N
N

N

HAL

open science

Systematic and collaborative approach to problem
solving using X-ray photoelectron spectroscopy

Neal Fairley, Vincent Fernandez, Mireille Richard-plouet, Catherine
Guillot-Deudon, John Walton, Emily Smith, Delphine Flahaut, Mark Greiner,

Mark Biesinger, Sven Tougaard, et al.

» To cite this version:

Neal Fairley, Vincent Fernandez, Mireille Richard-plouet, Catherine Guillot-Deudon, John Walton,
et al.. Systematic and collaborative approach to problem solving using X-ray photoelectron spec-
troscopy. Applied Surface Sciences Advances, 2021, 5, pp.100112.

hal-03378489

HAL Id: hal-03378489
https://hal.science/hal-03378489

Submitted on 25 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1016/j.apsadv.2021.100112 .


https://hal.science/hal-03378489
https://hal.archives-ouvertes.fr

Applied Surface Science Advances 5 (2021) 100112

Contents lists available at ScienceDirect

Applied Surface Science Advances

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/applied-surface-science-advances

Check for

Systematic and collaborative approach to problem solving using X-ray e
photoelectron spectroscopy

Neal Fairley °, Vincent Fernandez b Mireille Richard-Plouet ", Catherine Guillot-Deudon b
John Walton °, Emily Smith 4. Delphine Flahaut *', Mark Greiner ¢ Mark Biesinger ™/,
Sven Tougaard’, David Morgan ', Jonas Baltrusaitis ™

@ Casa Software Ltd, Bay House, 5 Grosvenor Terrace, Teignmouth, Devon TQ14 8NE, United Kingdom

Y Université de Nantes, CNRS, Institut des Matériaux Jean Rouxel, IMN, F-44000 Nantes, France

¢ TSTC CIO, 5 Grosvenor Terrace, Teignmouth TQ14 8NE, United Kingdom

4 School of Chemistry, University of Nottingham, Nottingham NG7 2RD, United Kingdom

€ CNRS/University Pau and Pays Adour, E2S UPPA, Institut des Sciences Analytiques et de Physicochimie pour I’Environnement et les Matériaux-UMR 5254, 64000 Pau,
France

f RS2E, Réseau Frangais sur le Stockage Electrochimique de I’Energie, FR CNRS #3459, F-80039 Amiens Cedex 1, France

8 Department of Heterogeneous Reactions / Surface Analysis Group, Max-Planck Institute for Chemical Energy Conversion, Miilheim an der Ruhr, Germany
" Department of Chemistry, Western University, London, ON N6A 5B7, Canada

iSwface Science Western, Western University, London, ON N6G 0J3, Canada

J Department of Physics, Chemistry and Pharmacy, University of Southern Denmark, Odense, Denmark

k School of Chemistry, Cardiff University, Main Building, Park Place, Cardiff CF10 3AT, United Kingdom

! HarwellXPS — EPSRC National Facility for Photoelectron Spectroscopy, Research Complex at Harwell (RCaH), Didcot, Oxon OX11 OFA, United Kingdom
™ Department of Chemical and Biomolecular Engineering, Lehigh University, 111 Research Drive, Bethlehem, PA 18015, USA

ARTICLE INFO ABSTRACT

Keywords: The methodology presented within this work is a result of years of interactions between many junior and senior
XPS X-ray Photoelectron Spectroscopy (XPS) users operating within the CasaXPS spectral processing and interpre-

Molybdenum trisulfate tation program framework. In particular, discussions arising from a series of workshops have been a significant

Ei: ﬁ:ocessin source for developing the overall XPS data processing concept and are the motivation for creating this work.
CasaXpPs & These workshops organized by the Institut des Matériaux Jean Rouxel (IMN), Nantes gather both experienced

and novice users of XPS for a week of discourse in conceptual experiment design and the resulting data pro-
cessing. However, the framework constructed and utilized within these workshops encouraged the dissemination
of knowledge beyond XPS data analysis and emphasized the importance of a multi-disciplinary collaborative
approach to surface analysis problem-solving. The material presented here embodies data treatment originating
from data made available to the first CNRS Thematic Workshop presented at Roscoff 2013. The methodology
described here has evolved over the subsequent workshops in 2016 and 2019 and currently represents the
philosophy used in CasaXPS spectral data processing paradigm.

advancements made in operator bias-free methods [6-8] as well as un-
derstanding and quantifying the underlying (un)systematic errors [9,10]

1. Introduction

X-ray Photoelectron Spectroscopy (XPS) is utilized to provide a
chemical composition of complex materials that range from inorganic to
biological materials under UHV conditions with recent developments in
the instrumentation allowing to operate under elevated pressures or
moist environments [1-5]. The ensuing data interpretation of the
complex spectral lines has been developing for decades with recent
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as well as developing the overall experiment planning, data acquisition
and interpretation strategies [11,12]. The discussion that follows is an
example analysis for molybdenum sulfate developed as part of the
CasaXPS user group aimed at developing a holistic methodology for XPS
analysis while calculating the amount of molybdenum measured by XPS
from a particular sample. This example has been chosen because
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creating a peak model for Mo 3d and S 2s is one of the best options
available for estimating the intensity of photoemission from
molybdenum.

Before describing a detailed analysis for a relatively simple XPS
measurement, it is worth discussing an overall experimental planning
and implementation flow. The first and most important part of data
treatment is to ensure a measurement includes all relevant spectra
necessary to understand a sample. Secondly, when attempting to
analyze data, the interpretation of a spectrum is dependent on under-
standing how this particular spectrum relates to other spectra measured
at the same time as the spectrum. Therefore, receiving a complete set of
data for analysis is the most important step on the path to understanding
a sample. While a measurement by XPS is typically aimed at under-
standing a sample surface, it is also worth bearing in mind the experi-
ment is an investigation into the interaction of a material modified by
photoemission in a low-pressure environment. The question of what
happens to a sample when photoemission occurs should be considered
for all samples, but is most important for insulating samples, as the
measurement of such samples requires complex mechanisms for
replenishing photo-emitted electrons to the sample. Indeed, any inter-
action of the sample with components of an instrument may influence
XPS data. The act of cleaning a sample using an ion beam also represents
an intervention in sample composition using Ar" beam [13], the effects
of which on the sample must be considered when interpreting spectra.
Finally, the advantage of understanding the physics of XPS when
measuring a sample should not be underestimated. Similarly, the ad-
vantages of understanding the material properties of a sample are
equally important. It is, therefore, necessary to have available, persons
with knowledge of both.

Once XPS data are obtained, interpretation of the data is equally as
important as the overall analysis process, and in fact, should be
considered an integral part of the analysis workflow. Analysis of initial
measurements is often the route by which future measurements are
designed that ultimately allows a scientifically meaningful outcome.
Thus in practice, there are several bodies of knowledge base essential for
any XPS work, namely, (a) knowledge of XPS instrumentation, (b)
knowledge of the sample and (c) knowledge of how to analyze data.
While it is true that there are many examples of analysis by XPS for
which a complete knowledge in all three areas is not necessary, more
involved uses of XPS are best served by appreciating the need for all
three areas of knowledge. In this sense, we proposed that XPS is a team
activity with the knowledge of the overall analysis procedure best
shared across several people to arrive at accurate conclusions. Data
treatment technology is often shared between both a material scientist
and the instrument expert, but both rely, to a greater or lesser extent, on
the support of others within their research field, the instrument vendors
and designers of data analysis software. Collaboration is therefore an
important part of working with XPS.

In the following sections, at least three types of the knowledge base,
integral to the XPS experiment, will be considered in the context of a
specific set of data. XPS spectra discussed below were measured using a
Kratos Axis Ultra at the University of Manchester [14] from a molyb-
denum sulfate sample. Data exported from the instrument-native file
format to ISO 14,976 (VAMAS) format [15] are analyzed using CasaXPS.
CasaXPS data analysis software was designed to process spectra and
images using the ISO 14,976 file format. The software was first released
in 1999 and has been developed over subsequent years to support the
conversion of data formats from a wide variety of sources into ISO 14,
976 formatted data. One of the themes of the CNRS Roscoff workshops
was the analysis of data in CasaXPS for the reason that users of different
instruments from different manufacturers can apply the same data
analysis techniques in the same software to make sense of samples, ex-
change ideas and exchange data with ease envisaged by the original
VAMAS project. One of the outcomes for these workshops is the creation
of videos that can be viewed via the CasaXPS Casa Software YouTube
channel [16], Prof. Mark Biesinger’s YouTube channel [17]. Corrections
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to photoemission intensities are performed via Scofield cross-sections
[18], National Physical Laboratory transmission correction [19],
escape depth correction based on effective attenuation [20] and angular
distribution correction assuming an angle between the X-ray source and
the direction of collection equal to 60°.

2. Instrumentation

The first step to understanding the influence of instrumentation on
spectra is obtaining information about the specific instrument used to
measure the sample. Spectra necessarily include shapes that are char-
acteristic of a specific instrument. Even instruments of the same make
and model can generate different spectra, depending on settings and
instrument configuration. The instrument influences shape because the
instrument’s ability to record electrons changes with the kinetic energy
of the recorded electron. These variations are referred to as transmission
for an instrument and are most apparent in wide scan spectra, where
photoemission signal is measured over a large energy range, displaying
all available photoemission peaks for a material. The influence of
transmission is significant to relative intensities in photoemission peaks
and also the line-shapes seen in the inelastically scattered photoemission
signal that appears as background to photoemission peaks.

In addition to transmission, a specific instrument will generate
photoemission peaks with shapes that are dependent on the instrument
and operating mode used to measure spectra. Electrons emitted from a
sample are transferred from the sample to a detector by a set of lenses
[21]. The characteristics of these lenses, how these lenses are tuned and
how these lenses steer electrons through apertures within the lens sys-
tem, alter the shape of the recorded photoemission peaks. From the data
analysis perspective, in an ideal instrument, the transmission would be
flat. A flat-transmission response is a necessary condition to ensure that
both the size of the analysis area and the angular acceptance of electrons
remain constant during a measurement, without dependency on
electron-energy. In the absence of flat transmission response, a com-
parison of photoemission peaks requires a sample that is homogeneous
in the area and homogeneous in-depth distribution. Knowledge of the
true transmission is therefore useful when understanding limitations
imposed by an instrument on interpreting relative intensities of photo-
emission peaks.

Similarly, line shapes for photoemission peaks are specific to the pass
energy, aperture widths and energy distribution within the X-ray source.
The width for a peak measured by a specific instrument is also limited by
these factors. Therefore, attempting to model a photoemission signal,
using a synthetic component that is narrower than what might be
possible for an instrument, can be avoided when one knows the limi-
tations of a particular operating mode.

For the data considered here, pertinent information about the in-
strument is discussed to illustrate the types of considerations one might
address when analyzing spectra from the instrument in question. These
discussion points are not intended to be exhaustive but are included to
demonstrate the benefits of information within a VAMAS file compiled
with experimental context. The instrument used to measure the data
presented here is a Kratos Axis Ultra. Spectra are measured using a lens
mode referred to as Hybrid mode, with a pass energy of 40 eV for survey
data and a pass energy of 20 eV for narrow scan data. In both cases the
aperture arrangement used to prepare electrons for entry into the energy
filter hemispherical lens element (HSA) are two slots positioned at the
entrance to the HSA and within the transfer lens column. The arrange-
ment of apertures is important because it influences both transmission
and energy resolution when spectra are collected. Not all information
relevant to this experiment is included in the VAMAS file. For example,
the state of an iris at the bottom of the lens column is not recorded in the
file. However, the use of Hybrid mode and the shape of the transmission
curve added to the VAMAS file imply the angular acceptance iris is fully
open.

The size of an angular acceptance iris is important for quantification
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by XPS. The iris is located close to the sample and is designed to limit the
solid angle of photo emitted electrons entering the lens system. Limiting
the solid angle restricts the emission directions that are accepted into the
analyzer and give rise to the measured spectrum. The solid angle,
limited by the size of the angular acceptance iris, and depending on lens
mode, may change with the kinetic energy of electrons. Thus, the
transmission may deviate from a flat response as the number of electrons
recorded changes, due to a change in the solid angle, with kinetic en-
ergy. Another aspect to consider is that, to some extent, a change in
acceptance angle changes the volume within the sample from which
electrons are collected, since probing depth depends on emission angle.
Both have implications for the quantification of heterogeneous samples.

The VAMAS file also indicates spectra were acquired making use of
charge compensation. The sample is therefore assumed to be an insu-
lating material, for which electrons leaving the surface are not replen-
ished by electrons conducting through the material from a ground
connection. While charge compensation is a feature of most modern
instruments, the ability to create a uniform, steady charge state for a
given sample may depend on the sample, the size of the sample, the size
of the analysis area and the efficiency of the charge compensation
method. The fact that charge compensation is required to obtain suitable
spectra implies that there is the potential for artifacts within spectra that
would not be present in spectra for a fully conducting sample connected
to the ground. The detail of and interpretation of information within the
VAMAS file are the foundation upon which scientific output from XPS is
achieved.

3. Sample knowledge

Sample knowledge resides mostly with the person providing the
sample and wishing to perform an XPS experiment. However, XPS ex-
perts often have significant input for the analysis of novel materials
simply based on experience gained with similar materials. Prior
knowledge about the sample is very useful to an analysis by XPS. Un-
derstanding spectra obtained from a completely random sample
composition is challenging at best. Some expectation for sample
composition and chemistry is a clear advantage for evaluating spectra.

However, some words of warning regarding expected sample
composition are worth mentioning. A sample from the point of view of
XPS is the material in the surface, limited to the top three to four
attenuation lengths for electrons moving within the sample. For XPS
based on X-rays with a photon energy of 1486.6 eV, for example, the
depth relative to the surface interface is limited to less than 12 nm. There
are few analytical techniques capable of focusing on this surface film
with the surface sensitivity of nanometres. Therefore, assumptions about
sample surface composition that are based on measurements performed
with bulk techniques, such as Atomic Absorption Spectroscopy (AAS) or
Energy Dispersive Spectroscopy (EDS), will often be inconsistent with
those of XPS. Specifically, the bulk composition of a sample is not
necessarily the same as surface composition, as measured by XPS.

As XPS is a surface-sensitive technique, surface contamination is
important [22]. The history of a sample provides food-for-thought when
interpreting the initial data. A hard polymer sample prepared by slicing
with a scalpel may result in spectra that appear to be that of the stainless
steel. A polymer mounted near to a silver standard and is cleaned via ion
beam creates polymer spectra containing silver. A more subtle problem
occurs if an instrument has previously been used to measure a
fluorine-based sample. Subsequent measurements of samples may be
contaminated by fluorine by simply placing these samples into the
vacuum chamber. However, the most common source of contamination
is adventitious carbon. Handling and storage of samples can cause great
uncertainty when attempting to quantify a sample. Knowledge of the
sample and its history are fundamentals by which successful data
analysis is possible.

It is also advisable to seek advice or perform tests aimed at under-
standing how a sample responds to XPS. Some samples degrade when
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measured by XPS and being aware that a sample degrades would in-
fluence how measurement might be performed. For example, the choice
of measurement order for narrow scan data could be important. If, for
example, one of the XPS peaks changes with irradiation time, while
others do not, then one would want to measure the changing peak first,
to minimize radiation exposure. Another strategy to accommodate
samples sensitive to radiation is to perform many repetitions using short
dwell-time recording each measurement as separate spectra, then from
the resulting data selectively process spectra with better signal-to-noise.
Making sure the sample is stable under measurement conditions is a key
test to perform before embarking on an analysis of XPS results. It is also
important to ensure an analysis area is representative of a sample.
Preliminary measurements at different locations on a sample are used to
verify that the spectra chosen for interpretation are indeed representa-
tive of the sample.

3.1. The motivation for studying “molybdenum sulfate”

The sample knowledge used in the analysis presented here is limited.
These spectra were provided as part of a set of data measured from a
variety of samples for use at the first CNRS Thematic Workshop held in
Roscoff 2013. These data were labeled “molybdenum sulfate”, however,
the survey spectrum shown in Fig. 1 indicates other elements such as Fe
and Cr are also within the sample surface. While, ideally, more infor-
mation about the sample would be better, in some sense the analysis of
these data is typical of samples examined by XPS, namely, one objective
of XPS is to assess what elements are actually within the sample as
prepared.

Fortunately, these are not the only data for molybdenum available at
the time of analysis, and so information about line shapes for S 2s and
Mo 3d, gained by examination of additional data [8], could be utilized
when constructing a peak model for the sample of interest. Ideally, these
additional data would be measured using the same instrument that was
used to measure the molybdenum sulfate, but the scenario explored here
is closer to the reality of a typical routine XPS measurement. That is,
instrument time and availability of standard samples do not permit the
ideal sequence of experiments to be performed.

4. Analysis of data

The first observation [23] based on the survey measurement in Fig. 1
is the sample includes a significant proportion of carbon. If it is assumed
carbon is a contamination layer uniformly distributed over the sample,
then one might expect attenuation of photoemission peaks with lower
kinetic energy compared to a perfectly clean sample of identical
composition. It is not absolute given that uniform coverage is a good
assumption for modeling the effect of carbon contamination on atten-
uating the other peak intensities. For example, if the surface is
contaminated by carbon in the form of a set of islands of thickness
greater than three attenuation lengths over a surface of the relatively
clean sample, then the carbon would act as a mask blocking the signal
from the sample. But on areas away from carbon islands, photoemission
from the sample would appear as if from a clean surface. When pre-
sented with a heterogeneous sample, quantification by XPS is subject to
many considerations that would explain why relative peak intensities
deviate from the expected values. In general, the acquisition and the
initial inspection of the XPS survey spectra should follow rigorous pro-
cedures and rules documented, for example, ISO standards that will
allow to evaluate and correct for the contamination with adventitious
carbon for thin films [24], among other first-hand evaluation methods,
to make a critical decision if the data is worth processing. Upon further
processing, ASTM standard for charge control and charge referencing
[25] is of utmost importance to follow for reproducibility, especially for
insulating samples, as summarized by Baer and coworkers [26] and
reflected in the 27 papers in the recent collection focusing on the
reproducibility challenges related to surface spectroscopy [27].
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Fig. 1. Survey spectrum obtained for molybdenum sulfate sample.

The second observation from survey data shown in Fig. 1 is that the
presence of molybdenum and sulfur is confirmed by the existence of
photoemission peak patterns matching these elements. Photoemission
from molybdenum with the highest intensity is Mo 3d. Unfortunately,
there are two photoemission peaks, namely, Mo 3d and S 2s that are very
close to each other in binding energy forcing the use of a peak model to
separate molybdenum signal from sulfur. One might consider using
other photoemission peaks of molybdenum as the means of quantifying
the amount of molybdenum. Mo 3p is a possible candidate, but Mo 3p is
potentially similarly compromised by an overlap with N 1 s. Using the
survey spectrum, it is possible to observe the ratio for Mo 3ps3/2: Mo 2p; 2
is not the expected 2:1 ratio, so the N 1 s signal may be responsible for
the increased Mo 3ps,, doublet peak. A peak model for Mo 3d and S 2s is
therefore the best means of estimating the amount of molybdenum.
Another reason for choosing Mo 3d/S 2s signal is the proximity of S 2p to
S 2s. The intensity for S 2p is potentially of use when establishing the
intensity for S 2s which must be calculated as a component in the peak
model.

If the relationship between photoemission peaks from different
electron configurations of the same element is used to support a peak
model, then the potential problems of doing so should also be consid-
ered. The degree of error when comparing photoemission peak intensity
is mitigated by choosing peaks close in energy. The reason the energy for
photoemission peaks matters is as follows. XPS is a surface-sensitive
technique precisely because photoelectrons moving within a solid are
inelastically scattered and, given a path of travel of sufficient length, fail
to emerge with the energy characteristic of an electron in a bound state.
An overlayer of carbon increases the probability of inelastic scattering
for electrons from molybdenum sulfate. Further, attenuation of signal
due to inelastic scattering depends on kinetic energy. S 2s signal occurs
at lower kinetic energy than S 2p. Therefore, due to an overlayer of
carbon, the S 2s intensity relative to S 2p may be lower than expected.
Since these two photoemission peaks are close in kinetic energy, the
intensity ratio for photoemission at these two energies is less prone to
error compared to peaks farther away in kinetic energy. Nevertheless,
overlayer contamination poses a problem for such comparisons of peak
intensities.

The analysis of these data would be easier if the carbon contamina-
tion were not present. Fortunately, there is evidence within these data
shown in Fig. 1 that carbon does not form a thin layer over molybdenum
sulfate. The evidence is based on the background associated with Mo 3d/
S 2s and S 2p. In the case of S 2p, the background does not respond to the
S 2p peak but remains flat beneath the photoemission peak. Further, the
background to lower kinetic energy relative to S 2p does not respond
either. Thin films of carbon would result in increases in the backgrounds

of photoemission signals from buried elements, due to inelastic scat-
tering. As this is not the case here, it appears sulfur is at the surface and
even possibly mounted on top of the carbon.

In the analysis that follows, the assumption is that contamination is
not a uniform film over the sample. Hence a comparison of S 2s to S 2p
intensities is appropriate. The assumption may well be incorrect, but the
steps described here are aimed at illustrating what is possible provided
the necessary verification of sample cleanliness is performed and
quantification calculations are reliable.

The final routine check that should be performed is to examine
narrow scan data for abnormal shapes that might indicate charge-
compensation failed to arrive at a uniform steady-state potential for
the sample. High-resolution data are most sensitive to varying potential
at the surface and narrow photoemission peaks are also useful when
looking for a non-uniform potential steady state. Repeat measurements
of the sample can improve confidence in charge compensation as these
should be used to look for variation in separation of photoemission
peaks at opposite ends of the energy scale in survey data. If the sepa-
ration in the energy of a low kinetic-energy peak from a high kinetic-
energy peak changes between repetitions, then the charge compensa-
tion may not have achieved a steady-state potential even though
photoemission peaks appear to be well-formed.

The discussion now proceeds to assume all necessary checks have
been performed, and spectra are without artifacts of significance.

4.1. Use of known samples when creating peak models

The most probable oxidation state of molybdenum cation is 6+ due
to its stability as in molybdenum trioxide. Therefore a reasonable first
assumption is Mo 3d spectra obtained from MoOgs will be an approxi-
mation to the doublet peak due to Mo 3d emitted from molybdenum
sulfate. Mo 3d spectra measured from samples containing molybdenum
trioxide, with and without sulfur, are part of a library of data [8]
available at the time these molybdenum sulfate spectra were collected. It
is therefore possible to gauge the character of line shapes and relation-
ships between peaks from both Mo 3d and S 2s. Luckily, these library
data included examples where sulfur was both abundant and sparse.
Therefore, in Figs. 2 and 3 spectra measured from these two extremes are
fitted as a means of estimating fitting parameter relationships between
Mo 3d doublet components and, equally as important, the line shape for
a component representing S 2s.

These data allowed the relationship between doublet components in
Mo 3d to be established. Constraints based on the fit to these data are
used to model data in Figs. 3 and 4. Line shapes defined by LA(1,n) are
numerically integrated Voigt functions. The parameter n is an integer



N. Fairley et al. Applied Surface Science Advances 5 (2021) 100112
Name L.Sh. %Area
254 Mo 3ds LA(1,503) 59.3
o 1 Mo 3d32 LA(1,503) 40.7
% 201 ShBg SB(0)LA(1,503) 0.0
% ] shBg SB(0)LA(1,503) 0.0
2 153
(S
10
5

[ I I
240 236 232

[ I [
228 224 220

Binding Energy (eV)

Fig. 2. Mo 3d doublet measured from molybdenum trioxide at a point on the sample where there was no evidence of sulfur. A component used in a peak model to
accommodate a Shirley background shape is constructed from the bell-shaped line-shape LA(1,503) by applying a prefix SB(0) to the line-shape LA(1,503).

90
~ 807 Residual STD = 0.8793
"°_70_2 Name L.Sh. %Area
X 3§ Mo3ds, LA(1,503) 0.6
2 601 Mo 3dy, LA(1,503) 0.4
O 1s2s LA(1,160) 99.0

50

a0

30

[ I [
240 236 232

[ [ [
228 224 220

Binding Energy (eV)

Fig. 3. Mo 3d spectrum from molybdenum trioxide sample at a location on the sample where molybdenum was mostly absent but sulfur appeared relatively
abundant. These data form the basis for asserting S 2s is reasonably modeled using a pronounced Lorentzian Voigt function LA(1,160).

value specifying the relative width of a Gaussian and Lorentzian used to
construct the Voigt line shape. Background intensity changes, due to Mo
3d emission, are accounted for by applying Shirley background SB(0)
sigmoid components to the bell-shaped line shape LA(1,503) located
concerning Mo 3d zero-loss signal. Both bell-shaped LA curves and
components representative of the background may be optimized to
obtain peak models that reproduce data envelopes.

Fortunately, the line shapes for these two photoemission peaks Mo
3d and S 2s are significantly different. Despite these differences in shape,
Mo 3ds,2 and S 2s are highly correlated, which is never helpful when
fitting components in a peak model to data. The model shown in Fig. 3 is
heavily weighted in favor of S 2s. Therefore, while confidence in the
relative proportions of Mo and S for these data is low, in terms of line
shapes for S 2s these data in Fig. 3 serve to provide an estimate for the S
2s line shape. The essential shape for S 2s is seen to be Lorentzian in
nature, which is consistent with the shape observed for the peaks in
Fig. 4a. The selection of line shape based on data in Fig. 3 can be made
with reasonably high confidence. Nevertheless, as a consequence of
these library data, based on Mo 3d determined from data in Fig. 2 and
the line shape for S 2s in Fig. 3, a peak model is constructed and applied
to data of interest in Fig. 4a.

The peak model in Fig. 4a, under constraints defined via other
means, as described above, offers good precision when estimating the
amount of substance for molybdenum and sulfur. Accuracy for these
quantities is less certain, but confidence in the accuracy is enhanced by
comparing the intensity for S 2s to the intensity for S 2p, which is iso-
lated and can be estimated using simple integration over an energy in-
terval (Fig. 4a) and leads to 50:50 ratio between both corrected areas.

There is however always uncertainty about the accuracy of XPS quan-
tities owing to instrumental factors, uncertainty in sensitivity factors
and other unknowns such as the true background created by inelastic
scattering of electrons. The relative areas for S 2s and S 2p shown in
Fig. 4a provide confidence for the use of the peak model as shown, but
achieving 50:50 for the corrected areas of these two photoemission
peaks from sulfur is not absolute proof the peak model is accurate.

This issue of accuracy is illustrated by observing that the relative
proportions of the S 2s component to the area calculated by integration
from the S 2p signal can be made to change by altering the Gaussian
width used in the convolution integral from which the S 2s line shape is
formed. Generally speaking, changes in shape to any synthetic line shape
used in a peak model may alter the relationship between component
areas, and therefore, quantification outcomes.

The fact that altering line shapes alters quantification is the main
reason it is important to establish the appropriate line shape for a given
photoemission mechanism by means other than mathematical optimi-
zation. To be precise, line shape parameters should not be selected by
optimization on a case-by-case basis. The steps illustrated here involve
selecting the line shape for S 2s based on multiple sets of data and
attempting to ensure the correct relationship to S 2p. Once line shapes
are selected, the line shapes in a peak model should not be altered
without extremely good reasons based on science rather than the
mathematics of optimization.

While precision in measuring molybdenum via the peak model in
Fig. 4a is acceptable, the relative intensity for molybdenum to sulfur
determined by this method requires explanation. The meaning for these
components must be interpreted in the context of the survey spectrum in
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Fig. 4. (a) The peak model was constructed based on data in Figs. 2 and 3, aimed at measuring the amount of molybdenum in the sample of interest. Correlating the
ratio of peak intensity for S 2s and S 2p, allowing for corrections necessary to make a fair comparison, provides supporting evidence for the use of the line shape LA
(1,160) selected for S 2s. (b) the peak model that accounts for the complexity of the sample, e.g. presence of chromium, as evidenced by Fig. 1.

Fig. 1. The survey spectrum includes photoemission from chromium of
significance, the importance of which is emphasized by the observation
that the analysis in Fig. 4a does not return the expected ratio (1:3) be-
tween molybdenum and sulfur for molybdenum sulfate. One explana-
tion for an excess of sulfur relative to molybdenum when comparing the
ratio for components assigned to Mo 3d and S 2s is that the sulfate ion is
present within the sample coordinated to other elements. After
reviewing survey data in Fig. 1, the most likely candidate other than
molybdenum is chromium. Therefore the model shown in Fig. 4a is best
described as suitable for analyzing samples which include Mo®*and
SOZ . Further spectral interpretation can be obtained by using survey
spectra in Fig. 1 or the corresponding high-resolution spectra to obtain
the amount of chromium on the surface and account for that during the
quantification. An example of this is shown in Fig. 4b where the S 2s
peak is now a sum of two components, namely Cra(SO4)3 and Mo(SO4)s.
Since Fig. 1 also indicates in the real-life samples measurable amounts of
iron, quantification may be expanded beyond this example while
maintaining the correct ratio of Mo 3d doublet peaks.

Quantification of a sample based on survey measurements can pro-
vide important evidence to support analysis by peak model. However, in
this example the survey spectrum suggests the sample, as far as XPS is
concerned, is potentially heterogeneous and given the origin of these
data, we have no understanding of the role played by carbon in the
chemistry of the sample. Carbon seen in Fig. 1 may be surface contam-
ination which alters methods used for quantification [28]. Both of these
observations mean quantification based on sensitivity factors generally
applicable to homogeneous samples when applied to samples with less
well-defined composition is prone to error [23]. Nevertheless, the sur-
vey spectrum used in a qualitative sense is important to interpreting the

peak model in Figs. 4a and b. The following section is an example of
where the sample is unavoidably heterogeneous. Hence the issues dis-
cussed above are relevant to samples of the nature presented below.

5. Implications of the constructed model

The peak model shown in Fig. 4 may appear uninteresting from a
material science perspective. However, studies of wear tracks on sam-
ples of tribological origin present more challenging problems for XPS
analysis and the use of peak fitting data envelopes is essential to such
research. Results from a tribology study, analyzed by XPS imaging, are
presented in Fig. 5. The images in Fig. 5 are the result of data treatment
applied to a set of images acquired over a range of energies corre-
sponding to the spectra in Fig. 6. In particular, these images are con-
structed by partitioning the signal at each pixel into spectra shown in
Fig. 6. An analysis of these spectra in Fig. 6 requires an understanding of
Mo 3d/S 2s gained by considering materials such as molybdenum tri-
sulfate, molybdenum disulfide, molybdenum trioxide and molybdenum
dioxide. Without an appreciation for the peak model in Fig. 4, it would
be easy to overlook the possibility that these data in Fig. 6 may include
the S 2s signal within the shapes one might think are characteristic of
MoOs in a 6+ oxidation state only.

One important point that should be highlighted is that the analysis of
imaging data sets does more than showing the spatial distribution of
chemical phases, but also provides information about possible charge
compensation differences over the analysis area. The spectrum in Fig. 6
labeled Mo 3d/S 2 s 6+ Rich includes a feature labeled A which appears
to be residual molybdenum disulfide (4+) located on the sample where
molybdenum 6+ is dominant. The recorded energy for the feature
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Fig. 5. XPS images measured from a wear track, the chemistry of which requires the analysis of spectral shapes seen in Fig. 6. These images are formed from a data
set consisting of a set of XPS images measured sequentially over an energy interval corresponding to the spectra shown in Fig. 6. Spectral information at each pixel
location is fitted using the two spectra in Fig. 6 and the relative contributions of these two spectra at each pixel are used to construct these two images.
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Fig. 6. Spectra derived from a representative spectromicroscopy data set. These two spectral envelopes are characteristic of two phases in material properties
associated with a wear track. Analysis of these spectroscopic shapes requires an understanding of both molybdenum sulfide and molybdenum sulfate.

labeled A is offset in energy relative to peaks for the same material from
locations where the molybdenum disulfide is dominant. A shift of this
nature may well be related to charge compensation variation between
zones on the sample, with different material properties. The purpose of
this example is to emphasize that good knowledge of the sample history
together with the instrument operator engagement before and during
the data acquisition, as well as data evaluation stages, are key points to
achieve the most reliable interpretation of XPS spectra.

These interactions are summarized in Fig. 7. In particular, the
knowledge base available to an investigator consists of that acquired by
an expert operator via interactions with the available complex infor-
mation system. In particular:

- prior research experience, combined with research publications as
well as available internet databases, are typically used to inform the
planning stages of the experiments. This also involves evaluating if
XPS is the only instrument that can provide the full story or other
surface science imaging and spectroscopy techniques, such as Scan-
ning Tunneling Microscopy (STM), Secondary Ion Mass Spectrom-
etry (SIMS), Transmission Electron Microscopy (TEM) or Scanning
Electron Microscopy (SEM), alternatively should be used alone or to
complement XPS via a correlative approach [29];

existing researcher expertise can be used to prepare series of samples
using well-established synthesis procedures using ex-situ methods
concerning XPS;

expert operators typically provide their inputs or collect the infor-
mation on the sample preparation, necessary for the initial spectral
analysis;

- manufacturer established procedures typically are followed by the
operator to maintain the instrument at the optimized performance by
performing routine checks and any calibration necessary to ensure
the acquired data is void of instrumental artifacts;

- the available resources, including instrument manufacturer and
expert led courses, such as those by CasaXPS user base in Roscoff,
France, as well as databases maintained by academic institutions,
should be utilized during all stages of spectral analysis including
wide scan and high-resolution scans, evaluate the validity of the data
and if needed, to disqualify it. Peer-review publications then act as
the main source of comparison for discussing the findings and
eventually contributing to the growing knowledge base;
it needs to be stressed that even with a prior sample knowledge a
wide scan needs to be acquired and thoroughly examined while the
resulting publications should include it at least in the supplemental
material. This would identify the (un)expected element and their
atomic composition in the surface region probed by XPS. Addition-
ally, the corresponding information obtained from the shape of the
background will elucidate buried interfaces while plasmon and
shake-up information will suggest the related electronic structure
phenomena;

- if possible, XPS spectral imaging is suggested to determine any
elemental distribution and changes in charge or oxidation state to
evaluate the need and effectiveness of the charge neutralization. The
high-resolution spectra are typically selected and acquired by the
operator, at least one per element, for detailed chemical composition
and binding information. It is important to apply an iterative process
to the peak models by varying the peak shape, the background shape
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Fig. 7. A conceptual workflow of the XPS experiment that includes knowledge acquisition, storage/retrieval and sharing as well as experiment conceptualization,
planning, implementation. The size of the boxes represents an approximate time/effort dedicated to each phase of the experiment.

as well as the background averaging until reliable information is
obtained that can be published in peer-reviewed work.

- the data has to be scrutinized and reconciled where only reliable and
reproducible peak models need to be applied for publication and the
remaining data should be stored as unpublished until complemen-
tary information becomes available.

6. Conclusion

Analysis of XPS data is best performed by making use of spectro-
scopic data coupled with context for such data. Through the use of a
specific example, general strategies for constructing peak models and
the interpretation of data are presented. The focus of these discussions is
to show how gathering information from data is enhanced by making
use of knowledge that often resides in other researchers and that
advancing science through XPS is best performed with support from
other pools of knowledge. A collaboration between a researcher, in-
strument experts (both internal and instrument manufacturers) and
experts in data treatment is the basis for successful outcomes of research
that makes use of XPS. In the absence of this ideal scenario, gatherings in

the format of workshops described here provide a good approximation.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported as part of the Center for Understanding and
Control of Acid Gas-Induced Evolution of Materials for Energy (UN-
CAGE-ME), an Energy Frontier Research Center funded by the U.S.
Department of Energy, Office of Science, Basic Energy Sciences under
Award No. DE-SC0012577. The CNRS is acknowledged for financial
support to the Thematic Workshop (N° 1317144) held at the Station
Biologique, Roscoff, France.



N. Fairley et al.

References

[1]

[2]

[3]

[4]

[5

=

[6]

[7]

[8

—

[9

[}

[10]

[11]

[12]

[13]

D.R. Baer, M.H. Engelhard, XPS analysis of nanostructured materials and biological
surfaces, J. Electron Spectros. Relat. Phenom. 178-179 (2010) 415-432, https://
doi.org/10.1016/j.elspec.2009.09.003.

A.R. Head, H. Bluhm, Ambient pressure X-Ray photoelectron spectroscopy, K.B.T.-
E. of I.C. Wandelt (Ed.). Reference Module in Chemistry, Molecular Sciences and
Chemical Engineering, Elsevier, Oxford, 2016, pp. 13-27, https://doi.org/
10.1016/B978-0-12-409547-2.10924-2.

M. Salmeron, From surfaces to interfaces: ambient pressure XPS and beyond, Top.
Catal. 61 (2018) 2044-2051, https://doi.org/10.1007/5s11244-018-1069-0.

M. Salmeron, R. Schlogl, Ambient pressure photoelectron spectroscopy: a new tool
for surface science and nanotechnology, Surf. Sci. Rep. 63 (2008) 169-199,
https://doi.org/10.1016/j.surfrep.2008.01.001.

A. Foelske-Schmitz, X-ray photoelectron spectroscopy in electrochemistry research,
in: K.B.T.-E. of I.C. Wandelt (Ed.), Encyclopedia of Interfacial Chemistry, Elsevier,
Oxford, 2018, pp. 591-606, https://doi.org/10.1016/B978-0-12-409547-2.11549-
S.

V. Fernandez, N. Fairley, J. Baltrusaitis, Unraveling spectral shapes of adventitious
carbon on gold using a time-resolved high-resolution X-ray photoelectron
spectroscopy and principal component analysis, Appl. Surf. Sci. 538 (2021),
148031, https://doi.org/10.1016/j.apsusc.2020.148031.

V. Fernandez, D. Kiani, N. Fairley, F.-.X. Felpin, J. Baltrusaitis, Curve fitting
complex X-ray photoelectron spectra of graphite-supported copper nanoparticles
using informed line shapes, Appl. Surf. Sci. 505 (2020), 143841, https://doi.org/
10.1016/j.apsusc.2019.143841.

J. Baltrusaitis, B. Mendoza-Sanchez, V. Fernandez, R. Veenstra, N. Dukstiene,

A. Roberts, N. Fairley, Generalized molybdenum oxide surface chemical state XPS
determination via informed amorphous sample model, Appl. Surf. Sci. 326 (2015)
151-161, https://doi.org/10.1016/j.apsusc.2014.11.077.

G. Greczynski, L. Hultman, X-ray photoelectron spectroscopy: towards reliable
binding energy referencing, Prog. Mater. Sci. 107 (2020), 100591, https://doi.org/
10.1016/j.pmatsci.2019.100591.

G.H. Major, T.G. Avval, B. Moeini, G. Pinto, D. Shah, V. Jain, V. Carver, W. Skinner,
T.R. Gengenbach, C.D. Easton, A. Herrera-Gomez, T.S. Nunney, D.R. Baer, M.

R. Linford, Assessment of the frequency and nature of erroneous X-ray
photoelectron spectroscopy analyses in the scientific literature, J. Vac. Sci.
Technol. A 38 (2020), 061204, https://doi.org/10.1116/6.0000685.

D.R. Baer, K. Artyushkova, C. Richard Brundle, J.E. Castle, M.H. Engelhard, K.

J. Gaskell, J.T. Grant, R.T. Haasch, M.R. Linford, C.J. Powell, A.G. Shard, P.M.
A. Sherwood, V.S. Smentkowski, Practical guides for x-ray photoelectron
spectroscopy: first steps in planning, conducting, and reporting XPS measurements,
J. Vac. Sci. Technol. A. 37 (2019), 031401, https://doi.org/10.1116/1.5065501.
P.M.A. Sherwood, The use and misuse of curve fitting in the analysis of core X-ray
photoelectron spectroscopic data, Surf. Interface Anal. 51 (2019) 589-610, https://
doi.org/10.1002/sia.6629.

G. Greczynski, D. Primetzhofer, L. Hultman, Reference binding energies of
transition metal carbides by core-level X-ray photoelectron spectroscopy free from

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Applied Surface Science Advances 5 (2021) 100112

Ar+ etching artefacts, Appl. Surf. Sci. 436 (2018) 102-110, https://doi.org/
10.1016/j.apsusc.2017.11.264.

J. Walton, N. Fairley, A traceable quantification procedure for a multi-mode X-ray
photoelectron spectrometer, J. Electron Spectros. Relat. Phenom. 150 (2006)
15-20, https://doi.org/10.1016/j.elspec.2005.08.001.

W.A. Dench, L.B. Hazell, M.P. Seah, VAMAS surface chemical analysis standard
data transfer format with skeleton decoding programs, Surf. Interface Anal. 13
(1988) 63-122, https://doi.org/10.1002/sia.740130202.
https://www.youtube.com/channel/UCUqLBeW-UAjXC55HbRYOabQ, accessed
Spring 2021.

M. Biesinger, https://www.youtube.com/channel/UCnFx4cut0S-CZXwdkekGyHg,
accessed Spring 2021.

J.H. Scofield, Hartree-slater subshell photoionization cross-sections at 1254 and
1487eV, J. Electron Spectros. Relat. Phenom. 8 (1976) 129-137, https://doi.org/
10.1016/0368-2048(76)80015-1.

P.J. Cumpson, M.P. Seah, S.J. Spencer, The calibration of Auger and X-ray
photoelectron spectrometers for valid analytical measurements, Spectrosc. Eur. 10
(1998) 8-15.

M.P. Seah, Simple universal curve for the energy-dependent electron attenuation
length for all materials, Surf. Interface Anal. 44 (2012) 1353-1359, https://doi.
org/10.1002/sia.5033.

L.W. Drummond, Sample handling, instrumentation and beam effects: XPS:
instrumentation and performance, in: D. Briggs, J.T. Grant (Eds.), Surface Analysis
by Auger and X-Ray Photoelectron Spectroscopy, IMPublications, Chichester, UK
and SurfaceSpectra, Manchester, UK, 2003, p. 899.

P. Swift, Adventitious carbon: the panacea for energy referencing? Surf. Interface
Anal. 4 (1982) 47-51, https://doi.org/10.1002/sia.740040204.

S. Tougaard, Improved XPS analysis by visual inspection of the survey spectrum,
Surf. Interface Anal. 50 (2018) 657-666, https://doi.org/10.1002/sia.6456.
1.S.0. 22581:2021(en) Surface Chemical Analysis — Near real-Time Information
from the X-ray Photoelectron Spectroscopy Survey Scan — Rules for Identification
of, and Correction For, surface contamination by carbon-containing compounds.
A.S.T.M. E1523-15, Standard Guide to Charge Control and Charge Referencing
Techniques in X-Ray Photoelectron Spectroscopy, ASTM International, West
Conshohocken, PA, 2015 n.d.

D.R. Baer, K. Artyushkova, H. Cohen, C.D. Easton, M. Engelhard, T.R. Gengenbach,
G. Greczynski, P. Mack, D.J. Morgan, A. Roberts, X.P.S. guide, Charge
neutralization and binding energy referencing for insulating samples, J. Vac. Sci.
Technol. A 38 (2020), 031204, https://doi.org/10.1116/6.0000057.

D.R. Baer, G.E. McGuire, K. Artyushkova, C.D. Easton, M.H. Engelhard, A.G. Shard,
Introduction to topical collection: reproducibility challenges and solutions with a
focus on guides to XPS analysis, J. Vac. Sci. Technol. A. 39 (2021) 21601, https://
doi.org/10.1116/6.0000873.

S. Evans, Correction for the effects of adventitious carbon overlayers in
quantitative XPS analysis, Surf. Interface Anal. 25 (1997) 924-930, 10.1002/(SICI)
1096-9918(199711)25:12<924::AID—SIA317>3.0.CO;2-2.

T.L. Burnett, P.J. Withers, Completing the picture through correlative
characterization, Nat. Mater. 18 (2019) 1041-1049, https://doi.org/10.1038/
541563-019-0402-8.


https://doi.org/10.1016/j.elspec.2009.09.003
https://doi.org/10.1016/j.elspec.2009.09.003
https://doi.org/10.1016/B978-0-12-409547-2.10924-2
https://doi.org/10.1016/B978-0-12-409547-2.10924-2
https://doi.org/10.1007/s11244-018-1069-0
https://doi.org/10.1016/j.surfrep.2008.01.001
https://doi.org/10.1016/B978-0-12-409547-2.11549-5
https://doi.org/10.1016/B978-0-12-409547-2.11549-5
https://doi.org/10.1016/j.apsusc.2020.148031
https://doi.org/10.1016/j.apsusc.2019.143841
https://doi.org/10.1016/j.apsusc.2019.143841
https://doi.org/10.1016/j.apsusc.2014.11.077
https://doi.org/10.1016/j.pmatsci.2019.100591
https://doi.org/10.1016/j.pmatsci.2019.100591
https://doi.org/10.1116/6.0000685
https://doi.org/10.1116/1.5065501
https://doi.org/10.1002/sia.6629
https://doi.org/10.1002/sia.6629
https://doi.org/10.1016/j.apsusc.2017.11.264
https://doi.org/10.1016/j.apsusc.2017.11.264
https://doi.org/10.1016/j.elspec.2005.08.001
https://doi.org/10.1002/sia.740130202
https://www.youtube.com/channel/UCUqLBeW-UAjXC55HbRYOabQ
https://www.youtube.com/channel/UCnFx4cut0S-CZXwdkekGyHg
https://doi.org/10.1016/0368-2048(76)80015-1
https://doi.org/10.1016/0368-2048(76)80015-1
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0019
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0019
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0019
https://doi.org/10.1002/sia.5033
https://doi.org/10.1002/sia.5033
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0021
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0021
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0021
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0021
https://doi.org/10.1002/sia.740040204
https://doi.org/10.1002/sia.6456
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0025
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0025
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0025
https://doi.org/10.1116/6.0000057
https://doi.org/10.1116/6.0000873
https://doi.org/10.1116/6.0000873
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0028
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0028
http://refhub.elsevier.com/S2666-5239(21)00058-1/sbref0028
https://doi.org/10.1038/s41563-019-0402-8
https://doi.org/10.1038/s41563-019-0402-8

	Systematic and collaborative approach to problem solving using X-ray photoelectron spectroscopy
	1 Introduction
	2 Instrumentation
	3 Sample knowledge
	3.1 The motivation for studying “molybdenum sulfate”

	4 Analysis of data
	4.1 Use of known samples when creating peak models

	5 Implications of the constructed model
	6 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References


