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Insight Note: X-ray Photoelectron Spectroscopy (XPS) Peak Fitting of the Al 2p Peak from
Electrically Isolated Aluminum Foil with Oxide Layer
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X-ray photoelectron spectroscopy (XPS) is the most widely used and important method for chemically
analyzing and speciating surfaces. XPS is surface sensitivity (5 — 10 nm), quantitative, and able to probe
the oxidation states of the elements at surfaces (speciate). However, during the past few years, a great
deal of incorrect XPS data analysis has entered the scientific literature. Accordingly, efforts, including
this Insight Note, are being made to provide tutorial information to the scientific community. Aluminum
is a scientifically and technologically important element. Here we discuss approaches for fitting the Al 2p
peak envelope from a sample of aluminum foil with a thin layer of oxide on it. Signals from both the
metal and oxide are present. We discuss methods for electrically isolating (or not isolating) the sample
during data acquisition, the choice of the baseline, fitting the oxide peak with one or two synthetic
peaks, and fitting the metal signal with two symmetric or two asymmetric peaks.
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1 Introduction

X-ray photoelectron spectroscopy (XPS) is a widely used surface characterization technique that
often provides significant insight into the chemistry of materials.’™ It can be both qualitative and
guantitative. XPS is based on the photoelectric effect. It involves excitation from X-rays that can
penetrate on the order of a micron into a material. In XPS, these X-rays have a known energy and eject
both core and valence electrons from a sample. However, because of their limited mean free paths, the
electrons generated in conventional XPS experiments can only escape in an unattenuated fashion from
the upper 5 — 10 nm of materials. The kinetic energies of these zero-loss electrons depend directly on
their binding energies in the sample and the energies of the incident X-rays. Peak fitting is used to
extract chemical information from XPS spectra. In peak fitting, a background is first chosen for an
experimental spectrum. Synthetic (mathematical) peaks are then placed above this background, where
the sum of these synthetic peaks should approximate the experimental data. Peaks with a significant
amount of Gaussian and/or Lorentzian character, such as Gaussian-Lorentzian sum and product
functions, and also Voigt functions, are typically used for XPS peak fitting.*® Appropriate constraints
must often be applied to fit components.’® In some cases, asymmetry must be added to these peaks.



The residuals of peak fits and a figure-of-merit like the residual standard deviation of the fit are often
used to assess the quality of a peak fit."!

A consequence of the significant increase in the popularity and importance of XPS over the past
twenty years has been that fewer experts have been involved in XPS data collection and analysis. As a
result, less accurate XPS data and data analysis are being reported in the scientific literature. Aware of
this situation, the community of XPS experts has been writing books, tutorials, and standards on the
technique for years, including a recent set of guides on the topic."***! The community has also
published many reference spectra in both Surface Science Spectra and other data bases.”*?* Another
recent effort along these lines is these Insight Notes in Surface and Interface Analysis, which provide

readers with specific, relevant examples of XPS data analysis and data collection.

In this Insight Note, we peak fit an Al 2p narrow scan collected from a piece of aluminum foil.
We first discuss the effects of sample mounting, including the importance of electrically isolating the
sample to avoid differential charging. We then describe the selection of the background, fitting of the
broad aluminum oxide peak, and fitting of the narrower aluminum metal peak. Finally, we revisit our
treatment of the background. In our fitting, we account for spin-orbit splitting, the two different
chemical states of aluminum, the mathematical forms of the synthetic peaks, and the type of
background for the fit. Of course, the XPS of aluminum, including analyses of the Al 2p region, have been

considered multiple times in the past by various researchers.*>!*1624%/

2 Experimental

A piece of aluminum foil with layers of oxide on its top/analyzed surface and underside was
measured with a Kratos Axis NOVA (XPS) surface analysis spectrometer. It employed an Al
monochromatic source (300 W) with a pass energy of 10 eV and energy steps of 0.1 eV. The sample was
charge compensated using Kratos’ proprietary neutralizer in the spectrometer. All data that was peak
fitted was processed using CasaXPS version 2.3.25PR1.0.%% The relative sensitivity factors (RSF) of both
the Al oxide and Al metal synthetic peaks were determined using the CasaXPS library. The RSF values
were 0.5371 relative to the C1s peak, which was defined as unity. None of the peaks that were peak
fitted were charge corrected by the software.



3 Results and Discussion

3.1 Sample preparation and mounting

The ejection of electrons from materials in XPS leaves positive holes that can lead to sample
charging. This issue is generally of no consequence for metallic samples that are in good electrical
contact with the instrument. However, it can be a problem for insulating and semiconducting samples if
charge builds up in them. The resulting sample charging may occur over the course of an experiment
and lead to distorted signals that drift towards higher binding energies. Charge compensation devices,
including electron flood guns, are widely used to prevent (or at least mitigate) sample charging.
Differential charging takes place when a sample charges differently at different locations, i.e., when
different regions of it are at different potentials. Differential charging is a concern for heterogenous
samples, such as those that have both insulating and conducting regions. Differential charging can take
place gradually. For example, Figure 1 shows the Al 2p region of a piece of aluminum foil with an oxide
layer on it that was attached directly to the sample stage. No charge compensation was applied during
this analysis, and spectra were taken at different times while the sample was irradiated with X-rays.
Figure 1 shows that while the lower energy signal from the metal remains constant, the oxide peak
gradually shifts to higher binding energy, indicating differential charging. Differential charging can take
place either laterally or vertically in materials. Effective sample mounting is important for limiting or
preventing differentially charging.?” Samples containing both metallic and oxide components are often
best analyzed by electrically isolating them with a piece of double-sided adhesive tape (see Figure 2) or a
glass slide and then charge compensating them.” The former approach was taken for the sample
analyzed in this work. It yielded the stable spectrum shown in Figure 3, which was analyzed/fit in this
work.
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Figure 1. XPS Al 2p spectrum of aluminum foil with oxide layer in direct contact with the sample holder with no charge
compensation applied. The three spectra here were taken at different times: red spectrum: early time, green spectrum:
intermediate time, blue spectrum: latest time. The oxide peak shifts to higher binding energy as the analysis time increases. The
signal from the metal does not shift.

Al Oxide

Isolating Tape
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Figure 2. Mounting of a piece of aluminum foil with oxide on electrically isolating tape. This figure was recreated; it is based on
an image in a YouTube video on the subject of this paper.30
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Figure 3. Al 2p spectrum of aluminum foil with a thin layer of oxide on it. The sample was mounted by electrically isolating it as
shown in Figure 2.

3.2 Background

Backgrounds are used to separate the zero-loss signal (the peaks of interest) in an XPS data
envelope from the signal from inelastically scattered electrons. The three most commonly used

backgrounds are the linear, Shirley, and Tougaard backgrounds.*®***

In Figure 3, the lack of a
significant rise in the baseline across the spectrum, i.e., the fact that there is a considerable amount of
continuity from one side of the peak envelope to the other, suggests that any of the three major
backgrounds might be reasonable choices for it. Figures 4a — c show linear, Shirley, and Tougaard
backgrounds, respectively, applied to this narrow scan, and Figure 4d shows all three backgrounds
overlayed. As predicted, all three backgrounds are quite similar for this narrow scan. Indeed, the Shirley
background follows the linear background closely, while the Tougaard background shows a small dip
compared to the other two, which is typical of it. However, just because the backgrounds for this fit are
quite similar, i.e., they should not affect the final results (peak areas) significantly, does not mean that
background selection in XPS is always easy or that backgrounds are interchangeable. In some cases,
there is a considerable amount of uncertainty associated with background selection and certain
backgrounds are inappropriate.

In general, the background for a fit should cut through the middle of the noise/baseline on
either side of the peak envelope or run just below it. However, it can be difficult to know where the
chosen background should merge with the inelastic signal on the sides of the peak envelope. For
example, s-orbital photoemission peaks are often broad and show strong Lorentzian character, which is



a result of their short core-hole lifetime and the uncertainty principle.?***

That is, because these peaks
are inherently broad, they are less affected by other broadening mechanisms through convolution and
they often retain a significant amount of Lorentzian character. Thus, it is not always clear when the long
tails from these peaks have merged with the inelastic background. Because it is the simplest choice, the
peaks in Figure 3 are reasonably localized in space, there is not a significant rise in the baseline across
the peak envelope, and there is reasonable continuity across the baseline, we start our fit with the linear

background shown in Figure 4a.
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Figure 1. Al 2p narrow scan with (a) linear, (b) Shirley, and (c) Tougaard backgrounds applied to it. (d) All three backgrounds
overlayed: Shirley (green, top), linear (black, middle), and Tougaard (blue, bottom).

3.3 Aluminum Oxide Peak

Aluminum oxidizes quickly when it is exposed to oxygen. As expected, a thin layer of oxide was present
on the aluminum sample that generated the spectrum in Figure 3. The signal from this oxide
corresponds to the broader, symmetric peak at higher binding energy in this spectrum. The irregularly
shaped signal at lower binding energy is due to the metal.” The oxide peak is at higher binding energy
because oxygen is more electronegative than aluminum. Oxygen withdraws electron density from
aluminum and deshields it, so its electrons ‘feel’ the nuclear charge to a greater extent, i.e., initial state



effects dominate this signal. The oxide peak is broader than the metal peak. This has been attributed to

16,34

phonon broadening. In addition, the oxide is expected to be less ordered than the metal, which

should also contribute to peak broadening.

We now describe two ways to fit this oxide peak. The first is to fit it with a single, broad, symmetric
peak. Of course, this approach ignores the spin-orbit splitting that is always present for p, d, and f signals
in XPS. However, the broad, higher binding energy oxide signal from Al in Figure 3 is often well
approximated with a single, broad fit component (see Figure 5a). The second way to fit this broad signal
accounts for spin-orbit splitting. We prefer this second approach because it explicitly accounts for the
theory underlying the signal. In Figure 5b, the oxide peak is well fit with two spin-orbit
peaks/components that have a 2:1 area ratio, a fixed energy spacing that was obtained from the
literature (0.44 eV), and equal widths.” However, this 0.44 eV spacing is quite small, so it is, again,
generally only observed in high-resolution measurements of narrow signals. We only see evidence for
spin-orbit splitting in the metal signals in our spectrum. The breadth of the oxide spin-orbit signals and
the small spacing between the Al 2p;/, and 2p;;, peaks ultimately create a broad signal that appears as a
single peak. Furthermore, unless this spectrum is obtained at high resolution, the metallic spin-orbit
signals will also appear as a single peak. Thus, for low-resolution Al 2p spectra, both the oxide and
metallic peaks can be modeled as single symmetric signals, although, again, we recommend accounting
for spin-orbit splitting. An additional, chemical complication of fitting aluminum oxide peaks is that the
signals from aluminum oxide and aluminum hydroxides overlap, and both are expected to be present in
the type of oxide analyzed in this work.”®* We emphasize that the successful use of two synthetic peaks
to model the aluminum oxide and aluminum signals depends on appropriately constraining them, e.g.,
the two synthetic peaks in each case have the same widths.'® Finally, while we are trying to account for
the underlying physics of spin-orbit splitting in our fitting of the oxide signal, the existence of one or
more doublets (at least not in the oxide peak) is not implied by our analysis.
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Figure 2. Peak fits of the oxide signal/peak in an Al 2p narrow scan with (a) a single, broad, symmetric signal, and (b) two
symmetric peaks with a 2:1 area ratio and equal widths. The synthetic peaks used here were symmetric Voigt functions, as
embodied in the Asymmetric Lorentzian (LA) function.35 The (50)" in “LA(50)" indicates that this peak shape has (roughly) 50%
Gaussian character — its Gaussian character is between the minimum (0) and maximum (100) levels possible for this peak shape.

3.4 Aluminum Metal Peak

In addition to being narrower than their corresponding oxide peaks, peaks from metals are often
asymmetric. This asymmetry is due to promotion of electrons into the conduction band during

photoemission, which is a final state effect.”*®

Accordingly, the degree of asymmetry in metal peaks
depends on the number of states at the Fermi level. The high shoulder on the high binding energy side
of the metallic signal at ca. 68.6 eV is consistent with asymmetry in these signals. We fitted the metallic
(low binding energy) peaks in our Al 2p spectrum with both symmetric (Figure 6a) and asymmetric
(Figure 6b) synthetic peaks. The fit in Figure 6b with the asymmetric peaks produces a better residual
standard deviation for the fit. A better fit is generally obtained in XPS peak fitting when the model better
reflects the underlying physics of the problem. More specifically, to fit the Al metallic peaks, we used a
generalized asymmetric Lorentzian line shape with an added ST modifier. This modification allowed us

to introduce asymmetry to the left side of the peak, better representing the underlying physics. The



ST(u) modifier combines a Shirley-like step with a bell-shaped component in which the parameter
determines the relative contributions of the step.*® As the value of  increases a subtle rise appears on
the tail end of the peak towards higher binding energy, while a gradual dip emerges on the tail end
towards lower binding energy.
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Figure 63. Peak fitting of the metallic signal in the Al 2p peak envelope with (a) symmetric LA line shapes (Voigt functions) and
(b) asymmetric LA line shapes with a parameter (ST) that controls the exponential tail. Both the ST parameter and the second LA
parameter/peak shape with a value of 1.63 in the LA function control the exponential tail (asymmetry).
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Figure 7. The Al 2p spectrum considered in this work fit with a Shirley background, where the oxide signal is fit with two
components as in Figure 5b and the metallic signal is fit with two asymmetric components as in Figure 6b.
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Figure 8. Optimization plot for the ST(u) parameter line shape. The sharp drop in the graph is indicative of the best parameter
for the line shape at the minimum in the curve.

3.5. Revisiting the background



While, as noted above, a linear background works reasonably well for our Al 2p spectrum, we ultimately
decided to replace it with a Shirley-type background because it better approximates/follows the shape
of the background on the sides of the peak envelope (see Figure 7). We optimized the ST(u) parameter
in this fit by varying it as shown in Figure 8. While allowing the asymmetry produced by this parameter
to vary, the constraints on the other parameters remained the same. The optimal value for u that we
obtained lowered the residual standard deviation for the fit to a value that is closer to unity. Overall, we
believe that this fit well approximates the underlying physics of this problem.

4. Quantification of Oxide Layer

The Al 2p peak areas from the metal and oxide can be used to estimate the thickness of the oxide layer
(see Equation 1). Equation 1 is based on the Beer-Lambert Law.*” It assumes a uniform surface layer of

oxide, dxps, with a thickness that is calculated in Angstroms as follows:

A 1 N‘m/l‘m Io
) dyps(A) = A,sinfIn [m ™ + 1],

where the inelastic mean free paths (IMFP) of the aluminum oxide (1,) and aluminum metal (4,,) are

m

about 28 and 26 A respectively, the ratio of the densities of aluminum and aluminum oxide (N—) was

[

1.5, and the intensities for the oxide (I,) and metal (I,,,) are obtained from a peak fit model. These IMFP
%637 These values match the IMFPs reported by the
NIST database.’®*® Using the equation above with an electron take off angle of 90 degrees, the values

and density values were obtained from Strohmeier.

just mentioned, and peak areas obtained from the fit in Figure 8, an oxide layer thickness of 33 A is
obtained. This value is in reasonable agreement with the thicknesses of aluminum oxide observed by
Strohmeir on his sample (40 + 4 A).2%% 34

The maximum oxide thickness that can be reasonably determined by this equation/method is 75-85 A.%
42,43

These values agree with others in the literature (2 — 4 nm).

Spectroscopic ellipsometry can be used to measure much thicker aluminum oxide layers.

5. Conclusion

This Insight Note describes an approach to fitting an Al 2p spectrum with both oxide and metallic signals.
Our preferred fit uses two broad, symmetric peaks with a 2:1 area ratio, the same widths, and an energy
difference of 0.44 eV to fit the oxide signal and two narrower asymmetric peaks with the same area
ratio, same widths, and an energy difference of 0.44 eV to describe the metal. These fit components sat
on a Shirley background, although a linear background was a decent approximation to the background
and a Tougaard background should have also been adequate (the final peak areas would not have been
strongly affected). We believe the fit in Figure 8 reasonably captures the physics and chemistry of this
problem.
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