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1 | INTRODUCTION
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The greater information depth provided in hard X-ray photoelectron spectroscopy
(HAXPES) enables nondestructive analyses of the chemistry and electronic structure
of buried interfaces. Moreover, for industrially relevant elements like Al, Si, and Ti,
the combined access to the Al 1s, Si 1s, or Ti 1s photoelectron line and its associated
Al KLL, Si KLL, or Ti KLL Auger transition, as required for local chemical state analysis
on the basis of the Auger parameter, is only possible with hard X-rays. Until now,
such photoemission studies were only possible at synchrotron facilities. Recently,
however, the first commercial XPS/HAXPES systems, equipped with both soft and
hard X-ray sources, have entered the market, providing unique opportunities for
monitoring the local chemical state of all constituent ions in functional oxides at dif-
ferent probing depths, in a routine laboratory environment. Bulk-sensitive shallow
core levels can be excited using either the hard or soft X-ray source, whereas more
surface-sensitive deep core-level photoelectron lines and associated Auger transi-
tions can be measured using the hard X-ray source. As demonstrated for thin Al,O3,
SiO,, and TiO, films, the local chemical state of the constituting ions in the oxide
may even be probed at near-constant probing depth by careful selection of sets of
photoelectron and Auger lines, as excited with the combined soft and hard X-ray
sources. We highlight the potential of lab-based HAXPES for the research on func-
tional oxides and also discuss relevant technical details regarding the calibration of

the kinetic binding energy scale.
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monochromated Al-Ka (1,486.7 eV) radiation. However, many of the

early XPS systems were using different anode materials, in particular

X-ray photoelectron spectroscopy (XPS) is a powerful tool for chemi-
cal state analysis. It was established by Kai Siegbahn in the 1950s,
who was awarded the Nobel Prize® for his work in 1981. Today, XPS
has become a routine characterization technique for surface and inter-
face analysis in many laboratories around the globe. Most commercial

XPS systems that are currently on the market are based on

nonmonochromatic Mg-Ka (1,253.6 V) sources, as well as other non-
monochromatic X-ray sources with much higher excitation energies,
such as Mo-Ka (17,479 eV)? Ag-la (2,984.3 eV)® Rh-La
(2,696.8 eV),® and Zr-La (2,042.4 eV).* Even monochromated Al-Ko
and Cr-Kp sources were combined, because the energy of the fourth-

order reflection of the relatively low-intensity Cr-Kg line (5,946.7 eV)
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almost exactly matches that of the Al-Ka line (1,486.6 eV).>® XPS
using X-rays with energies in excess of 2 keV is commonly referred to
as hard X-ray or high-energy XPS, further denoted as hard X-ray pho-
toelectron spectroscopy (HAXPES). The first HAXPES measurements,
using nonmonochromatic Mo-Ka radiation, were reported as early as
1957 by Siegbahn's group.? It is generally acknowledged that the use
of hard X-rays (instead of soft X-rays) offers many advantages for
dedicated XPS studies, such as the following:

e An increased probing depth of photoelectrons from shallow core
levels as well as the valence band structure, thus allowing nonde-
structive analysis of the chemistry and electronic structure of thin
films and their buried interfaces up to depths of about 20 nm: see
Figure 1A.

o Access to deep core-level photoelectron lines and deep core-level
Auger transitions, which are not accessible by conventional XPS,
allowing advanced chemical state studies.

e The capability to separate commonly overlapping photoelectron
and Auger lines by employing different photon energies, thereby
facilitating chemical state and quantitative XPS analysis of complex
multielement compounds.

e Improved capabilities for nondestructive XPS analysis by resolving
the intrinsic (primary zero loss) and extrinsic (inelastically scattered)
intensities”® of multiple shallow and deep core-level photoelectron
lines with their different information depths and inelastic back-

ground shapes.”"1?

In recent days, modern synchrotron facilities provide monochromatic
X-ray beams with a tuneable energy ranging from the soft X-ray (hun-
dreds of eV or even lower) to the hard X-ray regime (exceeding
2 keV), depending on the synchrotron design. Moreover, synchrotron
X-ray beams are much more brilliant (i.e., providing higher photon
fluxes) as compared with conventional lab-based X-ray sources, which
is very beneficial to counter the drastic decrease of the photoioniza-

tion cross section of the shallow core levels with increasing excitation
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energy.? On the downside, the very bright X-ray beam at the syn-
chrotron can easily induce unwanted degradation in volatile and meta-
stable materials, even for short irradiation times. In recent years,
HAXPES at the synchrotron has been very successfully applied to
characterize buried interfaces and bulk-like chemical and electronic
structures of thin-film devices, catalysts, and other functional
materials.*>"1> However, comprehensive chemical state studies by
HAXPES at the synchrotron in dependence of the synthesis,
processing, and/or environmental exposure conditions are rare®
which can be attributed to limited access and measurement time at
synchrotron facilities and the resulting lack of a direct feedback loop
between synthesis and characterization.

In recent years, the first commercial lab-based HAXPES spec-

trometers became available on the market.!”

At present, the available
configurations typically include an Ag-La, Cr-Ka, or Ga-Ka hard X-ray
source, which can be combined with a soft Al-Ka X-ray source (further
referred to as dual-source HAXPES or DS-XPS). The relatively weak
signal intensity of the more bulk-sensitive, shallow core-level photo-
electron lines, as excited by hard X-rays, can be compensated by
employing a relatively large (e.g., spot size 2100 pm) and grazing
(e.g., 70° with respect to surface normal) incident X-ray beam, as well
as a relatively large angular opening of the analyzer lens (e.g., 20°-
30°). In addition, the pass energy for photoelectron detection can be
increased, at the cost of the energy resolution. The full potential of a
DS-XPS approach, analogous to conventional XPS, can be accessed by
implementing the spectrometer in an integrated system with com-
bined synthesis, processing, and analysis. The strength of such an in
situ experimental approach combining DS-XPS analysis with con-
trolled environmental processing, as will be implemented at the Empa
laboratories in 2020, is the high versatility of scientific studies that
can be performed on a day-to-day basis in parallel to reveal the evolu-
tion of the chemistry and electronic structure of buried interfaces in
thin films, catalysts, and other types of functional (nano-)materials
during successive synthesis, processing, and environmental exposure
steps.
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FIGURE 1 A, Normalized intensity of zero-loss photoelectrons, as detected from atoms at depth z beneath the surface in a homogenous
inorganic solid at @ = 45°. The trend is shown for typical values of the inelastic mean free path of photoelectrons emitted using different X-ray
sources (Al-Ka 4 =2 nm, Cr-Ka 1 =5 nm, and Ga-Ka 4 = 10 nm). B, The surface region of oxides is typically not homogeneous. In addition,

charging of the surface can lead to depth-dependent peak shifts



SIOL ET AL.

S
I

“_WILEY_L_2

2 | CHEMICAL STATE ANALYSIS BY LAB-
BASED HAXPES COMBINING SOFT AND
HARD X-RAY SOURCES

One major advantage of HAXPES compared with conventional XPS is
the increase in information depth (see Figure 1A), which enables non-
destructive analysis of the chemistry and electronic structure at bur-
ied interfaces in functional thin films and nano-multilayer stacks,
relevant for many existing and emerging nanotechnologies. For exam-
ple, the different valence state of an element at a buried interface can
be distinguished based on the chemical shift of the respective core-
level photoelectron line with respect to its bulk or reference state.'®
Analogously, bulk-like chemical and electronic properties of functional
materials with deviating surface properties (e.g., passivated metal and
alloy surfaces, as well as oxidized and reduced catalysts) become
Notably, the
increased probing depth of HAXPES can also effectively aid to miti-

accessible without detrimental sputtering effects.
gate daily problematics in nondestructive XPS analysis of air-exposed
specimens due to inevitable surface contaminants, like adventitious
carbon and/or oxygen (see Figure 2A). Depth-resolved analysis by
HAXPES at the synchrotron or by DS-XPS in the lab also provides
extended capabilities for studying the electronic properties of energy
conversion materials, for example, of band bending effects due to the

presence of interface or surface states'? 22

and/or gradients in dop-
ing, which can cause a shift in the Fermi level (and thus of the photo-
electron lines) as function of depth below the surface (see Figure 1B).
Provided that the angular lens opening (or segment) for electron
detection is not too large (presumably less than or equal to +10°),

depth-dependent gradients in valence states and/or chemical

1823-25 could also be nondestructively assessed in the

composition
laboratory by combining DS-XPS with angle-resolved analysis.

The use of hard X-rays in HAXPES also provides access to a
wealth of deep core-level photoelectron lines and their associated
deep core-level Auger transitions, which are not available by soft X-
rays. The chemical shifts of Auger lines are typically larger than those
of the respective photoelectron lines, which is a direct consequence

of the smaller final state relaxation energy for the single core-hole

A

final state in the photoemission process as compared with the double
core-hole final state in the Auger process.?® As first recognized by
Wagner,”’28 detailed information about the local chemical state of a
given element in a compound can thus be derived from the combined
analysis of its core-level photoelectron lines and the corresponding
Auger electron line. The local chemical state of an element in a solid
primarily comprises the first coordination sphere around the core-
ionized atom, as well as the angles and distances between the core-
ionized atom and its first neighboring atoms (or ions). The modified
Auger parameter (AP) o’ of an element in a compound, as originally

2728 is defined as the sum of the binding energy

proposed by Wagner,
Eg of a strong core-level photoelectron line (PE) and the kinetic
energy Eg of a respective prominent and sharp core-core Auger transi-
tion (AE) (see also Figure 2A).

o =Ex (AE) +Eg (PE) = Ex (AE) + hv - Ex (PE), (1)
where hv is the X-ray excitation energy and Ex (PE) corresponds to
the kinetic energy of the emitted photoelectron. The change in Ex
(PE) for the atom in a given compound with respect to its reference
state is typically referred to as the chemical shift. The magnitude of
the chemical shift, AEx (PE), is the result of the differences in initial
state Ae and final state AR*® effects for the single core-ionized atom
in the compound with respect to a given reference state and can be
expressed by

AEy (PE) = - Ae +AR®, (2)
where Ae is the energy difference of the core-level electron shell in
the ground state of the atom?®?” and AR® is the difference in the
extra atomic relaxation (or polarization) energy for the single core-
jonized atom.242?2° The magnitude of R® arises from the final state
screening of the core-hole state created in the photoemission process
by electrons from neighboring atoms in the compound, as illustrated
in Figure 2B (i.e., for a single isolated atom: R*® = 0). Hence, the value
of AR®® can be directly related to the electronic polarizability of the
neighboring atoms (ligands) around the central (i.e., core-ionized) atom
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FIGURE 2 The Auger parameter is defined as the distance between the kinetic energies of a core-level photoelectron line and its deep core-
level Auger electron for a given element (A) in the compound. The Auger parameter is a powerful tool for investigations of the local chemical
state, as well as other important materials properties such as the electronic polarizability (B). Please note that the adventitious carbon peak, which
is clearly visible in the soft Al-Ka spectrum, has practically disappeared in the hard Cr-Ka spectrum recorded from the identical sample
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2627 \which is very sensitive to structural

upon core-hole formation,
changes in the nearest coordination sphere of the core-ionized atom.
The kinetic energy shift of a core-core Auger line AEk is the
result of the differences in initial state and final state effects for the
double core-ionized atom in the compound with respect to the refer-

ence state and can be approximated by

AEx (AE)~ - Ae+3AR®. (3)

As follows from Equation 1, subtraction of Equations 2 and 3 results
in the AP shift with respect to its reference state:

Ad =2 x AR®. (4)

This implies that the AP shift for an atom in a given compound with
respect to its reference state is proportional to the difference in extra
atomic relaxation energy, which can be related to important physical
properties, such as the electronic polarizability, the dielectric constant,
or the relative density.31-23 By analyzing the kinetic energy difference
between a core-level photoelectron and its corresponding Auger line
(rather than an absolute binding energy position of a single photoelec-
tron line), uncertainties in the position of the Fermi level, as well as
the complex balance of initial and final state contributions to binding
energy shifts, can be avoided. Notably, the AP value is independent of
static charging and does not even require a precise calibration of the
spectrometer work function, which is particularly useful for esta-
blishing changes in the chemical environment of insulating and
photoactive materials.

The KLL and LMM Auger transitions are among the most intense
and commonly studied Auger transitions and require the excitation of
a photoelectron from core shells with quantum number n = 1 (K) and
n = 2 (L) for triggering the associated Auger transition. In this regard, it
should be emphasized that the derivation of Equation 4 is only valid
for core-core Auger transitions; KLL and LMM Auger transitions with
a final core hole in L and M valence shells, respectively, should not be
used. This very much restricts the number of elements available for
AP studies based on relatively sharp and intense KLL and LMM Auger
transitions, in particular, when using soft X-ray sources.?%273% For
example, the KLL transition requires activation of the 1s photoemis-
sion process, which for monochromatic Al-Ka radiation is only possi-
ble for elements with an atomic number of up to 12 (Mg).
Consequently, elements such Al, Mg, Si, and Ti, which are crucial for
advancing a broad range of existing and emerging technologies, can-
not be assessed by modern XPS systems (using monochromatic Al-Ka
sources). In the past, this physical limitation was partially circum-
vented by exploiting the Bremsstrahlung radiation of
nonmonochromated X-ray sources to excite deep core-level photo-
electrons for triggering the associated deep core-core Auger
transition.2?-3335-38 Bremsstrahlung generates a continuous spectrum
of X-rays with an energy up to the acceleration voltage of the elec-
trons (typically tens to hundreds of keV), which can activate the deep
1s core-level photoemission process for measuring the sharp and

intense KLL Auger lines (at apparent negative binding energies). In this

way, for example, the changes in the local chemical states of Al cat-
ions and O anions in Al,O3 thin films could be monitored across the
amorphous-to-crystalline transition.>> However, unfocused non-
monochromatic X-ray sources have become obsolete in modern XPS
systems, because they typically rely on focused scanning X-ray beams
(with ever-smaller beam widths) and relatively wide angular openings
of the hemispherical analyzer input lens. Consequently, despite its
indisputable scientific merit, AP analysis has become a rare sight in
recent literature featuring surface and interface analysis using XPS.
With the renewed interest in lab-based HAXPES, we expect a revival
in chemical state studies on the basis of the AP concept.

The higher the energy of the applied X-ray excitation source, the
higher the kinetic energy of the detected core-level photoelectrons.
On the contrary, detected core-core Auger electrons have a fixed
kinetic energy, independent of the X-ray excitation energy. This
implies that (see Figure 1A), the higher the energy of the applied X-
ray source in HAXPES, the higher the probing depth of the measured
core-level photoelectron line as compared with the constant probing
depth of the core-core Auger electron line. This is illustrated in
Figure 3 for the angle-dependent probing depths of the Al 2s, Al 2p,
and O 1s core-level emission lines, as well as the corresponding Al
KLL and O KLL Auger electron lines, in am-Al,O3 for soft Al-Ka and
hard Cr-Ka X-rays. According to Equation 2, the modified APs for
Al,O3 are calculated as follows (see Figure 2A):

AP of Oanions: ag = Ex(OKLL) +Eg(O1s), (5a)

AP of Al cations : ay, = Ex (AIKLL) + Eg (Al 15/25/2p). (5b)

As reflected in Figure 3, when using only hard X-ray radiation
(e.g., Cr-Ka or Ga-Ka), the Auger (O KLL and Al KLL) and photoelec-
tron lines (O 1s and Al 2p) pertaining to Equations 5a and 5b will origi-
nate from different depths. For example, for a normal detection angle
of 0° with respect to the surface normal, the differences in probing
depths of the O 1s, Al 2s, and Al 2p photoelectron lines for the Al-Ka
and Cr-Ka radiation exceed 20 nm. Similar graphs of the angle-
dependent probing depths of the 1s, 2s, and 2p photoelectron lines
and associated KLL Auger lines in SiO, and TiO, for soft Al-Ka and
hard Cr-Ka sources are provided in the Supporting Information.

It can thus be concluded that chemical state AP analysis by hard
X-rays generally results in very different probing depths of the studied
core photoelectron and core-core Auger lines. This might be
unproblematic for chemical state AP studies of homogenous bulk
compounds but becomes very critical for studying the local chemical
states of atom constituents in inhomogeneous surface regions. For
example, AP analysis of a thin film using a given hard X-ray energy
becomes erroneous if the film experiences depth-dependent gradients
in the composition, structure, or density or if depth-dependent shifts
in the Fermi level occur due to differential charging and/or band
bending (see below). Because the kinetic energy of an Auger electron
is independent of the incident X-ray energy, the probing depth of the
core-core Auger line can only be varied by varying the electron detec-

tion angle. The probing depth of the core photoelectron line can be
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FIGURE 3 Angle-dependent probing depths of the Al KLL and O KLL Auger electron lines A, as well as the corresponding Al 2s, Al 2p, and O
1s core-level emission lines B, in amorphous Al,O3 for soft Al-Ka and hard Cr-Ka X-ray sources. The detection angle is given relative to the
specimen surface normal. The inelastic mean free paths (1) for determination of the probing depths were calculated from the well-known TTP-2
model (see Section 5). It follows that the chemical state analysis of Al cations and O anions in Al,O3 can be performed at constant depth by
combining soft and hard X-rays with specific detection angles for each line. Determining the Auger parameter of Al or O only with the hard X-ray

source results in large differences in probing depth

tuned to match the probing depth of the core-core Auger line by vari-
ation of the X-ray excitation energy and/or the detection angle. This
implies that state-of-the-art chemical state AP studies at constant
probing depth in a laboratory environment require at least the combi-
nation of a soft and hard X-ray source. As such, the core-core Auger
lines can be excited using the hard X-ray source, whereas the core
photoelectron lines can be probed by either the soft or the hard X-ray
to closely match the probing depth of the Auger line. By selecting the
appropriate excitation source and electron detection angle for each
line, the AP analysis can be performed at approximately constant
probing depth. In the case of Al,O3, the measurement conditions
would be Al KLL with Cr-Ka at 8 ~ 62°, Al 1s with Cr-Ka at 0 ~ 78°,
and Al 2s/2p with Al-Ka at 8 ~ 62°, which results in an approximate
constant probing depth of 4.5 + 0.5 nm (see Figure 3).

A first case study on the AP analysis of oxides using a lab-based
dual-source XPS/HAXPES system was performed at the research lab-
oratories of Ulvac-Phi in Japan using the commercial PHI Quantes
XPS/HAXPES system of physical electronics. The PHI Quantes system
is equipped with scanning monochromatic Al-Ka and Cr-Ka X-ray
sources. As part of our test measurement schedule, we performed an
AP analysis of the local chemical states of Al and O in an amorphous
Al,O3 (am-Al,O3) layer, as produced by atomic layer deposition (ALD),
in comparison with the corresponding local chemical states in a single-
crystalline sapphire (a-Al,O3) reference. Given the limited time frame
of this preliminary study, all spectra were recorded at a normal detec-
tion angle of 0° only (i.e., normal to the sample surface). AP analysis
on the basis of the O and Al KLL Auger lines, as measured with Cr-Ka,
and the O 1s and Al 2p photoelectron lines, as recorded with Al-Ka,
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FIGURE 4 Auger parameter (AP) analysis (Wagner or chemical state plot) of the local chemical states of Al cations and O anions in an
amorphous Al,O3 (am-Al,O3) layer, as produced by atomic layer deposition, in comparison with the corresponding local chemical states in a
single-crystalline sapphire (a-Al,O3) reference. The AP analysis was performed using Cr-Ka X-rays for measuring the Al KLL line and Al-Ka X-rays
for measuring the Al 2p, O 1s, and O KLL lines, resulting in an approximate probing depth of 7.5 + 2.5 nm. (A) shows the AP for Al, and (B) shows
the AP for O. The results for a-Al,O3 are in excellent agreement with previous values from literature.>” When using only Cr-Ka radiation, the
Auger and photoelectron lines originate from different depth resulting in an apparent shift of the AP
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then results in an approximate probing depth of about 7.5 + 2.5 nm
(see Figure 4). The change of the modified Al and O APs can be visual-
ized by constructing a so-called Wagner (or chemical state) plot by
plotting the kinetic energy of the Auger line as a function of the
(reverse) binding energy of the photoelectron line. The lines with
slope -1 in the chemical state plot then represent a constant value of
the modified AP: see Figure 4A,B. Corresponding reference values of
«y, and oy for sapphire, as reported for nonmonochromated Al-Ka or
Mg-Ka sources (corresponding to a very similar information depth),3”
are also indicated by the dashed lines.

As follows from Figure 4AB, the AP values of Al cations and O
anions in a-Al,O3 by dual-source XPS/HAXPES are in excellent agree-
ment with previous values obtained by nonmonochromated soft X-
rays. However, the local chemical states of Al and O in the am-Al,O3
ALD layer distinctly differ from those in a-Al,O3, which can be attrib-
uted to the lower density and different local coordination spheres in
am-Al,O; as compared with a-Al,03.242°7%% Namely, besides the
lower density of the am-Al,O3; ALD layer due to the presence of free
volume, the interstitial Al cations in «-Al,O3 are all octahedrally coor-
dinated by O, whereas am-Al,O5 phases typically have a mixed coor-

|32,33 and

dination of tetrahedrally and octahedrally coordinated A
even penta-coordinated Al,*® depending on the synthesis method and
processing history. This results in a more pronounced (positive) shift
of the AP of the Al cations in the am-Al,O3 ALD layer with respect to
the a-Al,O3 reference (i.e., Aaj = 0.56 eV) as compared with the
(negative) shift of the corresponding O AP (i.e., Aag = 0.33 eV). In a
future research work, the ALD synthesis conditions of the defective
am-Al,O3 ALD layers could be systematically tuned such that their AP
values approach those of a-Al,Og3, thereby likely also achieving similar
properties.

As reflected in Figure 3, the Al 2p core photoelectron line
recorded by hard Cr-Ka X-rays has a much larger probing depth than
the respective core-core Auger line. To investigate the effect of the
choice of the X-ray excitation source on the AP analysis of a suppos-
edly homogenous bulk compound, the reference values of o), and oy
for a-Al,O3 were also determined by using the photoelectron and
Auger lines excited by hard Cr-Ka X-rays only: see open markers in
Figure 4A,B, respectively. Surprisingly, even for the supposedly homo-
geneous a-Al,Os3 reference, the AP values of Al and O are both
shifted to lower AP values due to a selective and equal shift of the Al
2p and O 1s photoelectron lines toward lower binding energies
(as compared with the respective Al-Ka photoelectron lines). The
a-Al,O3 reference is highly insulating, and therefore, all measurements
related to Figure 4 were performed by electrically decoupling the
insulating samples from ground, while applying dual beam charge neu-
tralization using a combination of low-energy electrons and Ar* ions
to achieve steady-state surface charge compensation. However,
apparently, the floating a-Al,O3 specimen exhibits differential charg-
ing as a function of depth below the surface.*® Notably, an X-ray-
induced surface photovoltage or junction voltage in photoactive

materials??4!

can give rise to similar artifacts. This will be
unproblematic for chemical state AP analysis at constant depth using

the combination soft and hard X-rays (see above) but will produce

falsified results if the core photoelectron and Auger lines are probed
at different depths with the hard X-ray source only. If only hard X-ray
radiation is available, this effect can be remedied by setting the detec-
tion angle for the photoelectron line measurements to grazing angles
(>75°) to achieve a near-constant probing depth for both photoelec-
tron and Auger electron lines (see Figure 3).

3 | CALIBRATION OF THE ENERGY SCALE
In-depth chemical state AP analysis also requires an accurate calibra-
tion of the linearity of the kinetic/binding energy scale of the analyzer
over the full kinetic energy range. A single point calibration, such as
referencing only the Au 4f;,, line, is insufficient to ensure good linear-
ity of the energy scale. For a more accurate calibration of the analyzer,
a multipoint calibration using well-defined reference samples has to
be performed. In conventional XPS measurements, the binding energy
positions of the Au 4f;,,, Ag 3ds/,, and Cu 2p3,» photoemission lines
are well defined (ISO #15472; see Table 1) and provide a sufficient
spread in kinetic energy to perform an accurate energy scale calibra-
tion up to binding energies of about 1,200 eV (Table 1). However, for
modern lab-based HAXPES instruments, the binding energy range
exceeds this range by far, and the binding energies of deeper core
levels, which could provide additional reference points toward higher
binding energies (i.e., low kinetic energies), are not nearly as well
defined. As an alternative, we suggest measuring well-established
Auger emission lines of standard reference samples (e.g., metallic Cu
and Ag) at low kinetic (apparent high binding) energies such as the Cu
LsM45Mys of pure Cu or the Ag M4N4sN4s line of pure Ag to perform
a multipoint calibration of the energy scale on a single-source lab-
based HAXPES system. For a DS-XPS spectrometer, the same refer-
ence sample measured with the soft and hard X-ray source already
provides two sets of data points at opposite sides of the kinetic
energy scale, which can be straightforwardly used for an effective
two-point calibration of the energy scale (e.g., Ag 3ds,, offers two ref-
erence points at 1,118.5 and 5,046.5 eV, in a spectrometer utilizing
Al-Ka and Cr-Ka radiation). To offer additional data points for calibra-
tion of even wider energy scales, we also report the thus-calibrated
positions of the Ag 2p3/2, Au 3ds,/5, and Ag 2s lines (see Table 1).

The combination of hard and soft X-rays by DS-XPS for chemical
state AP analysis of insulating materials poses an additional challenge.
The different penetration depths and incident photon fluxes of the
soft and hard X-ray sources may result in changes in differential
charging of the specimen surface®® when switching from soft to hard
X-rays during the dual-source analysis, even if charge neutralization is
applied (see Figure 1B). Analogously, Fermi-level shifts by X-ray-
induced surface photovoltage or junction voltage in the case of
photoactive materials should depend on the penetration depth and
flux of the X-rays.1?#! Because a common Auger line in the recorded
soft and hard X-ray spectra by DS-XPS always originates from the
same probing depth, it is proposed here to align the absolute kinetic
energy scales of the recorded soft and hard X-ray spectra on a com-

mon Auger line of the studied compound. As such, differences in
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TABLE 1  Suggested reference photoelectron and Auger lines for calibration of lab-based XPS/hard X-ray photoelectron spectroscopy
instruments

Feature BE (eV) KEaj-k« (€V) KEag-L (€V) KEcr-ke (€V) KEgGa-ka (€V) Reference

Fermi edge 0 1,486.7 2,948.3 5,414.7 9,251.7

Au 4f;,, 83.96 + 0.02 1,402.74% 2,864.34 5,330.74° 9,167.74 ISO #15472

Ag 3ds/, 368.21 £ 0.02 1,118.49° 2,580.09 5,046.49° 8,883.49 I1SO #15472

Cu 2p3,2 932.62 +0.02 554.08 2,015.68 4,482.08 8,319.08 ISO #15472

Au 3ds,/ 2,206.7 +0.1 - 741.6 3,208 7,045 This work

Ag 2ps/» 3,352.7 £ 0.1 = = 2,062 5,899 This work

Ag 2s 3,807.7 0.1 - - 1,607 5,444 This work

Cu L3MysMys - 918.62 + 0.03 918.62 + 0.03 918.62 + 0.03 918.62 +0.03  Seah et al.*? and Biesinger*®

Ag M4N4s5Nys - 357.81 +0.03 357.81 +0.03 357.81+0.03 357.81 +0.03 Seah et al.*?

Note. Shown are the binding energy (BE) and kinetic energies (KEs) for selected lines of Au, Ag, and Cu. The different excitation energies in dual-source
instruments allow for a multipoint calibration of the kinetic energy scale using well-established reference samples.

Lines used for calibration in this work.

depth-dependent shifts of the recorded photoelectron and Auger
lines due to electrical charging or X-ray-induced Fermi-level shifts
between the soft and hard X-ray source can be largely canceled out.
Figure 5 illustrates the concept of the energy scale alignment using
the O KLL of Al,O3; recorded by DS-XPS using Al-Ka and Cr-Ka

sources.

4 | SUMMARY AND FUTURE DIRECTIONS

The development of state-of-the-art lab-based HAXPES spectrome-
ters offers exciting new possibilities for materials science at surfaces
and interfaces, which complement standard XPS measurements. With
the increase in information depth, new experimental challenges and
potential pitfalls arise. When different photoelectron and Auger elec-
tron lines are combined for local chemical state analysis, the probing

depth has to be considered. We suggest a straightforward

Eg crka (O KLL) = Eg arq (O KLL) = 3928 eV
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FIGURE 5 The combination of multiple excitation sources
requires careful calibration and alignment of the energy scales. The
absolute energy scale alignment for different X-ray excitation sources
can be performed by aligning a common Auger line with constant
probing depth, such as the O KLL line for oxide compounds, at a
defined reference value

measurement principle for studying the AP at near-constant informa-
tion depth, which is based on angle-resolved measurements using a
combination of soft and hard X-ray sources. By following this mea-
surement strategy, previously well-established reference values for
bulk a-Al,O3 were accurately reproduced using a modern dual-source
XPS/HAXPES (DS-XPS) instrument. In contrast, a conventional AP
analysis using only the hard X-ray source on the same instrument
leads to an artificial shift in the Al and O APs due to a large spread in
probing depths of the recorded core photoelectron (O 1s and Al 1s)
and corresponding KLL Auger lines (O KLL and Al KLL), which con-
firms the requirement to consider the different probing depths of the
employed photoelectron and Auger lines for state-of-the-art chemical
state analysis.

State-of-the-art chemical state studies of functional materials by
lab-based DS-XPS profit from an integrated system with combined
synthesis, processing, and environmental exposure, as will be
implemented at the Empa laboratories in 2020. This enables diverse
scientific studies on a day-to-day basis to reveal the evolution of the
chemistry and electronic structure of buried interfaces in thin films,
catalysts, and other types of functional (nano-)materials during suc-

cessive synthesis, processing, and environmental exposure steps.

5 | METHODS

The data reported in this work were collected at the ULVAC-Phi facil-
ity in Chigasaki, Japan. Hard XPS was performed using a Physical Elec-
tronics Quantes spectrometer featuring monochromated Al-Ka and
monochromated Cr-Ka radiation at energies of 1,486.7 and
5,414.7 eV, respectively. Unless otherwise specified, the analysis was
conducted at a pass energy of 69 eV, and an electron take of angle
was 0° relative to the substrate normal to maximize the count rates.
Charge neutralization was achieved using a low-energy electron flood
gun. The energy scale of the instrument was calibrated using an effec-
tive two-point calibration using Au 4f;,,, Ag 3ds,,, and Cu 2p3,, pho-
toemission lines excited using both sources to create reference points



SIOL ET AL

¢ LwiLey-} ™

at both ends of the kinetic energy scale (see Table 1 for details). For
the AP study, the different static charges for the Cr-Ka measurements
and the Al-Ka measurements were compensated by aligning the O
KLL line (and shifting the Cr-Ka-related spectra accordingly). The
amorphous (am) Al,O3; sample was deposited via ALD in an Ultratech
Fiji G2 plasma-enhanced ALD system at 150°C in thermal mode from
water and trimethylaluminum precursors. A commercial sapphire sub-
strate (Crystec) with (0001) cut was used as a-Al,O3 reference. The
samples were mounted using nonconductive adhesive tape to avoid
differential charging. The inelastic mean free paths (1) for determina-
tion of the angle-dependent probing depths in am-Al,O3, am-SiO,,
and TiO, were calculated from the well-known TTP-2 model, while
assuming oxide densities of 3.6, 3.8, and 2.2 g/cm?®, band gaps of
6, 3.2, and 6 eV, and 24, 16, and 16 valence electrons, for am-Al,Os,

am-SiO,, and TiO,, respectively.

ACKNOWLEDGMENTS

The authors would like to thank ULVAC-PHI for the opportunity to
conduct the test measurements. We acknowledge financial support
from the Swiss National Science Foundation (R'Equip program,
Proposal 206021_182987). The Laboratory for Thin Films and
Photovoltaics at Empa is acknowledged for providing the am-Al,O3
sample.

ORCID

Sebastian Siol "= https://orcid.org/0000-0002-0907-6525

Lars P.H. Jeurgens =" https://orcid.org/0000-0002-0264-9220

REFERENCES

1. Siegbahn K. Electron spectroscopy for atoms, molecules, and con-
densed matter. Science (80-). 1982;217(4555):111-121. https://doi.
org/10.1126/science.217.4555.111

2. Nordling C, Sokolowski E, Siegbahn K. Precision method for
obtaining absolute values of atomic binding energies. Phys Ther
Rev. 1957;105(5):1676-1677. https://doi.org/10.1103/PhysRev.105.
1676

3. Keski-Rahkonen O, Krause MO. Energies and chemical shifts of the
sulphur 1s level and the KL2L3(1D2) Auger line in H,S, SO, and SF.
J Electron Spectros Relat Phenomena. 1976;9(4):371-380. https://doi.
org/10.1016/0368-2048(76)80055-2

4. West RH, Castle JE. The correlation of the Auger parameter with
refractive index: an XPS study of silicates using Zr La radiation. Surf
Interface  Anal.  1982;4(2):68-75.  https://doi.org/10.1002/sia.
740040208

5. Diplas S, Watts JF, Tsakiropoulos P, Shao G, Beamson G,
Matthew JAD. X-ray photoelectron spectroscopy studies of Ti-Al and
Ti-Al-V alloys using Cr KB radiation. Surf Interface Anal. 2001;31(8):
734-744. https://doi.org/10.1002/sia.1103

6. Diplas S, Watts JF, Morton SA, et al. Electron spectroscopy with Cr
Kp photons: high energy XPS and X-AES. J Electron Spectros Relat Phe-
nomena. 2001;113(2):153-166. https://doi.org/10.1016/S0368-2048
(00)00290-5(00)00290-5

7. Lyapin A, Jeurgens LPH, Graat PCJ, Mittemeijer EJ. The initial, ther-
mal oxidation of zirconium at room temperature. J Appl Phys. 2004;96
(12):7126-7135. https://doi.org/10.1063/1.1809773

8. Jeurgens LPH, Sloof WG, Borsboom CG, Tichelaar FD,
Mittemeijer EJ. Determination of total primary zero loss intensities in
measured electron emission spectra of bare and oxidised metals. Appl

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Surf Sci. 2000;161(1-2):139-148. https://doi.org/10.1016/50169-
4332(00)00273-7

Tougaard S. Universality classes of inelastic electron scattering cross-
sections. Surf Interface Anal. 1997;25(3):137-154. https://doi.org/10.
1002/(SIC1)1096-9918(199703)25:3<137::AID-SIA230>3.0.CO;2-L
Zborowski C, Renault O, Torres A, Yamashita Y, Grenet G,
Tougaard S. Determination of the input parameters for inelastic back-
ground analysis combined with HAXPES using a reference sample.
Appl Surf Sci. 2018;432:60-70. https://doi.org/10.1016/j.apsusc.
2017.06.081

Zborowski C, Tougaard S. Theoretical study toward rationalizing
inelastic background analysis of buried layers in XPS and HAXPES.
Surf Interface Anal. 2019;51(8):857-873. https://doi.org/10.1002/sia.
6660

Trzhaskovskaya MB, Nefedov VI, Yarzhemsky VG. Photoelectron
angular distribution parameters for elements Z=1 to Z=54 in the pho-
toelectron energy range 100-5000 eV. At Data Nucl Data Tables.
2001;77(1):97-159. https://doi.org/10.1006/adnd.2000.0849
Svensson S, Sokolowski E, Martensson N. The First Development of
Photoelectron Spectroscopy and its Relation to HAXPES. In:
Woicik J. ed. Hard X-ray Photoelectron Spectroscopy (HAXPES). Springer
Series in Surface Sciences, Springer; 2016;59:35-42 https://doi.org/10.
1007/978-3-319-24043-5_2.

Woicik J (Ed). Hard X-Ray Photoelectron Spectroscopy (HAXPES).
Springer Series in Surface Sciences. 59 Cham: Springer International
Publishing; 2016 https://doi.org/10.1007/978-3-319-24043-5.
Cancellieri C, Strocov VN (Eds). Spectroscopy of Complex Oxide Inter-
faces. Springer Series in Materials Science. 1st ed. 266 Cham: Springer
International Publishing; 2018 https://doi.org/10.1007/978-3-319-
74989-1.

Beni A, Ott N, Pawelkiewicz M, et al. Hard X-ray photoelectron spec-
troscopy (HAXPES) characterisation of electrochemical passivation
oxide layers on Al-Cr-Fe complex metallic alloys (CMAs). Electrochem
Commun. 2014;46:13-17. https://doi.org/10.1016/j.elecom.2014.
05.024

Regoutz A, Mascheck M, Wiell T, et al. A novel laboratory-based hard
X-ray photoelectron spectroscopy system. Rev Sci Instrum. 2018;89
(7):1-10, 073105. https://doi.org/10.1063/1.5039829

Sing M, Berner G, GoR K, et al. Profiling the interface electron gas of
LaAlO3/SrTiO3 heterostructures with hard X-ray photoelectron spec-
troscopy. Phys Rev Lett. 2009;102(17):1-4, 176805. https://doi.org/
10.1103/PhysRevLett.102.176805

Goldstein B, Szostak DJ. Surface photovoltage, band-bending and
surface states on a-Si: H. Surf Sci. 1980;99(2):235-258. https://doi.
org/10.1016/0039-6028(80)90389-1

Heine V. Theory of surface states. Phys Ther Rev. 1965;138(6A):
A1689-A1696. https://doi.org/10.1103/PhysRev.138.A1689

Siol S, Schulz P, Young M, Borup KA, Teeter G, Zakutayev A. Combi-
natorial in situ photoelectron spectroscopy investigation of
Sb,Ses/ZnS heterointerfaces. Adv Mater Interfaces. 2016;3(24):1-5,
1600755. https://doi.org/10.1002/admi.201600755

Wick-Joliat R, Musso T, Prabhakar RR, et al. Stable and tunable phos-
phonic acid dipole layer for band edge engineering of photo-
electrochemical and photovoltaic heterojunction devices. Energ
Environ Sci. 2019;12(6):9-12. https://doi.org/10.1039/C9EE00748B
Sio S, Ott N, Stiefel M, Débeli M, Unutulmazsoy Y, Jeurgens LPH,
Schmutz P, Cancellieri C. A combinatorial guide to phase formation
and passivation in tungsten titanium oxide alloys. 2019, in
preparation.

Siol S, Beall C, Ott N, et al. Anodizing of self-passivating W, Ti;_, pre-
cursors for W, Ti;_x on oxide alloys with tailored stability. ACS Appl
Mater Interfaces. 2019;11(9):9510-9518. https://doi.org/10.1021/
acsami.8b19170

Panda E, Jeurgens LPH, Mittemeijer EJ. The initial oxidation of Al-Mg
alloys: depth-resolved quantitative analysis by angle-resolved X-ray


https://orcid.org/0000-0002-0907-6525
https://orcid.org/0000-0002-0907-6525
https://orcid.org/0000-0002-0264-9220
https://orcid.org/0000-0002-0264-9220
https://doi.org/10.1126/science.217.4555.111
https://doi.org/10.1126/science.217.4555.111
https://doi.org/10.1103/PhysRev.105.1676
https://doi.org/10.1103/PhysRev.105.1676
https://doi.org/10.1016/0368-2048(76)80055-2
https://doi.org/10.1016/0368-2048(76)80055-2
https://doi.org/10.1002/sia.740040208
https://doi.org/10.1002/sia.740040208
https://doi.org/10.1002/sia.1103
https://doi.org/10.1016/S0368-2048(00)00290-5(00)00290-5
https://doi.org/10.1016/S0368-2048(00)00290-5(00)00290-5
https://doi.org/10.1063/1.1809773
https://doi.org/10.1016/S0169-4332(00)00273-7
https://doi.org/10.1016/S0169-4332(00)00273-7
https://doi.org/10.1002/(SICI)1096-9918(199703)25:3&lt;137::AID-SIA230&gt;3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-9918(199703)25:3&lt;137::AID-SIA230&gt;3.0.CO;2-L
https://doi.org/10.1016/j.apsusc.2017.06.081
https://doi.org/10.1016/j.apsusc.2017.06.081
https://doi.org/10.1002/sia.6660
https://doi.org/10.1002/sia.6660
https://doi.org/10.1006/adnd.2000.0849
https://doi.org/10.1007/978-3-319-24043-5_2
https://doi.org/10.1007/978-3-319-24043-5_2
https://doi.org/10.1007/978-3-319-24043-5
https://doi.org/10.1007/978-3-319-74989-1
https://doi.org/10.1007/978-3-319-74989-1
https://doi.org/10.1016/j.elecom.2014.05.024
https://doi.org/10.1016/j.elecom.2014.05.024
https://doi.org/10.1063/1.5039829
https://doi.org/10.1103/PhysRevLett.102.176805
https://doi.org/10.1103/PhysRevLett.102.176805
https://doi.org/10.1016/0039-6028(80)90389-1
https://doi.org/10.1016/0039-6028(80)90389-1
https://doi.org/10.1103/PhysRev.138.A1689
https://doi.org/10.1002/admi.201600755
https://doi.org/10.1039/C9EE00748B
https://doi.org/10.1021/acsami.8b19170
https://doi.org/10.1021/acsami.8b19170

SIOL ET AL.

S

. “_WILEY_L_?®

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

photoelectron spectroscopy and real-time in situ ellipsometry. J Appl
Phys. 2009;106(11):1-13, 114913. https://doi.org/10.1063/1.
3268480

Moretti G. Auger parameter and Wagner plot in the characterization
of chemical states by X-ray photoelectron spectroscopy: a review.
J Electron Spectros Relat Phenomena. 1998;95(2-3):95-144. https://
doi.org/10.1016/50368-2048(98)00249-7.

Wagner CD. Auger lines in X-ray photoelectron spectrometry. Anal
Chem. 1972;44(6):967-973. https://doi.org/10.1021/ac60314a015
Wagner CD. A new approach to identifying chemical states, compris-
ing combined use of Auger and photoelectron lines. J Electron
Spectros Relat Phenomena. 1977;10(3):305-315. https://doi.org/10.
1016/0368-2048(77)85028-7

Wagner CD, Joshi A. The Auger parameter, its utility and advantages:
a review. J Electron Spectros Relat Phenomena. 1988;47(C):283-313.
https://doi.org/10.1016/0368-2048(88)85018-7

Wagner CD. Chemical shifts of Auger lines, and the Auger parameter.
Faraday Discuss Chem Soc. 1975;60:291-300. https://doi.org/10.
1039/dc9756000291

Evangelisti F, Stiefel M, Guseva O, et al. Electronic and structural
characterization of barrier-type amorphous aluminium oxide. Elec-
trochim Acta. 2017;224:503-516. https://doi.org/10.1016/j.electacta.
2016.12.090

Jeurgens LPH, Reichel F, Frank S, Richter G, Mittemeijer EJ. On the
development of long-range order in ultra-thin amorphous Al,O3 films
upon their transformation into crystalline y-Al,Os. Surf Interface Anal.
2008;40(3-4):259-263. https://doi.org/10.1002/sia.2688

Snijders PC, Jeurgens LPH, Sloof WG. Structural ordering of ultra-
thin, amorphous aluminium-oxide films. Surf Sci. 2005;589(1-3):98-
105. https://doi.org/10.1016/j.susc.2005.05.051

Hohlneicher G, Pulm H, Freund H-J. On the separation of initial
and final state effects in photoelectron spectroscopy using an
extension of the Auger-parameter concept. J Electron Spectros Relat
Phenomena. 1985;37(2):209-224. https://doi.org/10.1016/0368-
2048(85)80069-4

Weller K, Zotov N, Wang ZM, Jeurgens LPH, Mittemeijer EJ. Atomic
structure, electronic structure and thermal stability of amorphous
AlLZri_ (0.26<x<0.75). J Non Cryst Solids. 2015;427:104-113.
https://doi.org/10.1016/j.jnoncrysol.2015.07.036

Jeurgens LPH, Sloof WG, Tichelaar FD, Mittemeijer EJ. Growth kinet-
ics and mechanisms of aluminum-oxide films formed by thermal

A

oxidation of aluminum. J Appl Phys. 2002;92(3):1649-1656. https://
doi.org/10.1063/1.1491591

37. Wagner CD, Passoja DE, Hillery HF, et al. Auger and photoelectron
line energy relationships in aluminum-oxygen and silicon-oxygen
compounds. J Vac Sci Technol A. 1982;21(4):933-944. https://doi.
org/10.1116/1.571870

38. Jeurgens LP, Sloof W, Tichelaar F, Mittemeijer E. Structure and mor-
phology of aluminium-oxide films formed by thermal oxidation of alu-
minium. Thin Solid Films. 2002;418(2):89-101. https://doi.org/10.
1016/50040-6090(02)00787-3

39. Lee SK, Lee SB, Park SY, Yi YS, Ahn CW. Structure of amorphous alu-
minum oxide. Phys Rev Lett. 2009;103(9):1-4, 095501. https://doi.
org/10.1103/PhysRevLett.103.095501

40. Suzer S. Differential charging in X-ray photoelectron spectroscopy: a
nuisance or a useful tool? Anal Chem. 2003;75(24):7026-7029.
https://doi.org/10.1021/ac034823t

41. Teeter G, Harvey SP, Perkins CL, Ramanathan K, Repins IL. Compara-
tive operando XPS studies of quasi-Fermi level splitting and open-
circuit voltage in CZTSe/CdS and CIGS/CdS junctions and device
structures. J Vac Sci Technol A. 2019;37(3):1-15, 031202. https://doi.
org/10.1116/1.5090345

42. Seah MP, Smith GC, Anthony MT. AES: energy calibration of electron
spectrometers. |—an absolute, traceable energy calibration and the
provision of atomic reference line energies. Surf Interface Anal. 1990;
15(5):293-308. https://doi.org/10.1002/sia.740150503

43. Biesinger MC. Advanced analysis of copper X-ray photoelectron
spectra. Surf Interface Anal. 2017;49(13):1325-1334. https://doi.org/
10.1002/sia.6239

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Siol S, Mann J, Newman J, et al.
Concepts for chemical state analysis at constant probing
depth by lab-based XPS/HAXPES combining soft and hard
X-ray sources. Surf Interface Anal. 2020;1-9. https://doi.org/
10.1002/sia.6790


https://doi.org/10.1063/1.3268480
https://doi.org/10.1063/1.3268480
https://doi.org/10.1016/S0368-2048(98)00249-7.
https://doi.org/10.1016/S0368-2048(98)00249-7.
https://doi.org/10.1021/ac60314a015
https://doi.org/10.1016/0368-2048(77)85028-7
https://doi.org/10.1016/0368-2048(77)85028-7
https://doi.org/10.1016/0368-2048(88)85018-7
https://doi.org/10.1039/dc9756000291
https://doi.org/10.1039/dc9756000291
https://doi.org/10.1016/j.electacta.2016.12.090
https://doi.org/10.1016/j.electacta.2016.12.090
https://doi.org/10.1002/sia.2688
https://doi.org/10.1016/j.susc.2005.05.051
https://doi.org/10.1016/0368-2048(85)80069-4
https://doi.org/10.1016/0368-2048(85)80069-4
https://doi.org/10.1016/j.jnoncrysol.2015.07.036
https://doi.org/10.1063/1.1491591
https://doi.org/10.1063/1.1491591
https://doi.org/10.1116/1.571870
https://doi.org/10.1116/1.571870
https://doi.org/10.1016/S0040-6090(02)00787-3
https://doi.org/10.1016/S0040-6090(02)00787-3
https://doi.org/10.1103/PhysRevLett.103.095501
https://doi.org/10.1103/PhysRevLett.103.095501
https://doi.org/10.1021/ac034823t
https://doi.org/10.1116/1.5090345
https://doi.org/10.1116/1.5090345
https://doi.org/10.1002/sia.740150503
https://doi.org/10.1002/sia.6239
https://doi.org/10.1002/sia.6239
https://doi.org/10.1002/sia.6790
https://doi.org/10.1002/sia.6790

Supporting information:

Concepts for Chemical State Analysis at Constant Probing Depth by Lab-Based XPS/HAXPES
Combining Soft and Hard X-ray Sources

S. Siol™, J. Mann?, J. Newman?, T. Miyayama3, K. Watanabe?®, P. Schmutz', C. Cancellieri’, L. P. H. Jeurgens"

' Empa, Swiss Federal Laboratories for Materials Science and Technology,

Laboratory for Joining Technologies and Corrosion, Diibendorf. Switzerland

2 Physical Electronics, 18725 Lake Drive East, Chanhassen, MN 55317, USA

3 Ulvac-PHI, 2500 Hagisono, Chigasaki, Kanagawa, 253-8522, Japan

Keywords:

HAXPES, Chemical state analysis, Auger Parameter, Wagner Plot, Information Depth

E-Mail:
Lars.Jeurgens@empa.ch
Sebastian.Siol@empa.ch


mailto:Lars.Jeurgens@empa.ch

“ Ti2s/2p & O 1 o
€ Ti KLL | 2s/2p s
@ 15 L15
§ CI'-K(X Cr'Ka
<
§) 10 - constant probing -10
= depth ~ 4.0 £0.5 nm
_g)- Ti2s/2p & O 1s
a0 540KLL \ -5
c 9)
S
=
o

7 AlICr-K | Tits R e T
r' (X. ' 5‘00 ' al§

0 L 0
0 15 30 45 60 75 0 15 30 45 60 75
electron detection angle 6 (°)

20 20

C D O1s Si 2s/2p
Si1s
154 15
constant probing

SiKLL depth~ 5.2 +0.5 nm Cr-Ko,

probing depth 3A x cos(B) (nm)

_\ Si 2s/2p
101 Cr-Ko _ \
OKLL . ———— \:

5 o -
Al/CrKa

64
0 T T T T T T
0 15 30 45 60 75 0 15 30 45 60 75

electron detection angle 6 (°)

Figure S1: Angle-dependent probing depths for Auger electron lines and the corresponding photoe-
lectron lines for soft Al-Ka and hard Cr-Ko X-ray sources; A & B show the relevant lines for chemical
state analysis of titanium oxide, C & D show the relevant lines for silicon oxide. The detection angle is
given relative to the specimen surface normal. The inelastic mean free paths (1) for determination of the
probing depths were calculated from the well-known TTP-2 model, while assuming typical densities and
band gaps for amorphous Ti and Si oxides.
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