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ABSTRACT

This study considers how poor x-ray photoelectron spectroscopy (XPS) peak fitting in the scientific literature is both affected by previous
precedent and affects future published work. It focuses on a highly cited paper (the “Subject” paper) from a respected journal that contains
incorrect S 2p peak fits. This paper was studied in a genealogical fashion vis-a-vis the XPS peak fitting in its “child,” “parent,” “grandpar-
ent,” and “great-grandparent” papers. Interestingly, precedents were not followed to a high degree between parent and child papers.
However, in many cases, even when the authors of a study did not follow the incorrect precedent that they cited, they still incorrectly fit
their data. Thus, not necessarily for good reasons, the effects of poor XPS peak fits on future generations of papers may be less than some

experts had expected or feared. In many cases, older papers appear to contain better XPS peak fitting than newer ones.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0004093

1. INTRODUCTION and quantum mechanics. When first introduced to undergraduates

In one of his annus mirabilis papers, for which he ultimately in science classes, the photoelectric effect is usually discussed in the

received the Nobel Prize, Einstein explained the photoelectric
effect.” Along with blackbody radiation and the spectra of materi-

context of clean metal surfaces, often under vacuum, their work
functions, and sample irradiation with ultraviolet light. With more

als, e.g., the line spectra of gases, the photoelectric effect was a  energy than ultraviolet light, x-ray photons eject core electrons
problem that, at that time, physics had not resolved. The solutions ~ from solids via the photoelectric effect. Einstein’s explanation
to these problems ultimately led to our understanding of the atom applies equally well for ultraviolet light and x rays. The kinetic
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energies of photoelectrons depend on the energies of the photons
that excite them.

X-ray photoelectron spectroscopy (XPS)* ™ is a surface analyt-
ical technique that is based on the photoelectric effect. In XPS, the
kinetic energies of photoelectrons are measured and used to deter-
mine the binding energies of the elements in materials. In general,
these binding energies identify both the elements present at a
surface and their chemical states. Conventional XPS is very surface
sensitive because the photoelectrons it generates can only travel
short distances (up to a few nanometers) in solids before suffering
inelastic losses. XPS has become the most widely used method for
chemically analyzing surfaces.” For example, it is frequently used to
analyze catalysts.” XPS is now available in multiple modes, includ-
ing in angle resolved,” depth profiling,””"" imaging,'”'" operando,'”
near ambient pressure (NAP-XPS),"*"* low temperature,15 and
hard XPS (HAXPES)."® It is closely related to ultraviolet photoelec-
tron spectroscopy (UPS)'” and electron-stimulated Auger electron
spectroscopy (AES). 18

In spite of the considerable success and widespread use of
XPS, there are concerns surrounding the acquisition, analysis, and
reporting of some of the XPS data in the scientific literature.'”~** A
previous effort to understand this issue examined the quality of the
XPS peak fitting in a few hundred papers in three reputable jour-
nals."”” This study suggested that as much as 40% of the XPS peak
fitting in the literature is wrong and that another ~40% is question-
able. Another study evaluated the extent to which XPS instrumental
and data fitting parameters are reported in the literature.”” In many
papers, key instrumental parameters are not reported. For example,
in some cases, the type of spectrometer used is not even men-
tioned. Because of these concerns, multiple researchers have won-
dered how poor-quality XPS data acquisition, analysis, and
reporting might affect future acquisition, analysis, and reporting of
XPS data.'” To what degree is poor-quality work propagated? Will
substandard peak fitting affect subsequent generations of papers to
the point that the XPS literature will cease to be useful? In this
paper, we take a genealogical approach to this problem, relating a
well-known, problematic paper (the “Subject” paper) to the papers
it cited (its “Parents”) and to those that cited it (its “Children”).
We also examine the papers that were cited by the parent papers
(“Grandparent” papers) and those that were cited by the grandpar-
ent papers (“Great-grandparent” papers). This approach allows a
“family tree” to be constructed for a paper. An analysis of the
quality of the XPS peak fitting in the children, parent, grandparent,
and great-grandparent papers of a subject paper may provide some
insight into how XPS data analysis in a paper affects subsequent
generations of papers. Interestingly, the propagation of errors in
the literature was less than may have been expected. However, in
many cases, even though the authors of a study did not follow a
poor precedent in a paper that they cited, they still incorrectly fit
their XPS data. Finally, this analysis of the literature suggests that
the XPS peak fitting in the past was better than it is now.

Sulfur is an important element in many contexts, and, accord-
ingly, the XPS of sulfur is of interest to many practitioners of the
technique.34 Indeed, sulfur is one of the most common elements
analyzed by XPS.”’ Sulfur is common in many ores and minerals,
e.g., galena, which is PbS. Such sulfides are often only sparingly
soluble in water (very low K, values). Sulfur is an important
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element in organic chemistry where it shows up in various func-
tional groups, including in thiols, disulfides, sulfonates, sulfoxides,
and sulfones. It plays a useful role in bioconjugate chemistry. For
example, thiols react with maleimides in a Michael-type reaction,
thiols may be protected as thioacetates, and sulfonate groups are
used to increase the water-solubility of NHS-esters and other
reagents.”” Two fundamental amino acids contain sulfur: methio-
nine and cysteine. XPS spectra of sulfur are frequently reported,
but often poorly analyzed, in battery research, where guidance of
this fitting has previously been reported.”® The focus of this work
is on some S 2p spectra in a paper that have become quite well-
known among XPS experts as examples of incorrect peak
fitting.”’~>” While other XPS narrow scans, e.g., C 1s and F Is,
were also shown in this paper, the fitted S 2p spectra in this paper
have received the most attention. Of course, photoemission from p
orbitals is somewhat complicated by spin-orbit splitting. However,
these signals often exhibit less Lorentzian character than photo-
emission from s orbitals, which appear as singlets. It is sometimes
challenging to determine where a peak begins and ends when it has
substantial Lorentzian character. Thus, S 2p peaks are often easier
to fit and integrate. Consequently, and also because of their slightly
higher atomic sensitivity factor, the S 2p signal is usually preferred
in XPS analyses over the S 2s signal. However, in a few cases, it
may be best to avoid the S 2p peaks. For example, they may overlap
with other signals, e.g., the plasmons of reduced/metallic silicon.

Il. EXPERIMENT
A. General methodology

The Subject paper’” analyzed in this work appeared in a pres-
tigious journal, and it has been well cited, receiving over 1500 cita-

tions. The incorrect S 2p fits in the Subject paper are in two figures ¢
that show simpler and more complex peak envelopes, where the

more complex peak envelope suggests multiple underlying chemical
states. The errors in these fits are regarded as classic in XPS data
fitting.”* For example, spin-orbit splitting is not considered in
these fits, which is a major error (see also the more detailed critique
of these fits below). Figure 1 shows reproductions of the S 2p XPS
spectra in the Subject paper. Each citation in the Subject paper that
contained XPS data or dealt with XPS was designated as a parent
paper. Similarly, the XPS-related/containing papers that the parent
papers cited were designated as grandparent papers, and the
XPS-related/containing papers that the grandparent papers cited
were designated as great-grandparent papers. Because the Subject
paper has been cited many times, it was not practical to consider
grandchildren papers. Furthermore, only the children papers that
presented and analyzed/fitted S 2p spectra were considered. That is,
only papers that dealt with XPS were considered in the family tree.
After creating the family tree, each paper in it was evaluated by
experienced XPS analysts according to the rubric in Fig. 2, which is
from a study by Major et al.”’ Papers in the family tree that did not
contain an S 2p analysis, but otherwise dealt with XPS in some
way, were not assigned a color. To determine whether the papers in
successive generations had affected each other, their S 2p peak fits
were compared and ranked as highly similar, moderately similar, or
bearing little similarity.
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FIG. 1. Examples of the fitted sulfur 2p spectra in the Subject paper. Multiple errors appear, as described in the text, which include the omission of spin—orbit doublets
and inconsistent peak widths.

B. Brief critique of the S 2p analyses in the Subject o The data are plotted correctly in the sense that binding energy
paper increases to the left.

The following is a brief critique of the S 2p analyses in the
Subject paper. Both major and minor fitting errors are present.”’

’ a C. Methodology for evaluating the S 2p spectra in the
Major errors include:

family tree of the Subject paper
3/2

1/2

« Lack of spin-orbit splitting. Doublets (2p™~ and 2p

peaks) in The committee of XPS scientists that evaluated the spectra in

o

their appropriate 2:1 ratios, respectively, should be used to repre-  this study was composed of most of the authors on this paper, g
sent each chemical state in the material. which included: Baer, Biesinger, Clark, Easton, Harmer, g

o Inconsistent and widely varying peak widths/full widths at half Herrera-Gomez, Hughes, Linford, Major, and Skinner. Each com- §
maximum (FWHMs). mittee member was provided the fitted S 2p XPS spectrum or 8

+ Questionable assignments of the peaks to chemical species or  spectra from each paper under consideration in this work (from a =
oxidation states. The assignments in the Subject paper are incon- literature search from June 2023) and asked to evaluate the quality g
sistent with reference studies and prior knowledge. of these fits independently of the other committee members &

according to the scheme in Fig. 2. In one case, three committee
members (Linford, Major, and Clark) worked together to perform
« Backgrounds that cut through and then extend above the data on these initial evaluations. This approach of using multiple, separate

the high and low binding energy sides of the peak envelopes. groups or individuals was employed to minimize bias from other
committee members and to give each member (or small group) of

Intermediate errors include:

Less significant errors include:

o Relatively large range of peak binding energy positions or fit
components that are assigned as the same chemical states and Green: No errors or very minor errors. This analysis should
should have well defined positions contribute to the message of the paper it is in.

e The truncation (lack of extended background) on the high Yellow: Minor issues. These may include deviations from standard practices,
peak identification, or reporting. While these errors may indicate that the

blndlng energy side of F 1g. l(b)' It would also be preferable to authors are inexperienced with XPS, they pose no major problems. This
have a little more extended background on the high binding analysis should contribute to the message of the paper it is in.
energy side of Fig. l(a) Orange: Significant but perhaps not fatal, issues that may compromise the

" . message of the paper, including noticeable errors in peak fitting and analysis.
Three positive aspects to these XPS data and accompanying

analy51s are as follows: . Red: Significant errors that most likely compromise the validity of

the work.
« The signals are not overly noisy. The signal-to-noise ratios in the

data are good. The peak envelopes are reasonably well defined.

« The sum of the fit components is shown, which reveals the close- '2::)(2;0 2. SChe;";\?A used fOFI r?_tri‘"g each pape(; in :]his wo.rk,.repfroduc,t\e/ld from thle
ness of the sum of the fit components to the peak envelope. paper of Major et al. That is, reprinted witl permission from Major et al,,
Residuals of fits, which performz similar functi (Fn, can also I;)e J. Vac. Sci. Technol. A 38, 061204 (2020). Copyright 2020 American Vacuum

used to graphically show the goodness of a fit. Sl
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the committee equal representation. The independent ratings of the
committee members were then sent to Clark, who organized/com-
piled them, and the committee then met in an electronic video call
to discuss the fit(s) in each paper. In this meeting, which was
directed by Clark, the average of the initial ratings and any initial
outlier ratings were shown to the committee at the start of the dis-
cussion about a fit, the committee discussed any differences in
ratings and/or any other concerns with the fits, and a final rating
was decided upon once a consensus was reached. For about half of
the papers, the committee’s initial ratings of the papers did not
change. For the other half, the ratings were downgraded roughly
2/3 of the time and upgraded the remainder of the time. In all
these cases, only a single paper’s rating changed by more than one
category. Ratings often changed because a particular committee
member possessed specific prior knowledge about the class of
samples in an analysis.

The similarities between analyses in successive generations of
papers were determined by Clark, Major, and Linford based on the
following criteria: inclusion of spin-orbit splitting, whether the
appropriate 2:1 peak area ratio for spin-orbit doublets was used
when spin-orbit splitting was employed, whether peak widths were
consistent throughout the fit, whether appropriate chemical states
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had been assigned, the order in which chemical states were
assigned over the binding energy range (including whether they
were correct or not), the energy range of the background used, and
the general handling of the baseline. This evaluation was done
independently of the committee and had no bearing on the ratings
presented in Fig. 3. Successive papers were judged to be highly
similar if their analyses were obviously similar in multiple ways,
moderately similar if there was enough similarity to suggest that a
given paper had been influenced to some degree by the parent
paper it cited, and lacking any significant similarity if the analyses
were considerably different per the criteria just mentioned.

lll. RESULTS AND DISCUSSION

A family tree for our Subject paper is presented in Fig. 3. It
shows the ratings of the S 2p fits in the papers in the tree and also
the degree to which the fit in a paper resembles the fits in its
parent and children papers. Because of the huge number of
papers that have cited the Subject paper, only child papers of the
Subject paper that show S 2p peak fittings are displayed. In con-
trast, all the parent, grandparent, and great-grandparent papers of
the Subject paper that either mention XPS, while not showing S

High Similarity

Moderate Similarity

Little or No Similarity

FIG. 3. “Family tree” for the Subject paper (SP) considered in this study. The great-grandparent, grandparent, and parent papers are on the top three rows of this figure,
the Subject paper is in the center of the figure, and the children papers are listed on the bottom two rows of the figure. The green, yellow, orange, and red colors in this
figure indicate the rankings of the papers (see Fig. 2). Open/white circles indicate papers with XPS analyses but no S 2p data. As indicated in the legend, the type of line
between the circles/papers indicates their degree of similarity. The “Year Published” and the “Citation Number” in a circle refer to the year that a paper was published and
the reference number in that paper for a parent. To preserve privacy, the majority of the papers referred to in this figure were not cited. Finally, an arrow between two

papers points toward the paper that was cited by the other paper.
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2p data (black circles), or that show S 2p data (colored circles) are
displayed.

In Fig. 3, we first note the overall lack of quality of the S 2p
analyses across all the generations. Only 11 of the 48 papers that
show S 2p fits in Fig. 3 received favorable (“green” or “yellow”)
rankings, where 2 papers (4%) were rated “green,” and 9 papers
(19%) were rated “yellow.” Of the remaining papers, 14 were
“orange” (29%) and 23 were “red” (48%). These results are in rea-
sonable agreement with a previous review of the XPS peak fitting
in the literature.”’ This previous study found that, among all peak
fitted XPS spectra, ~20% were of good quality (“green” and
“yellow”), while the remainder were questionable or believed to be
wrong (~40% “orange” and ~40% “red”). The previous study also
considered fits of S 2p spectra. Among the 51 papers considered,
30% were “green” or “yellow,” ~30% were “orange,” and ~40%
were “red.” These results are reasonably close to those found here.

While the sample size of our survey is limited, Fig. 3 suggests
that the S 2p fits in the parent, grandparent, and great-grandparent
papers of the Subject paper are of higher quality than those in its
child papers. Indeed, 5 of the 10 (50%) S 2p fits in the parent,
grandparent, and great-grandparent papers were “green” or
“yellow” (2 were “green” and 3 were “yellow”), while only 17% of
the 36 child papers received one of these favorable rankings.
Furthermore, only 1 of the 10 (10%) parent, grandparent, and
great-grandparent papers of the Subject paper received a “red”
ranking, while 21 of the child papers did (58%). These rankings
appear to correlate with the year these studies were published. The
average year that the parent, grandparent, and great-grandparent
papers were published was 2003 + 9, while the average year that the
child papers that contained S 2p fits were published was 2019 + 2.
XPS experts have observed that the quality of XPS peak fitting in
the literature has decreased with time. Indeed, in the past, most
XPS analyses came out of research groups that were dedicated to
XPS and/or surface science, while, more recently, XPS has increas-
ingly been employed by researchers with other expertise.”” Thus,
while the precedents cited by, and that appeared to have affected,
the Subject paper were not perfect, there is some suggestion that
this work is quite a bit better than much of what is being generated
today. We hope, in the future, to review the peak fitting in a larger
number of papers that were published in the past, including papers
that had excellent precedents, to shed further light on the propaga-
tion of erroneous peak fitting.

As just noted, Fig. 3 indicates that it is likely that the XPS
peak fitting in the past was, on average, better than that being per-
formed today. However, there is a tendency in science to favor and
cite more recent research over older research. Figure 3 suggests that
this preference may not always be justified. Paradoxically, in
another field, organic chemistry, reactions reported in the literature
more than a century ago often prove to be more reliable than those
reported in the recent literature. [This opinion was presented by
Professor Gerald Dyker from the Ruhr University Bochum
(Germany) in his YouTube lectures on organic chemistry’>’' and
confirmed in a private conversation with the organic chemist Paul
B. Savage from Brigham Young University (Provo, UT).] In
general, with the limited analytical methods and apparatuses avail-
able in the past, only organic reactions that proceeded in high
yield, produced products that could be nicely isolated on relatively
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large scales by bulk purification methods, and could be analyzed by
chemical  analysis/derivatization could be well studied.
Furthermore, most of these reactions yielded fairly small molecules,
so the overall changes in these molecules were comparatively large.
The tools needed to study more subtle outcomes simply were not
available. Today, organic chemists synthesize very large and
complex molecules and observe very small changes in them, e.g., in
their stereochemistry. The analysis and discussion of Fig. 3 above
similarly suggests that, if one is not an expert in XPS, it may also
be better to look for precedents to one’s peak fitting in the earlier
literature (before 2010 or even before 2000) than in more recent
papers. The year 2010 appears to have been a transitional year in
XPS, with noticeably fewer papers beyond that year being published
in “surface” journals, which implies that fewer of the authors,
reviewers, and editors of these papers were surface scientists.
However, the decline in the fraction of XPS-containing papers
appearing in surface journals was already taking place by 2010.”

We now make the following additional observations about the
Subject paper and those in its family tree. These observations relate
to the similarities of the S 2p fits in the various parent and child
paper combinations and the quality of the peak fitting in child
papers compared to in their parent papers.

o The poor S 2p fit in the Subject paper appears to have originated
in one of its parent papers.”® Poor literature precedent can affect
future scientific work.

« However, in Fig. 3, there are only 5 examples out of 47 possibili-
ties, 11%, of the S 2p fits in parent and children papers, that are
highly similar to each other. Furthermore, 22 incidences, 47%, of
the fits in parent and children papers were moderately similar to
each other, where it is possible, but not certain, that a precedent
was followed, and 20 incidences, 43%, where the fits in parent

and children papers bear little resemblance to each other, sug- «
gesting that the precedents that were cited had little or no effect ¢

on the fit that was performed.

« Interestingly, 16 of the 37 children papers (43%) of the Subject
paper showed some improvement (“yellow” or “orange” ratings)
over the Subject paper, which was “red,” where the 6 of these
papers that received “yellow” rankings showed noticeably better
fits than the Subject paper.

o Only three of the S 2p fits in the children papers (8%) of the
Subject paper were highly similar to the S 2p fit in the Subject
paper.

o 21 of the 37 children papers (57%) received “red” rankings.
Thus, even when the bad precedents in the Subject paper were
not followed, researchers appeared to apply other poor practices
to incorrectly fit their XPS data.

Addressing the propagation of erroneous analyses in XPS, and
in other analytical methods, is a daunting task that does not have a
single remedy. One previous (and, in our opinion, very good) sug-
gestion is that journals use specialized reviewers to focus specifically
on the results of a particular characterization technique.””*” This
suggestion would probably eliminate most of the gross errors that
are appearing in the literature. However, there are challenges with
this idea. The pool of willing reviewers is already stretched thin,
and while the proposed specialized reviewers would review smaller
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parts of papers, the number of papers they might review could be
large. Furthermore, more than 50 surface and analytical techniques
are regularly used by scientists,”” and many surface and materials
studies employ and report data from 5-10 characterization
methods. It would be challenging to develop and maintain a pool
of specialized reviewers that would have to cover so many tech-
niques and so many papers, where a fairly large number of review-
ers might be needed for many papers. Nevertheless, this idea may
be viable and helpful for the more commonly used analytical
methods such as XPS. At least for now, the burden of collecting
good data and interpreting it correctly still rests largely with the
authors of studies. They need either to develop a sufficiently high
level of skill with a method to be able to collect and interpret the
data from it at a reasonable level or to collaborate with an individ-
ual that possesses this skill.

In conclusion, while XPS-containing precedents were cited in
some cases, the majority of the children papers in Fig. 3 did not
closely follow the precedent in the Subject paper that they cited.
Accordingly, while literature precedents do play some role in XPS
peak fitting, this role may not be extremely significant. These
results are also consistent with the idea that, in a number of cases,
papers that are cited in the literature are not carefully read.”*

IV. CONCLUSIONS

Many XPS experts have been concerned that poor XPS peak
fitting in papers will propagate throughout the scientific literature
and diminish its usefulness. This study shows that erroneous XPS
peak fitting precedents can and do propagate. However, the find-
ings of this study also suggest that the propagation of poor XPS
peak fits may be less than some may have suspected. The number
of peak fits in parent and children papers in Fig. 3 that are highly
similar is low; i.e., the peak fits in most parent and children papers
in Fig. 3 show moderate to little or no similarity. Thus, many
researchers appear not to follow poor precedents. However, this
conclusion may be less positive for the community than it may ini-
tially appear. While not following the poor precedents that they
cited, many papers still contain erroneous peak fits that may affect
future analyses. Some current XPS users may simply not be follow-
ing any precedents or are relying on analyses in more recent papers
in application-specific journals, e.g., on energy research, rather than
on older work in surface science journals, effectively ignoring estab-
lished methodology. A quick survey of the papers from this study
confirms that only a few are from surface-focused journals, sup-
porting this conclusion. Again, initial indications of this study are
that researchers with little experience in XPS are better off follow-
ing precedents established in older, rather than in more recent,
papers. Researchers that are unsure how to collect, report, and fit
their XPS data should refer to the many books,””*1 73536
guides,’w’l/l’z1’19’37’53 reference spectra, and websites™ " that have
been written and maintained by experts.
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