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Methods for estimating photoemission intensity from X-ray photoelectron spectroscopy data are examined. The role played by "synthetic" bell-shaped curves, integration intervals, background curves and the use of relative sensitivity factors (RSFs) in reporting percentage atomic concentration for a sample is presented. In particular, photoemission lines with differing energy distributions obtained from the NaCl sample surface are used to demonstrate how a comparison of photoemission intensities is dependent on the line shapes, background curves and appropriate use of RSFs.

Introduction

X-ray Photoelectron Spectroscopy (XPS) is an analytical technique widely used in chemistry, physics and engineering. [START_REF] Seah | The quantitative analysis of surfaces by XPS: A review[END_REF][START_REF] Salmeron | From Surfaces to Interfaces: Ambient Pressure XPS and Beyond[END_REF][START_REF] Bagus | The interpretation of XPS spectra: Insights into materials properties[END_REF][START_REF] Blomberg | In situ X-ray photoelectron spectroscopy of model catalysts: at the edge of the gap[END_REF][START_REF] Foelske-Schmitz | X-Ray Photoelectron Spectroscopy in Electrochemistry Research[END_REF] XPS provides insights into the chemical state of the corresponding atoms and the amount of substance measured via recording numbers of electrons with specific energy emitted for a sample due to scattering of bound-state electrons by photons. [START_REF]A Discussion on photoelectron spectroscopy -Electron spectroscopy for chemical analysis (e.s.c.a[END_REF] While the physics of the photoelectric effect ensures quantitative analysis is available, factors related to the measurement of count rates and calibration of instrumentation present challenges when attempting to understand results from samples analyzed by XPS. [START_REF] Shard | Practical guides for x-ray photoelectron spectroscopy: Quantitative XPS[END_REF] In this work, some of these challenges are considered and highlighted by an analysis of data recorded from a relatively simple NaCl sample that demonstrates a level of care that should be given to understanding XPS data.

Carefully used modern XPS instruments usually produce quality reproducible XPS signals from most materials. However, multiple factors impact transforming these signals into the elemental composition that many analysts seek. Such factors include those related to the sample, the instrument, data collection, and the analysis approach. When a material is known and uniform over the analysis depth, several scientifically justifiable assumptions and corrections [START_REF] Briggs | Practical Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy[END_REF] to the measurement of photoemission correction may be used to obtain an accurate analysis. However, most samples are of unknown composition and do not have uniform composition over the analysis depth of XPS. Routine or practical quantitative analysis using XPS is dependent on relative sensitivity factors used to estimate the response of signal intensity to photoemission and many analyses implicitly assume that the composition over the analysis volume is uniform. [START_REF] Cumpson | Angle-resolved XPS and AES: Depth-resolution limits and a general comparison of properties of depth-profile reconstruction methods[END_REF] Therefore, the percentage atomic concentrations calculated from XPS seldom have absolute accuracy better than 10 to 15%. However, with significant care and knowledge of the sample results can be precise (reproducible) and highlight differences among samples. Hence practical quantification by XPS is dependent on the existence of relative sensitivity factors (RSFs) used to estimate the response of signal intensity to photoemission. [START_REF] Wagner | Empirical atomic sensitivity factors for quantitative analysis by electron spectroscopy for chemical analysis[END_REF][START_REF] Scofield | Hartree-Slater subshell photoionization cross-sections at 1254 and 1487 eV[END_REF] Indeed, libraries of RSFs are offered by all manufacturers of XPS instrumentation and these RSFs are provided with the understanding that quantification by these means is limited to certain sample composition, structure and morphology. However, despite uncertainty in quantification results obtained by XPS for surface properties of heterogeneous samples, XPS is often the only non-destructive means of gaining information about a sample.

The question emerges on why to calculate percentage atomic concentration from XPS measurements. The percentage atomic concentration provides a means of normalizing peak intensities concerning the measurement process by XPS. Measurement performed under different conditions, such as simply altering the sample height concerning the apparatus, can alter the absolute intensity of photoemission peaks. The relative intensity for these same peaks from identical samples measured under differing conditions is, in theory, unaltered.

Hence presenting the intensity of emission peaks relative to the sum of all emission peaks intrinsic to percentage atomic concentration offers a means of demonstrating two measurements or two samples are identical. More importantly, the percentage atomic concentration for two measurements or samples that differ provides the basis from which a skilled analyst begins to understand XPS data. The difficulty in computing accurate percentage atomic concentration from XPS data is further emphasized when emission peaks are adjusted for relative sensitivity. The fact that not all photoemission peaks from a given element occur in XPS spectra with the same intensity or FWHM suggests that a scale factor used to correct for differences in photoelectron peak intensity, when computing raw intensity from data, will also depend on a consistent method for defining the integration interval limits as well as the curve [START_REF] Tougaard | Practical algorithm for background subtraction[END_REF][START_REF] Végh | The analytical form of the Shirley-type background[END_REF] used to model inelastically scattered background signal within the interval. The need for consistency in how emission peaks are integrated is further complicated when peak models are required to separate signals from different sources of emission that overlap within spectra.

The problem posed by measuring emission via components in a peak model compared to measuring emission by integrating data over an energy interval is that the latter is by definition over a finite interval, whereas in the case of the former, synthetic line shapes derived from Gaussian and Lorentzian functions [START_REF] Major | Practical guide for curve fitting in x-ray photoelectron spectroscopy[END_REF][START_REF] Major | A detailed view of the Gaussian-Lorentzian sum and product functions and their comparison with the Voigt function[END_REF] are defined in terms of the area over an infinite energy range. One might think that a solution is to truncate synthetic line shapes to the interval used to integrate intensity from data. However, such an approach introduces inconsistencies between components within a peak model depending on how close a component is positioned concerning the limits of the integration interval. That is, adopting this strategy results in a component in the center of an interval that integrates to a different area from a component close to the limits of the interval. Further, the relative error in intensity for the area measured by components compared to the area measured based on integrating data depends on the line shapes used by components in a peak model. The exponential decay in intensity in the case of a Gaussian is significantly more rapid than the quadratic decay associated with Lorentzian line shapes. As a consequence, the energy interval width required to capture the same area for a Lorentzian as a Gaussian is wider for a Lorentzian than would be required for a Gaussian. This is illustrated in Figure 1 where the full-width corresponding to varying proportions of height for a Lorentzian and Gaussian are plotted concerning the fractional height parameter we introduce, n. The convention of characterizing a bell-shaped curve by the full width at half maximum (FWHM), for the Lorentzian and Gaussian, plotted in Figure 1b, would suggest these are two curves that have similar width characteristics. However, if the width is measured by full width a one-fifth maximum (n=5), one would observe that the Lorentzian and Gaussian are not of similar width character. This suggests that the integration interval can and will have a different effect on the calculated area.

These concepts of component area relative to one another and the area from integration intervals can be explored by using photoemission data from NaCl. Specifically, Cl 2s transition provides a photoemission peak with a mostly Lorentzian shape, while Cl 2p is a doublet where both peaks are closer to a Gaussian. In this Insight, data measured from NaCl will be used to explore why quantification by XPS is not straightforward, even for a homogeneous material such as NaCl. The corresponding Youtube video that delineates the underlying concepts of Cl 2p/Cl s2 based quantification is available under Supporting Information.

Experimental Section

The experiment performed on a Kratos Axis Nova measured two spectral regions with energy intervals corresponding to Cl 2s and Cl 2p photoemission from NaCl powder. Repeat measurements for Cl 2s and Cl 2p spectra were acquired using a single scan in energy and dwell time per data channel of 0.133 s. A total of 101 spectra per photoemission line were recorded. Charge compensation is used throughout these measurements, which were performed using FoV1 lens mode, slot aperture with analyzer pass energy 10 eV and monochromatic X-ray source, photon energy 1486.6 eV. The apparent binding energy for Cl 2s photoemission is 267 eV and for Cl 2p is 196 eV. Instrumental response due to kinetic energy of recorded electrons is flat for the energy interval spanning Cl 2s and Cl 2p. Data analysis is performed using synthetic line shapes in CasaXPS. [START_REF] Fairley | Systematic and collaborative approach to problem solving using X-ray photoelectron spectroscopy[END_REF] High energy resolution spectra were recorded using the energy resolution provided by the pass energy 10 eV to allow the doublet components of Cl 2p to be resolved in energy and to permit the energy, for which the rise in background signal associated with photoemission from Cl 2p, to be easily identified. Pass energy 10 eV also ensures the recorded shape for Cl 2s is predominately the natural line shape for Cl 2s photoemission, which is Lorentzian in character. These characteristics of spectral line shapes are central to the discussion that follow.

FoV1 defined for the University of Nantes Kratos Axis Nova operating in pass energy 10 eV results in an intensity transmission change between kinetic energy for Cl 2s and Cl 2p of about 2%. In the context of uncertainties in Scofield cross-sections and estimates for escape depth correction, a 2% change in transmission between Cl 2s and Cl 2p is considered a flat transmission response. Over an energy range corresponding to a survey (1000 eV) measurement the transmission response of FoV1, pass energy 10 eV cannot be described as flat. The performance of the instrument, however, can be demonstrated in FoV2 and pass energy 160 eV scan shown in Figure 2 with the quantification performed using Scofield RSFs and escape depth correction with no transmission correction. For this special mode of operation, the resulting quantification shows stoichiometric quantitites of Na and Cl as evidenced by Na 1s, Na 2s and Cl 2p peaks.

Results and Discussion

Quantification and RSFs

Quantification by XPS involves separating photoemission signal from background signal and then selecting appropriate RSFs. These steps are illustrated in Figure 3 where the signal, representing the summation of all 101 spectra measured over the energy interval in which the Cl 2p signal, is present and performed in three ways. Cl 2p is a doublet, therefore two energyresolved photoemission peaks provide two ways to partition the signal. The doublet is modeled in Figure 3 using two components, each of which is assigned RSFs calculated by Scofield. [START_REF] Scofield | Hartree-Slater subshell photoionization cross-sections at 1254 and 1487 eV[END_REF] A third method for linking Cl 2p signal to an RSF is via integration over the entire doublet. The total RSF obtained by summing the two spin-orbit split RSFs used for each component is applied to the signal integrated over the combined Cl 2p doublet structure. Each component is identified as distinct through the j quantum number (1/2 and 3/2) subscript to Cl 2p. The total intensity for the Cl 2p doublet in Figure 3 is calculated by integrating intensity after subtracting a flat linear background. In each case, the RSF calculated by Scofield would allow the amount of substance to be calculated for chlorine by the inclusion of any one of these three measures for photoemission intensity, Cl 2p 1/2 , Cl 2p 3/2, or Cl 2p region. Thus, if the RSF adjusted signal is compared using a percentage atomic concentration calculation, a comparison for these three should logically all report 33.3%, as shown in Figure 3. This result in Figure 3 thus demonstrates that for Cl 2p there is little difference in outcome for the amount of substance if measured by either of these three estimates for chlorine. The scenario for Cl 2p in Figure 3 is precisely the outcome hoped for when analyzing XPS data using peak models or integration regions. However, a similar analysis for Cl 2s reveals a problem not encountered during an analysis of Cl 2p.

The reason the results shown in Figure 3 for Cl 2p are comparable between the region and components to the peak model is line shapes used to model doublet signal are constructed from a generalized Voigt function where the Gaussian width relative to the generalized Lorentzian is broad. [START_REF] Sherwood | The use and misuse of curve fitting in the analysis of core X-ray photoelectron spectroscopic data[END_REF] The width of the Gaussian indicated by the parameter value 870 used in LA(1,1.12,870) suppresses the spread of intensities away from the maximum intensity in the line shape that would otherwise exist due to the contribution of the generalized Lorentzian. Further, the FWHM for these doublet Cl 2p components is about 1 eV, which is narrow compared to the total width for the integration region.

By comparison, the FWHM for the component used to model Cl 2s photoemission in Figure 4 is 2.3 eV and the line shape LA(95) is a true Voigt function. [START_REF] Moeini | Definition of a new (Doniach-Sunjic-Shirley) peak shape for fitting asymmetric signals applied to reduced graphene oxide/graphene oxide XPS spectra[END_REF] The characteristic shape for LA(95) is determined by a narrow Gaussian compared to the width of the Lorentzian in the convolution integral. Hence, LA(95) allows the signal to spread outside the region limits used to compute the results shown in Figure 4, Figure 5 and Figure 6. It can be seen in Figure 4 that there is a discrepancy of 6.3 % between the intensities measured using the same RSF of 1.69 for the Cl 2s component and the Cl 2s region. We refer the reader to Figure 1 for the importance of the characteristics of a line shape, where a comparison is made between the spread of intensity over energy is made between Gaussian and Lorentzian functions. Based on these two curves in Figure 1 The role for the component with line shape LA(95) is to estimate the intensity of Cl 2s signal, while these two other components provide shapes appropriate for modelling background signal. One of these additional components makes use of the line shape TP(1,1,0), which for the purposes of the peak model provides a linear background that models background signal not emanating from Cl 2s photoemission. The second component is designed to model inelastic scattered signal from Cl 2s photoemission. A sigmoid line shape computed from the line shape LA(95) provides a component with shape equivalent to shapes computed directly from data for photoemission peaks. This sigmoid component defined by SB(0)LA( 95) permits the peak model to fit LA(95) at binding energies where inelastic scattered Cl 2s intensity begins to contribute to background intensity, while zero-loss signal is still appreciable. . SB(0) sigmoid line shape description as well as TP shape are further described in the videos available under Supporting Information.

Figure 5 illustrates how using a Shirley background -which forces different choices for the integration limits -results in a poor comparison between the area calculated by fitting LA(95) to data in Figure 4 and the area calculated in Figure 5. The resulting areas are 54.8 and 45.2 % while their contributions should be equal. Hence, Shirley's background underestimates the area of Cl 2s. The use of Scofield cross-sections and escape depth correction accounts for the comparison between Cl 2s and Cl 2p intensity measured by components fitted to data in Figure 6. If it is assumed Scofield cross-sections are computed correctly, then the 1:1:1 ratio shown in Figure 6 calculated from components in peaks models with line shapes selected appropriately, suggests a basic use of integration regions will introduce quantification errors unless RSFs are adjusted to account for the use of a given background and integration interval. Indeed, these considerations account to some extent for the variation in RSFs supplied by different instrument manufacturers and also empirical RSFs calculated from standard materials.

The quantification tables presented in Figure 3 and Figure 4 differ from the quantification table in Figure 5 in the following sense. Figure 3 and Figure 4 tables are attempting to demonstrate precision in calculated areas based on integration regions and components fitted to data, while the table in Figure 6 should be viewed in terms of results with the accuracy expected for quantification by XPS. Since the results presented in Figure 3 and Figure 4 are concerned with the precision of the calculated area for photoemission, these results may be deemed entirely significant to the theme of this Insight paper. By contrast, the ratio for Cl 2s and Cl 2p intensity reported in Figure 6 is subject to uncertainties introduced through RSFs, instrumental factors and factors relating to electron scattering due to sample properties. Therefore, the table in Figure 6 is only an indication that steps leading to the comparison made between Cl 2s and Cl 2p are feasible rather than accurate in a theoretical sense. In general, the apparent accuracy shown in Figure 6 is not typical for XPS and must surely include an element of luck in achieving results as tabulated.

Peak Model Construction

The previous section presents an argument in support of measuring photoemission peak intensity through the use of fitting curves to data, at least for cases where photoemission peaks are Lorentzian in character. An argument will now be made to suggest fitting curves to data provides insight into sample properties and identifies possible measurement artifacts. The latter is not necessary for successful use of XPS when understanding samples, but being aware that shapes in data are due to instrumental factors rather than the physics or chemistry of the sample can help to avoid over-interpretation of XPS data. In particular, the spectra in Figure 3 and Figure 4 are constructed from data saved at acquisition time as 101 spectra with relatively poor signal-to-noise. The assumption when summing these rapidly acquired spectra to form a single spectrum with good signal-to-noise is that all acquisition cycles are equivalent and data may be summed without any pre-processing to account for shifts in energy. Performing a Principal Component Analysis (PCA) [START_REF] Garland | A study of in situ reduction of MoO3 to MoO2 by X-ray Photoelectron Spectroscopy[END_REF][START_REF] Bargiela | Towards a reliable assessment of charging effects during surface analysis: Accurate spectral shapes of ZrO2 and Pd/ZrO2 via X-ray Photoelectron Spectroscopy[END_REF] on the set of 101 spectra measured from Cl 2p photoemission immediately identifies that not all spectra in the sequence of measurements are aligned in energy. Observing the energy calibration for each scan differs through the experiment (Figure 7) is an explanation of why the peak model in Figure 3 involves line shapes with asymmetry. The evidence in Figure 7 would suggest stability of the sample and instrument was only achieved at some point after measurement cycle 40.

Insight into sample properties may be gained by considering the construction method for the peak model in Figure 4. The use of the line shape LA(95) in fitting data in Figure 4 is contingent on the background approximation. Specifically, positioning in terms of width and intensity on a flat background greatly alters the line shape which best fits these data in Figure 4. Thus, rather than arbitrarily defining the flat background by eye, a component is added to the peak model which allows the intensity for a flat background to be determined through optimization. Then, scanning LA(m) line shape parameter m while fitting both line shape and flat background component allows a mathematical determination for the line shape LA(95) as most appropriate for these data. The peak model in Figure 4 also includes a component designed to model the background response to the inelastic scattering of Cl 2s electrons. The heuristic for the use of the Shirley component is a response in the background to Cl 2s signal is delayed in energy until bound states for electrons in ions are available to induce energy loss in photoelectrons. The flat background beneath Cl 2p is evidence that energy loss due to the scattering of photoelectrons from Cl 2p is delayed. However, the width of Cl 2s photoemission is such that energy loss for Cl 2s photoelectrons occurs within the higher binding energy wing of this Lorentzian-shaped peak. The energy interval used in Figure 4 is possible because of the inclusion in the peak model a component that accommodates inelastic scattering of Cl 2s photoelectrons. While not conclusive, introducing these background components suggest the Lorentzian shape for Cl 2s is a feasible solution for modeling photoelectrons. The peak model therefore equally suggests a band gap for NaCl which would be ignored in an analysis making use of the Shirley background in Figure 5. The region defined in Figure 5 also implies a line shape, based on a Shirley background to identify the Cl 2s signal, which would require a line shape that accommodates distortions in the backgroundsubtracted signal due to the use of a Shirley background [START_REF] Moeini | Definition of a new (Doniach-Sunjic-Shirley) peak shape for fitting asymmetric signals applied to reduced graphene oxide/graphene oxide XPS spectra[END_REF] .

Conclusions

The analysis performed for photoemission signal from chlorine ions in NaCl demonstrates the importance of understanding how the choice of line shapes, background curves and RSFs influence results presented as percentage atomic concentration for XPS data. Quantification by XPS is discussed and considered from a practical perspective. The conclusion offered by this work is widely known but seldom stated, namely, that for practical uses of XPS, the percentage atomic concentration measured by XPS is a means to compare samples rather than a literal measure for a sample composition. The example comparing chlorine photoemission from Cl 2s and Cl 2p supports this conclusion by showing how line shapes and background curves greatly influence the accuracy possible in estimating photoemission intensity.

In general, accurate XPS quantification of the chemical composition is difficult to obtain unless great care has been taken already before the acquisition planning of the experiment and the processing of the data obtained. This also is relevant even when a comparison among samples of similar types is performed requiring consistent measurement approaches.

Validation of the analysis method for different peaks of the same element, such as the results presented in this work, is a useful way to test and verify XPS acquisition procedures, recognizing that for samples with contamination or other surface layers the comparisons may not apply. Figure 3. Cl 2p doublet spectrum formed by summing all 101 spectra acquired. The intensity is estimated using fitting two components to data and also calculated for Cl 2p using an integrating signal directly over the energy interval defined by the region marked in grey. The background which is defined by the integration region marked in grey is a horizontal line. Intensity is separated into two spin-orbit split components to the peak model and calculated directly from data via the integration region so that RSF-adjusted intensity from these three sources can be compared. Scofield cross-sections are used for all three measures for intensity, where the spin-orbit split components are assigned RSFs to allow either component to be used in a quantification calculation alone. The region's RSF is the total RSF for Cl 2p so these three RSF corrected intensities should in theory all appear in the ratio 1:1:1 when presented as percent atomic concentration. Binding Energy (eV) Binding Energy (eV) Figure 5. Cl 2s data with integration interval defined to allow the use of a Shirley background curve to estimate the shape of inelastically scattered photoemission signal. The table compares the corrected area for Cl 2s calculated from the integration region making use of the Shirley background shown to the corrected area for Cl 2s measured using the component curve in Figure 4. Using a Shirley background to calculate Cl 2s photoemission intensity significantly underestimates the intensity for Cl 2s compared to an estimate based on fitting the component curve LA(95) to data. Binding Energy (eV) Binding Energy (eV) Figure 7. Apparent binding energy determined for Cl 2p 3/2 signal. The abscissa is the measurement cycle index for each spectrum in the experiment in chronological order. These Cl 2p 3/2 peak binding energies are determined by fitting the peak model in Figure 3 to each spectrum. The trend in binding energy shows a movement with the time that is only 0.1 eV but represents evidence of systematic changes in energy for Cl 2p data that potentially alter shapes observed for the spectrum in Figure 3. 
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  it is clear a curve with Lorentzian characteristics includes signal over a far wider energy interval than if the curve favored a Gaussian shape. Hence the importance of observing the different characters of line shapes used in peak models for Cl 2s and Cl 2p The peak model for Cl 2s photoemission in Figure 4 makes use of three components. Two of these components are required to permit the use of the component with line shape LA(95).

Figure 1 .Figure 2 .

 12 Figure 1. Comparison of energy widths for Gaussian and Lorentzian curves measured at different proportions of height. FWHM corresponds to n = 2, where both curves have been normalized to unity (1 eV) energy spread at FWHM. Inset shows differences in full width at the same n. Note that Gaussian full width does not change as dramatically with full width as that for Lorentzian, as shown in the inset, suggesting a much smaller evolution of the integrated area under the peak for different background regions.

Figure 4 .

 4 Figure 4. Cl 2s photoemission modeled using line shape with a strong Lorentzian character. The background to these data is computed to optimize the figure-of-merit achieved by adjusting the line shape parameter m for the line shape LA(m). The resulting relationship between the photoemission peak measured using a component to a peak model with line shape LA(95) and intensity measured by integration of signal minus background curve is a 6.3% increase in signal measured by component compared to the region. Comp corresponds to the peak model while Region corresponds to the spectral region.

Figure 6 .

 6 Figure 6. Cl 2p 3/2 and Cl 2p 1/2 components shown in Figure 3 are quantified against component calculated in Figure 4 using SB(0)LA(95) and TP(1,1,0) to fit Cl 2s data.
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Competing interests.

The authors declare no competing interests.