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Abstract

Photoelectron spectroscopy is a powerful surface analysis technique that can differentiate different
bonding environments and directly determine the absolute work function of a sample. Despite its
ever-easier accessibility—or perhaps precisely because of it—some common mistakes or bad habits
are often found in the literature when it comes to the evaluation or presentation of photoelectron
spectroscopy data. Here we address some of these issues and give suggestions for best practice, i.e.,
a proper presentation of the secondary electron cut-off used for work function determination,
correct binding energy referencing and some tips for appropriate peak fitting, as well as valuable
literature references to more detailed tutorials. Finally, we present a concise step-by-step guide on
how to conduct a complete x-ray photoelectron spectroscopy analysis of an unknown sample.

1. Introduction

Photoelectron spectroscopy was developed in 1957 by Siegbahn [1] and is based on the photoelectric effect.
When a material is illuminated by highly energetic light hv, typically x-rays or UV-light, electrons are emitted
[2]. Their kinetic energy Ey is measured by a detector and is given by: Ex = hv — E,, — ®p, where Ej, is the
binding energy of the respective orbital and ®p, is the work function of the detector. Plotting the number
of detected electrons as a function of energy one can obtain a multitude of information like, e.g., elemental
composition, the type of chemical bonds or the sample work function.

Judging from the numbers of publications per year (7590 in 1998, 16 500 in 2008 and 72 700 in 2018 [3]),
photoelectron spectroscopy has become a frequently used technique over the past 20 years. The recent devel-
opment of user-friendly, commercial, but at the same time black-box-like setups by many companies has given
non-experts the means to easily conduct photoelectron spectroscopy measurements. This leads to a large vari-
ety in quality of the reported data and analysis. Here we want to make aware of some common mistakes and bad
habits often observed in photoelectron spectroscopy literature, to sensitize both authors and reviewers to be
more critical with data and its analysis/description. This covers the issues of a unified secondary electron cut-
off (SECO) presentation for work function determination, a correct binding energy calibration/referencing,
some tips for peak fitting and a concise step-by-step guide on how to conduct a complete x-ray photoelectron
spectroscopy analysis of an unknown sample.

2. SECO presentation

Photoelectron spectroscopy is one of the few techniques that allows for a direct measurement of the absolute
work function of a sample. This is achieved by measuring the intensity of the electrons with the lowest kinetic
energy, the so-called secondary electron cut-off (SECO). These electrons have lost almost all their kinetic
energy due to scattering events inside the sample and have just enough energy to overcome the work function
of the sample and leave it.

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Different exemplary presentations of SECOs found in literature. The red highlighted parts exemplify
errors/overcomplications. (a) The x-axis is plotted as binding energy. (b) The x-axis is plotted as kinetic energy, but the applied
bias is not subtracted. (c) The x-axis is plotted as work function. (d) The x-axis is plotted as kinetic energy, with the applied bias
already subtracted.

This manifests in a sharp onset and increase in intensity when scanning the low kinetic energy range.
Helander et al [4] have demonstrated important experimental details to consider to conduct SECO measure-
ments correctly and Schultz et al [5] have shown how to interpret SECO measurements of heterogeneous
surfaces. Here we focus on proper presentation of SECO data for publication. There are four ways to present
SECO data found in literature, exemplified in figure 1. The differences are the following:

(a) x-axis given as binding energy [6—13].

This presentation is one of the most frequently used in literature. The motive behind it most probably comes
from the idea that the full ultraviolet photoelectron spectrum is plotted, from the Fermi-edge of the sample all
the way to the SECO, as demonstrated in some photoelectron spectroscopy reviews or online tutorials [ 14-16],
and one wants the Fermi-edge to be positioned at 0 eV binding energy. However, in most publications only the
SECO is plotted separately. This presentation has the disadvantage that a direct reading of the work function
value is overcomplicated, as one first has to look up the used excitation energy, which is sometimes not even
stated [9].

(b) x-axis given as kinetic energy, but the applied bias is not subtracted [17, 18].

During a SECO measurement a negative bias should be applied to the sample for two reasons: (1) If the
work function of the sample is smaller than the work function of the detector (typically around 4 eV) the
slowest electrons are not able to reach the detector. They need additional energy in the form of an applied bias.
This is usually reported with the following phrase: to overcome the detector work function. (2) Photoelectrons
traveling through the analyzer can themselves again excite electrons from, e.g., the analyzer walls, which results
in an additional SECO signal corresponding to the analyzer work function. The applied bias only shifts the
electrons stemming from the sample, not the ones created inside the analyzer, therefore separating the true
SECO signal from the artificial one. This is usually referred to as clearing the analyzer work function. If the bias
is not subtracted before plotting, the reader has to look up the applied bias, usually given in the experimental
section or not at all [9, 11, 19], again overcomplicating the direct reading of the work function value.

(c) x-axis given as work function [19, 20].

This is the only presentation which is actually plain wrong. The work function of the sample is only one
single point in the diagram, given by the intersection of the flat background and a linear extrapolation of the
steep slope as shown in figure 1(d). The detector measures the number of electrons (intensity) as a function of
their kinetic (or binding) energy, which only allows the x-axis to be one of these two.
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(d) x-axis given as kinetic energy, with the applied bias already subtracted

We suggest experimentalists and reviewers to use and only accept this form of presentation for SECO spec-
tra. It allows a direct extraction of the work function value by the reader without the need to look up additional
information. This information though, i.e., excitation energy and applied bias, should still be given in the
experimental section.

3. Binding energy referencing

A correct binding energy reference is essential for a comparison of measurements between different setups.
Unfortunately, there are still some publications which do not state the used referencing method at all
[21, 22]. These data are not useable for comparison and should be rejected by reviewers. There are typically
three methods of binding energy referencing:

(a) Fermi-edge

Metallic samples show a distinct Fermi-edge, which is set to 0 eV binding energy as a reference. This is
typically used for ultraviolet photoelectron spectrsocpy (UPS) measurements. For XPS measurements, the
cross section of these electrons, and therefore the signal intensity, is usually very small. Therefore, the next
method is more often used for XPS measurements.

(b) Core level binding energies

Some core levels of metals have been established as reliable source for binding energy referencing. These are
typically the Au4f;), core level set to 83.95 eV, the Ag3ds), core level set to 368.22 eV or the Cu2ps); core level
set to 932.62 eV [23]. A proper linearity of the binding energy scale is ensured by calibrations using two core
levels with a large energy difference, like the Au4f;/; and the Cu2ps/, core levels. A lot of setups have already an
automated self-calibration function built in [24]. For this method to be reliable the reference samples need to
be purely metallic, properly cleaned, e.g., by argon sputtering, and electrically well connected to the analyzer.

(c) Adventitious carbon (AdC)

A lot of studies on semiconducting or insulating samples use this method as a binding energy reference,
because the samples are charging (built up of positive charge at the sample surface due to a lack of compen-
sation of emitted photoelectrons, accompanied by a shift of all peaks to higher binding energies) and the two
methods described above only work for samples which are sufficiently conductive. Here, the binding energy
of the Cls core level of an AdC layer, which is typically present on all samples which have been exposed to air
or have been stored in vacuum for some time [25, 26], is set to a specific value and all other peaks are shifted
accordingly. Typical values found in literature are 284.5 eV, 284.8 eV or 285.0 eV. Greczynski et al presented
a nice overview of the drawbacks of the AdC method [26, 27]. They demonstrated that the binding energy of
the AdC Cls core level depends on the work function of the substrate and that it can vary between 284.08 eV
and 286.74 eV. They criticize this method in such a way that they even say: ‘No method is, however, better than
an incorrect method’. [26]. However, Biesinger demonstrated recently that the Cls method lead to satisfac-
tory results in 95% of the cases [28]. It is therefore necessary to raise the awareness of when it is, up to date,
unavoidable to use this method and how to interpret the obtained data. For example: a direct assignment of the
chemical state by comparison to literature must be avoided, however, the differentiation of multiple chemical
states present in the sample could still be successfully done. And elemental composition determination as well
as chemical identification with the help of the Auger parameter [29] are always possible, no matter the refer-
encing method. Anyhow, a proper description of the measurement setup, the energy referencing as well as the
sample history, as suggested in form of a template by Greczynski and Hultman [26], should become standard
for publications including photoelectron spectroscopy data.

4. Peak fitting

The differentiation and quantification of chemical states often requires the deconvolution of a measured signal,
a procedure called peak fitting. This procedure requires some experience, but there are good overviews of
proper peak fitting strategies, e.g., by Singh et al [30], Shard [31] or Major and colleagues [32]. Here we would
like to briefly address some mistakes which can be easily avoided:
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Figure 2. Things to consider when peak fitting XPS spectra. The top row shows bad examples from literature, the bottom row
shows better fits to the same data. (a) The measured energy range is too small. Reproduced from [21]. CC BY 4.0. (b) The start
and end points for the background are not selected properly, therefore the background lies above the data at some points.
Reproduced from [36]. CC BY 4.0 .(c) The full width at half maximum (FWHM) and line shapes of the components are
significantly different, leading the authors to the conclusion that there are three peaks needed to fit the spectra, while only two
peaks would be sufficient. Adapted from [39], with permission from Springer Nature. (d) The spin—orbit splitting of the S2p core
level into S2py;, and S2p;/, has not been considered, leading to the wrong assignment of multiple chemical species. [44] John
Wiley & Sons. © 2020 Curtin University and John Wiley & Sons, Ltd.

(a) Too narrow an energy range

If the measured energy range is chosen too narrow, as for example shown in figure 2(a) [21], a mean-
ingful analysis of the data is often not possible, as a proper background cannot be applied. An appropriate
measurement range is typically at least about 42 eV above/below the onsets of the investigated peaks.

(b) Incorrect background subtraction

In the newest version of CasaXPS [33], a commercial XPS analysis software, are more than 80! types of
backgrounds available to choose from. Therefore, it is not surprising that the choice of a proper background
can be difficult for XPS novices. The most common types of background used in the XPS community are linear,
Shirley or Tougaard backgrounds. All of them have their advantages and drawbacks and none is physically one
hundred percent correct. A good review on XPS backgrounds in general is given by Engelhard and colleagues
[34] and a recent review with more focus on the Tougaard background by Tougaard himself [35]. No matter
the chosen background type, some criteria should always be met:

1. The background should never exceed the data, as shown in figure 2(b) [36].
2. The type of background used should be the same for comparable samples.
3. The area ratio of spin—orbit pairs should come out as theoretically expected (see paragraph 4 for more
details).
(¢c) Incorrect full widths at half maximum (FWHMs) and peak shapes
The shape and FWHM of a peak depend on different factors and are typically a convolution of the nat-
ural line width, caused by the core-hole lifetime broadening (Lorentzian shape), and the setup broadening
(x-ray source and analyzer, typically GaufSian shape), therefore a Voigt-function is often assumed for XPS
peaks [37]. In the case of asymmetric peak shapes, e.g., present for pure metals, Doniach—Sunji¢ or asymmetric
pseudo-Voigt functions are used [38]. Some things to consider about FWHM:s and line-shapes:

1. The FWHM and shape of the same peak should not change significantly when comparing similar samples.

2. For the same oxidation states within one sample the FWHMs and peak shapes should be similar, in contrast
to what was used to fit the O1s peak of ZnO in figure 2(c). [39]. Considering this allows to fit the spectrum
with only two peaks, typically observed for ZnO and representing the bulk oxygen and the surface —OH
groups [40].

3. Oxide species typically have a wider, symmetric line-shape, while pure metallic peaks are narrower and
often asymmetric.
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4. Typical peak FWHM values are 0.6—3 eV. Anything much smaller or larger than that should be critically
examined.
5. A collection of natural line widths for atomic K-N7 levels is given by Campbell and Papp [41].
(d) Neglecting spin—orbit splitting

A coupling between angular momentum L and spin angular momentum § leads to a splitting of the energy
levels into two states for all transitions with / > 0. The degeneracy of these energy levels leads to a fixed area
ratio between the observed doublets, as given in the following table:

Subshell jvalues (j=1=x5s) Area ratio
p(=1) 1/2 & 3/2 1:2
(1=2) 3/2 & 5/2 2:3
=3) 5/2 & 7/2 3:4

The energy difference between the two peaks is constant for each doublet, but can vary for different oxi-
dation states [42]. Literature values can be found in the NIST XPS database [43]. Including the spin—orbit
splitting with the corresponding constraints during fitting is essential, especially when the energy difference is
smaller than the chemical shift for different oxidation states. An example of how the neglection of a spin—orbit
doublet can lead to an erroneous assignment of chemical species is shown in the S2p spectrum in figure 2(d)
[44].

XPS users should internalize that a meaningful physical model is much more important than a convulsive
perfect fit to the data. As a good starting point for any XPS measurement and attempt to peak fitting we
personally recommend the XPS reference page from the University of Western Ontario [45] and the periodic
table from ThermoFisher [46].

5. A step-by-step guide for XPS measurements and analysis

We would like to give the readership a concise step-by-step guide on how to conduct XPS measurements and
data evaluation on an unknown sample, similar to pages 40—42 in [47]. A very detailed step-by-step tutorial on
how to prepare, conduct and evaluate XPS experiments was just recently published by Greczynski and Hultman
[47] and is recommended for more information. Here we focus on sufficiently conductive thin film samples,
assume that a proper calibration of the system has been carried out already (for details on how to do that see
section 3) and neglect in situ sample preparation.

Measurement:

(a) Sample mounting: The sample should be mounted in a way that the surface is in electrical contact with
the sample holder. This helps to avoid charging and can, e.g., be realized by screws, clamps or conductive
tape.

(b) Survey scan: To get an overview of the elements present in the sample, typically a wide range scan is
performed first. A binding energy range between 1100 to 0 eV covers all potential elements. As the signal
intensity is of primary concern here, a high pass energy and an energy step size of 0.5—1 eV are typically
chosen for such a scan.

(c) Peak identification: Most measurement and evaluation programs, like CasaXPS [33], have a built-in ele-
ment library, which helps to identify the peaks in the survey spectrum. If not, the NIST XPS database [43]
can be used to identify unknown peaks. One should be aware of shake-up lines, energy loss lines and x-ray
satellites and ghost lines for achromatic x-ray sources, which can complicate the peak identification [48].

(d) Choice of excitation source: While core levels have a binding energy, which is independent of the excita-
tion source, the binding energy position of Auger peaks varies with excitation energy. Therefore, they can
overlap with the core level peaks of interest. If this is the case, switching to a different excitation source
(if available) can help to overcome this problem.

(e) Narrow scans: After all elements have been identified from the survey spectrum the most intense core level
peaks are scanned with better resolution for chemical state identification. Therefore, a smaller pass energy
and energy steps of 50—200 meV are typically used. As described in section 4, the energy range should
cover at least £2 eV above/below the onsets of the investigated peaks for proper background application
later. Measuring the Auger peaks as well can help to differentiate different chemical states with the help
of the Auger parameter [29]. The number of scans should be adjusted in a way that a sufficient signal to
noise ratio is achieved.
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Analysis:

(f) Peak fitting: A deconvolution of the narrow scans to obtain information about different chemical bonds
can be conducted, following the hints given in section 4 and the references therein.

(g) Comparison to literature binding energies: The identification of the different chemical states derived
through peak fitting can be achieved by comparing the obtained binding energies with literature values
of reference samples. This requires a proper binding energy scale calibration and should be avoided when
using the AdC method.

(h) Quantification: The area of the measured peaks in combination with their sensitivity factors, which are
usually provided by the manufacturer of the system, can yield a quantitative composition of the sample
surface area. However, it should be kept in mind that this procedure assumes a homogeneous distribution
of all elements and that overlayers, e.g. AdC, can influence the result due to different inelastic mean free
paths of the different core levels.

Presentation:

(i) Bindingenergy scale: XPS spectra should be plotted with the binding energy decreasing from left to right.

(j) Dataand fits: Raw data should be presented as symbols without a background being subtracted from them.
The fitted peaks and their sum should be overlaid as solid lines for a direct assessment of the quality of the
fit.

6. Conclusion

We suggest the preferred way to present SECO measurements for work function determination by photoemis-
sion spectroscopy, to hopefully achieve a common standard in the future. The correct plot shows the measured
intensity of photoelectrons as a function of the kinetic energy of the emitted electrons, with an applied bias
already subtracted. Furthermore, common mistakes in binding energy referencing and peak fitting are pointed
out, which can be easily avoided, and references to more detailed tutorials are given. Finally, a concise step-by-
step guide on how to conduct XPS measurements and data evaluation is provided. This work should sensitize
authors as well as reviewers to critically pay attention to the quality of photoemission data and their evaluation
and give beginners in the field a good starting point to avoid common mistakes.
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