns after argon pro-
cessing result in a shaded, non-specular surface. By lowering
the machining depth to about 400 nm, a more specular surface
is observed, but a strong haze already dominates. In contrast,
after 400nm oxygen processing, a highly specular surface
with only suggestive portions of haze is obtained and the alu-
minium surface color is maintained. However, by increasing
the machining depth, the haziness increases, but usually most
figure errors, which need to be corrected in mirror finishing,
are well covered by the 400 nm depth range.

The effect of oxygen is further analyzed by ion beam
machining experiments with argon—oxygen gas mixtures
(figure 2). The argon flow is kept constant. To explore the
difference between energetic oxygen ions and non-activated
molecular oxygen gas, two experimental situations are distin-
guished: (1) The CAIBE process: the ion beam is driven by
argon gas only. Oxygen is supplied directly into the chamber
while the oxygen flow is oriented towards the sample surface.
Hence, the oxygen interacts molecularly with the aluminium
surface. (2) The RIBE process: argon and oxygen are both
supplied into the ion source to produce an ion beam mixed
with both argon ions and oxygen ions.
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Figure 2. Surface morphology images by optical microscopy of
Al6061 samples after CAIBE and RIBE processing with different
argon—oxygen compositions.

The surface morphology after the CAIBE process (figure
2(a)/(c)) shows the domain-pattern structure similar to the sit-
uation without oxygen background gas (figure 1(b)). Besides,
no significant effect of the oxygen flow rate is seen. In the case
of RIBE processing, the domain-pattern structure formation is
strongly reduced (figure 2(b)) and with a higher oxygen flow
it can be completely eliminated (figure 2(d)). However, in all
cases the ordered etch pit structures are distinctly apparent.

As a result, a sufficient diluted oxygen flow as
Ar: 0, =6:1 allows a strong improvement in the alu-
minium surface quality during ion beam machining in the
RIBE process scheme. This observation is opposite to previ-
ously reported work by Bernheim and Slodzian [30], where a
surface improvement was achieved with an oxygen addition to
the background gas, while an oxygen addition to the argon gas
supply for ion beam processing behaved less effectively. From
molecular oxygen in the background gas, the ready formation
of a native oxide layer can be assumed. However, our results
suggest that it is necessary that energetic ionized oxygen par-
ticles interact with the aluminium surface. Also in this case,
a surface oxide formation has to be considered. This view is
supported by a significant drop of the etch rate by a factor
of 4-5 in the case of oxygen-assisted ion beam machining
(table 1). Note the similar beam currents in argon and argon—
oxygen processing. In accordance, the argon sputtering yield
of an oxidized aluminium surface is found to be about four
times lower compared to pure aluminium [30]. This character-
istic is also a severe issue in the reactive sputter deposition of
alumina thin films called substrate poisoning [31].

In the Al6061 alloy material used for the experiments, Si,
Mg, and Cu portions are added to the aluminium base. The
local composition distribution after RIBE processing was
monitored by SEM-EDX mapping. As a remarkable result,
significant Si and Mg fractions are found to be accumulated
together within the etch pits (figure 3). Indeed, quaternary

Figure 3. SEM-EDX mapping images of an
Ar : O(6 : 1)-processed Al6061 sample with an etch depth of 2 pm
revealing Si- and Mg-reach precipitates within the etch pits.

precipitates with AlsCu,MggSie stoichiometry are reported to
be formed within the Al6061 matrix during the initial alloy
annealing procedure [32]. The etch pit formation is strongly
promoted by the inhomogeneous matrix structure. The etch
pits are assumed to result from the preferential sputter ero-
sion of the precipitates. Once an etching pit has formed its
topography, it is persistently conserved during the progress
of the ion beam machining process. A temporal analysis of
the surface morphology revealed an increasing etch pit surface
density with the RIBE process time. Furthermore, the lateral
pit size enlarges due to isotropic etching contributions and
coagulation of neighbouring etch pits. Since the precipitates
are statistically distributed inside the alloy matrix, continuous
new etch pits are formed during increasing etch depth. As a
result, the surface quality declines progressively. However,
the etching rates were steadfastly stable during each ion beam
machining process scheme considered.

The precipitate grains in the Al6061 alloy also adversely
affect the diamond turning process, which was the previous
process step in the optics fabrication process chain before ion
beam machining. As seen from the WLI analysis (figure 4(a))
micron sized particles are detached out of the surface leaving
surface pits and the counter-clockwise dropped particles as a
result of the turning process. Hence, the aluminium surface,
which is generally dominated by about 12nm high and 13 gm
spaced turning marks, is further declined by those surface
pit-particle couples prior to ion beam machining. As a rude
measure of the surface roughness in the mid spatial frequency
range, root-mean-square (rms) roughness values are deter-
mined from the measured WLI images. The roughness before
ion beam machining is about (6.2 £ 1.6) nm for Al6061. In
order to avoid inhomogeneous matrix structure effects, an alter-
native alloy material was tested. A1905 does not contain Si and
Mg, but contains Fe, Cu, and Mn instead. The surface quality
before ion beam treatment is already better for this alloy, since
no detached particles from the diamond turning process are
apparent (figure 4(c)). The surface topography is determined
by the turning marks only exhibiting the same geometry but
less pronounced edges as on the investigated Al6061 sur-
faces. For the A1905 surfaces, the roughness amounts to about
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a)

Figure 4. WLI topography images (50x objective) of Al6061 and
Al1905 samples before (left) and after (right) RIBE machining with
oxygen process gas. The etching depths were (b) 400nm and (d)
380nm. The dotted lines indicate the direction of the turning marks.
The arrows in (a) point at the surface pit-particle couples.

(a) Al6061 untreated. (b) Al6061 after RIBE. (c) A1905 untreated.
(d) A1905 after RIBE.

(5.5+0.4) nm. The qualitative differences between the two
materials become apparent after oxygen ion beam machining
(figure 4(b)/(d)). Note, the etch rates for IBF and RIBE are
as given in table 1 for both materials. After RIBE the rough-
ness values increase to (14.0 + 2.2) nm and (6.8 £ 0.5) nm for
Al6061 and A1905, respectively. For both materials the initial
surface topography is preserved after 400nm depth etching so
far. In particular, the turning marks still remain with their ini-
tial height, but with smoothed edges. The stronger roughness
increase for Al6061 is mainly caused by the etch pits formed
with a size in the range of a few microns. However, also on the
Al905 surfaces, the formation of surface pits is observed. Their
size is in the sub-micrometre range and thus smaller than on
Al6061. In summary, the best surface improvement is obtained
for the A1905 material. The forthcoming topics are thus limited
to AI905 only.

3.2. Quantitative topography analysis

Generally, the sample topography is composed of various
surface regimes on different length scales, i.e. primary shape,
waviness, roughness, and micro-roughness. Each regime con-
tributes in a specific manner to the optical surface character-
istics: (1) The primary shape defines the light beam shaping
properties; (2) the waviness allows control over light diffrac-
tion; (3) the roughness and micro-roughness defines the dif-
fusive or reflective appearance. For mirror optics, typically a
low roughness is necessary to reach high reflection proper-
ties. A common measure for the surface roughness is the rms

deviation of the overall surface form from which the primary
surface shape and the waviness has to be subtracted. The
measurement result depends strongly on the data evaluation
routine. Often the surface shape is assumed to be a standard
geometrical form (plate, cylinder, sphere) or a smoothing or
fitting algorithm is applied to estimate long-wavelength struc-
tures. Since the actual surface shape and waviness are usually
not known, these procedures can bear a great contribution to
the systematic measuring faults. Another general problem is
the systematic measuring faults from incorrectly represented
surface features in the low-frequency and the high-frequency
spatial range caused by the maximum image size and the lim-
ited resolution, respectively. Most data evaluation software
tools do not account for this issue. Hence, surface roughness
values usually differ for various measurement techniques and
should be considered carefully.

The PSD allows a much better access to the surface char-
acteristics providing the direct representation of the different
surface regime contributions with respect to their spatial fre-
quencies [33-35]. The surface roughness can be calculated
from the isotropic PSD data via equation (1):

R,(1) = \/ j; "ot - PSD(S, 1)df. 1)
i

The lower limit integral boundary f;; = 1/). is given by the
roughness cut-off wavelength A. indicating the transition to the
surface waviness regime. The upper limit integral boundary
fu = /) corresponds to the transition wavelength to micro-
roughness s, where the surface features turn from pseudo-
periodic to arather stochastic ordering. However, the transitions
are not sharply separated and the cut-off frequencies cannot be
specified within rigid rules. The major reasons are: (1) With
regards to optical applications, micro-roughness features may
also have a considerable impact on light scattering and thus
loss of optical performance of the reflective element. (2) On the
other hand, waviness but also pseudo-periodic features from
the roughness regime may cause diffractive effects influencing
the spectral reflection characteristics. (3) In general, light
diffraction as well as scattering depend strongly on the light
wavelength range of interest. Hence, the specific application
has to be considered for definition of the cut-off wavelengths.
Typical spatial frequency ranges for IR, VIS, and UV applica-
tions are labelled in figure 5. The upper limit is held constant
to account for the overall micro-roughness contribution on the
broad halo light scattering effects [33].

To measure the broad spatial frequency spectrum from the
low over mid to the high frequency range, the combination of
different measurement techniques is necessary. Thus, the PSD
plots shown in figure 5 are composed of partial curves derived
from differently sized AFM and WLI measurements, as shown
in figure 6. To account for local topography changes, each
measurement has been performed five times under the same
conditions. The PSD plots in figure 5 are averaged and the
given error bars represent the statistical standard deviations.
Because of limitations in image size and resolution for each
topography measurement technique, a careful analysis of the
reliable spatial frequency range has to be carried out. Hence,
each partial PSD is restricted to a specific spatial frequency
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Figure 5. PSD spectra (top) before and after RIBE machining with different process gases on A1905 samples. The roughness spectra
(bottom) are calculated by partial integration from the actual spatial frequency to f,; = 20.0 um~! via equation (1).

range, which is naturally not equivalent to the whole spatial
frequency range provided by pure image data processing.

Almost in the whole spectral wavelength range no reduction
of the PSD due to ion beam processing is found, i.e. the pre-
defined surface topography is either kept equal or increased.
However, there is one exception: the bump at 0.08 ym~! cor-
relates to a spatial wavelength of about 13 pm. This feature
reflects the diamond turning marks which are considerably
smoothed out by any of the applied ion beam machining
processes.

The deviation of the PSD spectra after processing to the
PSD spectrum of the untreated case is a measure for the sur-
face degradation with respect to the spatial frequency. Hence,
strong PSD deviations can be correlated to topography fea-
tures. The topography after argon processing is dominated by
a strong roughening of the sample surface (see figure 6(b)).
In contrast, ion beam machining with oxygen gas reveals a
rather smooth surface, but shows the formation of sub-micron
etch pits (figure 6(d)). The strongest surface degradation is
obtained with the argon—oxygen gas mixture, since both a
rough surface and etch pits with sizes up to a few microns
are formed. As a consequence, the PSD deviation (figure 5)
after argon—oxygen processing is significantly increased
almost over the whole spatial frequency range up to about
7 um~!, where the PSD curves merge. A maximum deviation

of about 2 dec is obtained in the mid frequency range at about
0.5 pm~!, correlating to the strong etch pit formation. The
PSD deviation of the oxygen process is negligible in the low
to mid frequency range until 0.1 um~". Hence, there seem to
be no significant figure and waviness machining errors. In
the range between 0.1 um~! and 5 um~!, there is a stronger
deviation with a maximum of about 1 dec at about 0.8 ym™!
which is a result of the individual and coalesced etch pits.
Another deviation develops above 10 gm~' which must be
correlated to topography features with a size below 100nm.
Argon processing reveals, to some extent, deviations in the
low frequency range, but a strong deviation in the mid range
between 0.1 pm~" and 10 pm~"'. The maximum deviation is
situated around 1 ym~! for about 1.5 dec resulting from the
strong surface roughening.

The surface roughness plots in figure 5 are determined
via equation (1) choosing the actual spatial frequency as the
lower limit integral boundary and the maximum spatial fre-
quency of 20.0 um~' as the upper limit integral boundary.
In this way, the roughness value, which is decisive for the
specific light wavelength range of the application, can be
directly read from the roughness plots. The roughness values
for the marked spectral ranges in figure 5 are summarized
in table 2. As already indicated by the PSD characteris-
tics, the roughness after oxygen ion beam machining is the
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Figure 6. WLI (10x objective) and AFM topography images of A1905 samples, (a) untreated and after ion beam machining with (b)
argon, (c) argon—oxygen, and (d) oxygen. The etching depth is about 380 nm for the three processes. The image height scale is indicated by

the z-value.

lowest. In both cases where argon is involved, the rough-
ness is evidently increased. But since a surface smoothing
is not obtained anyway, it has to be stated that the initial
surface quality before ion beam machining is crucial for the
process result. Generally, the roughness deviation between
any of the ion beam machining processes and the untreated
case is enhanced with respect to the light wavelength range
of interest from UV over VIS to the IR spectral region. This
trend results from the strong PSD deviations in the mid spa-
tial wavelength range. Nevertheless, comparing the oxygen
RIBE process with the standard argon IBF process, it can be
seen that all roughness deviations to the untreated case are
considerably improved.

Table 2. Roughness values Ry with respect to the spectral range of
interest (see labels in figure 5).

Etching Uuv VIS (nm) IR

process (nm) (nm)
Untreated (3.5+£0.3) 4.0+04) 92+14)
0, 4.84+04) (6.940.6) 143+ 1.6)
A1/O; (6.5+0.5) (13.1£0.7) (359+£3.9)
Ar 8.44+0.7) (13.8£1.0) (20.7£1.9)

3.3. Chemical surface modification

The interaction region of the ion beam with the sample surface
was analyzed by TOF-SIMS experiments applying the same
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Figure 7. TOF-SIMS depth profiles after ion beam machining with
different process gases on Al905 samples. The extent of the surface
oxide layer is represented by the AIO~ signal (top). The O,/AlO~
signal ratio (middle) reveals stoichiometry changes within the oxide.
Within the oxide layer an increased C~ signal (bottom) was found.

samples as depicted in figure 6 with 380 nm etch depth. Note,
a native oxide layer of about 5nm thickness is formed instan-
taneously during contact of a pure aluminium surface with air.
To reduce the temporal effects, the SIMS measurements were
performed directly after ion beam processing. However, this
time the samples were exposed to air. Hence, the existence
of a surface oxide layer has to be expected not only on the
oxygen ion beam machined samples, but also on the untreated
and oxygen-free processed samples.

The AlO™-signal was used to illustrate the extent of the
surface oxide layer (figure 7). The oxide layer thickness was
determined as the distance from the surface to the depth,
where the AlIO™-signal decreases to its half maximum value
(table 3). As a measure for the interface sharpness between
oxide and aluminium the slope of the AlO~-signal was addi-
tionally determined at this depth. As major impacts on the
interface sharpness, the abruptness of the compositional
change and contributions from the micro-roughness have to
be considered in the SIMS data evaluation. Since high-spatial
frequency fractions of the PSD are most relevant for micro-
roughness, the UV roughness values in table 2 are taken for a
qualitative discussion.

The untreated sample revealed a native oxide thickness
of about 5.7nm. After argon IBF processing the oxide layer

Table 3. SIMS measurement results for the differently processed
Al1905 samples.

Oxide layer Oxide/Al interface
Etching process thickness (nm) sharpness (dec nm~!)
Untreated 5.7£0.1) (0.211 £ 0.004)
(0} (13.0+0.1) (0.453 +£0.004)
Ar/O, (11.3+0.1) (0.213 +£0.001)
Ar (7.3£0.1) (0.1121 £ 0.0005)

is slightly enlarged to about 7.3nm. However, the interface
sharpness is significantly decreased on the argon processed
sample. But considering the compositional change, a sharper
interface must be expected instead, since oxide formation is
temporally much more limited than on the untreated sample
which had been stored in air for a long time. Hence, rather
micro-roughness is suggested to determine the interface sharp-
ness in that case. The flattened slope of the argon processed
sample is in good agreement with the high micro-roughness
obtained by the PSD analysis.

With the addition of oxygen to the argon process gas or
in operation with pure oxygen gas, the surface oxide layer
increases up to 13.0nm. The native oxide layer thickness is
thus exceeded remarkably. Hence, an oxygen ion-induced
surface oxidation process has to be considered. Furthermore,
after pure oxygen processing, the interface sharpness is signif-
icantly enhanced. Despite the fact that the micro-roughness is
slightly higher than for an untreated aluminium sample (table
2), the interface sharpness is more than doubled (table 3).
Thus, the compositional abruptness is evidently improved
during ion beam machining with oxygen operating gas.
Continuative experiments with oxygen gas, including erosion
depths up to 2 pm, indicate a stagnancy of the oxide thickness
at (13 +2) nm.

To analyse the tendencies within the oxide stoichiometry,
the O, signal was monitored additionally to the AlO™ signal.
AlO™ ions are generated within the whole stoichiometry
range, while O, ions can be preferentially expected under
compositions of oxygen excess. Hence, the O,/AlO™ signal
ratio has been used to monitor qualitative changes in the
stoichiometry characteristics (figure 7). As a general trend
for all depth profiles, a higher oxygen content is found at the
free oxide surface (depth = 0 nm). With increasing depth the
oxygen content decreases until a more or less abrupt trans-
ition to the base line level at the oxide/aluminium interface
appears. Note the large dynamic range over about two orders
of magnitude measured at the oxygen-processed sample
indicating the highest stoichiometry change. Furthermore, as
already pointed out, instead of the O, signal, the AlO~ signal
is also sensitive to oxide compositions with low oxygen
contents. As a result of the stoichiometry gradients in the
0,/AlO™ signal ratios, the oxide/aluminium interface posi-
tions in the O,/AlO~ signal ratio plots are shifted by about
1-2nm below the interface positions derived from the AIO™
signals.

The SIMS investigations further revealed an increased
carbon signal within the oxide film (figure 7). The used ion
source exhibits a graphite plasma anchor, which is in direct
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Figure 8. Model scheme of the RIBE machining process with
oxygen. The oxygen ion beam is scanned over the aluminium
surface initially exhibiting a native oxide layer. Due to oxygen
ion implantation and chemical interaction a homogeneous and
temporally stable, enhanced oxide layer is formed. This surface
layer acts as a defined etch front moderating the inhomogeneous
structural conditions of the aluminium bulk material. As a result,
the topography degradation during depth machining is effectively
impeded and the initial surface topography is almost preserved.

contact with the oxygen plasma. Compared to argon operation,
the anchor erosion was enhanced due to oxygen processing.

3.4. The RIBE process model

Our results on the interaction of a low-energy oxygen ion
beam with an aluminium surface suggest a particular erosion
process model based upon the in situ formation of a surface
oxide layer (figure 8). During ion beam treatment, this oxide
is continuously eroded and simultaneously newly formed.
Starting from the native Al,O3 surface layer, the oxide is firstly
extended until a quasi-stationary oxide thickness is reached.
At this point oxide erosion and formation compensate, while
a distinct oxide composition profile between the free surface
and the oxide/aluminium interface has evolved. This view is
supported by the unchanged SIMS profiles obtained in the
range of 0.5-2.0 pum depth machining, which is far from the
initial oxide transformation process. The oxide covers the sur-
face topography homogeneously with a constant thickness of
about (13 &£ 2) nm. The impact of energetic ions seems to be
a necessary condition for the oxide formation, since the exis-
tence of molecular oxygen gas in the background gas is not
sufficient to change to the process mode with reduced surface
roughening. In contrast, domain-pattern structures are formed,
also obtained by oxygen-free processing (figures 1 and 2). The
increased roughening and domain-structure formation are
affected by two aspects: (1) Aluminium has a comparatively
low melting point of about 660 °C. Hence, a pure aluminium
surface without surface oxide exhibits a high adatom mobility
[36], and Ostwald-ripening of the differently oriented grains
occurs. (2) The sputter erosion rate usually varies with respect
to the grain orientation and compositional inhomogeneities
additionally supporting the surface roughening. Both effects
can be reliably faced by the chemical surface modification due
to the impact of oxygen ions. Thus, the forming oxide layer is
regarded as the key for smooth surface machining.

However, the insufficient supply of oxygen may result in
an oxide layer which is not fully closed. This case can be
especially expected for a rough surface, where the surface
roughness is in the order or even more pronounced than the
oxide thickness. As a result, during ion beam machining a
self-masking effect has to be assumed allowing non-oxidized
areas to be etched faster than oxidized areas. This situation
can result in a much stronger surface roughening as observed
for the Ar : O,(6 : 1) gas mixture (figure 5). Despite the fact
that the oxide thickness obtained by SIMS is 11.3nm (table 4)
the oxide layer may not be fully closed. Moreover, there is no
relevant benefit in the etch rate. In the face of the large excess
of argon within the gas mixture, the etch rate was found to
be already considerably reduced almost to the value of pure
oxygen processing (table 2). The results suggest best surface
properties in operation with pure oxygen gas rather than with
an Ar : O, gas mixture. Based on this discussion, it may be
considered that a strong initial surface roughness might be
unfavourable for the preservation of the surface roughness
during ion beam machining, and also with pure oxygen pro-
cessing. To investigate such process limitations, further exper-
iments will be necessary.

Also, in such related technological fields as reactive mag-
netron sputtering, the formation of a surface oxide layer on
aluminium is considered [37]. However, the oxidation process
of an aluminium surface by the assistance of oxygen ions is
complex and currently not fully understood.

Under-stoichiometric AlOy, i.e. with a decreased oxygen-
content compared to AlLO3 stoichiometry, in the form of a
homogeneous phase is thermodynamically not stable. Instead,
phase separation to aluminium and Al,O; is favored [38]. In
the following, ALOs(x = 1.5) and two cases of under-
stoichiometric AlOy4 are discussed: Al: ALO;=2: 1(x = 0.75)
and Al : ALO3;=4:1(x = 0.5). On the other hand, over-
stoichiometric AlOy phases, i.e. with excess oxygen, are only
stable under static pressure. In particular, crystalline phases
such as Al4O7 or AlO, become thermodynamically permitted
[39]. In amorphous AlOy high oxygen contents are common,
already under thermodynamic standard conditions. Thus, AlO
configurations with x = 4 and 5 near the aluminium substrate
and x = 6 at the free oxide surface have been theoretically
modeled and experimentally verified [40-42]. The amorphous
structure is a build-up of densely packed oxygen atoms in a
distorted fcc alignment, while the aluminium atoms occupy
tetrahedral and octahedral interstitials [43]. Amorphous AlOx
can be favoured over a crystalline oxide phase on aluminium
crystallites, especially in contact with less dense-packed lat-
tice planes [44]. In oxides, the irradiation and implantation
of energetic ions, as in the case of ion beam machining, usu-
ally results in the amorphisation of a thin near-surface film.
In materials retaining crystallinity, as is typically the case for
metals, lattice defects, predominantly vacancies and disloca-
tions, are introduced. Furthermore, as a result of the incorpo-
rated strain in the amorphous as well as crystalline material,
thermodynamic non-equilibrium conditions can be attained
by ion irradiation. Hence, the formation of non-stoichiometric
AlOy has to be considered for modeling the RIBE machining
process.
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Table 4. Implantation ranges of 1.5keV oxygen ions after normal impact onto thick oxide with respect to oxide composition derived from
simulations with the SRIM-2008 and the TRIM.SP code. The spread ranges cover 95% of the ion distribution (20).

Ion implantation ranges

Density Mean depth Depth spread Lateral spread

Oxide composition (gem™3) (nm) (nm) (nm)

52 +5.4 +6.7 SRIM-2008
AlOg 2.38 5.0 +52 +6.5 TRIM.SP

5.0 +5.2 +6.6 SRIM-2008
AlOs 2.49 4.8 +5.0 +6.3 TRIM.SP

4.7 +4.8 +6.3 SRIM-2008
AlOy 2.64 4.6 +4.8 +6.0 TRIM.SP

4.3 +4.4 +5.8 SRIM-2008
AlOs 291 4.2 +4.4 +5.6 TRIM.SP

3.8 +4.0 +5.1 SRIM-2008
AlO, 3.43 3.6 +3.9 +5.0 TRIM.SP

33 +34 +4.5 SRIM-2008
ALOs 3.95 32 +3.4 +44 TRIM.SP
Al : ALO; 43 +4.6 +6.2 SRIM-2008
@2:1 3.12 43 +4.7 +6.2 TRIM.SP
Al : ALO; 4.7 +5.0 +6.7 SRIM-2008
“4:1 2.95 4.6 +5.1 +6.8 TRIM.SP

Oxygen-rich aluminium oxide may further be stabilized
by incorporated carbon [45]. Since carbon was found in the
SIMS investigations, there might be some contribution in the
formation of the surface oxide layer. However, carbon incor-
poration is treated more as an impurity issue and thus it is not
accounted for in the process modelling in this study.

The ion—surface interaction was analysed by the Monte
Carlo simulation codes SRIM-2008 and TRIM.SP. However,
both program codes do not cover the following experimental
circumstances: (1) As a rude approximation, the solid is
assumed as fully isotropic and amorphous matter. In particular,
crystallographic effects, such as preferential sputtering of spe-
cific crystal orientations or ion channelling, are neglected. (2)
The surface is treated as an ideal flat surface; surface topo-
graphy or roughness are not considered. Hence, the exper-
imentally verified surface roughening cannot be covered by the
simulations. (3) Dynamical changes of the material composi-
tion or the formation of compositional gradients as indicated
by the SIMS experiments are not included. (4) The effect of
vacancy recombination is not considered. (5) Volume diffusion
is not implemented. Despite these serious drawbacks, implant-
ation profiles into homogeneous materials usually show a good
agreement with the experiment. Furthermore, both codes allow
for the calculation of sputter yield values. TRIM.SP delivers
quite reliable results, while SRIM has been shown to differ
from experimental values by up to a factor of 2 [46, 47]. Those
deviations were also observed in this study. Hence, only the
TRIM.SP sputter yields are discussed.

The ion implantation was simulated for the oxide layer/
Al905 bulk system. In the initial state of oxygen ion beam
machining the sample exhibits a thin native oxide film. Oxygen
ions with 1.5keV are implanted within the oxide, but consid-
erable portions are not sufficiently dragged to prevent pen-
etrating a few nm into the aluminium material as well (figure
9(a)). Hence, the oxide layer/aluminium interface progresses
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in depth and the oxide composition profile alters. However,
the particular dynamics are not accessible by the simulations.
Nevertheless, the general effect of the oxide composition on
the sputtering process can be evaluated, thus giving further
insights into the principle interaction processes. As a result of
the SIMS experiments, the oxide layer thickness extends in
the initial stage of ion beam processing. Applying the ultimate
oxide thickness of about 13nm to the simulations the oxygen
implantation is found to be concentrated almost in the oxide
layer for all oxide compositions considered (figure 9(b)/(c)).

The effect of the oxide composition was further analysed
by oxygen ion implantation simulations into oxide material
only. As a result, the ion implantation depth varies between
3.2-5.2nm with a spread (also called straggling) of 3.4-5.4nm
(table 4). In Al,O3 about 95% of the impinging oxygen ions are
implanted within a depth up to 6.7nm from the surface. This
maximum implantation depth is far from the oxide thickness
of 13.0nm as measured by the SIMS experiments. However,
at high stoichiometry deviations from the Al,O; composition,
i.e. for high contents of either aluminium or oxygen, the max-
imum oxygen implantation depth increases. The implantation
ranges for Al : ALO3;(4 : 1) up to about 9.7nm and for AlOg
up to 10.2-10.6nm. Additional kinetic effects which further
increase the oxide layer thickness as oxygen and aluminium
diffusion can usually be neglected at room temperature condi-
tions [48]. However, diffusion may be enhanced by vacancies
formed during ion irradiation.

To approximate the actual oxide composition being formed
during ion beam machining, experimental sputter yield
values were estimated and compared to the simulated values.
The experimental values were derived from a rough bal-
ance calculation between the implanted oxygen ions and the
eroded amount of material. Based on the Faraday cup meas-
urements, the oxygen ion beam fluence after 1h of operation
was evaluated to be 1.53 x 10'® cm~2. The etching depth was
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Figure 9. (a), (b) lon trajectories after normal impact of 1.5keV
oxygen ions onto an oxide layer/Al905 bulk sample system
calculated by SRIM-2008, and (c) corresponding implantation
depth profiles calculated by SRIM-2008 and TRIM.SP. (a) The
Al O3 layer thickness of 5nm corresponds to the initial situation of
a native oxide layer at the beginning of ion beam machining. (b)
Under quasi-stationary equilibrium conditions, a non-stoichiometric
AlOy layer with a thickness of 13nm is formed (depicted here:

x = 4). (c) The higher the stoichiometric deviation from the Al,O3
composition, i.e. for oxygen excess as well as deficit, the higher the
oxygen implantation depth. In all considered cases the oxygen ions
are implanted almost completely inside the oxide layer.

about 380 nm, which corresponds to an aluminium removal of
2.35 x 10' cm~2. Note, the aluminium amount necessary to
buildupa 13.0nmthick layerof Al : Al,O3 = 2 : loutof5.7nm
ALO3adds up to3.61 x 10'® cm™2, while for AlO4 an excess of
3.85 x 10" cm~2 aluminium persists. However, compared to
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Figure 10. Sputter yields for the oxide components with respect

to AlOx composition as simulated by TRIM.SP for 1.5keV

oxygen ions with normal incidence (dashed lines/open symbols).
For comparison, estimated sputter yield values from the RIBE
experiments with oxygen gas are given (straight lines/full symbols).
The aluminium values are determined directly from the material
balance calculation, while the oxygen values are derived presuming
the respective oxide composition.

the overall aluminium removal, those variations are marginal
and the sputter yield of aluminium is about 0.15 aluminium
atoms per incoming oxygen ion without a significant effect of
the oxide composition (figure 10). Instead, the sputter yield of
oxygen is strongly related to the oxide composition. Based on
the view of a quasi-stationary etch front with constant compo-
sition profile and thickness, the experimental oxygen sputter
yield values in figure 10 are calculated from the aluminium
removal with the necessary condition that the respective oxide
composition does not change during sputtering. Between an
aluminium excess oxide such as Al: ALO3; =4:1 and an
oxygen-enriched composition such as AlOg, the sputtered
oxygen amount varies between 1.18 x 10'%-1.41 x 10! cm—2
resulting in a broad sputter yield range of 0.077-0.92 oxygen
atoms per incoming oxygen ion. These values already include
the oxygen amounts necessary to form the oxide layer for each
composition. At the utmost 5.11 x 10'® cm~2 oxygen is needed
for oxide build-up. In advance of the experimental sputter yield
evaluation, the TRIM.SP code was applied for sputter yield
simulation (figure 10). With increasing oxygen content in the
oxide the sputter yield of aluminium decreases gradually. In
contrast, the oxygen sputter yield increases from aluminium-
rich to AL,O3 composition very steeply until it reaches a value
of about 0.9 oxygen atoms per incoming oxygen ion. For
higher oxygen contents, the oxygen sputter yield remains at
this value. The comparison between the experimental and the
simulated sputter yield curves in figure 10 reveals an excellent
matching for a high oxygen content x of about 6. Moreover, the
oxygen sputtering yield of 0.92 oxygen atoms per incoming
oxygen ion is in reasonable agreement with the claimed mat-
erial balance between the number of implanted oxygen ions
and the number of removed oxygen atoms in a quasi-stationary
dynamics.

In order to identify the responsible depth range at the
oxide surface from which sputtering occurs, the sputtering
yields of aluminium and oxygen were analyzed with respect
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to the oxide thickness in a continuative simulation study. At
a very low oxide thickness, sputtering results not only from
the oxide film but also from the adjacent aluminium bulk
material. However, beyond a thickness of 1.0nm, the sput-
tering contribution from the aluminium bulk is sunk to 1% of
the overall sputtered atoms. Conversely, it can be stated that
sputtering from the oxide occurs only from the near-surface
range until a depth of 1.0nm. Hence, the oxide composition at
the surface is decisive for the elemental sputter yields
obtained. Since a compositional gradient is indicated by the
SIMS measurements, the high oxygen composition of x = 6
has to be considered only in this localized surface region. This
view is in good agreement with related surface oxide studies
[40-42].

4. Conclusion

In summary, we examined a RIBE-based surface figuring
technique based upon oxygen process gas. Compared to stan-
dard argon IBF processing the surface topography is exceed-
ingly well preserved. Hence, the initial topography mostly
determines the surface quality after ion beam processing.
For the oxygen RIBE process the PSD analysis showed that
shape and waviness between 0.0035-0.1 um~! are largely
preserved. An improvement of the surface topography was
found for the turning mark features, which are smoothed out
to some extent during ion beam machining. Residual surface
degradation is caused by etch pit formation in the mid spa-
tial frequency range between 0.1-10 pum~!. The precipitate
structures within the aluminium alloy matrix were identified
as the origin. AI905 was found to exhibit a smaller pit size
than obtained on Al6061. Hence, even less surface roughening
was observed on A1905. In the high spatial frequency range of
10-20 um~! the topography is degraded to some extent.
Based upon SIMS measurements and Monte Carlo simula-
tions, a model view on RIBE machining with oxygen process
gas is proposed. By the impact of energetic oxygen ions a lat-
erally homogeneous and temporally stable oxide layer with a
thickness of about 13nm is formed. The AlOy layer exhibits a
composition profile with excess oxygen at the free surface and
a gradual decrease of the oxygen content towards the oxide/
aluminium interface. Sputtering is expected to originate from
the 1.0nm thick near-surface region. Based upon material bal-
ance calculations and simulated sputter yields by TRIM.SP, an
oxygen-content of x = 6 is expected in this region. In accord-
ance with the simulation results the experimental data reveal
an aluminium sputter yield of 0.15 and an oxygen sputter
yield of 0.92 for 1.5keV oxygen ions impacting aluminium at
normal incidence. The oxygen ions are completely implanted
inside the oxide layer. As a result of continuous sputter ero-
sion and simultaneous oxide formation by ion implantation, a
quasi-stationary oxide thickness develops. The experimentally
verified temporal stability is supported by the magnitude of
the oxygen sputter yield in the order of 1, thus completely
compensating the oxygen ion implantation. The chemical
modification of the aluminium by oxidation suppresses the
influence of the structural matrix effects on the sputter erosion
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process efficiently. Hence, the oxide layer acts as a moder-
ating etch front.

From a technological point of view, RIBE machining of
aluminium with oxygen gas is a rather slow process with an
etch rate about 4-5 times smaller than argon IBF. However,
the significantly improved surface quality compared to con-
ventional IBF now enables the direct figure error correction
of optical aluminium surfaces without additional surface coat-
ings. Moreover, RIBE machining is stable and clean without
any hazardous by-products, making the process suitable for
such applications [22].
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