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ABSTRACT
The demand for ion beam sputtering (IBS) coated substrates is growing. In order to find new fields of application for IBS coating technology,
it is necessary to understand in detail the distributions of the involved particles in an industrial-scale reactive coating process. In pursuit of this
goal, in the present investigation, profiles sputter-eroded from tantalum, silicon, and silicon dioxide targets by a low-energy broad ion beam
(ion energy ≤ 1.9 keV, ion source RIM-20) are measured with a mechanical profilometer and compared. To approximate the discrete and
two-dimensional erosion data accurately, an empirical function is developed. For an applied target tilt angle of 55○, the results indicate that
the actual angle-dependent ion–solid interaction mechanisms at the atomic level have a rather subordinate role in the macroscopic surface
modification of the target in terms of the qualitative distribution of the erosion profile. The applied process geometry seems to have a much
larger impact. Furthermore, in the case of silicon, a linear erosion rate as a function of erosion time is observed. Thus, the form of the broad
erosion profile does not seem to have a measurable effect on the erosion rate.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/6.0000909

I. INTRODUCTION

Ion beam sputter deposition (IBSD) is a well-established coat-
ing technology in optical thin film production facilities. The proper-
ties, applications, and achievable quality parameters have been well-
documented in open literature.1–3 Mirror coatings for gravitational
wave detectors4 and ring laser gyroscopes for inertial rotation mea-
surements5 are prominent scientific applications. A key element in
ion beam sputtering (IBS) is the ion beam—predominantly a com-
position of primary particles, with which target atoms (secondary
particles) are sputtered from a target surface. The removal of atoms
by energetic ions is equivalent to an erosion process.

Over the past few decades, IBSD has been continuously
improved,6 new concepts have been implemented,7–9 and systematic
investigations of the underlying physical mechanisms have been car-
ried out.10,11 In contrast, the productivity parameters and economic
factors involved have not received much attention. It is only in the
last few years that a certain trend toward large-area optical coat-
ings in the field of IBSD has been observed. The achievable uniform

deposition areas are still smaller than 1 m in diameter.12,13 However,
it is to be expected that larger coatings with an IBSD quality level will
be required for future applications, e.g., meter-sized optical coatings
for astronomy and space applications or meter-sized high-power
laser optics for large optical systems.14

To open up new fields of application, there is a need to under-
stand in detail the distributions of primary and secondary particles
in an industrial-scale IBSD process. The approximation of the sput-
tering geometry by a single common point source as the point of
origin of all sputtered particles is insufficient in this context if a
broad ion beam is applied.12 More precisely, in order to develop an
understanding of how particle fluxes of secondary particles are emit-
ted qualitatively and quantitatively from the target, it is necessary to
know how the primary particles impinging on the target surface are
distributed. In relation to this, the investigation of erosion profiles,
as has been done for magnetron sputtering (MS), ion beam figur-
ing (IBF), and focused ion beam microscopy tools over the past few
decades, provides valuable information about the distributions of the
involved particles. Comparable investigations in the field of IBSD,
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which apply a broad ion beam and a tilted target, are not known to
the authors (in Ref. 15, the RIM-10 ion source is used, which erodes
a substrate made of silicon at a normal angle of incidence). The
present investigation is intended to present corresponding experi-
mental data and to provide a basis for modeling the distribution of
the primary particles on the target surface later.

In the field of MS, which is a coating technology competing
with IBSD (e.g., Ref. 16), an erosion profile is often referred to as
a racetrack, erosion groove, or depth profile. In the case of reactive
MS, target poisoning according to Berg’s model17 or the RSD2013
model18 is an important additional mechanism and is most probably
also relevant to reactive IBSD. Recently published results19 indicate
an almost fully oxidized titanium target surface during IBS in the
presence of an O2 atmosphere. In addition to that, stronger target
poisoning of titanium targets compared to tantalum targets was a
conclusion of Ref. 20.

Basic differences between IBF, IBSD for scientific purposes
(with a focus on ion–solid interaction mechanisms), and industrial-
scale IBSD processes (with a focus on production) are as follows:
(1) the open diameter Doptic of the applied ion optic (which cor-
responds to the initial size of an ion beam21) with which ions are
extracted from a plasma and an ion beam is formed, (2) the extracted
ion beam current Ibeam, (3) the distance dtarget between the ion optic
and the target (the beam propagation length), and (4) the resulting
distribution of ions on the target surface.

In IBF processes, a smaller beam diameter on the workpiece to
be machined (after beam propagation) possesses stronger error cor-
rection ability.22 It is preferable that the beam shape and the resulting
removal function on the workpiece are Gaussian. To meet these cri-
teria, ion optics with Doptic in the range of 10–50 mm are applied.22,23

In addition to that, diaphragms with diameters down to 0.5 mm are
mounted between the ion source and the workpiece for beam shap-
ing.22,24 Literature values for Ibeam vary in the range of 1–40 mA, and
values for dtarget of up to ∼80 mm can be found.

For scientific investigations of ion–solid interaction mecha-
nisms, the situation is quite similar. A small ion optic in combination
with a corresponding short distance dtarget ensures that only a small
area on the target is sputtered by the primary particles (compared
to the distance of secondary particle observation), which enables the
consideration of a sputtering point source. Furthermore, a shorter
ion propagation length reduces the number of ions that do not reach
the target as a consequence of a finite mean free path. In Refs. 25–28,
for instance, the following configurations were chosen for inves-
tigations of IBS and IBSD: Doptic = 16 mm, Ibeam in the range of
6–10 mA, and dtarget = 150 mm.

For industrial-scale IBSD processes, the situation is different.
In order to meet the productivity demands of the optical thin film
industry, higher beam currents are required to produce a certain
quantity of secondary particles per unit time. From practical expe-
rience, Ibeam varies in the range of 200–500 mA for high-quality
thin film production. For beam currents in this range and above,
it is necessary to distribute the ions over an appropriate target
surface size. Otherwise, the target material is consumed too fast
and the manufacturing of complex filters with corresponding long
process durations becomes unfeasible. So far, the technically best
solution is to apply a broad ion beam produced by a large multi-
aperture extraction system. Doptic is usually larger than 100 mm,
and the market even offers ion optics for IBSD with up to

Doptic = 220 mm. A higher beam current and, thus, a higher coat-
ing rate are the main benefits of a large ion optic. It is advantageous
to adjust dtarget to be as large as possible to prevent fast degrada-
tion of the ion optic through particle fluxes originating from the
target, although this can affect the productivity of an IBSD process
significantly.20 Thus, productivity values as well as economic fac-
tors depend on dtarget . For instance, in the IBSD coating machines
NAVIGATOR 1100 and NAVIGATOR 2100,12,20 manufactured by
Cutting Edge Coatings GmbH (CEC), the common setups have
dtarget > 350 mm. From practical experience, target distances in the
range of 200–550 mm are used in IBSD for the production of optical
thin films.

The focus of this work is to investigate target erosion pro-
files during low-energy (ion energy ≤ 1.9 keV, ion source RIM-20)
reactive broad ion beam sputtering on a millimeter scale. Erosion
profiles sputter-eroded from tantalum (Ta), silicon (Si), and sili-
con dioxide (SiO2) targets are experimentally determined and com-
pared with one another. Ta is chosen because it is one of the most
common “high-index” materials used for IBSD processes in optical
thin-film technology. Equally, Si and SiO2 are the most commonly
used “low-index” materials. All three target materials are preferred
for the production of low-loss mirror coatings in the VIS and near-
infrared (NIR) regions. Two different distances of dtarget = 370 mm
and dtarget = 550 mm are examined.

II. EXPERIMENTAL METHOD
The sputter-erosion of the investigated Ta, Si, and SiO2 targets

was performed in CEC’s NAVIGATOR 1100,20 an industrial-scale
IBS coating machine, with a sputter-up configuration of the main
process components. The equipment is evacuated by a cryopump to
a base pressure of 4 × 10−6 Pa in the high vacuum range. To generate
a broad ion beam, NAVIGATOR 1100 is equipped with the induc-
tively coupled radio-frequency (RF) type ion source RIM-20. The
design is based on the RIT.29,30 RIM-20 runs with a spherical shaped
curve three-grid multi-aperture extraction system (accel-decel tech-
nique) made of titanium, with Doptic = 160 mm and a curvature
radius Roptic = 400 mm. The ions are extracted from the plasma
and accelerated by 847 beamlets distributed in a quasi-hexagonal
pattern. All beamlets together make an ion optic transparency of
56.6%. Figure 1 shows the broad ion beam. To compensate for the
space charge, a radio-frequency neutralizer (RFN) operates simulta-
neously with RIM-20 as a filament-less electron source (not shown
in Fig. 1).

The sputter-erosion of the initially flat targets took place dur-
ing several independent production processes of optical thin films
and, thus, always in the presence of an O2 atmosphere. To adjust
the ion energy, only the beam voltage was varied (the accelerator
grid voltage of −600 V and decelerator grid voltage of 0 V were not
varied). The Si target was sputtered with a fixed set of parameters:
1.4 keV xenon (Xe) ions, Ibeam = 200 mA, O2 flow rate 90 SCCM,
and working pressure in the range 5.3–8.5 × 10−2 Pa (depending
on the position in the process chamber). The Ta target was sput-
tered under two sets of conditions: (1) with 1.8 keV argon (Ar) ions
and with Ibeam = 310 mA and (2) with 1.45 keV Xe ions and with
Ibeam = 230 mA. In both cases (1) and (2), the O2 flow rate was set to
90 SCCM. For the sputtering of the SiO2 target, 1.9 keV Ar ions and
a 20 SCCM O2 flow rate were selected. In all cases, an Ar flow rate
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FIG. 1. IBSD process in CEC’s industrial-scale coating machine NAVIGATOR
1100. (a) Front view of the operating multi-aperture ion optic of the ion source
RIM-20 and (b) side view of the broad ion beam during the sputter-erosion of a
target. The length of the target from bottom to top is 250 mm.

of 20 SCCM or a Xe flow rate of 15 SCCM was used to operate RIM-
20. It is important to note that regulation of the ion energy usually
results in a variation of the beam profile.30,31 The process parameters
listed—ion species, ion energy, and beam current—are the result of
process optimizations aimed at achieving specific process properties
(lateral layer uniformity, coating rate) and layer quality parameters
in thin film production.

In all processes, the targets were tilted at 55○. In IBSD, target tilt
angles (TTAs) in the range of 45○–65○ are usually used. At smaller
angles, the particle flux of secondary particles increases in the back-
ward direction toward the ion optic (degradation of the ion optic),
and the sputtering yield decreases (reduction of productivity). With
larger angles, the proportion of primary particles that fly past the
target increases (reduction of productivity, adverse parasitic sput-
tering of process chamber parts behind the target). Additionally, at
large angles of incidence, the sputtering yield drops rapidly (reduc-
tion of productivity). The target tilt angle is measured between the
target surface normal and the symmetry axis n⃗beam of the ion beam.
n⃗beam also corresponds to the direction of propagation of the broad
ion beam and is hereinafter also referred to as the beam vector. In
the cases of Ta and Si, the target distance—ion optic to the target
surface—measured along n⃗beam was set to dtarget = 370 mm (the cor-
responding setup is shown in Fig. 1). For the erosion of the SiO2
target, a distance of dtarget = 550 mm was applied. Thus, the dielec-
tric target was positioned behind the geometric focal point of the
ion optic (dtarget > Roptic), while the Ta and Si targets were located
before the geometrical focal point. The target holder was electri-
cally grounded (with a contact resistance from target to ground
<1 Ω) to eliminate potential electrical charging of the metallic
targets.

To determine an erosion profile, the corresponding target was
dismounted from the water-cooled target holder and its erosion
was measured with a self-built mechanical profilometer. For each
data record zi(xi, yi), the erosion depths zi were measured with an
accuracy of ±0.03 mm at up to 315 positions (xi, yi), almost evenly
distributed over the relevant target area of 200 × 250 mm2 [shown
in detail in Fig. 3(a)]. The positioning accuracy of the profilome-
ter amounts to 0.2 mm in the radial direction around each posi-
tion (xi, yi). For describing the erosion processes, the values zi are

FIG. 2. A sputter-eroded Si target with dimensions 200 × 250 × 6 mm3, sput-
tered by a beam of 1.4 keV Xe ions, with Ibeam = 200 mA, TTA = 55○, and
dtarget = 370 mm. (a) A top view and (b) an enlargement of the top view at
T = 135, 092 s and zmin = −4.17 mm. (c) An enlargement at T = 76, 058 s and
zmin = −2.48 mm. Circled numbers 1–4 and the fracture are explained in the main
text.

treated as negative values (z = 0 corresponds to the initial flat sur-
face). xi and yi are measured in the chosen coordinate system of a
target, as shown in Fig. 2(a). In the cases of Ta and Si, the target
plate thickness amounts to 6 mm. The target plate thickness of the
SiO2 target amounts to 8 mm. In the case of Si, six measurements
were performed to investigate the evolution of the erosion charac-
teristics as a function of erosion time T. The Ta and SiO2 targets
were measured once. As described above, the erosion profile of Ta
(Figs. 4 and 7) results from erosion processes with different ion beam
parameters.

It is plausible to assume that the interaction process between
an almost rotationally symmetric broad ion beam with a laterally
inhomogeneous beam profile and a flat tilted target surface results
in (1) a mirror-symmetric erosion profile and (2) irregular sputter
conditions depending on the sputter position. In other words, it is
assumed that the number of ions per unit area (and per unit time)
and the angles of incidence of the ions are different for each point on
the target surface (except for the corresponding symmetry points).
Figures 2(a)–2(c) support both assumptions (1) and (2). In Figs. 2(a)
and 2(b), the investigated Si target is shown after a total accumu-
lated erosion time of T = 135, 092 s (∼37.5 h). A general observa-
tion is a quasi-elliptical-shaped and mirror-symmetric erosion zone
(actually, this observation is irrespective of a specific target mate-
rial, see also Fig. 7 in the Appendix). The maximum erosion depth is
zmin = −4.17 mm (shown in detail in Fig. 3). At values zmin ≤ −6 mm,
the thickness of the target plate is exceeded, as mentioned above.

For comparison, Fig. 2(c) shows the same target after a shorter
erosion time of T = 76, 058 s (∼21.2 h). Without generalizing, espe-
cially in the case of Si, two segments can be observed—a smooth
inner segment (subjectively smoother than the initial surface) and
a rough outer segment (subjectively rougher than the initial sur-
face), separated by a more or less sharp edge [marked No. 1 in
Fig. 2(c)]. In the course of sputter erosion, the inner segment reveals
a rough spotty appearance as can be seen in Fig. 2(b). On the one
hand, this irregular and dynamic structuring of a target surface could
be assumed to be an expression of the position-dependent sputter
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FIG. 3. Approximation of the erosion zone of the Si target at T = 135, 092 s as also
shown in Figs. 2(a) and 2(b). (a) 2D distribution zAPPROX(x, y). The 285 positions
(xi , yi) of the measured erosion depths zi are marked with blue dots. The fitting
parameters are listed in Table II, and the characteristic values are summarized in
Table III (line 7). (b) 1D distributions zAPPROX(x, yi) in the x-direction at y i -positions
125, 147, and 180. (c) 1D distributions zAPPROX(xi , y) in the y-direction at xi -
positions 100, 111, and 122. The arrows in (a) are corresponding to the coordinates
of interest in (b) and (c). The data points illustrate the experimentally determined
erosion depths zi .

conditions as described above. On the other hand, the transition
between the smooth and rough segments may indicate different
levels of target poisoning. With Ta, these effects are not visually
recognizable (Fig. 7 in the Appendix).

Outside of the main erosion zone, a wider region of interaction
between the charged particle beam and the target can be observed.
This region visually extends to the edge, which is marked No. 4
in Fig. 2(a), but even at values zmin ≤ −6 mm, no erosion can be
measured with the applied profilometer in this area. Thus, the wide
interaction region manifests itself only as a discoloration of the tar-
get surface, and it is assumed to result from particles scattered during
beam propagation due to a finite mean free path. Besides potential
compound formation, additional oxide coverage may occur in the
form of an undesired coating when the neighboring target is sput-
tered. The colored rings at the edge of this wider region indicate
dielectric layers with varying layer thicknesses.

Although the Si target was initially fractured (by a handling
mistake), it was decided that it should be used anyway for the
present investigation. It is conspicuous that the fracture evolved into
a mound with a rough side [marked No. 2 in Fig. 2(c)] and a smooth
side [marked No. 3 in Fig. 2(c)] during sputtering, most probably as
a result of simultaneous redeposition and ion-induced surface mod-
ification under varying conditions. No effect of the fracture on the
process parameters or quality parameters of the produced films was
observed, so the fracture is ignored in the following analyses.

III. EROSION PROFILE APPROXIMATION
For the precise estimation of the characteristics of an erosion

profile, each discrete data record zi(xi, yi) is approximated using the
following empirical function:

zAPPROX(x, y) = −zB(y) ⋅ (zA(y) + z0 ⋅G(x, y) ⋅H(y)),

G(x, y) = exp{−(x − x0)2

2w(y)2 },

H(y) = exp{− [ln(y − y1) − v2]2
2v12 },

zA(y) = z1 + z2 ⋅ (y − z3)2,
zB(y) = z4 + z5 ⋅ exp{−z6 ⋅ y}.

w(y) = w1 + w2 ⋅ (y − w3)2

(1)

The above equation was developed starting from the function
R(x, y) presented in Ref. 20. Except for the factor −zB(y), the equa-
tions of zAPPROX(x, y) and R(x, y) are identical. The minus sign in
Eq. (1) indicates an erosion process (removal of particles) instead
of a coating process (accumulation of particles). A mirror symme-
try for the x-direction is imposed because of G(x, y). More details
on the parameters in Eq. (1) are given in Ref. 20. In total, 14 fitting
parameters are included in the 2D function zAPPROX(x, y) without a
direct link to a physical model or the beam profile. As a comparison,
for the approximation of a rotationally symmetric erosion zone in
a planar magnetron, a one-dimensional (1D) function with six fit-
ting parameters was suggested in Ref. 32. The fitting of zAPPROX(x, y)
to a determined dataset of erosion depths zi(xi, yi) is performed by
the software package Layer-Thickness-Optimization (LTO, devel-
oped by Wjatscheslaw Sakiew). The fitting parameters and the
corresponding mean squared errors (MSEs) are summarized in
Table II.

As a result of the fitting procedure, the following characteris-
tic values of an approximated 2D erosion profile zAPPROX(x, y) are
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TABLE I. Estimated coordinates of the intersection yS between the target plane and
the lengthened beam vector n⃗beam. The coordinate system is illustrated in Fig. 2(a).

yS (mm)

Ta and Si targets, dtarget = 370 mm 138 ± 9
SiO2 target, dtarget = 550 mm 152 ± 12

calculated in LTO: x0 and y0 (the coordinates of the maximum ero-
sion depth), zmin ≤ 0 (the maximum erosion depth), ΔxFWHM and
ΔyFWHM (the full width at half maximum (FWHM) in the x-direction
at the y-position y0 and in the y-direction at the x-position x0), and
V (the eroded volume). Another advantage of the approximation is
the averaging of sporadic erosion depth measurement errors.

In the present work, the erosion profiles are qualitatively com-
pared with one another. For this purpose, the profiles approximated
by Eq. (1) are normalized by zmin as

zAPPROX(x, y) = zAPPROX(x, y)/zmin. (2)

Figure 3 shows the approximated sputter-eroded Si target
after an erosion time of T = 135, 092 s. The 1D distributions
zAPPROX(x, yi) in the x-direction [Fig. 3(b)] and zAPPROX(xi, y) in
the y-direction [Fig. 3(c)] indicate that the accuracy of the approx-
imation for the x-direction is higher than that for the y-direction.
It is important to point out that the erosion profile appears sym-
metrical in the x-direction and asymmetrical in the y-direction as a
consequence of the target tilt angle TTA > 0. More precisely, under
the conditions considered, the profile is stretched toward the lower
target edge (bottom) and squeezed toward the upper target edge
(top).

It can be seen that, in Fig. 3, the position of maximum ero-
sion in the x-direction is x0 = 96 mm, which is not exactly the target
center at x = 100 mm. The observed misalignment results from the
chosen target holder position and can, therefore, be compensated for
by defining a new target holder position. Thus, in the following, the
selected erosion profiles are shifted numerically in the x-direction to
the target center (x0 = 100 mm) for a clearer illustration.

In this context, the y-direction is more significant for the
present investigation. In Fig. 3, the position of maximum erosion
in the y-direction is at y0 = 148 mm. By measuring the orientation
of the target relative to the ion source, the coordinate of the intersec-
tion yS of the beam vector (n⃗beam lengthened) with the target surface
could not be estimated with better accuracy than shown in Table I, if
the manufacturing tolerances of the vacuum chamber and its warp-
ing due to high vacuum are taken into account. It is important to
note that y0 and yS are not necessarily identical.

IV. RESULTS AND DISCUSSION
A. Comparison of the Ta and Si erosion profiles

In Fig. 4, zAPPROX(x, y) for the Si and Ta targets are compared
for identical process geometries (TTA = 55○, dtarget = 370 mm).
Although (1) different materials were eroded with (2) different ion
energies and (3) different accumulated erosion times, resulting in (4)
different erosion depths zmin, and (5) in the case of Ta, both Ar and
Xe ions have been used, the determined normalized erosion profiles
are almost identical (see also Table III):

FIG. 4. Si and Ta erosion profiles normalized and represented as in Fig. 3. (a) Two
2D distributions zAPPROX(x, y). A section of the target area of size 200 × 250 mm2

is shown. The fitting parameters are listed in Table II, and the characteristic
values are summarized in Table III (lines 1 and 7). (b) The 1D distributions of
zAPPROX(x, 147) are shown as solid lines and zAPPROX(100, y) as dashed lines
with Si in black and Ta in red. x0 is centered at x0 = 100 mm in both cases as
described in Sec. III. The coordinates y0 are within or almost within the range
yS = 138 ± 9 mm given in Table I. (c) Sputtering yields normalized to α = 55○

(identical to the applied TTA) as a function of the angle of incidence α onto the
target according to the revised Bohdansky model33 and Yamamura model34 with
Y(1.4 keV Xe, Si, α) as the black solid line, Y(1.45 keV Xe, Ta, α) as the red
solid line, and Y(1.8 keV Ar , Ta, α) as the red dashed line.

Positions: It can be seen that the values x0 and y0 are almost
identical.

Dimensions: The erosion profiles appear identical in the x-direction
(the values of ΔxFWHM are identical) and similar in the y-
direction (the values of ΔyFWHM are almost identical).

Stretching: The asymmetrical shapes of the erosion profiles in the
y-direction are comparable for the two materials.
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The following explanatory approach is plausible: (1) The ero-
sion profiles are mainly influenced by the process geometry (e.g., a
rotationally symmetric broad ion beam, a flat and tilted target, the
beamlet pattern, and the values of TTA, dtarget , Roptic, and Doptic), and
(2) the considered ion–solid interaction processes must be assumed
to be qualitatively comparable—this means that the normalized
sputtering yields, Y(α), are similar in the corresponding angular
range of ions impinging on the target surface.

Calculations using semi-empirical models33,34 result in at least
similar distributions Y(α) (normalized to α = 55○) for the sputtering
of Ta with Ar ions and Xe ions depending on the angle of incidence
of the ions α onto the target [Fig. 4(c)]. The angular dependence of
the sputtering of Si compared to Ta appears to deviate more strongly.
The variation of the polar angles of incidence along the y-direction is
larger than that along the x-direction for the present process geome-
try, which probably causes the erosion profiles of Ta and Si to differ
more in the y-direction than in the x-direction. However, regarding
the calculations with the semi-empirical models, it should be noted
that, in Ref. 35, it is indicated that the calculation of Y is accurate to
within ±20%.

The results in Fig. 4 allow for two further conclusions: (1)
If compound formation17–20 or undesired oxide coverage occurs
(Sec. II), then it can only have a minor influence on the quali-
tative characteristics of the erosion profiles under the experimen-
tal boundary conditions presented herein. In particular, because
different target materials are compared, different compound for-
mation rates can also be assumed. However, it is quite conceivable
that there is a quantitative effect on the erosion rate (a continu-
ous adsorption of oxygen atoms, which then have to be additionally
sputtered), which is not evaluated here. (2) If the regulation of the
ion energy results in a variation of the beam profile, then this vari-
ation must be sufficiently small so that the widths ΔxFWHM are not
influenced by it. Additionally, the experimentally determined ero-
sion profiles confirm that there is no measurable material removal
outside the main erosion zone.

B. Evolution of the Si erosion profile
The investigation of the erosion of the Si target and its depen-

dence on the total accumulated erosion time T can be summarized
as follows (see Fig. 5 and Table III):

Positions: There is no significant variation of x0. This means that the
direction of propagation n⃗beam of the broad ion beam has not
drifted within the observation period (e.g., due to degradation
of the ion optic). A small increase in y0 was documented. This
is plausible because the target is tilted relative to n⃗beam.

Dimensions: ΔxFWHM and ΔyFWHM increase slightly with increas-
ing T (and increasing zmin). However, the variation of both
values is 6% or less at a relative erosion depth of approxi-
mately 70% (zmin/6, in comparison with the maximum usable
target thickness). Thus, the shape of the erosion profile appears
to be almost independent of the erosion time and ero-
sion depth. A similar observation was also documented for
DC-MS.36,37

Rates: A linear scaling could be identified for zmin [Fig. 5(b)] and
V [Fig. 5(c)]. The following conclusions can be drawn from
this: The erosion rate is constant regardless of the erosion time

FIG. 5. (a) Evolution of the Si erosion profile as shown in Figs. 2–4. The 1D
distributions of zAPPROX(x, 147) are shown as solid lines and zAPPROX(100, y)
as dashed lines. The circle-shaped points represent the experimentally deter-
mined erosion depths zi . In Table III (lines 2–7), the characteristic values of
the approximated erosion profiles are summarized. (b) Maximum erosion depth
zmin linearly interpolated as a function of T with zmin(T) = −3.024 ⋅ 10−5 ⋅ mm ⋅
s−1 ⋅ T − 0.1342 mm. Extrapolation to T = 0 gives almost 0. According to the
interpolation, a target plate thickness of 6 mm is reached after T = 193, 974 s
(∼54 h). (c) Eroded volume V linearly interpolated as a function of T with
V(T) = 7.706 ⋅ 10−5 cm3 s−1 T + 0.2602 cm3.

or erosion depth. Such a finding is consistent with what is
known for MS.37 It is plausible that the investigated erosion
depths are much smaller than the lateral dimensions of a target
plate and the broad erosion profile itself. Nevertheless, a clear
macroscopic modification of the surface geometry is evident.
Consequently, there is also a certain effect on the distribution
of the angles of incidence of the ions onto the target surface.
However, this effect seems to be sufficiently small such that the
change in the angle-dependent sputtering yield (for each ion)
during the sputtering of the target is not reflected in the ero-
sion rate [for clarification, see Fig. 4(c)]. This explanation also
implies that, for hypothetical erosion depths, which are most
probably greater than the thicknesses of the target plates used,
non-linearities in the erosion rate must occur. Furthermore,
other effects become relevant at large erosion depths, such as
the redeposition of the sputtered material. A critical erosion
depth cannot be determined at this point, but it is plausible
that the critical erosion depth must be smaller than the lateral
dimensions of a profile.

If other influences on the erosion rate occur (for the erosion
depths investigated), such as compound formation,17–20 redeposi-
tion,38 target surface composition modification,39 or ion-induced
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surface modifications on the micrometer or nanometer scale (rough-
ening, smoothing, nanopattern formation),40 then they do not affect
the linearity in the performed experiment.

With the observed linearity [Fig. 5(b)], zmin can be extrapo-
lated: zmin reaches a value of 6 mm (the thickness of the Si tar-
get plate) at T ≈ 54 h (under the conditions of 1.4 keV Xe ions,
Ibeam = 200 mA, dtarget = 370 mm). At this point, 5% of the tar-
get plate has been eroded. In a production process, however, the
position of the target holder can be varied. Thus, from practical
experience, depending on the target material, dtarget , and other ion
beam parameters, a target material utilization of up to 20% can be
achieved in IBSD before the thickness of a target plate is exceeded. It
should be noted that the target size and dtarget , as applied for present
investigation, are optimized for the production of optical coatings
with the highest quality level. Through additional technical adapta-
tions (e.g., target segmentation), a higher degree of utilization can be
achieved.

C. Comparison of the erosion profiles at different
distances dtarget

In Fig. 4, it is shown that the erosion profiles of Ta and
Si are qualitatively almost identical if the target distance dtarget is
not changed, despite the different materials. On the basis of this
result (process geometry appears superordinate, ion–solid inter-
action mechanisms appear subordinate), the dielectric SiO2 tar-
get was eroded at a distance 180 mm larger. On the one hand,
the greater propagation length of the broad ion beam through
the process atmosphere and the associated interaction mechanisms
that influence the characteristics of the ion beam should be taken
into account. On the other hand, it should be considered that the
SiO2 target was positioned clearly behind the geometric focal point
of the ion optic (dtarget > Roptic), while the other two targets were
positioned close to but still in front of the geometric focal point
(dtarget < Roptic). The following results were obtained (see Fig. 6 and
Table III):

Positions: The coordinate y0 of the maximum erosion depth
zmin is smaller. More precisely, y0 shifts below the coordi-
nate yS (Table I). It is assumed that this behavior results
from the photometric law and the corresponding beam
profile.

Dimensions: The erosion profile becomes broader. ΔxFWHM and
ΔyFWHM scale with an almost identical scaling factor of 1.6
by increasing dtarget from 370 to 550 mm, although different
target materials are being compared at this point. This result
can also be understood as an indication that the erosion pro-
files are more strongly influenced by geometrical parameters
than by ion–solid interaction mechanisms, as mentioned in
Sec. IV A.

Stretching: Compared to the Ta and Si erosion profiles, the qual-
itative characteristic of the SiO2 erosion profile along the y-
direction is reversed at the larger distance. The profile is
stretched toward the upper target edge (top) and squeezed
toward the lower target edge (bottom).

It can be concluded that, in qualitative terms, the erosion
depends significantly on the propagation length of the broad ion
beam or the characteristics of the ion beam. An uncertainty in the

FIG. 6. Si and SiO2 erosion profiles normalized and represented as in Fig. 3.
dtarget = 370 mm in the case of Si, and dtarget = 550 mm in the case of SiO2.
(a) Two 2D distributions zAPPROX(x, y). A section of the target area of size 200
× 250 mm2 is shown. The fitting parameters are listed in Table II, and the char-
acteristic values are summarized in Table III (lines 2 and 8). (b) 1D distributions
for Si are shown in black and are identical to those in Fig. 4(b). The 1D distribu-
tions zAPPROX(x, 120) are shown as solid lines and zAPPROX(100, y) as dashed
lines with SiO2 in red. x0 is centered at x0 = 100 mm in both cases as described
in Sec. III. In the case of SiO2, y0 = 120 mm is clearly out of the range yS = 152
± 12 mm given in Table I. The triangle-shaped points represent the experimentally
determined erosion depths zi . They are assigned to the coordinates xi = 100 mm
and y i = 122 mm as the closest coordinates to x0 = 100 mm and y0 = 120 mm.

result arises from the fact that metallic and dielectric targets are
being compared at this point. In the case of SiO2, charging effects
are conceivable, as well as preferential sputtering.41

V. SUMMARY AND CONCLUSIONS
The focus of this work was to investigate target erosion pro-

files during low-energy (ion energy ≤1.9 keV, ion source RIM-20)
reactive broad ion beam sputtering on a millimeter scale. Erosion
profiles sputter-eroded from flat Ta, Si, and SiO2 targets were com-
pared with one another. For the precise estimation of the character-
istics of an erosion profile, an empirical approximation function was
developed.

The experimental data showed similar erosion profiles when
comparing Ta (sputtered by 1.8 keV Ar and 1.45 keV Xe ions) and
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Si (sputtered by 1.4 keV Xe ions). In the case of Si, a linear
erosion rate as a function of erosion time was observed. The
qualitative distribution of the Si erosion profile appeared to be
almost independent of the erosion time and erosion depth. Fur-
thermore, a comparison of Si and SiO2 (sputtered by 1.9 keV Ar
ions) target erosion profiles, with the targets being eroded at dif-
ferent distances from the ion optic, showed a clear dependence
on the propagation length of the broad ion beam. The lateral
dimensions of the erosion profile and the position of the max-
imum erosion depth both changed. Furthermore, the shape of
the profile along the y-direction was completely reversed. This
behavior is associated with the beam profile and the photometric
law.

The experimental results allow for the conclusion that the
qualitative characteristics of the erosion profiles on a macroscopic
scale are more strongly coupled to geometrical parameters (e.g.,
a rotationally symmetric broad ion beam, a flat and tilted target,
the distance between the ion optic and the target, and the ion
optic radius of curvature and diameter) than to the considered
ion–solid interaction mechanisms at an atomic level, which are par-
ticularly coupled to the ion species and ion energy. It is conceiv-
able that this result can be transferred to other broad ion beam
sources commonly used in IBSD if a similar experimental setup is
considered.

The impact of potential compound formation on the mean-
ing of Berg’s model, which is hardly accessible experimentally, is

unclear. In particular, for modeling of the target erosion in IBS,
target poisoning is still a challenge.
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APPENDIX: TABLES AND FIGURES

Table II lists the fitting parameters of the approximated erosion
profiles zAPPROX(x, y); Table III lists the characteristic values of the
approximated erosion profiles zAPPROX(x, y); and Fig. 7 shows the
top view of a sputter-eroded Ta target with dimensions 200 × 250
× 6 mm3, sputtered with different ion beam parameters as described
in Sec. II.

TABLE II. Fitting parameters of the approximated erosion profiles zAPPROX(x, y). The erosion profiles of Ta and Si must be rotated numerically by 180○. The fitting of
zAPPROX(x, y) to a determined dataset of erosion depths zi(xi , yi) is performed by the software package LTO. The total number of data points is 150 for Ta, 285 for Si,
and 315 for SiO2. In column 2, the corresponding mean squared error (MSE) is given.

Target (figure) MSE Fitting parameters

Ta (Fig. 4) 2.7 ⋅ 10−2 x0 = 101.820, y1 = −0.039, z0 = 9.433, z1 = 1.0 ⋅ 10−4, z2 = 1.553 ⋅ 10−9,
z3 = −6.562 ⋅ 10−4, z4 = 0.036, z5 = 0.241, z6 = 0.013, v1 = 0.258, v2 = 4.698,
w1 = 10.870, w2 = 3.461 ⋅ 10−4, w3 = −0.047

Si (Figs. 3–6) 5.1 ⋅ 10−1 x0 = 104.468, y1 = −63.865, z0 = 28.823, z1 = 0.019, z2 = 1.049 ⋅ 10−6,
z3 = −4.065 ⋅ 10−3, z4 = −0.021, z5 = 0.460, z6 = 9.640 ⋅ 10−3,
v1 = 0.158, v2 = 5.158, w1 = 11.373, w2 = 3.131 ⋅ 10−4, w3 = −3.683 ⋅ 10−5

SiO2 (Fig. 6) 1.7 ⋅ 10−2 x0 = 103.548, y1 = −62.109, z0 = 48.452, z1 = 4.297 ⋅ 10−4, z2 = −1 ⋅ 10−8, z3 = 500,
z4 = −4.443 ⋅ 10−3, z5 = 0.958, z6 = 1.388 ⋅ 10−2, v1 = 0.243, v2 = 5.355,
w1 = 22.569, w2 = 3.067 ⋅ 10−4, w3 = 44.887

TABLE III. Characteristic values of the approximated erosion profiles zAPPROX(x, y) as described in Sec. III. All calculations are performed with LTO.

Target (figure) T (s) x0 (mm) y0 (mm) zmin (mm) ΔxFWHM (mm) ΔyFWHM (mm) V (mm3)

Ta (Fig. 4) . . . 98 146 −0.93 35.0 64.0 2 505
Si (Fig. 5) 49 756 95 142 −1.58 33.0 59.0 3 925
Si (Fig. 5) 67 869 96 143 −2.20 33.5 59.0 5 358
Si (Fig. 5) 76 058 96 143 −2.48 33.5 58.5 6 639
Si (Fig. 5) 96 215 95 144 −3.07 34.5 60.5 7 492
Si (Fig. 5) 114 178 95 146 −3.61 34.5 61.0 9 050
Si (Fig. 5) 135 092 96 148 −4.17 35.0 61.0 10 644
SiO2 (Fig. 6) . . . 104 120 −7.06 57.0 97.0 46 309
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FIG. 7. Top view of a sputter-eroded Ta target with dimensions 200 × 250
× 6 mm3, sputtered with different ion beam parameters as described in Sec. II.
The fitting parameters of the corresponding approximated erosion profile are listed
in Table II, and the resulting characteristic values are summarized in Table III.
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