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ARTICLE INFO ABSTRACT

Keywords: Argon ion sputtering for depth profiling in XPS results in the preferential sputtering of oxygen in certain oxide

Sputtering Reduction systems. Preferential oxygen removal results in the chemical reduction of the associated cation which is observed

;?Sk | oxid in spectra collected following sputtering. Characterizing the effects of different sputtering parameters and
1cKe! Xide

developing methods to account for and to minimize changes to chemical states during sputtering would allow for
greater confidence in the qualitative and quantitative analysis of the chemical states observed after sputtering. In
this study argon ion sputtering was performed with monatomic and clustered argon ions on thermally oxidized
NiO. Parameters for monatomic and cluster sputtering were varied to observe their effects on the induced
reduction. Results show that extensive reduction is experienced for monatomic sputtering irrespective of the
energy and current chosen. For cluster argon ion sputtering, reduction was mitigated when selecting either large
cluster sizes or low cluster energies. Sputtering for long periods of time with low energy clusters was observed to

Cluster argon ion sputtering

result in the removal of surface contaminants without concomitant reduction of the nickel oxide.

1. Introduction

X-ray photoelectron spectroscopy (XPS) is a commonly used tech-
nique to investigate the elemental composition and chemical state of
surfaces. Determination of the chemistry of surfaces provides useful
information for multiple fields of research including corrosion science,
catalysts, semiconductors, and many others [1]. Due to the sensitivity
(~0.2 at% detection limit) and shallow sampling depth (within ~ 10
nm) of XPS, sputtering of the surface may be required either to clean the
surface from unwanted contaminants or to etch the sample surface,
allowing for underlying material to be analyzed. Sputtering in XPS is
accomplished through surface bombardment with ionized gas with
monatomic argon ions and clustered argon ions being the most prevalent
[2,3]. Ideally, these ions remove sample material evenly with respect to
sample chemistry. However, a frequently observed artifact of sputtering
in oxygen bearing materials is the reduction of select cations due to the
preferential sputtering of oxygen [4,5]. Multiple studies have observed
that oxides following sputtering have oxidation states reduced relative
to their un-sputtered state [5,6]. Preferential sputtering in multi
component systems can be attributed to multiple phenomena [7,8]. It
has been suggested that mass differences between atoms in a material
results in preferential loss of the lighter component which has been
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observed for select oxides and binary alloys due to uneven energy and
momentum propagation [7]. However, mass differences alone are not
enough to describe preferential sputtering as other alloy systems have
experienced preferential sputtering of the heavier component [8]. This
can be accounted for by also considering the chemical binding energy at
the surface where is has been shown that components that form weaker
bonds are removed preferentially [8]. A component of chemical bonding
effects are thermal effects which arise from localized thermal spikes at
the location of argon impact which may result in the decomposition of
the target [8]. Reduction characteristics vary depending on the sput-
tering parameters, which dictate the energy the incident ions deliver to
the sample surface. Recently, clustered argon ion sputtering systems
have been developed and made commercially available. These systems
aim to etch samples more “gently” relative to monatomic argon ion
sources to minimize selective oxygen sputtering and other unwanted
effects. Compared to monatomic argon ion sputtering, clustered argon
ion sputtering to equivalent depths has shown to cause a lower degree in
reduction for TapOs and TiOg [9,10]. Although cluster argon ion sput-
tering reduces the severity of the observed reduction, it has not been
shown to eliminate the experienced reduction.

The use of argon ion sputtering for depth profiling with XPS is
desirable in corrosion science as oxide films and underlying metal
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Fig. 1. X-ray diffraction pattern for thermally oxidized nickel metal. NiO and
Ni were identified from the diffraction pattern.

compositions are often inhomogeneous with respect to depth after
exposure to corrosive environments, and XPS depth profiling can pro-
vide vital information about the composition and chemistry of the sur-
face and near surface regions [11-14]. In nickel bearing transition metal
samples, our group has shown that sputtering with monatomic argon
preferentially reduces oxidized nickel while other elements such as iron
and chromium remain unaffected [15]. Nickel is an important alloying
element for industrial alloys used in structural and container applica-
tions (e.g., Alloy 600, Alloy C-276, austenitic steels like SS316, etc) and
it is typically present in the oxide layers of these alloys after exposure to
corrosive environments [16-18]. Accurately detecting its chemical state
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throughout the depth of the oxide and underlying metal layers is
important for understanding corrosion in these alloys. While knowledge
of sputtering induced reduction can allow the observed reduction to be
accounted for, it would be ideal to avoid sputtering induced chemical
damage to increase confidence in the assignment and quantification of
observed chemical states. In this study, nickel metal was thermally
oxidized to form NiO and subsequently sputtered with both monatomic
and clustered argon ions. Sputtering parameters including cluster size
and acceleration voltage were varied systematically to explore their
effects on sputtering induced reduction.

2. Material and methods
2.1. Sample Preparation

A sheet of Nickel 200 (McMaster-Carr, >98 % pure) was obtained
and subsequently cleaned through ultrasonication in isopropanol. The
surface of the cleaned nickel 200 was oxidized by thermal oxidation at
800 °C in a laboratory box furnace under ambient atmosphere for 72 h.

2.2. X-ray diffraction

Grazing incidence X-ray diffraction (XRD) patterns were obtained
with a Rigaku Smartlab X-ray diffractometer with a Cu K a X-ray source
operating at 44 kV and 40 mA using parallel beam optics and an X-ray
incidence angle of 1°.

2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) imaging, X-ray energy disper-
sive spectroscopy (EDS), and focused ion beam (FIB) milling were car-
ried out using a ThermoFisher Scios2 dual-beam SEM/FIB with a TEAM
Pegasus Integrated EDS. The electron beam was operated at 20 kV and
1.6nA for imaging and EDS analysis. For FIB milling, a ~ 3 pm thick
layer of Pt was deposited on the sample surface over the area of interest

Fig. 2. (a) SEM secondary electron image of a FIB-milled cross section of the oxidized nickel plate. The oxide layer is the dark region to the right side of the image
and the bulk nickel metal is the lighter region to the left side of the image. The thin, very light layer visible on the extreme right edge is a layer of platinum deposited
using ion beam induced deposition to protect the sample surface during ion beam milling. The oxide layer is ~ 4 pm thick. The EDS maps of oxygen and nickel show
that oxygen is concentrated in the dark layer and the concentration of nickel is slightly depleted relative to the bulk due to the presence of oxygen. The surface oxide
morphology is shown in (b) at low magnification and (c) at high magnification. The oxide layer is thick relative to the depth of argon ion sputtering used in this work
(4 pm oxide vs. ~ 10 nm sputtering depth) and all nickel metal observed in the Ni 2p spectra can be attributed to argon ion induced effects.
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Fig. 3. Oxidized nickel metal spectra recorded before and after two stages of monatomic depth profiling. Two sputtering steps at an estimated depth of 5 nm per step
based on the theoretical sputtering rate of Ta;Os were performed at different energies and current settings.
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Fig. 4. Oxidized nickel sputtering with varied cluster sputtering settings indicated at the beginning of rows and columns. For 2000 eV, 4000 eV, and 8000 eV cluster
sputtering steps, the sample was sputtered for 600 s, 300 s and 100 s respectively.
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using ion beam assisted deposition with a 30 kV, 1nA beam. The cross
section was then milled perpendicular to the sample surface using Ga
ions with a 30 kV, 50nA ion beam for initial material removal. Subse-
quent milling at 30 kV with 7.5nA and then 3nA ion beam currents was
carried out to produce a smooth cross-sectional surface.

2.4. X-ray photoelectron spectroscopy

XPS studies were performed using a ThermoFisher Scientific Nexsa
G2 Surface Analysis System with a monochromatic Al X-ray source (hv
= 1486.6 eV) operated at 12 kV and 10 mA with a spot size of 400 pm.
Recorded spectra were collected with a pass energy of 50 eV. The in-
strument was calibrated to the Au 4f; /5, metallic binding energy (BE) at
84.1 eV. Recorded spectra were peak fit using Thermo Fisher Scientific
Avantage software.

The Nexsa G2 integrated Monatomic and Gas Cluster Ion Source
(MAGCIS) dual beam ion source was used for sputtering of the sample
surface. Sputtering areas were set to 2 mm x 2 mm and each individual
sputtering location was moved 3 mm from adjacent location to ensure
that individual sputtering experiments did not overlap. The pressure of
the instrument during ion-beam etching was 2 X 107 mBar.

Monatomic argon ions at energies of 300, 1000 and 4000 eV and two
current levels, low current (LC) and high current (HC), were used for
sputtering. The high current mode has a sputtering rate approximately
three times that achieved with low current, but the instrument manu-
facturer does not specify the ion flux for these modes. A total of 10 nm
(Tag0s5 equivalent) was etched in two etching cycles of 5 nm (TazOs
equivalent) each.

Cluster argon sputtering was completed with three energy levels
(2000 eV, 4000 eV, 8000 eV) and three different cluster sizes (75atoms,
500 atoms, 2000 atoms). Since the sputtering rate vs. time relationship
for the cluster argon source is currently unknown, etching times of 600 s,
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300 s and 100 s were selected for energies of 2000 eV, 4000 eV, and
8000 eV, respectively, and two etching cycles were carried out. Due to
the low etching rate achieved through cluster sputtering, it is unlikely
that 10 nm of etching was performed and thus the cluster sputtering
results may not be directly comparable to the monoatomic sputtering.
Monatomic argon ions of 4000 eV was used to sputter through the native
oxide of a separate, non-thermally oxidized, nickel 200 sample in order
to collect nickel metal spectra. Based on the results from the cluster
sputtering, long term sputtering cycles were performed with 4000 eV
500 atom clusters and 2000 eV 75 atom clusters for three etching cycles
of one hour and two hours per cycle respectively.

Peaks fit to the recorded spectra of Ni metal and native NiO were
used as a reference to fit the metal and NiO components present in the
collected spectra. Nickel metal and NiO were fit with three and five
peaks respectively, as proposed by Biesinger et al. [19]. Peak positions
and full width at half maxes (FWHM) were allowed to vary by 0.1 eV to
account for statistical deviations present in the collected spectra. Peak
height ratios were kept constant. Spectra collected from the native
surface were charge corrected to the C1s peak of adventitious carbon at
284.8 eV. Sputtered spectra were shifted to the first peak of oxidized
nickel found from the initial charge correction. Notably, the use of
adventitious carbon has been criticized recently due to a lack of
repeatability. The variability in reported binding energies has been a
result of inconsistent charge correction and thus different methods may
need to be used if the species of interest are unknown [20]. For this
study, charge correction using adventitious carbon was found to be
consistent throughout the performed experiments as observed from
other spectra (such as NiO) as well. Additionally, it should be empha-
sized here that the charge correction for carbon itself does not affect the
results of the study which is focused on reduction of nickel oxide to
nickel metal which have distinct spectral features.
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Fig. 5. a) nickel metal spectra, b) native oxidized nickel metal, c) oxidized nickel metal sputtered with 4000 eV monatomic argon ions.
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3. Results and discussion
3.1. Oxide layer characterization

Fig. 1 contains the X-ray diffraction pattern for the oxidized nickel
metal. The pattern obtained from the thermally oxidized sample con-
tains peaks corresponding to NiO and Ni (JCPDF 00-047-1049 and
00-004-0850, respectively). Although the base nickel metal is present in
the recorded pattern, it is unlikely that it is contributing signal to the
XPS spectra as the penetration depth of XRD is on the order of hundreds
of nanometers to microns and the NiO that is formed is on the surface.
Due to the shallow interaction depth of XPS (~10 nm), the nickel metal
signal recorded with XPS originates entirely from oxidized nickel that
has been reduced through sputtering.

To confirm that XPS depth profiling and chemical state analysis were
only accessing the thermally oxidized nickel layer and not the base
nickel metal, FIB etching and EDS composition analysis were performed
to determine the thickness of the thermally oxidized nickel layer. Fig. 2a
shows secondary electron micrographs of a focused ion beam (FIB)
milled cross section of the oxidized Ni sample. EDS mapping, shown in
Fig. 2a, indicates that the dark layer extending into the sample from the
sample surface contains oxygen, confirming that it is the thermally
grown oxide layer. This layer is ~ 4 pm thick. The maximum estimated
depth of argon ion sputtering is on the order of tens of nanometers into
the sample and no breakthrough of the oxide layer is anticipated, so any
metallic Ni signal observed in the Ni 2p XPS spectra can be confidently
attributed to chemical shifts related to argon ion sputtering. The surface
morphology of the oxide layer is homogenous across the sample surface,
as shown in Fig. 2b and 2c and EDS analysis of the surface shows that the
surface is composed of Ni and O in a roughly 1:1 ratio, corresponding to
the NiO phase observed using XRD.

3.2. Monatomic argon sputtering

Fig. 3 shows the Ni 2p3,, photoelectron spectra for the thermally
oxidized nickel sputtered with monatomic argon ions. The shoulder
assigned as nickel metal at 852.6 eV is present in spectra obtained using
monatomic ions at all energy and current combinations and increases
with increasing sputtering time and depth. All monatomic sputtering
parameters produced a significant amount of intensity in the region
associated with nickel metal that can be attributed to the sputtering-
induced reduction of NiO to nickel metal.

3.3. Cluster argon sputtering

Fig. 4 contains the Ni 2ps,, spectra for nickel oxide sputtered with
clustered argon ions. As shown in Fig. 4d, 4e, 4 g, and 4 h, sputtering
induced reduction is present for 8000 eV and 4000 eV energies with
cluster sizes of 75 ions and 500 ions. For these higher energies, reduction
is significantly reduced at higher cluster sizes, as shown in Fig. 3f and 3i.
Notably, it has been shown that decreased energy (E) to cluster size (n)
ratios result in decreased sputtering yields [21], which may correlate to
a lower sputtering rate, resulting in the reduced amount of metal nickel
found when larger clusters were used. Although the E/n ratio influences
the observed reduction characteristics as indicated by the higher energy
cluster sputtering experiments, it is not sufficient to fully determine the
extent of reduction. When sputtering at an energy of 2000 eV, extensive
reduction was avoided irrespective of the cluster size employed. The E/n
ratio was 26.67 eV/atom at cluster sizes of 75 atoms for the 2000 eV
energy. Considering that a greater extent of sputtering reduction is
observed using a cluster energy of 4000 eV and size of 500 atoms (8 eV/
atom), the reduced amount of observed reduction at a higher E/n value
of 26.67 indicates that the sputtering characteristics are not just deter-
mined by E/n as proposed by Seah, [21] but also by the total cluster
energy. Notably, it has been shown that low energy clusters may not be
able to remove metallic oxide material from the sample [22] and thus
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Fig. 6. Metal to oxide peak area ratios for oxidized nickel sputtered with (A)
monatomic argon ions at different energy for the low current (LC) and high
current (HC) setting and (B) cluster argon ions at different cluster energy and
sizes. The annotation for the first sputtering cycle shows the metal to oxide peak
area ratio generated in that round of sputtering, while the annotation for the
second sputtering cycle indicates the change in metal to oxide peak area
generated in that sputtering cycle.

the lack of reduction may be attributable to a lack of sputtering of the
NiO. While active removal of the NiO is desirable, the ability of the low
energy clusters to sputter the adsorbed organic layer without altering
the chemical state of the oxide is useful in its own regards.

3.4. Quantitative reduction comparison

Fig. 5a and 5b show the peak fits used for nickel metal and the native
oxidized nickel respectively. Fig. 5c contains the spectra collected from
the oxidized nickel after sputtering with the monatomic source at 4000
eV to a depth of 10 nm (TayOs equivalent). Inconsistencies between the
fit and collected spectra following sputtering may be attributed to the
potential presence of Ni(OH), that may exist on the surface due to
exposure of the sample to air at ambient temperature following heat
treatment [23]. Since the distribution of reduced nickel produced by
sputtering is unknown, estimation of the true atomic percentages of
oxide and metal was not performed as the depth distribution function for
this system is not known. Comparing the relative peak areas between the
metal and the oxide gives a semiquantitative extent of reduction,
allowing the different sputtering parameters to be compared.

Fig. 6 shows the area ratios of the primary metal peak at 852.6 eV
over that of the largest oxide peak at 855.9 eV. For all monatomic
sputtering parameters, the ratio of metal to oxide increases with addi-
tional sputtering, as shown by the increase in metal to oxide from the
first 5 nm sputtering cycle to the second 5 nm cycle (Fig. 6a). Between
the sputtering parameters, a lower extent of reduction was observed for
the highest energy 4000 eV argon ions as well as the low current 300 eV
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sputtering point, while the intermediate, 1000 eV energy sputtering
yielded a greater extent of reduction.

Fig. 6b illustrates the metal to oxide ratios that were found when
sputtering with the cluster argon ion source. As shown in the figure,
significant sputtering reduction occurred with energies of 8000 eV and
4000 eV at cluster sizes of 500 and 75 atoms which correlated with the
observed results present in Fig. 4. For both 4000 and 8000 eV ion en-
ergies, the metal to oxide area ratios are low when cluster sizes of 2000
atoms are used, suggesting that larger cluster sizes may avoid extensive
sputtering reduction. However, this may be attributable to lower sput-
tering rates associated with lower energy to cluster size ratios. At the
lowest cluster ion energy of 2000 eV, the extent of reduction is low as
signified by the low metal to oxide ratios, suggesting that lower energy
sputtering is desirable to avoid reduction.

3.5. Long term cluster sputtering

Fig. 7 contains the Cls and Ni2p3,, spectra recorded from the
oxidized nickel following etching with 4000 eV, 500 atom clusters and
2000 eV, 75 atom clusters for three cycles of one and two hours per
cycle, respectively. Notably, the absolute intensity is presented for the
Cls spectra. For both cluster parameters, the carbon signal decreased
significantly from the native state to the first sputtering level. Subse-
quent sputtering cycles resulted in a further decrease in the carbon
content present, however, the decrease is marginal relative to the initial
cycle. Residual carbon may be present due to the textured morphology
shown in Fig. 2¢c. As shown in Fig. 7a and 7b, the higher energy cluster

sputtering removed more carbon relative to the 2000 eV cluster sput-
tering. However, as shown in Fig. 7c and 7d, significant reduction was
experienced when 500 atom, 4000 eV clusters were used while the 75
atom, 2000 eV clusters did not result in extensive reduction. It is likely
that the low energy clusters are not sputtering the oxide which may
explain the lack of observed reduction [22]. While removal of the oxide
without reduction is desirable, the ability to remove surface contami-
nants such as carbon is useful as it allows for greater signal strength to be
achieved from the elements of interest. Furthermore, in cases where
oxygen speciation is of interest, removal of adventitious carbon may be
beneficial as it has recently been estimated that approximately 25 % of
the adventitious carbon species are associated with oxygen [24].

4, Conclusion

Sputtering induced reduction of nickel was observed in the Ni 2p X-
ray photoelectron spectra for all monatomic sputtering parameters used
to sputter oxidized nickel. For cluster source sputtering, reduction was
observed when high energy and low cluster size parameters were
selected. For the higher energies of 4000 eV and 8000 eV, significant
reduction was limited when larger cluster sizes of 2000 atoms were used
which may be due to the lower sputtering rate achieved through their
use. At the lowest energy of 2000 eV, cluster sputtering resulted in an
insignificant amount of metal being produced, regardless of cluster size.
Significant reduction was observed at an energy of 4000 eV and cluster
size of 500 atoms with an E/n value of 8 eV/atom while a higher E/n
value of 26.67 eV/atom for the 2000 eV and 75 atom avoided significant
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reduction, suggesting that the extent of reduction caused by cluster ion
sputtering does not vary monotonically with E/n value. It is possible that
the low energy clusters were not able to sputter the oxidized nickel.
Despite this, low energy clusters may minimize the risk of damaging
surface species of interest while sputtering to remove unwanted surface
contaminants. In future publications, sputtering rates will be determined
for cluster sputtering through the use of oxide films of known depths.
This will elucidate if the low extent of reduction experienced by low
energy cluster sputtering is due to an inability to remove the oxide.
Additionally, multiple other oxide systems will need to be explored due
to differing propensities for sputtering induced reduction. It is important
to note that the observed results may not be easily transferable to non
Thermo Scientific systems; however, the observed results may serve as a
guideline when performing surface cleaning and encourage all users to
explore the use of low energy clusters for sputtering sample surfaces.
Future work will explore this phenomenon for samples with different
compositions, with the aim to develop a comprehensive model and
predictive capability for sputtering induced reduction for a variety of
oxide systems.
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