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Abstract

Monoatomic ion guns mounted on X-ray photoelectron spectrometers are frequently used for depth
profiling to determine the depth distribution of various chemical compounds, or for surface cleaning.
Sputtering with single ions may cause severe damage to some materials. Hence, in this study the influence
of different sputter parameters on the degradation kinetics was examined. For comparison, the potential of
Ar cluster sputtering was tested with the same materials, namely hydrozincite and FeO — two
representatives of corrosion products that are susceptible to degradation. Chemical damage could only be

minimized by cooling or cluster sputtering within a narrow cluster energy window.
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1. Introduction

In corrosion science, the characterisation of corrosion products is of high importance in order to
understand the underlying processes. Depending on the materials investigated, analytical methods with
high surface sensitivity that are capable of examining thin layers or interfaces may be required. This
brings well-established techniques such as X-ray diffraction close to their limits. Substantial knowledge
of surface composition, in terms of chemical compounds, and of the layers directly below, i.e., the depth
distribution of compounds or gradients and the transitions at interfaces, is of great interest. X-ray
photoelectron spectroscopy (XPS) perfectly meets these requirements, since this method is surface-
sensitive and well suited to resolving different chemical states. Tasks such as determining depth
distributions are frequently required in the industrial context of various coating systems, for instance, for
Zn and Zn-alloy protective layers, passivation and conversion coatings. A simple and cost-effective way
of accomplishing these analytical tasks is using a monoatomic ion gun that removes the surface in layers
by ion bombardment, as routinely employed in combination with surface sensitive techniques. Recently
published studies (e.g., [1,2,3,4]) show that this concept continues to be of high relevance. However, the
main drawback is that sputtering may cause sample modification and severe damage (e.g., by preferential
sputtering, atomic mixing, or ion implantation, which leads in worst case to chemical changes) to the
materials investigated, as already reported for potential corrosion products of Zn and Zn-based coatings

[5], nanocomposite coatings [6], and organic materials [7].

Hence, this study examined modifying sputter parameters in order to prevent or reduce the impact of
chemical alteration in the context of monoatomic ion sputtering. We considered variations of the etch
parameters, in particular acceleration voltage, the gas used and sample temperature (i.e., cooling to low
temperatures). As shown in our previous study [5], some Zn-based corrosion products and also iron
oxides, which are relevant if corrosion has already advanced substantially, suffer enormous damage. The
present work focused on Fe(ll) oxide and hydrozincite as two representative corrosion products that are
susceptible to degradation. Furthermore, the potential of newer and more sophisticated sputter systems
such as cluster guns [8,9] was tested using both materials, since the operation of such devices (e.g.,
providing Ar clusters and buckminsterfullerene Cg, clusters) has already shown promising results in other
fields [7,10,11,12,13].



2. Materials and methods
2.1. Sample preparation

High purity reference materials of Zns(CO3),(OH)s (hydrozincite) and FeO (iron(Il) oxide) from Sigma
Aldrich Austria were used in our investigations. Since both materials were available as powders, they
were pressed onto pieces of indium foil, filled into polymer blocks with sufficiently large milled circular
pockets in the centre, or applied to pieces of adhesive carbon tape.

2.2. Instrumentation

XPS measurements regarding the monoatomic sputter experiments were performed with a Theta Probe
system from ThermoFisher (UK) at JKU Linz, and the Ar cluster gun experiments with an Escalab 250Xi
system, also from ThermoFisher (UK), at TU Freiberg. Both instruments were controlled by the Avantage
software package provided by the system manufacturer, which also enabled data acquisition and
evaluation. Each system was equipped with a monochromated Al-K, X-ray excitation source (1486.7
eV), which was operated at high voltages of 15 kV and 13 kV with emission currents of 3 mA and 4 mA
(45 W and 52 W), respectively, and a spot size of 200 um on the sample. In order to increase the number
of photoelectrons moving towards the input lens, the Escalab 250Xi can be operated with a magnetic
immersion lens. The electron energy analysers of both spectrometers - hemispherical sector types - were
ran in constant analyser energy mode with an energy channel step width of 0.1 eV or 0.05 eV and with the
pass energy set to 50 eV, since this is a reasonable compromise between obtainable intensity and energy
resolution. In order to compensate for charges building up on the sample surface, the Theta Probe system
was equipped with a standard dual flood gun which provides low-energy electrons (typically -2 eV) and
simultaneously Ar* ions with low kinetic energy. In addition to an external flood gun for low-energy Ar*
ions, the Escalab 250Xi used an in-lens flood source that provides electrons with low kinetic energy. The
sputter experiments performed on the Theta Probe apparatus (base pressure in the low 10° mbar range,
operation pressure in the lower half of the 107 mbar range) were carried out using a monoatomic Ar* ion
gun which can be operated with different sets of parameters for acceleration voltage and ion current.
Furthermore, using a sputter gun with exchangeable gas supply (mounted on a preparation chamber
attached to the XPS system, base pressure 10™ mbar, sputter operation pressure approximately 1 x 107
mbar) allowed the impact of sputtering with He" ions to be tested. The other apparatus - Escalab 250Xi

(base pressure in the low 10™° mbar range, operation pressure approximately in the 4x10”" mbar range) -



was equipped with an Ar cluster gun (MAGCIS ion gun from ThermoFisher, UK) which is able to
provide both small and large clusters (1000 atoms or 2000 atoms, respectively) with different kinetic
energies (2, 4, 6 or 8 keV). Furthermore, the cluster gun can be operated in a monoatomic Ar* ion mode.
Data analysis of the spectra was based on elimination of the peak backgrounds by applying Shirley
background subtraction followed by a peak area normalisation using Scofield sensitivity factors in order

to obtain the elemental composition.
2.3. Measurement procedure

High-resolution scans of the photoelectron levels of interest and — when additionally needed — those
associated with Auger transitions were acquired in the centre of the sputtered crater, followed by a
subsequent sputter step. Duration and number of the sputter steps varied from experiment to experiment;
for a detailed description of the sputter sequences see the Results and Discussion section. For monoatomic
sputter etching, the angle of incidence was 45°, and a crater size of 2 x 2 mm? was chosen, except for He"
etching, where the corresponding ion gun irradiated a larger area (Gaussian beam profile with a full width
at half maximum (FWHM) of 3.5 mm) and raster-scanning the surface with a narrowly focused ion beam
was not possible. Operating the ion gun of the Theta Probe XPS with argon gas with 3 keV acceleration
voltage, 1 YA ion current and with the above-mentioned crater area (standard parameters as suggested by
the manufacturer) allows a sputter rate of ~3.3 nm/min to be achieved on a Si standard. In the Ar cluster
gun experiments, where the angle between incident cluster beam and sample surface was 30°, a crater size
of only 1 x 1 mm? was chosen (i) since no significant influence of edge effects was expected due to the
shallow crater depth and (ii) to minimize experimental time. For an estimation of sputter rates of clusters
on inorganic compounds it is referred to a study on Ar cluster sputtering of Ta,Os thin films, which
revealed for the given setup a removal rate of approximately 0.06 nm/min with a cluster energy of 6 keV
[13].

FeO was characterized by means of high-resolution scans of the Cls, Ols, and Fe2p peaks; for
hydrozincite the Cls, O1s, Zn2p, and ZnLMysMys spectra were of interest. Taking the adventitious
carbon signal for charge shift correction was not necessary, since the absolute binding energy values were
irrelevant to the data evaluation. In most cases, a lack of this carbon species rendered charge shift
correction inapplicable. Instead, the modified Auger parameter (MAP) approach [14] — a powerful
method for resolving and identifying different chemical states — was applied in the case of hydrozincite to
have a practicable marker for the chemical states and to assess long-term stability. In the case of iron
oxides, the separation between the photoelectron lines and their corresponding shake-up satellites

contains unique information about the oxidation state [15]. Using reference spectra and Gaussian-



Lorentzian-shaped peaks enabled fitting of the data in order to determine the Kinetics of the

decomposition processes.

3. Results and Discussion

This section describes the impact of monoatomic Ar* ion sputtering on hydrozincite and iron(ll) oxide
when using different sets of etch parameters. The data and results obtained from Ar cluster gun
experiments — again tested on hydrozincite and iron(Il) oxide — are then presented. In addition, we report
the results of first experiments in which hydrozincite was bombarded with He" ions.

3.1. Ar” ion sputtering on Zns(COs),(OH)s

Based on the results presented in one of our previously published studies in which we investigated the
stability of various potential corrosion products (zinc oxide, zinc phosphate, hydrozincite, simonkolleite,
Cr(Ill) oxide, Cr(VI) oxide, Cr(Il) chloride, Fe(ll) oxide, Fe(lll) oxide, and Fe(ll, 11l) oxide) during
standard long-term Ar* ion sputtering using 3 keV and 1 pA [5], this study focused on variation of the
sputter parameters; in particular, we used the following sets including decreased acceleration voltages
and/or ion currents: 3 keV and 1 pA, 1 keV and 1 pA, and 1 keV and 0.5 pA. In the experiments, the
sputtering periods were: 400 s repeated 25 times, followed by 2000 s repeated 10 times and 4000 s
repeated 3 times. The changes of the elemental composition of hydrozincite as a function of the sputter
time were found for all parameters to be in accordance to the already reported ones of the recent sputter
study with an initial value of the carbonate-to-zinc ratio of ~0.25 and steadily decreasing [5]. Fig. 1
illustrates the evolution of the O1s spectra, which provide the relevant and most pronounced indications
for chemical changes, over the etch time both qualitatively and quantitatively for the different sputter

parameters.
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Fig. 1 Evolution of the O1s spectra of hydrozincite as functions of sputter time, acquired during long-
term Ar” ion sputtering using different sets of etch parameters (3 keV and 1 pA, 1 keV and 1 pA, 1 keV
and 0.5 pA). The deduced decomposition kinetics of Ols A to Ols B over etch time are additionally

shown for each set.

It shall be noted that the corresponding C1s as well as Zn2p levels do not reveal any peculiar change in
peak shape and position. However, the O1s spectra clearly show that — independently of the parameters
chosen, and even for low kinetic energy and low ion current — chemical damage or alteration of the
sample cannot be prevented; the formation of a new kind of oxygen species is evident. In accordance with
our previous study (Ar* ion bombardment with 3 keV and 1pA) [5], the data again indicate a conversion
from hydrozincite to a compound containing mainly zinc oxide. In this context, the sample sputtered by
ions with 1 keV and 1 pA exhibited a MAP of 2009.61 £ 0.15 eV and an energy difference between the
main peaks of Zn2p and O1s of 491.15 eV; in the case of 1 keV and 0.5 pA, the results were similar
(MAP 2009.56 = 0.12 eV, energy difference 491.13 eV). Also the experiment with 3 keV and 1 pA
yielded values in close agreement with the other experiments (MAP 2009.83 £ 0.12 eV, energy difference
491.22 eV). Analysis of the general elemental composition revealed again a rise in the Zn content, while
the oxygen content decreased and the carbonate contribution was nearly completely depleted, with a Zn/O
ratio as measured for ZnO. Quantitative evaluation of the two O1s peaks, which allows only a comparison
of the degradation kinetics, was based on Gaussian-Lorentzian-shaped peaks. Using reference spectra of
zinc oxide and hydrozincite for the evaluation may not be advisable, since sputter processes are too
complex to clearly identify each product or sub-product formed. The quantitative data (relative
concentration plots of Ols A and O1s B in Fig. 1) showed that in the experiment using the highest
acceleration voltage the sputter damage (i.e., formation of the new oxygen peak) clearly proceeded faster
than in that with lower voltage and identical ion current; for low acceleration voltage and half the ion
current, the lowest level of decomposition kinetics was observed. Comparing the etch times at which only
30 at.% of the O1s A type were left yields specific values which support this observation: for 3 keV and 1
HA it was 2000 s, for 1 keV and 1 pA 5000 s and for 1 keV and 0.5 pA 7000 s (cf. the corresponding
plots in Fig. 1). After a certain period of time, the oxygen ratios were found to approach similar values,
and this trend continued to the end of the measurement, where all 3 curves reached values close to a 20:80
ratio. It is noteworthy that this ratio is in good agreement with the results of fitting the O1s level of a
briefly sputter cleaned ZnO reference sample (which exhibits a main peak and a side peak of low intensity
at the higher binding energy side) as performed here. The Transport of lons in Matter (TRIM) software
package [16] was used to determine the penetration depth of the argon ions, and based on the sputter

yields obtained the sputter rates of model materials (i.e., of materials that contain the same number and



kinds of atoms as hydrozincite and ZnO) were estimated for the exposure to different sets of etch
parameters. However, the presented sputter rates should only be taken as approximate values, as they may
not accurately reflect the true absolute removal rates, because our simulations cannot take into account
chemical bonds of the compounds or changing sputter yields due to a change in sample composition.
Nevertheless, relative comparison of the etch rates is much more reliable. Hydrozincite bombarded with 3
keV and 1 uA Ar" ions exhibited an ion range of 35 A and a sputter rate of ~9.5 nm/min; for 1 keV and 1
HA Ar* ions, the simulated ion range was 19 A and the roughly estimated sputter rate ~5.9 nm/min, and
for 1 keV and 0.5 pA the predicted sputter rate was ~2.95 nm/min. Further useful information was
obtained in these simulations, namely the average surface binding energy; this is an indicator of the
energy transfer needed for successful sputter removal of atoms, and amounted to 3.6 eV and 1.7 eV for
hydrozincite and zinc oxide, respectively. Using the sputter rates obtained, the quantitative plots in Fig. 1
were complemented with an additional axis for the nominal depth. This axis enables direct comparison of
the sputter induced degradation for the different sets of etch parameters relative to the nominally reached
sputter depth. Examining, for example, the value of the remaining amount of O1s A type when a depth of
1 um was reached reveals that the sputter damage is similar (the ratio of Ols A to O1s B is ~25:75) for all
sputter conditions used. Furthermore, as expected and indicted by the data, the ion current in the selected
experimental range seems to have no significant influence on the alteration of the chemical composition.
This is in agreement with Wehner [17], who pointed out that the time between two hit events on the same
atom is too long (compared to the frequency of lattice vibrations, which is of the order of 10* to 10"* s
due to the relatively small ion current densities. Nevertheless, the sputter rate is directly influenced, since
the ion current acts as a proportional factor; i.e., theoretically, half of the sputter time is needed to reach
the same depth when the ion current is doubled. This implies an extended exposure to ion bombardment
when using lower ion currents, which causes very similar damage, as indicated by the quantitative plots in
Fig. 1. This is primarily due to the fact that the depth to which the impinging ions cause damage (given by
the ion ranges) is greater than the depth from which sample atoms are removed. The escape depth of the
hit atoms in the target material is usually below 10 A [18,19]. Furthermore, the relative O1s A and O1s B
data of hydrozincite as a function of sputter depth indicate that, for larger depths, the acceleration voltage
does not have such a significant influence on the degradation kinetics as expected. In the case of shallow
sputtering, the contribution of the acceleration voltage seems to be greater. In general, the higher the
kinetic energy of the ions, the more energy can be transferred to the target and the larger the ion range;
i.e., the ratio of damaged to removed volume is far less favourable than when using ions with lower

kinetic energy.



As previously shown, a decrease in the kinetic energy of the argon ions is not sufficient to avoid chemical
alteration in the material of interest. We also tested another approach: cooling the sample to a low
temperature (-135°C) that is maintained during the experiment (for 1 keV and 1 pA). This has already
been employed in some other fields of XPS analysis to efficiently prevent or considerably slow down
degradation processes [20,21]. The resulting qualitative and quantitative evolution of the Ols levels is

shown in Fig. 2.

Depth (nm)
(1) 5(1)0 1 0.00 1 5100 20100 25100 30100
100 g T e L
Zn,(CO,).(OH) : O1s - 1 ¢ O1sA sputter rate: ~5.9 nm/min
5 BUPEglal " —_ 1 o O1sB ion range: ~19 A
& | cooled, Ar” ions: X 5o v ]
2| 1keV&1pA s :
g O1sA g 70 Gt & owm % & B B W ieH
= R : -
\ s 1K Zn,(CO,),(OH),: O1s
% § 50 ¢ cooled, Ar' ions: B
10000 = E g % 1keV & 1 pA ]
;‘\;51 8 i P S eanetss "
<& H"—._ \I\QL q>.> 30_“" ...... . S, ST 0’ v © 5
unsputtered . 10 __ O1s A 30 at.%: '_'
L T B S A 0o Etch Time 24000 s : i
532 530 528 526 ————
Binding Energy (eV) 0 5 10 15 20 25 30

Etch Time (1000 x s)

Fig. 2 Evolution of the O1s spectra of hydrozincite, cooled to low temperature (-135 °C), as functions of
sputter time, acquired during long-term Ar™ ion sputtering using an acceleration voltage of 1 keV and an
ion current of 1 HA. The deduced decomposition kinetics of O1s A to O1s B over etch time are presented
in addition.

However, this approach also could not avoid transformation of the initial chemical compound into another
species, as clearly shown by the Ols spectra. Here, the unsputtered surface level suffered a minor
distortion of the peak shape towards higher binding energies induced by charging effects, since a perfect
charge compensation could not be fully established due to the complexity of the cooling setup. One can
see that, compared to the uncooled experiments, the degradation kinetics were the slowest; for instance, it
took 24000 s to cause damage such that only 30 at.% of the O1s A type were left. The effect of the target
temperature on the sputter yield and thus the sputter rate has been investigated for a large number of
different elements and compounds in both polycrystalline and single-crystal form (e.g., [17,22,23,24]). In
general, the results indicate that sputter yields may be dependent on — and sometimes independent of — the

temperature, as they are determined by a large number of factors, such as chemical composition,



morphology, orientation and sputter parameters. In the case of the cooled hydrozincite sample, assuming
the sputter rate to be the same as for the uncooled one exposed to an identical set of parameters, a new
axis showing the sputter depth was added to the quantitative plot in Fig. 2. When a nominal sputter depth
of 1 um was reached, the Ol1s A signal was still at 33 at.%, which indicates that cooling slowed down the
damage. Even if the true sputter rate was only one third of that assumed, sample degradation would still

be lower than in the uncooled cases.

3.2. Ar” ion sputtering on FeO

Recently, we also investigated the influence of Ar* ion sputtering on various iron oxides, which might be
of importance to various branches of corrosion study [5]. In the present work, we used more “gentle”
acceleration voltage and ion current parameters for long-term sputtering: 1 keV and 1 pA, and 1 keV and
0.5 pA. In the experiments, the sputtering periods were: 400 s repeated 25 times, followed by 2000 s
repeated 10 times and 4000 s repeated 3 times. In Fig. 3 the quantitative and qualitative evolution of the
Fe2p spectra - which provide all valuable information on the chemical oxidation states with evidence
included, if metallic iron is present [5] - is shown for different sets of parameters: 3 keV and 1 pA, 1 keV
and 1 pA, and 1 keV and 0.5 pA.
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Fig. 3 Evolution of the Fe2p spectra of iron(Il) oxide as functions of sputter time, acquired during long-
term Ar” ion sputtering using different sets of etch parameters (3 keV and 1 pA, 1 keV and 1 pA, 1 keV
and 0.5 pA). The deduced decomposition kinetics of oxidic to metallic type over etch time are additionally

shown for each set.

All of the initial iron-to-oxygen ratios were found to be close to 25 to 75 at.%, rapidly increasing to a final
value of approximately 45 to 55 at.% after extended sputter time, which is in good agreement to literature
studies where the initial and topmost surface composition is attributed to a surface species other than FeO
on such powder samples (e.g. Fe,O; and hydroxide species) [5,25,26]. It can clearly be seen that none of
the sputter configurations chosen could successfully prevent a reduction process to lower oxidation states.
The Fe2p spectra suggest a transformation from the oxidic iron species to a metallic one. These
gualitative data already indicated that the sputter damage proceeds faster for the 3 keV and 1 pA
conditions than for 1 keV and 1 pA, with the slowest kinetics obtained in the experiment with 1 keV and
0.5 pA. Closer inspection of the first etch levels indicated that the reason for the shifting of the shake-up
satellites visible in all the plots is that the Fe(ll) species is initially covered by a thin Fe(lll) layer, as
reported in [25,5]. An examination of the separation of the photoelectron peaks and corresponding shake-
up satellites gave ~7.9 eV for the surface levels and ~6.2 eV for the following levels. These separations
remained approximately constant throughout the experiments, which is in good agreement with the results
of Chuang et al. [26] and Steinberger et al. [5]. To provide a rough overview of the transformation from
oxidic to a metallic state (shown in the relative concentration plots in Fig. 3), the spectra were fitted with
reference data of metallic iron and Fe(ll); note that the quantification may not be absolutely accurate,
since the sputter process may create mixtures of different iron oxidation states. However, this quantitative
evaluation indicates that the experiments with the 3 keV/1pA and 1 keV/1 YA parameter sets show a very
similar tendency: only for the first few sputter levels does the higher acceleration voltage show a greater
impact on the degradation kinetics. The experiment with 1 keV and 0.5 YA exhibited slower conversion
to elemental Fe. In order to obtain a rough estimate of when approximately 20 at.% of metallic Fe species
were formed, the etch times were read from the plots: 3000 s (3 keV, 1 pA), 3500 s (1 keV, 1 pA) and
6000 s (1 keV, 0.5 pA), as seen in Fig. 3. Once more, the ion ranges of Ar* ions in Fe(ll) oxide and in
Fe(ll) oxide were simulated, and the sputter rates were roughly estimated using TRIM simulations [16].
FeO sputtered with 3 keV and 1pA exhibited an ion penetration depth of 26 A and a sputter rate of ~7.46
nm/min; for 1 keV and 1 pA Ar* ions, the ion range was 14 A and the estimated sputter rate ~4.49
nm/min, and forl keV and 0.5 pA it was ~2.24 nm/min. The simulation of Fe,O; yielded similar results:
ion ranges of 27 A, 15 A and 15A and etch rates of 7.57 nm/min, 4.54 nm/min and 2.27 nm/min were
obtained for the 3 keV/1uA, 1keV/1uA and 1keV/0.5uA parameter sets, respectively. Again, the average



surface binding energies were deduced from the simulations of FeO and Fe,O3, which gave 3.2 eV in both
cases. For all quantitative plots (see Fig. 3), an additional axis showing the ion etch depth calculated
based on the simulated sputter yields is given. At a depth of 1 um, nearly independently of the sputter
parameters, one would find approximately 25 at.% of metallic Fe species formed by decomposition; using
a lower ion current is not an effective means of avoiding sample alteration. A decreased current results in
a proportionally decreased sputter rate; hence, in order to remove the same amount of material, the sample
must be exposed longer to the ion bombardment, which in turn leads to a similar degradation. As shown
in Fig. 3, for the first few etch levels the experiment using the kinetic energy of 3 keV results in a faster
alteration compared to the one with 1 keV. Considering the axis that shows the individual sputter depths,
the sputter damage appears to be slightly lower for the higher acceleration voltage, which may be related
to a shorter exposure time to the ion beam. Based on these results, it is necessary to find an approach that
avoids this high ratio of degraded to removed volume.

3.3. Ar cluster sputtering on Zns(C0Os),(OH)

Since both hydrozincite and iron(Il) oxide (in this context also iron(l1l) oxide) showed severe chemical
degradation by monoatomic argon ion sputtering despite using the “gentler” etch parameters, we decided
to examine the potential of a different and more sophisticated etch technique, namely Ar cluster
sputtering. The strength of this concept lies in the fact that the clusters dissociate upon contact with the
sample surface; i.e., the cluster energy is distributed to the total number of cluster atoms. As these atoms
have a low penetration depth, causing shallow sputter craters, we expected shallower sputter damage and
the sputter artefact of atomic mixing to be less strongly developed. Due to the low penetration depth, the
number of implanted Ar atoms remaining in the sample material is relatively low [27]. Another advantage
is the very low charge per cluster atom, since the total cluster charge (which equals at most a few
elemental charges) is divided by the number of cluster atoms [28]. In our experiment, the hydrozincite
powder was applied to a piece of adhesive carbon tape and exposed to a long-term sputter experiment
with a cluster size of 2000 atoms and a kinetic energy of 4 keV. The initial sputter duration was 400 s
performed 5 times, followed by 10 steps of 1200 s each and 5 steps of 2400 s each. The resulting spectra

and quantitative data of the evolution of the O1s signals over the etch time are presented in Fig. 4.
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Fig. 4 Evolution of the O1s spectra of hydrozincite as functions of sputter time, acquired during long-
term Ar cluster sputtering using a large cluster size and a cluster energy of 4 keV is shown. The deduced

decomposition kinetics of Ol1s A to O1s B over etch time are additionally presented.

It can be seen that sputtering with large argon clusters of moderate kinetic energy is not sufficient to fully
hinder chemical modification of the sample. Again, the formation of a ZnO like species or a mainly ZnO
containing compound is likely, which is supported by the calculated average MAP with 2009.62 + 0.19
eV, and with a steadily increasing MAP as a function of sputter time. The elemental composition showed
an increase in the Zn signal, while the oxygen and carbonate signals decreased. The quantitative evolution
of the O1s A and O1s B signals, as shown in Fig. 4, clearly revealed decomposition kinetics that are much
slower than for all three monoatomic etch experiments, including that with the cooled sample. Initially,
this may be considered a partial success, but an important element of uncertainty is the unknown sputter
rate: it is not known how much of the surface was removed compared to the damage causing
bombardment. In the worst case, the surface is not removed and merely chemically altered. In this case,
no fresh or less affected material from underneath contributes to the XPS information volume. The
degradation triggered by the monoatomic ions, each carrying energy in the range of some keV, is
expected to be stronger than that caused by the atoms dissociated from the clusters, since in our
experiment their energy would amount to only ~2 eV/atom. However, even this low energy may be
sufficient to disrupt bonds of hydrozincite. In order to remove a surface atom, the surface binding energy
must be exceeded by energy transfer from the collision cascade. As this surface binding energy is only
documented for a small number of materials, a good approach to estimating this sputter threshold value is
to use the heat of sublimation [29,30] or multiples of this parameter [31]. In this context, the obtained

average surface binding energy of hydrozincite of 3.6 eV and the energy carried by each cluster atom with



~2 eV/atom seem to prevent any sputter removal. Nevertheless, according to Matsuo et al. [28] for large
clusters the sputter threshold energy is significantly lower than for monoatomic ions because cluster
sputtering involves the collision of a very high number of particles in a small volume, and interactions

with other, neighbouring collision cascades must also be considered.

3.4. Ar cluster sputtering on FeO

The performance of Ar cluster sputtering was tested not only on hydrozincite but also on Fe(ll) oxide to
determine its potential for surface cleaning and recording XPS depth profiles. In general, spectra acquired
on different XPS setups should be consistent, but since iron oxides do not exhibit trivial symmetric
Gaussian-Lorentzian-shaped peaks (asymmetric peaks occur due to multiplet splitting and shake-up
structures) and the XPS systems used were equipped with different charge build-up neutralisation
techniques, which may have an impact on parameters such as the FWHM, spectra of the original sample

surface were taken by both systems and compared in an overlay (see Fig. 5).
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Fig. 5 Left: Overlay of the Fe2p spectra of the unsputtered surface of iron(ll) oxide, acquired with a
Theta Probe XPS system and an Escalab 250Xi. Right: Evolution of the Fe2p spectra of FeO as functions
of sputter time, acquired during long-term Ar cluster sputtering using a large cluster size and cluster

energy of 6 keV.

It is obvious that both spectra shown in the left-hand plot (after alignment and normalisation of the

intensity signals) are equivalent, i.e., show the same peak features with identical peak ratios and binding
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energies. Thus, no concerns about the comparability of iron oxide data obtained from the Theta Probe and

Escalab 250Xi setups should remain.

In our first Ar cluster sputter experiment, we used a large cluster size (2000 atoms) and a cluster energy of
6 keV; the sputter duration was 300 s performed 2 times, then 5 steps of sputtering for 600 s, followed by
1 period of 3600 s (as shown in the right part of Fig. 5). It can be seen that Ar cluster etching using a
cluster energy of 6 keV already removed the Fe(lll) species, which was originally present on top of the
Fe(ll), after one sputter step lasting 300 s, as indicated by the position of the corresponding shake-up
satellites in the spectra. After some further sputter cycles, the formation of a shoulder at lower binding
energy after 7200 s is visible, which hints at metallic iron; i.e., the sample was again chemically altered.
In order to test whether the lower voltage of 4 keV in combination with large clusters is more appropriate
for profiling, and to verify whether a chemically transformed sample can be “repaired” by gentle
sputtering, a deliberately damaged surface was prepared using the monoatomic mode of the cluster gun
with an energy of 3 keV per Ar" ion. Subsequently, 2 argon cluster etch steps followed, each lasting 600
s. The resulting spectra are shown in the left plot in Fig. 6; additionally, a spectrum of an unsputtered FeO

surface, consisting of naturally formed Fe(l11) oxide, is given.
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Fig. 6 Left: Fe2p spectra of FeO, which was initially intentionally degraded by Ar™ ion bombardment,
and subsequently sputtered with Ar clusters using a large cluster size and cluster energy of 4 keV. Right:
Evolution of the Fe2p spectra of a fresh FeO sample as functions of sputter time, acquired during long-

term Ar cluster sputtering using a large cluster size and cluster energy of 4 keV.



It can be seen that the damaged surface, which showed indications of iron in the metallic state, is slowly
changed by gentle erosion to a “correct” composition that consists solely of material in the Fe(ll)
oxidation state. This decrease in the metallic Fe content indicates that a cluster energy of 4 keV might be
sufficiently high to remove atoms from the surface by sputtering. In addition, this set of parameters (4
keV and a large cluster size) was applied using a fresh sample of FeO (see the right-hand plot in Fig. 6).
After sputtering for 1200 s, the shake-up satellite as an indicator for Fe(lll) vanished, and that of Fe(ll)
became visible. Even after long-term sputtering (up to 7 h), no evidence of a further reduction in the
Fe(ll) state to the lower state of elemental iron was observable. The sample seems to remain stable using
these etch conditions. Next, this sputter etched sample was used to examine the influence of 2 keV
sputtering with a large cluster size: the experiment was continued at the same position with 9 sputter steps
of 1800 s each. Fig. 7 presents the resulting evolution of the Fe2p spectra (for better visibility some etch

levels were left out).
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Fig. 7 Evolution of the Fe2p spectra of iron(Il) oxide as functions of sputter time, acquired during long-

term Ar cluster sputtering using a large cluster size and cluster energy of 2 keV.

Interestingly, after etching for 1800 s, a shifting of the shake-up feature of the Fe2ps, signal is
observable. This new position is indicative of the transformation of the initial Fe(ll) to Fe(lll) oxidation
state. The following levels do not show any further changes, even for long-term etching. In order to
identify the reason for the observed oxidation, we used the Theta Probe system and a new FeO sample
that was intentionally damaged by short-term Ar" ion etching until only the Fe(ll) state was visible. The
sample was kept in position without any further exposition to ion bombardment or X-ray irradiation. High
resolution spectra of the Fe2p and O1s levels taken after more than 24 h revealed no significant change,

i.e., no potential oxidation to an Fe(lll) species by the oxygen content in the residual gas of the UHV



chamber. To find out whether a driving force is needed to initiate oxidation, the sample was subsequently
irradiated for 6 h by X-rays and the dual flood gun, but again no conversion to an Fe(ll1) species could be
observed. The exact reason for the observed change in the oxidation state due to cluster bombardment
with 2 keV could not be found; we assume that this effect is related to surface modifications without
material removal and/or the influence of the residual gas, which could not be confirmed on the Theta
Probe setup, since the damaged volume is expected to be substantially different. Further, the average
surface binding energy for Fe(ll) oxide and for Fe(l1l) oxide (approximately 3.2 eV) neither confirms nor
excludes that the surface atoms are sputter removed by clusters dissociating into atoms with 1 eV or 2 eV

kinetic energy, since cluster sputtering does not follow the same rules as monoatomic ion sputtering.

3.5. He" ion sputtering on Zns(COs),(OH)s

In general, the sputter yield and consequently the sputter rate depend on various factors, for instance,
angle of incidence, ion energy, crystal orientation (in the case of crystalline samples), masses and surface
binding energy of the target atoms and also of the mass of the projectile ions [32]. In order to find an
approach suited to surface cleaning if not to depth profiling (due to the excessively low sputter rate), we
tested an extreme ion type. We selected erosion with He" ions, which carry a much lower momentum
according to the relationship between kinetic energy, mass and momentum. For this experiment, the Ol1s

spectra of hydrozincite are presented once more as functions of sputter time (see Fig. 8).
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Fig. 8 Evolution of the O1s spectra of hydrozincite sputtered with He™ ions using an acceleration voltage
of 3 keV.



As can be seen in the lower binding energy region of the figure, a shoulder forms next to the original
oxygen peak with an increase in etch time. Fits of these spectra yielded approximated O1s A/O1s B ratios
of 84 to 16 at.% and 80 to 20 at.% after 4 h and 6 h of He" sputtering, respectively. In addition, the
elemental composition deviated from the expected stoichiometry; again, an increasing Zn signal was
observed, and the carbonate concentration decreased steadily (from its initial value, the carbonate signal
dropped respectively to ~8.2 at.% and ~7.5 at.% after 4 h and 6 h of sputtering). Based on these results,
no sputter method that is non-destructive to this kind of potential corrosion product could be found.
Compared to the other approaches investigated, He" sputtering exhibited the smallest negative impact.
Sputter removal is expected to be minimal, as indicated by TRIM simulations [16], which resulted in a
sputter yield of 0.21 atoms/ion for Zn, 0.34 atoms/ion for O and 0.02 atoms/ion for carbon and an ion
range of 217 A. Furthermore, this assumption is supported by the observation that the low amount (only a
few at.%) of adventitious carbon contamination initially present on the surface could not be totally

eliminated.

Nearly none of the approaches tested was effective for the chosen materials for sputter depth profiling or
for surface cleaning without noticeable change in the chemical composition or excessive cost in
experimental time; only cluster sputtering using 4 keV seems to have potential for practical use. Sample
degradation or alteration caused by the measurement method itself is, however, the crucial issue in XPS
investigations, since the potential to resolve different chemical species cannot be used without restriction
in case of materials that are sensitive to X-rays, dual flood gun exposure or ion/cluster bombardment
[20,21,5]. Hence, it is absolutely necessary to keep these facts in mind, and — as far as possible —
complementary methods must be employed to gain additional insights and evaluate the resulting XPS
data. In addition, it is good practise to perform short stability tests to confirm that the material of interest
remains stable throughout the investigation. Since sputter depth profiling in combination with
photoelectron spectroscopy is a commonly used concept, e.g. [1,2,3], we again note that the results
obtained (especially quantification) may be less accurate than they appear. When we consider the
following three important corrosion products of Zn and Zn-alloy coated steel - hydrozincite, simonkolleite
and zinc hydroxide - ion etching may at first lead to the erroneous assumption of the appearance or
enrichment of zinc oxide at depth. In relation to developments in sputter equipment, it is notable that, in
addition to Ar cluster guns [9], sources of buckminsterfullerene clusters [33] have been available for some
time. We anticipate that oxygen cluster guns will soon be used in common commercial setups, where they
may provide higher sputter rates than argon clusters for inorganic compounds. In order to find a suitable
method for the challenging field of depth profiling, the potential of these methods should be discussed

and tested.



4, Conclusions

Changes of the chemical states of hydrozincite and iron(ll) oxide, two potential corrosion products of Zn-
coated steel, were investigated for different sputter techniques and parameters. At first, these materials
were tested for monoatomic Ar” ion etching by using modified sets of the sputter parameters, namely
decreased acceleration voltage and ion current. Lower target temperature (i.e., cooling) and a different
type of projectile ions with lower mass were included in these investigations. Additionally, Ar cluster
sputtering with various cluster energies was tested. In general, a chemical alteration of the materials could
not be fully prevented; only the decomposition kinetics could be slowed down, but at the expense of the
sputter rate. The promise of cluster sputtering may remain limited, since in most cases degradation
persisted and the effective sputter removal rate remained undetermined; sputtering of Fe(ll) oxide using
medium cluster energy appears to be the only effective method. We therefore conclude that evaluation
should use all of the experimental information collected and — if possible — consider complementary
analytical techniques when acquiring depth profiles to identify different chemical states in case the

stability of compounds potentially present is not guaranteed.
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