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A B S T R A C T

A quartz crystal microbalance was used to experimentally study the erosion of tungsten during rapidly
alternating bombardment with 2 keV argon and deuterium projectiles. A key goal was to investigate whether
the mean sputtering yield of the alternating irradiation can be predicted from data for sputtering yields of single
ion species. In addition, influences by residual gas pressure in the UHV experiment and variable ion fluxes
have been studied. Our results show that the mean sputtering yield of irradiations with alternating ion species
can be well predicted for a range of different fluence ratios as a simple superposition of individual sputtering
yields, weighted by the respective relative fluences. This finding supports that no synergistic sputtering effects
were relevant in the investigated low-flux regime.
1. Introduction

Sputtering of materials by energetic and charged atomic projec-
tiles has a long history in applied research and many technological
applications. A prominent example is the continuous surface alteration
of celestial bodies without a protecting atmosphere by ions of the
solar wind [1–3]. Sputtering by ion bombardment is also an important
topic in nuclear fusion research. There, the first wall of nuclear fusion
devices and plasma-facing components like the divertor are exposed
to energetic particles from the plasma, which leads to unwanted ero-
sion and the release of impurities into the plasma [4,5]. In industry,
sputtering is employed for Physical Vapour Deposition methods (PVD)
which are used to coat substrate materials of choice with thin layers
of different material from the nm to the μm thickness regime [6].
Prominent applications are, for instance, coatings which improve wear-
resistance [7,8] or reduce friction [9]. Direct sputtering by ion beams is
also used for nano-structuring of surfaces [10,11] or to perform Focused
Ion Beam (FIB) milling on the nm-scale [12].

A statistical parameter that describes sputtering is the sputtering
yield, which is the mean number of sputtered target atoms per in-
coming projectile (the latter are often present in form of ions during
experiments). Theoretical descriptions for the fundamental physical
processes, which are relevant during sputtering, are established since
decades [13] and literature exists in form of commonly available
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textbooks [14]. Also, many numerical techniques allow to simulate
sputtering, e.g., with codes based on the Binary Collision Approxima-
tion (BCA) like SDTrimSP or TRIDYN [15,16] or Molecular Dynamics
(MD) like PARCAS [17]. However, only few studies have focused on the
question whether irradiations with multiple projectile species would
cause deviations from the expected behaviour using only a single
species.

From first-principle considerations, differences may occur if colli-
sion cascades in the material caused by individual ion impacts start
to overlap in time, i.e., when the ion flux is sufficiently large. In this
case, local dissipation of energy which is introduced by a particular
projectile has not been fully completed when additional energy transfer
by a subsequent projectile is deployed again. The dissipation time of
a collision cascade is in the range of 𝑡𝑑 ∼ 10−11 s or below [18–
20]. Together with the expected lateral straggling of nuclear collision
cascades for a given combination of projectile and target species, this
allows to estimate critical fluxes above which such effects might play
a role. Usually, this requires relatively high fluxes. Even for much
lower fluxes, deviations could be relevant in experiments if the collision
cascades overlap laterally in space, as dynamic changes of the material
may occur and cause the subsequent projectiles to experience different
local material properties. In this case, the total fluence of ions and the
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lateral extension of the collision cascade are quantities which allow to
estimate whether spatial overlaps are relevant for possible synergistic
contributions. Also the dynamic evolution of a material’s surface due to
prolonged ion irradiation may change if more than a single projectile
species is involved, similar as was already observed for dual beam or
sequential irradiation with same ion species, but different incidence
angle conditions [21–24]. This scenario could lead to a change in
surface topography, which generally has a strong effect on the sput-
tering yield [25]. Furthermore, the surface texture (or crystallinity)
may change, which is also of high relevance for predicting sputtering
yields [26].

For a conventional regime where ion fluxes and fluences are low,
our starting hypothesis is that the overall sputtering yield of a material
during bombardment with multiple ion species can be simply described
by a superposition of single ion sputtering. Here, the relative contribu-
tion may only depend on the individual ion species’ fluence. Still, this
hypothesis needs to be tested experimentally. Some literature on the ef-
fect of multiple ion beam irradiation (mostly with same species) exists,
but focuses rather on dynamic surface pattern formation. For example,
it was shown experimentally that nano-patterns formed by simulta-
neous irradiation with two ion beams under perpendicular azimuthal
direction do not necessarily resemble patterns which are observed when
the ion beams are deployed in an alternating mode [21]. This effect was
also validated by means of a kinetic Monte-Carlo simulation code [27].
In addition, experiments using a linear plasma device indicated that
the abundance of multiple ion species in the plasma can lead to
significantly different surface modifications and variation of sputtering
yields [28]. Still, at least to our knowledge, no dedicated study was
conducted yet which directly investigated quantities like the sputtering
yield under irradiation with more than a single ion species by using a
mass-filtered, mono-energetic ion source in a low-flux and low-fluence
approach. Therefore, we decided to close this gap with a dedicated
series of experimental data.

For this study, we selected pure tungsten as a target material
for irradiation with both Ar+ and D+

2 ions of 2 keV kinetic energy.
his choice is motivated by nuclear fusion research, where divertor
iles are often made of tungsten. In addition, argon seeding of the
euterium–tritium plasma is an option to decrease heat loads on the
ivertor components and beneficial effects regarding Edge-Localised
odes (ELMs) were observed [29,30]. Thus, investigating the irradi-

tion of tungsten with more than one ion species is relevant, since
rosion of wall atoms causes a detrimental rise of the impurity level
n the fusion plasma and needs to be predicted well. As a start, we aim
or an experimental regime where collision cascades are not expected
o overlap in time, i.e., at sufficiently low ion fluxes, to validate the
pplicability of a superposition principle for this case. As indicated
n more detail later in the Materials and Methods section, temporally
verlapping collision cascades would only become relevant for fluxes
eyond 1026 D/(m2⋅s) or 1028 Ar/(m2⋅s), which is much higher than
he technically achievable ion fluxes for our experimental setup (∼1015

ons/(m2⋅s)). Furthermore, rather low total ion fluences are aimed
or to prevent surface topography changes due to sputtering. In this
ontext, a key advantage of our highly sensitive QCM technique could
e employed, which only demands low ion fluences and fluxes to
recisely measure sputtering yields. Still, the intention was to apply
ufficient ion fluence to achieve full spatial coverage of the sample
urface with ion impacts. Therefore, local surface areas which have
itnessed at least a single collision cascade should overlap in space.
s shown later in the Materials and Methods section, this is the case

or relatively low fluences of 1015 D/m2 or 1017 Ar/m2, which can
e reached in short time using our setup. If any synergistic effects
n sputtering are observed in this conservative regime already, this
ould be crucial for e.g., numerical modelling of sputtering effects
tilising the BCA. In this context, we present experimental results based
n irradiations with rapidly alternating ion species throughout a large
umber of irradiation cycles, to mimic parallel bombardment with Ar+

+

2

nd D2 ions.
. Materials and methods

The main experimental technique utilised in this study was the
U Wien Quartz Crystal Microbalance (QCM) [31–33]. Based on the
rinciples described in the work of Sauerbrey in 1959 [34], very small
ass changes 𝛥𝑚 of a quartz crystal resonator can be deduced from

ts recorded eigenfrequency change 𝛥𝑓 . This connection is formulated
n Eq. (1), which also includes the initial quartz crystal mass 𝑚0 and
igenfrequency 𝑓0, respectively.
𝛥𝑚
𝑚0

= −
𝛥𝑓
𝑓0

(1)

At TU Wien, dedicated electronic components and SC-cut quartz res-
onators allow to achieve a high sensitivity in real time (∼10 pg/cm2/s)
during our experiments. The connection between frequency and mass
still holds if a thin layer of different material is applied on top of
the resonator, like for instance W. This is especially useful, e.g., for
investigation of sputtering due to impinging ions. More information can
be found in Refs. [31,32].

In this study, a layer of pure W was applied on a quartz crystal
resonator with an approximate thickness of 500 nm by means of DC
magnetron sputtering at the Institute of Solid State Physics at TU Wien.
To achieve satisfactory film growth and to prevent delamination, the
resonators were heated to a temperature of ∼470 K. A commercial
4‘‘ W sputter target with a nominal purity of 99.99 wt% was chosen
for the deposition. It was mounted into a magnetron sputter source,
operated in an argon atmosphere of 4 × 10−3 mbar and at a power
of 300 W. As a result, the coated quartz crystal resonators obtained
a mirror-like surface finish. After production, the W coated quartz
crystal was investigated by means of an Atomic Force Microscope
(AFM). A very flat surface topography was validated with a Root-
Mean-Square (RMS) roughness of 2.2 nm. Since the mean inclination
angle 𝛿𝑚 was found to be an important roughness parameter concerning
sputtering [25], is was also extracted from our AFM data with a value
of 𝛿𝑚 ∼10.2◦. Both the low RMS and 𝛿𝑚 value support that for the
sputtering experiments in this study, no significant effects from surface
roughness are a-priori relevant [25]. Furthermore, the overall erosion as
estimated from total fluences applied in the main experiments did not
exceed 3.5 nm, therefore no significant changes of the surface rough-
ness were expected. Besides surface roughness, also the composition
of the sample was checked by ex-situ ion beam analysis methods [35]
(Rutherford Backscattering and Time-of-Flight/Energy Elastic Recoil
Detection Analysis) at the Tandem accelerator laboratory in Uppsala,
Sweden [36]. Apart from small surface contaminations in the nm-
thickness range, a clean W film with approximately 98 at.% purity was
validated.

The quartz crystal sample was mounted on a 4-axes manipulator
inside our UHV experiment, which achieves base pressures in the 10−10

mbar range and maintains low levels of 10−8 mbar during ion bombard-
ment. This rise of pressure is due to the inevitable influx of working
gas from the ion source, which affects also the experimental chamber
section although differential pumping stages were implemented. Prior
to the measurements, Ar sputter cleaning of the sample surface was
performed to remove adsorbates from atmospheric exposition. Ion gen-
eration was achieved by a commercial SPECS IQE 12/38 ion source,
which was equipped with a Wien-filter to select ions with a specific q/m
ratio. In this study, the ion source was supplied with working gas which
was mixed with a desired composition of Ar and D2 in a mixing volume.
We furthermore used an ISEG ZP001 high voltage Wien-filter module to
enable remote control and deflection voltage adjustment for the Wien-
filter hardware with a PC, which thus allowed us to quickly switch
between different ion species generated from the ion source. This way,
we could obtain sample irradiation in a quasi-concurrent pattern with
two ion species using only one ion source. In the course of this study,
2 keV Ar+ and 2 keV D+

2 ions were used as projectiles under 0◦

incidence angle relative to the surface normal. Typical ion fluxes (mea-
sured with a Faraday-cup) were 8.5 × 1015 Ar/m2/s and 9.7 × 1015
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Fig. 1. Schematic of the experimental setup. A SPECS IQE 12/38 ion source was operated at 2 kV acceleration voltage with a mix of Ar and D2 working gas (influx controlled
with a thermo-valve (TV)), while a PC-controlled Wien-filter allowed to select a specific ion species with defined q/m ratio and kinetic energy for QCM sample irradiation. The
QCM sample position and rotation (𝜙 = 0◦ in this study) was set with a 4-axis manipulator, which also allowed to position a Faraday-cup (FC) for ion flux measurement.
D2/m2/s, respectively. Fig. 1 shows a simplified sketch of the utilised
experimental setup. Even though both projectile species were extracted
at the same kinetic energy, their difference in mass leads to much
different sputtering yields. Furthermore, the expected ion ranges in
W are different. In Fig. 2, projectile ranges can be inspected for the
individual species in W as calculated with the BCA code SDTrimSP [15],
using a recently developed GUI interface [37]. The mean ion ranges 𝑟𝑖𝑜𝑛
for 2 keV Ar and 1 keV D (which mimics molecular D2 irradiation at
2 keV) were 23.7 Å and 150 Å, respectively. These quantities can be
used as an upper limit for the lateral straggling, which in turn allows
to calculate the laterally projected area occupied by a collision cascade
using 𝑟2𝑖𝑜𝑛. The reciprocal value 1∕𝑟2𝑖𝑜𝑛 then corresponds to an estimative
value for the fluence necessary to cover (in average) the whole area of a
sample surface at least once with collision cascades. If furthermore the
energy dissipation time 𝑡𝑑 of a collision cascade is considered (∼10−11 s,
see [18]) using 1∕(𝑟2𝑖𝑜𝑛 ⋅𝑡𝑑 ), an estimation for the necessary fluxes can be
obtained, where also temporally overlapping collision cascades would
be relevant. Regarding the critical fluxes for temporally overlapping
collision cascades, 1.8 × 1028 Ar/(m2⋅s) and 2.2 × 1026 D2/(m2⋅s)
would be necessary, which exceeds the capabilities of our experiment
by orders of magnitudes. Therefore, studying effects from temporally
overlapping collision cascades was never possible, nor intended in this
experimental study. However, since only low ion fluxes are applied in
this work, it allows to assume that in comparison to a purely parallel
setup with two individual ion sources, no difference was introduced
by quickly alternating the ion species during irradiation, as a temporal
overlap in collision cascades is not relevant in this regime.

A Faraday-cup (FC) was used to precisely quantify individual ion
fluxes prior and after each experiment. These data were used for the
evaluation of sputtering yields, while the error in the ion flux was
the most relevant contributor to the calculated error in the sputtering
yield. By knowledge of individual ion fluxes, also a certain fluence
ratio between the ion species could be achieved by switching between
the corresponding Wien-filter deflection voltages, following desired
irradiation step times. We define the fluence ratio 𝑅 by division of the
Ar fluence 𝛤𝐴𝑟 over the total fluence for all ion species, 𝛤𝐴𝑟 + 𝛤𝐷2

, as
defined in Eq. (2).

𝑅 =
𝛤𝐴𝑟

𝛤𝐴𝑟 + 𝛤𝐷2

(2)

Fig. 3 shows a schematic ion current pattern when measured with the
Faraday-cup. For visualisation purposes, step times of 10 s for Ar+ and
20 s for D+

2 were set respectively. During the actual measurements,
these times were adjusted to meet fluence ratios more relevant for the
divertor region of fusion devices (where seeding gas concentrations in
the at.% range are expected). We were able to precisely control the
irradiation step times with an absolute error below 0.05 s.
3

Fig. 2. Range of 1 keV D and 2 keV Ar projectiles in W for irradiation along the surface
normal direction. Also the mean ion range 𝑟𝑖𝑜𝑛 is added for the individual projectiles.
The data was obtained using the SDTrimSP code [15,37].

Fig. 3. Signal of the FC during alternating irradiation with focused Ar+ and D+
2 ions.

In total, 10 steps of each ion species are shown here for visualisation. In this specific
case, the Ar+ beam had a stable intensity of 6.7 nA and a defined step time of 10 s
(magenta), while the D+

2 beam had an intensity of 11.1 nA and 20 s step time (cyan).
The desired step times could be set with an absolute error below 0.05 s, which was
therefore neglected when calculating fluence ratios. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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In the course of this study, three different fluence ratios close to
the at.% regime were inspected. To mimic a long-term irradiation with
simultaneous Ar+ and D+

2 impact on our sample, many of such Ar+

& D+
2 cycles (usually 100) were performed. This procedure caused a

characteristic QCM signal response as shown later in Fig. 4. Typical
total fluences (including both species) per experiment were on the
range of 1021 ions/m2, which demanded total irradiation times of up
to two days. The sputtering yield for the mixed ion irradiation was
finally deduced from the absolute frequency change as measured by
the QCM during the long-term bombardment with alternating Ar+ &
D+
2 irradiation. This value was divided by the overall fluence of both

ion species applied in this regime. Prior to any of the alternating
experiments, the sample was furthermore irradiated with pure 2 keV
D+
2 ions up to a sufficiently large fluence. This pre-irradiation was

conducted to ensure saturation of D implantation, which could be
validated in-situ by a stationary frequency slope signal of the QCM.
Such a regime allows to attribute mass changes solely to sputtering [3].

Due to inevitable but small variations of the ion beam flux over the
experimental period, a small deviation from the initially set fluence
ratio was possible and therefore cross-checked by Faraday-cup data
measured after each experimental cycle. This enabled to re-calculate
the actual fluence ratio 𝑅𝑎, while almost no difference to the initially
set values was observed.

Each mixed Ar+ and D+
2 measurement was accompanied with single

ion irradiations to gain sputtering yield data as a reference (more
details in Section 3). This was performed prior to and after the al-
ternating irradiations, enabling to identify eventual dynamic changes.
The resulting sputtering yield data from these reference measurements
were further used to calculate an estimated sputtering yield for the
alternating irradiations, as expected from an analytical formula (see
Eq. (3)), which takes into account the measured fluence ratios 𝑅.

𝑌𝑎 = 𝑌𝑟,𝐴𝑟 ⋅ 𝑅 + 𝑌𝑟,𝐷2
⋅ (1 − 𝑅) (3)

Eq. (3) is directly derived from our initial hypothesis, that sputtering
with mixed ion species can be seen as a simple superposition of single
ion irradiations within our selected regime of flux and fluence. Gaussian
error propagation was applied on Eq. (3) to assess the error in the
predicted quantities, which mostly depended on the error of reference
sputtering yields and the error in the fluence ratio.

It has to be mentioned that for the reference measurements, all
experimental conditions were kept exactly the same as for the al-
ternating Ar+ & D+

2 irradiations. This was especially of importance
for the total pressure during operation (dominated by the mix of Ar
and D2 working gas) and the ion fluxes in our experiment. If these
parameters change, we observed that sputtering yields can significantly
differ, which points towards a contribution of adsorbate-related effects.
As shown in the Appendix, we observed that the sputtering yield of
molybdenum, e.g., drops to lower values if higher residual gas pressure
and lower ion fluxes are chosen. During 2 keV D+

2 irradiation with a
flux of 3.9 × 1015 D2/m2/s, we found a significant effect when D2
background pressure was increased from 1.2 × 10−8 mbar to 5 × 10−7

mbar, causing the sputtering yield to decrease to 38% of the initial
value (for details, see Appendix). Our explanation is the presence of
a certain surface adsorbate coverage, which is relevant even during ion
irradiation in steady-state conditions, where the impingement flux and
sticking from residual gas atoms is equilibrating the flux of sputtered
adsorbate atoms from the sample surface. The equilibrium adsorbate
coverage may act as additional surface barrier, which prevents some of
the underlying target atoms from being sputtered. Effects on sputter-
ing yields introduced by surface contamination were also reported in
literature [38–40]. It was therefore found to be an important boundary
condition to maintain chamber pressure, working gas mixture and ion
flux throughout the experimental campaign, to enable comparison of
predicted and measured sputtering yields and especially the application
4

of Eq. (3).
3. Results and discussion

As a first result, a general overview on the frequency data as
recorded by the QCM during a representative measurement with al-
ternating ion species can be seen in Fig. 4 (exemplary for 𝑅𝑎 = 1.99
at.% in this case). As mentioned in the previous section, also refer-
ence sputtering yield measurements for single ion irradiation were
performed prior and after the alternating Ar+ & D+

2 phase (indicated
by Ar or D2 in Fig. 4 left). For these reference measurements, special
care was taken to reach steady-state conditions, e.g., a constant slope
of the time-dependent frequency signal, which was then considered
for sputtering yield determination. This ensured quasi-stationary con-
ditions, e.g., initial dynamics from remaining implantation processes,
temperature variations, or changes in adsorbate coverages equilibrated,
leading to linear trends in the data. In Fig. 4 (right), the recorded
frequency signal from the QCM during alternating irradiations can be
observed in more detail, revealing a step-like picture. While the overall
tendency during alternating irradiation followed a linear trend indicat-
ing stationary conditions, small temporal deviations from a constant
slope can be observed for the individual irradiation steps. Furthermore,
the average frequency slopes are different for the Ar+ and D+

2 irradia-
tions in the mixed case when compared to the reference measurements
with single ion irradiation. This phenomenon is especially visible for
the D+

2 steps in Fig. 4 (right), where even negative frequency slopes
are observable. Such a trend is indicating a positive mass change,
which is principally not expected during sputtering and requires further
investigation. To support the methodology in this study, these data are
discussed in detail to identify the cause for this signal evolution during
the step-wise irradiation. The frequency slopes during the reference
measurements ̇𝑓𝑟 and the average short-term values for the Ar+ and
D+
2 steps ̇𝑓𝑠𝑡𝑒𝑝 are listed in Table 1 using data from the representative

case shown in Fig. 4. In addition, also the difference between these
frequency slopes (or residual frequency slopes) is listed in column 3
as ̇𝑓𝑟𝑒𝑠, which therefore represents a mass change signal which cannot
be attributed to tungsten sputtering as during the reference cases.
Column 4 includes information on the irradiation step time ts for the
relevant ion species, while the last column indicates the product of
step time with the residual frequency change, indicated by 𝛥𝑓𝑟𝑒𝑠. It
can be observed, that the latter values are practically identical except
for their sign, which indicates that a small extra mass gain during D+

2
irradiation is perfectly equilibrated by a corresponding mass loss during
the subsequent Ar+ irradiation step. One potential hypothesis is that
these dynamic, but globally equilibrating effects are again related to
the contribution of (periodically varying) surface adsorbate coverages.
The residual frequency change 𝛥𝑓𝑟𝑒𝑠 can be expressed as a mass change
of 8.35 × 1018 amu/m2, which may be interpreted as 4.15 × 1018

D/m2, which approximately matches the required surface coverage for
a monolayer. This can be put into relation with the fluence applied
during a short Ar+ step, which was 1.68 × 1017 Ar/m2. Therefore,
average adsorbate sputtering yields of 49.62 amu/Ar or 24.64 D/Ar
can be deduced, if 𝛥𝑓𝑟𝑒𝑠 is connected to a variable adsorbate coverage.
Adsorbate effects are generally discussed in more detail in the Appendix
of this manuscript. Another hypothesis for the origin of these periodic
fluctuations in 𝛥𝑓𝑟𝑒𝑠 is related to an interplay between implantation and
Ar-beam enhanced mobilisation and outgassing of D. In this scenario,
a surface-near part of the implanted D is emitted during the Ar+

steps (as the range of Ar+ is relatively short), which is followed by
re-implantation of D into the empty trapping reservoirs during the
subsequent D+

2 irradiation. Thus, the enhanced outgassing and the re-
implantation of D may equilibrate in average, which can explain the
recorded frequency signal. In this case, approximately 24% of the
fluence applied per D+

2 step would be re-implanted in the reservoir
which was released during the previous Ar+ step.

Since the QCM only allows to measure net mass changes, no clear
answer to the real origin of this interplay can be presented in the

course of this study. However, since the global trend in the frequency
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Table 1
Comparison of frequency slopes during reference measurements and stepwise irradiations in the mixed Ar+ & D+

2 case. The product of step time
and residual frequency change practically equilibrates between subsequent Ar & D2 steps (𝛥𝑓𝑟𝑒𝑠).

Case ̇𝑓𝑟 [Hz/min] ̇𝑓𝑠𝑡𝑒𝑝 [Hz/min] ̇𝑓𝑟𝑒𝑠 [Hz/min] ts [min] 𝛥𝑓𝑟𝑒𝑠 [Hz]

Ar +1.2000 +1.5060 +0.3060 0.33 +0.102
D2 +0.0059 −0.0014 −0.0073 14.25 −0.104
Fig. 4. Representative QCM signal during a measurement with fluence ratio 𝑅𝑎 = 1.99 at.%. The frequency change is plotted over time. Frequency increase corresponds to a
ecrease in mass, according to Eq. (1). Left: The whole measurement is displayed with the individual phases of Ar+, D+

2 , or mixed ion irradiation. Right: The inset shows the
CM measured frequency response during alternating Ar+ & D+ irradiation in more detail.
2
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volution was not affected, a determination of the sputtering yield
ssuming quasi-stationary conditions could be well obtained from the
lternating Ar+ & D+

2 measurements. The same phenomenon were
elevant for all fluence ratio cases.

In the following, sputtering yield data for all investigated cases with
ndividually set fluence ratios are presented and discussed. The results
re summarised in Table 2. The first column denotes the actual fluence
atio 𝑅𝑎 as derived from both a-priori and a-posteriori Faraday-cup
easurements. For each experimental case, reference sputtering yields

f pure 2 keV Ar+ and D+
2 irradiation (𝑌𝑟,𝐴𝑟 and 𝑌𝑟,𝐷2

) are listed in
he second and third column. These values were used as input for the
alculation of sputtering yields for the mixed Ar+ & D+

2 irradiation,
ccording to the analytical Eq. (3). The resulting values 𝑌𝑚,𝑎 can be
ound in the fourth column, and can be compared with the values
irectly measured during the mixed Ar+ & D+

2 experiments (𝑌𝑚,𝑒) in the
ast column.

First of all, the values of the reference sputtering yields are dis-
ussed. The data for 𝑌𝑟,𝐴𝑟 are consistent for all investigated fluence
atio cases (with deviations only in the second digit). Similarly, this
s also observable for 𝑌𝑟,𝐷2

, even though the data appear slightly
ore scattered. Still, all values agree within their error bars. It has

o be mentioned, that the D+
2 sputtering yields are a factor of about

00 smaller than the Ar-based sputtering yields and therefore more
hallenging to determine experimentally.

Finally, for the mixed irradiation case, the analytical sputtering
ields 𝑌𝑚,𝑎 and the experimentally deduced values 𝑌𝑚,𝑒 are compared.
or each experimental case, these values match well and deviate only
ithin the range of their error bars. It can be observed that the

puttering yields decrease for lower fluence ratios, which is caused by
he increasing contribution of D+

2 to the overall fluence. Therefore, the
puttering yields propagate towards the level of pure D+

2 irradiation.
till, the effect of Ar+ to the sputtering is always significant. In addition,
he calculated sputtering yield values 𝑌𝑚,𝑎 are always slightly higher
han 𝑌𝑚,𝑒. This fact can probably be explained by different surface
overages with adsorbates for the case of pure Ar+ or D+

2 irradiation,
nd the individual phases during mixed Ar+ & D+

2 bombardment. Still,
he final results regarding the sputtering yield of mixed ion irradiation
5

e

Fig. 5. W sputtering yields for mixed Ar+ and D+
2 irradiation at 2 keV kinetic energy,

s a function of the fluence ratio 𝑅. The measured values (black data points) are
ompared with predicted sputtering yields (red) using Eq. (3). A double-logarithmic
cale is used. The data point close to 𝑅 = 10−4 corresponds to the asymptotic case 𝑅

0. (For interpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

re in very good agreement with the predicted values, which therefore
ndicates that these effects were sufficiently small to enable such an
pproach. To further visualise this, the measured data regarding 𝑌𝑚,𝑒
rom Table 2 and predicted values from the analytic Eq. (3) are pre-
ented in Fig. 5 in a double-logarithmic plot. Here, only the reference
puttering yields 𝑌𝑟,𝐴𝑟 and 𝑌𝑟,𝐷2

were used as carrier points for the
symptotic cases 𝑅 = 0 (∼10−4 in the plot) and 𝑅 = 1, but no fitting
f the calculated values was performed.

The utilisation of Eq. (3) was based on the hypothesis, that the
puttering yield of mixed ion irradiations can be calculated by a su-
erposition of sputtering yields for single ion irradiations, weighted by
heir relative fluence contribution. Based on the good agreement, we
ould validate that this is indeed the case. Thus, there are no synergistic
ffects to be expected when sputtering of surfaces is performed with
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Table 2
Measured sputtering yield data (in W atoms per ion) for the investigated cases with variable fluence ratios. The errors are mostly due to the
experimental uncertainty in the measured ion flux.
𝑅a 𝑌𝑟,𝐴𝑟 [W/ion] 𝑌𝑟,𝐷2

(10−3) [W/ion] 𝑌𝑚,𝑎 (10−2) [W/ion] 𝑌𝑚,𝑒 (10−2) [W/ion]

1.99% 1.05 ± 0.06 4.83 ± 0.47 2.56 ± 0.24 2.48 ± 0.14
1.01% 1.09 ± 0.07 4.67 ± 0.23 1.57 ± 0.14 1.55 ± 0.10
0.68% 1.10 ± 0.06 4.91 ± 0.24 1.23 ± 0.09 1.17 ± 0.06
T
l
F

different ion species at once, at least not for our studied range of
experimental parameters (in particular for comparable low ion fluxes).

In this study, we used a remotely controlled Wien-filter with a single
ion source to mimic parallel irradiation with two ion species by per-
forming an alternating irradiation pattern. While it was already argued
in the introduction that in our studied flux regime no differences are to
be expected, future studies using two independent ion sources would
still be favourable. Such an approach would be interesting since it has
been observed that for higher fluences and irradiations under grazing
ion incidence angles, nano-patterns which formed during dynamic ero-
sion appeared different between sequential and parallel bombardment
cases [21]. Furthermore, we observed contributions which we attribute
to a certain surface adsorbate coverage, being relevant even during ion
irradiation (see Appendix). Therefore, future experiments can focus on
the creation of better base pressures and/or higher ion fluxes during the
measurements, since both will reduce the surface adsorbate coverage.

4. Summary and conclusion

In the course of this study, an alternating irradiation with 2 keV Ar+

and D+
2 ions was performed to experimentally investigate the effect of

mixed ion bombardment on sputtering yields of a W surface by means
of a quartz crystal microbalance. We compared the measured sputtering
yields with values derived from a superposition of sputtering yields for
pure ion bombardment weighted with the respective fluence ratios to
predict the sputtering yield of the mixed irradiation.

Generally, we observed that it was crucial to precisely maintain a
low base pressure and stable ion fluxes throughout our measurement
campaign. We attribute this to the contribution of a certain surface
adsorbate coverage relevant even during ion irradiation, which acts
similar to an additional surface barrier and prevents a part of the target
atoms from being sputtered. This can be a challenging limitation also
for many other experiments, since the pressure during operation was
already comparably low in our case (∼10−8 mbar). As long as the
pressure and ion flux conditions were kept constant, we observed no
significant differences between predicted and measured sputtering yield
values for the mixed Ar+ & D+

2 cases. Therefore, we conclude that
the fundamental approximation of a simple superposition law can be
well justified, which furthermore implies that within our investigated
regime of experimental conditions, there are no substantial synergistic
effects to be expected when irradiating with more than a single ion
species.
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Appendix. Influence of adsorbates

The results in the main manuscript require a more in-depth discus-
sion of the relevant contributions to sputtering which can be expected
from adsorbate layers on top of surfaces under ion irradiation. Gen-
erally, it is already well known that sputtering yield measurements
depend on the surface condition of a specimen, i.e, whether it is clean
or covered with adsorbates or oxides [38–41]. Also hydrogen isotopes
are well capable of forming adsorbate layers on metals, as a large
number of studies has already shown (e,g., [42–44] and references
therein). Since literature on this topic exists, only some aspects relevant
for our work are shortly recapitulated. In Fig. A.6, a simplified sketch
including individual in- and outgoing particle fluxes is displayed for
ion bombardment of a substrate material covered by adsorbates. If no
ion beam hits the surface, the steady-state adsorbate layer coverage is
dependent only on the influx and sticking of adsorbates 𝛷𝑎𝑑,𝑎𝑑 , and
the outflux due to thermal desorption 𝛷𝑎𝑑,𝑑𝑒𝑠. Assuming an ideal gas
in the experimental chamber, the influx 𝛷𝑎𝑑,𝑎𝑑 is proportional to the
impingement rate of residual gas atoms with a certain mean velocity 𝑣
at a given temperature 𝑇 and pressure 𝑝 [45], and also proportional to
a sticking coefficient 𝑠 (see Eq. (A.1)).

𝛷𝑎𝑑,𝑎𝑑 ∼
𝑝 ⋅ 𝑣

4 ⋅ 𝑘𝑏 ⋅ 𝑇
⋅ 𝑠 (A.1)

he sticking coefficient is expected to decrease for increasing adsorbate
ayer thickness, otherwise the adsorbate layer would grow infinitely.
urthermore, sticking for gases like D2 is expected to be higher than

for noble gases like Ar, due to its chemical reactivity.
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Fig. A.6. Simplified sketch of a substrate material with a top adsorbate layer under ion
irradiation. In steady-state conditions, the surface adsorbate coverage is constant and
the influx of adsorbate atoms 𝛷𝑎𝑑,𝑎𝑑 due to sticking of residual gas atoms is balanced
y the outflux from thermal desorption 𝛷𝑎𝑑,𝑑𝑒𝑠 and sputtering 𝛷𝑎𝑑,𝑠𝑝. The outflux of
puttered substrate atoms 𝛷𝑠,𝑠𝑝 is expected to depend on the surface adsorbate coverage.

As described by P.A. Redhead in 1962, the reduction path by ther-
al desorption is featuring an Arrhenius-type energy dependence [46],

s shown in Eq. (A.2).

𝑎𝑑,𝑑𝑒𝑠 ∼ 𝑒
−

𝐸𝑏,𝑎𝑑
𝑘𝑏 ⋅𝑇 (A.2)

In Eq. (A.2), the parameter 𝐸𝑏,𝑎𝑑 stands for the binding energy of
dsorbates. A multitude of binding sites can be expected for adsorption
n a metal surface, which result in various binding energies [42]. Under
on bombardment, an additional reduction path is introduced, which
an be calculated by the incoming ion flux times the sputtering yield
or the present adsorbate coverage, as stipulated in Eq. (A.3).

𝑎𝑑,𝑠𝑝 = 𝑌𝑎𝑑 ⋅𝛷𝑖𝑜𝑛 (A.3)

For higher adsorbate sputtering yields 𝑌𝑎𝑑 due to favourable kinet-
cs, the steady-state adsorbate layer thickness can be reduced more
fficiently and the substrate becomes cleaner, i.e., supporting the as-
umption that our surface is cleaner under Ar than during D2 irradi-

ation. It has to be mentioned that the sputtering yield of adsorbates
will generally decrease if the adsorbate coverage is getting lower,
as the chance for interaction with adsorbate particles decreases. The
impinging ion beam also sputters the substrate, while the flux of sput-
tered substrate atoms 𝛷𝑠,𝑠𝑝 is reduced for higher adsorbate coverage,
which corresponds to a lower substrate sputtering yield. Following the
argumentation by Gruen et al. this effect is probably connected to
‘‘shadowing’’ of the substrate by the top adsorbate layers [39].

Summarising, the sputtering yield of the substrate material can
be expected to be smaller for increasing residual gas pressures and
decreasing ion beam fluxes, since a certain surface adsorbate coverage
may remain even during steady-state irradiation conditions.

To complement these basic assumptions, the influence of D2 residual
gas pressure on sputtering yields was tested for a molybdenum coated
quartz crystal under 2 keV Ar+ and 2 keV D+

2 bombardment at 0◦ ion
incidence (perpendicular to the surface). Similar as for the reference
measurements on tungsten, the same setup as described in the main
part of the manuscript was used. The only difference was the utilisation
of a leak valve, which was enabling an additional increase of D2
esidual gas pressure in the vacuum chamber, while the ion source
aintained the same flux of ions. For the Ar+ case, a flux of 5.3 × 1015

r/m2/s was set, while for D+
2 , a flux of 3.9 × 1015 D2/m2/s was
7

chieved. The sample was continuously irradiated while the mass loss
was measured with the QCM. The pressure was increased step-wise
and the corresponding sputtering yield was deduced during steady-state
conditions (e.g., where a constant frequency slope indicated that all
dynamic changes had settled). It should be mentioned, that for these
pressures, the impingement rate of D2 molecules is already on the same
order of magnitude as the ion fluxes in our experiments (ranging from
9.23 × 1016 D2/(m2⋅s) for 1.2 × 10−8 mbar up to 7.69 × 1018 D2/(m2⋅s)
for 1.0 × 10−6 mbar). However, no significant interaction between the
incoming ion beam and residual gas atoms is yet expected, as the mean
free path of the latter is on the range of 100 m to 10 km, depending
on the individual pressure case. The data is summarised in Tables A.3
and A.4.

A clear trend was observed in both irradiation cases. For increasing
chamber pressure (first column), the sputtering yields dropped to lower
values (second column, relative decrease in the third column). In
agreement to the basic assumptions introduced above, our explanation
for this behaviour is pointing towards a dependence of the molybdenum
sputtering yield on the adsorbate coverage on top of the sample.

To complement these experimental findings, a set of simulations
was conducted with the BCA code SDTrimSP in combination with a
recently developed graphical user interface [15,37]. Similar as for the
approach followed by Pellin et al. using the TRIM code [47], we tried
to mimic the sputtering behaviour of our sample by tuning available
input parameters. On the one hand, the presence of a surface adsor-
bate coverage appears to act like an additional surface barrier, which
prevents a part of the sputtered molybdenum atoms from escaping.
Starting from the standard surface binding energy for molybdenum of
6.81 eV, a substantial increase was necessary to match the sputtering
yields measured in the experiment with SDTrimSP (see fourth column
of Tables A.3 and A.4). The necessary increase was higher for D2 than
for Ar irradiation. Another approach to simulate the scenario was to
directly implement a top D2 adsorbate layer with a virtual thickness
dads in SDTrimSP. In this case, the surface binding energies of Mo and
D2 were kept to default values, but the thickness was varied until a
match between the experimental and simulated sputtering yields of
Mo was obtained (see fifth column). For both ion irradiation cases,
a continuous increase of the virtual adsorbate layer thickness was
necessary to reconstruct the Mo sputtering yields at rising background
pressures. Again, the D2 case demanded more severe manipulation,
i.e., thicker adsorbate layers, than the Ar case. This observation is
in line with our basic assumptions above, supporting the hypothesis
that the presence of a certain surface adsorbate coverage was indeed
affecting the Mo sputtering yields during the measurements at elevated
D2 pressures. It has to be mentioned that these SDTrimSP simulations
where only conducted with the purpose to show the effects caused by
adsorbate coverages qualitatively, while a precise prediction of realistic
adsorbate behaviour may require more careful implementation.

Comparing the data in Tables A.3 and A.4, it has to be assumed
that some adsorbate coverage was relevant even for the lowest pressure
during our experiments. Therefore, it was also of high importance to
always maintain the same residual gas pressures and ion fluxes for all
measurements presented in the main part of this manuscript. Other-
wise, the measured reference sputtering yields would not have enabled
a direct comparability to predict sputtering yields of the alternating Ar
& D irradiations. It has to be mentioned, that the QCM technique solely
enables to measure net mass changes and our experiments did not allow

to investigate the composition or abundance of adsorbates directly.
Table A.3
Summary of sputtering yield data for 2 keV Ar+ irradiation of a Mo coated QCM sample at variable D2 residual gas pressure. SDTrimSP was
used to reconstruct the measured sputtering yields either by tuning the surface binding energy Eb or by inclusion of an adsorbate layer of
certain thickness dads.

Pressure (mbar) Sp. yield (Mo/Ar) Rel. decrease Eb [eV] dads [Å]

1.2 × 10−8 1.31 ± 0.17 – 9.81 8
5.0 × 10−7 1.28 ± 0.16 2.3% 10.06 9
1.0 × 10−6 1.08 ± 0.13 17.6% 11.68 12
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Table A.4
Summary of sputtering yield data for 2 keV D+

2 irradiation of a Mo coated QCM sample
at variable D2 residual gas pressure. SDTrimSP was used to reconstruct the measured
sputtering yields either by tuning the surface binding energy Eb or by inclusion of a
adsorbate layer of certain thickness dads.

Pressure
(mbar)

Sp. yield (10−3

Mo/D2)
Rel.
decrease

Eb [eV] dads [Å]

1.2 × 10−8 17.6 ± 1.3 – 11.88 14
5.0 × 10−7 6.7 ± 0.4 61.8% 18.43 29

Furthermore, the relevance of adsorbate effects is only assumed to
be significant in the case of a residual gas composition dominated
by chemically active species (e.g., D2), while it might be neglectable
for experiments utilising noble gases due to a much lower sticking
coefficient.
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