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Abstract

The increasing sophistication of measurement methods such as operand analysis and three-dimensional analysis has led
to a need for the automatic analysis of a large number of spectra. A measured spectrum is presently compared with a
reference spectrum of a known single-phase compound sample, often to estimate the component ratio of a studied
compound. However, it is difficult to automate all processes and there is the problem in that the analyzer's arbitrariness is
included. The present study analyzed the spectrum of a multiphase compound using a reference spectrum and developed a
method of fully estimating the component ratio of a compound in an automatic manner. To use a reference spectrum
comprising multiple peaks as a basis function, a peak separation method based on the Bayesian information criterion was
adopted. In particular, it was clarified that the estimation accuracy was improved by analyzing multiple-element spectra

simultaneously rather than by analyzing only a single-element spectrum.

1. Introduction

X-ray photoelectron spectroscopy (XPS) is a measuring method capable of analyzing element species and compound
species on a substance surface. It is used for material development and quality control in industry. Studies have investigated
the visualization of the chemical composition distribution of materials by depth direction analysis and in-plane direction
analysis and the evaluation of process reactions by operand analysis. The analysis data comprise a large number of spectra,
and there is thus a need to develop a method that automates the analysis of a spectrum in the estimation of the component
ratio of a compound.

In the analysis of a measured spectrum of an unknown sample, the spectrum is compared with a reference spectrum of a
known sample using data analysis software. As a reference spectrum of a known sample, measurements obtained by
different devices and literature data are often used. Reference spectra with different energy resolutions relating to the
measuring device and different peak shift amounts relating to the surface charge of the sample may be mixed, and it is thus
effective for the data analysis software to perform peak separation of the reference spectra using the pseudo-Voigt function
[1] to correct the shape difference. This processing can be interpreted as sparse modeling of the reference spectrum, because

the measured spectrum comprising many points is represented by a few parameters of the mathematical function.
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Algorithms that automatically search for optimal solutions of mathematical functions describing reference spectra have
been proposed [2—6]. However, their effective use has not yet been established, automation from the measured spectra of
unknown samples to the estimation of component ratios of compounds is difficult, and the analyst's arbitrariness is included.

To solve the above problems, we developed a method of expressing the reference spectrum of a single-phase compound
using a mathematical function and automatically analyzing the spectrum of a multi-phase compound considering
fluctuation relating to the device measuring the peak parameter of the reference spectrum. To use the reference spectrum
as a basis function comprising multiple peaks (represented by mathematical functions), we use the peak separation method
based on the Bayesian information criterion (BIC) developed by Shinotsuka et al. to derive the basis function [2]. This
method estimates the number of peaks appropriately using the BIC and searches for the optimum solution from many
candidate solutions using the initial values of a large number of different peak parameters (i.e., intensity, position, and
width). In this manner, the reference spectrum of a single-phase compound was automatically peak separated such that it
could be used as a basis function of the analysis. However, if only the spectra of single elements are analyzed, the solutions
vary widely owing to the superposition and similarity of the reference spectra obtained when the XPS spectra of multiphase
compounds are analyzed using the reference spectra of multiple candidate substances. It was therefore clarified that the

dispersion of the solution can be suppressed by simultaneously analyzing the multiple element spectrum.

2. Method
Generally, XPS spectra are measured for each element in multiple energy bands. The present study aims at simultaneously

analyzing the XPS spectra measured for each element ! and estimating the component ratios of multiphase compounds.

2.1. Model
2.1.1. Analysis Model of XPS Spectra Based on Reference Spectra
The analysis of the measured spectrum D = {x;, y;}''; of specific energy bands using reference spectra is first described.
Here, x is the binding energy, y is the intensity of the measured spectrum, and N is the number of data points. The
spectra observed in XPS are expressed as the sum of the signal spectra and background as follows.
f(x) =Sx) +BX). (€Y)

Here, f(x) is the observed spectrum, S(x) is the signal spectrum, and B(x) is the background. The signal spectrum
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Figure 1: Matrix representation of the independent analysis model using reference spectra for single-element spectra.
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Figure 2: Overview of adjustments of the reference spectrum: (left) adjustment of position p, (middle) adjustment of

component ratio c, (right) adjustment of width w.

S(x) comprises a linear sum of the reference spectra. S(x) is therefore defined as follows.

S(x) = hz R (). )
k=1

Here, R (x) is the reference spectrum of compound k normalized by area considering the atomic fraction, K is the
number of assumed compound species, ¢ is the area ratio of the reference spectrum, and h is the intensity of the fitting
function. In other words, c; is the component ratio of the compound in the measured substance while h is the intensity
of the signal spectrum depending on the intensity of the X-rays and measuring time. Figure 1 shows that the signal spectrum
S(x) can be decomposed into the reference spectra R (x), which express the compound species, the component ratios of
the compounds ¢y, and the signal spectral intensity h. The circle symbol in Figure 1 represents the element-by-element
matrix product and is known as the Hadamard product. Meanwhile, ¢ in Figure 1 represents the transpose of the matrix.

The reference spectrum R, (x) is defined by the following equations.

My
Ry (¢ flye, Wy ) = kaj V(x5 ik + tiejs WieWej Tij) s (3
=
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Here, M, is the number of peaks constituting the reference spectrum k, V(x;c, w,r) is the pseudo-Voigt function
normalized by the area, my; is the arearatio of peak j constituting the reference spectrum k, p; is the position of peak
J inthe reference spectrum k, wy; is the width of peak j in the reference spectrum k, and 7y; is the Lorentz—Gaussian
ratio of peak j in reference spectrum k. {mk i Ciejis Wiejs Tie ]-} are given by the separation peaks of the reference spectra of
known single-phase compounds and literature data and are fixed values when we analyze the spectrum. Figure 2 is a
conceptual diagram of the parameters {cy, Iy, W)} used in adjusting the reference spectrum. ¢, is the component ratio of
the compound (reference spectrum k), fi, is a parameter used to adjust the peak position of reference spectrum k, and
Wy, is a parameter used to adjust the width of reference spectrum k.

In this paper, the background estimation adopts the commonly used Shirley method [7, 8]. The background B(x) is
defined by the following equation.

) Ox S(w)du

= —fo""s(u)du (a—b) +b. 5)

B(x;a,b)
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Figure 3: Matrix representation of the simultaneous analysis model using reference spectra for multiple-element

spectra.

Here, a is the endpoint intensity on the high-bound energy side while b is the endpoint intensity on the low-bound
energy side. In this paper, the parameter to be estimated is 8 = {h, {cy, A, Wi }x=1 ,a, b}. The parameter @ is determined

by minimizing the error function E(0) defined by the following equation.

N
1 2
E©) =5 ) (n— f(x0)". ©)
i=1

In this study, the search ranges of parameters were set as a half-width at half maximum w = [0.3,0.7], a position

adjustment g = [—0.3,0.3], and ratio of compound ¢ = [0, 1].

2.1.2. Simultaneous Analysis of Multiple-element XPS Spectra Measured in Multiple Energy Bands

XPS spectra are generally measured for each element [ in multiple energy bands. Simultaneous analysis of multiple XPS
spectra measured for each element [ is described. Assuming that the distribution of the component ratio of the compound
is uniform in the depth direction of the measurement sample, the component ratio of the compound is the same in the
multiple-element XPS spectrum measured for the same sample. In other words, the component ratio ¢, of the compound
is a common parameter in the measured XPS spectrum for each element [. Therefore, as shown in Figure 3, the analysis
model is formulated as matrix decomposition in which the reference spectrum is used as the basis matrix and the component
ratio of the compound is used as the coefficient vector. The signal spectrum S;(x;) in the energy band of element [ is
formulated identically as Equation (3), with the subscript [ applied to variables and functions other than the component

ratio ¢, of the compound independent of the energy band, as in the following equations.
K

S (x) =h Z CreRue Ot By Wige) @)
k=1
Mk
Ry (xp; e, W) = Z myj V(xliﬁzk + Uik Wllekj:rzkj)- €)]
j=1

Here, the reference spectrum Ry, (x;; fiy, Wy ) is zero if there is no reference spectrum Ry (x;; fiy, Wi ) in the energy

band of element [.
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2.2. Algorithm
2.2.1. Algorithm for Searching the Values of Initial Peak Parameters

We optimized the Levenberg—Marquardt method [9, 10] to carry out analysis in practical time. However, the Levenberg—
Marquardt method is a gradient method, and the initial dependency is therefore strong and the method gives a local solution.
Therefore, parameters {cy, fl,, W, } for adjusting the reference spectrum were searched for globally to obtain suitable initial
values (i.e., search ranges were a half-width at half maximum w = [0.3,0.7], a position adjustment of g = [—0.3,0.3],
and a ratio of compound ¢ = [0, 1]). This search used a genetic algorithm [11-14] to perform 5000 trials of 30 points. The
settings of the genetic algorithm were a mutant probability of 10% and crossover probability of 90%. In this search,
considering the shift of the energy axis due to the charge-up effect, the energy position was corrected by ensuring that the
energy position of the maximum intensity of the fitting function coincided with the energy position of the maximum
intensity of the measured spectrum before calculating the error function. In the search of the initial value by the genetic
algorithm, the endpoint intensities {a, b} of the background were fixed at the endpoint intensities of the measured
spectrum, and the maximum value h of the fitting function was also fixed at the maximum value of the measured spectrum.
At this stage, the parameters {h, a,b} are strongly affected by the spectrum noise. Afterward, to greatly improve the
parameters, we apply the Levenberg—Marquardt method to optimize only {h, a, b}, which are fixed in the genetic algorithm.

We use these parameters as initial values in the next optimization stage.

2.2.2. Automatic Identification of Compound Species in Actual Spectra
Actual analysis requires the selection of a combination of reference spectra because the compound species of the measured
spectrum are often unknown. This processing is synonymous with model selection in the field of statistics. We analyzed
the spectrum for each combination of candidate compounds and selected optimal solutions according to the BIC [15].
Adoption of the BIC allows the selection of a solution that has low error and is the combination of a few compounds. The
BIC is defined by the following equation.
BIC = —2logL + Alog N. 9)
Here, logL is the maximum logarithmic likelihood, A is the number of parameters, and N is the number of data points.
We assume that the noise in the XPS spectrum follows a Gaussian distribution of variance 2. The probability distribution

p; and log-likelihood logL are given by the following equations.

2
N
logl = Z log p;. 11
1=n

The maximum log-likelihood logL is therefore given by the following equations.

N N
logL = —E{log(Zm?z) +1}, (12)

N
’\2_1 _ 2
5% = N;(yi £2. (13)
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Figure 4: Analysis results of the Sr3d spectrum (artificial data) obtained using different methods: (a) true separated
peaks, (b) analysis results obtained by expressing spectra to be analyzed as the linear summation of measured spectra
of single-phase known samples (i.e., without adjusting the basis function), (c) analysis results obtained by
independently analyzing the Sr3d spectrum using the proposed method, (d) analysis results obtained by

simultaneously analyzing the spectra of three elements using the proposed method. Only the Sr3d spectrum is shown.
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Figure 5: Error in the estimation of the component ratio of compounds in Fig. 3.1.1. (b) Without adjusting the basis
function: the method of expressing spectra to be analyzed as the linear summation of measured spectra of single-
phase known samples. (c) Independent: Independent analysis in the Sr3d spectrum. (d) Simultaneous: Simultaneous

analysis of spectra of three elements (Ols, Sr3d, Ti2p).

3. Results
3.1. Simultaneous Analysis of Multiple-element XPS Spectra Using Reference Spectra

Referring to peak positions py; of [SrO, SrCOs, StTiOs, TiO:] taken from the literature [16-21], we artificially produced
spectra of three elements (Ols, Sr3d, Ti2p) using pseudo-Voigt functions, with a half-width at half maximum wy; of 0.6
eV and a Lorentz—Gaussian ratio r;; of 0.1 (i.e., the component of the Lorentz function is 10%) while considering the

atomic fraction. Here, assuming the component ratio of the compound in the depth direction of the sample is uniform, we
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Figure 6: Artificial data of multiphase compounds (SrCOs: 11.6%, SrO: 14.0%, SrTiOs: 58.1%, TiO»: 16.3%)

generated from literature data: (a) Ols spectrum, (b) Sr3d spectrum, (¢) Ti2p spectrum.
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Figure 7: Analysis results obtained by simultaneously analyzing spectra of three elements using the proposed method:

(a) Ols spectrum, (b) Sr3d spectrum, (c¢) Ti2p spectrum.

generated artificial data in which the component ratio of [SrO, SrCOs, SrTiOs, TiO,] is approximately [11.6%, 14.0%,
58.1%, 16.3%]. We added Poisson noise to the artificial data generated at a level of about 3%.

Figure 4 shows (a) the true separated peaks of the Sr3d spectrum, (b) analysis results obtained by expressing the analysis
spectrum by a linear sum of measured spectra of known samples (i.e., without adjusting the basis function), (c) analysis
results obtained by independently analyzing the Sr3d spectrum using the proposed method, and (d) analysis results obtained
by simultaneously analyzing the spectra of three elements (Ols, Sr3d, Ti2p) using the proposed method. Figure 5 shows
the estimation errors of the component ratios of the compounds when using the different methods. The reference spectra
used in the proposed method and the method without adjusting the basis function varied by +0.1-0.2 eV in the width
parameter, suggesting that that reference spectra were measured by devices with different energy resolution. Figure 4(a)
shows that the analysis result obtained without adjusting the basis function differs from the true peak configuration, with
an estimated maximum error of about 28%. Meanwhile, Figure 4(b) shows that the analysis result obtained using the
proposed method in the independent analysis of the single-element XPS spectra was about 13% of the estimated maximum
error of the component ratio. The analysis result obtained using the proposed method was more similar to the true separated
peaks than the method without adjusting the basis function because the change in the reference spectrum due to the
difference in device was corrected. Figure 4(d) shows that the result obtained using the proposed method in the

simultaneous analysis of multiple-element XPS spectra was closest to the true separated peaks, with the estimated
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Figure 8: Three examples of results of independent analysis using the proposed method for Sr3d XPS spectra with the

same noise level but different seeds of random-number generation used in noise generation.
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Figure 9: Variation in the estimation error of the component ratio of the compound in analyzing data with different
seeds of random-number generation used in noise generation: (a) independent analysis of only the O1s spectrum, (b)
independent analysis of only the Ti2p spectrum, (c¢) independent analysis of only the Sr3d spectrum, (d)

simultaneous analysis if spectra of the three elements (O1s, Sr3d, Ti2p).

maximum error of the component ratio being about 5%. This confirms that the estimation accuracy of the component ratio
of multiphase compounds was improved by the simultaneous analysis of multiple element spectra. Figure 6 shows the
artificial data generated and the true separated peaks while Figure 7 shows the results obtained using the proposed method
in the simultaneous analysis of multiple-element XPS spectra. Figures 6 and 7 reveal that the analysis result obtained using
the proposed method in the simultaneous analysis of multiple-element XPS spectra was close to the true constituents. The
time required for analysis was about 1.1 minutes (PC: MacBook Air, CPU: 1.6 GHz Intel Core 15, main memory: 8.0 GB).

Figure 8 shows three examples of the results obtained in an independent analysis of Sr3d spectra with identical noise
levels but different seeds of random-number generation used in noise generation. It was seen that the trends of the three
fitting results are almost the same but the analysis results vary because the reference spectra were largely superimposed.
Therefore, with adoption of the proposed method, the dispersion of analytical results was compared for the case in which

only XPS spectra of single-element species were analyzed independently and for the case in which multiple-element XPS
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Figure 10: Variation in the estimation error of the component ratio of compound species with the noise level.

spectra were analyzed simultaneously. Figure 9 shows a histogram of the estimation error of the component ratio when 500
artificial data were generated by changing only the seed of random-number generation used in noise generation, and each
of the data was analyzed using the proposed method. Figure 9(a)—(c) show that the estimation error greatly varied when
the single-element XPS spectra was analyzed independently. Meanwhile, Figure 9(d) shows that the dispersion of the
solution of the estimation error was small and the median value was around 0 when multiple-element XPS spectra were
analyzed simultaneously. Simultaneous analysis of multiple-element XPS spectra reduced the standard deviation of the
estimation error by about 70% on average compared with the case of performing independent analysis.

To verify robustness, the proposed method was applied to data with various noise levels and the dispersion of the
estimation accuracy was confirmed. Five-hundred artificial data for which the seed of random-number generation used in
noise generation was changed were generated at each noise level, and the data were analyzed using each proposed method.
Figure 10 shows the standard deviation of the estimation error with respect to the noise level. It was confirmed that the
variation in the standard deviation of the estimation error with the variation in noise level was small when multiple-element
XPS spectra were analyzed simultaneously. It was therefore clarified that analysis robust against the noise level can be

realized by simultaneously analyzing multiple-element XPS spectra.

3.2. Simultaneous Analysis of Multiple-element XPS Spectra with the Identification of Compound Species

In Section 3.1, we performed an analysis assuming that combinations of reference spectra [SrO, SrCOs, SrTiOs, TiOz] are
known. However, the combination of truly included reference spectra is often unknown at an actual analysis site. We
therefore analyzed artificial data (spectra of [SrO, SrCOs, SrTiOs, TiO3]) for different combinations of reference spectra of
the candidate compounds, and the combinations of the reference spectra were automatically selected using the BIC. The
candidate compounds were 10 major compound species [22—28] composed of three elements (O, Ti, Sr). Figure 11 shows
the combinations of compound species with smaller BIC among the 2'° — 1 = 1023 candidate combinations. It was seen
that the true combination [SrO, SrCOs, SrTiOs, TiO] was selected using the BIC.

It is considered that the selection of the combination of reference spectra varies depending on the noise level and the
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Figure 12: Heat map of the difference in the BIC when analyzing [SrO, SrCOs, SrTiOs, TiO,] and [SrO, SrTiOs,
TiO,] as reference spectra. The X-axis gives the noise level of spectra while the Y-axis gives the SrCO3 component

ratio of the spectrum.

component ratio of the compound. The detection limit of the automatic selection of the combination of reference spectra
was therefore verified. The component ratio of the SrCOs (i.e., the component represented by green in Figure 6) and the
noise level were varied to generate artificial data, and the reference spectrum was automatically selected using the proposed
method. The [SrO, SrCO3, SrTiOs, TiO,] as the true combination or [SrO, SrTiO3, TiO-] not including SrCO; were selected
using the BIC, and both combinations of reference spectra are discussed here. Figure 12 shows a heat map of the difference
in the BIC between the two models ([SrO, SrCOs, SrTiOs, TiO] and [SrO, SrTiOs, TiO:]) for the noise level and the

component ratio of SrCOs (i.e., the component represented by green in Figure 6). The red color in Figure 12 shows the area
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Figure 13: Probability of selecting the true reference spectrum combination from first to third place using the BIC.

The X-axis gives the SrCO3 component ratio of the spectrum.

in which the true reference spectrum combination [SrO, SrCOs, SrTiOs, TiO;] was selected. Meanwhile, the blue color
shows the area in which [SrO, SrTiOs, TiO:] was selected. It was clarified that a few components can be detected by
reducing the noise level. In addition, by reducing the noise level, the red color became darker, indicating that micro-
components are detected more reliably by reducing the noise level.

In the automatic selection of the reference spectrum using the BIC, the true reference spectrum may not be selected
depending on the intensity and noise level of the components. It was practically desirable that the combination of true
reference spectra was a promising candidate in the evaluation using the BIC, and we thus verified whether the true reference
spectrum is obtained as a promising candidate using the BIC. Concretely, 100 artificial data were generated by changing
the seed of random-number generation used in noise generation, and the combination of reference spectra was selected
using the proposed method for each of the artificial data. This validation was carried out for several artificial data in which
the component ratios of the SrCOs differed. Figure 13 shows the probability that the true reference spectrum combinations
are selected from the first to third ranks for the ratio of components in SrCOs. It was confirmed that the true combination
of reference spectra was selected in first, second, or third place with more than 99% probability when the component ratio
of SrCO3 was 4% to 10%. It was also confirmed that the combination of true reference spectra was selected in either second

or third place with 90% probability when the component ratio of SrCO3 was 1%.
p

4. Conclusion

The development of the automatic analysis of a large number of spectra in XPS is required with the expectation of the
industrial application of the visualization of the chemical composition distribution of a substance through three-dimensional
analysis and the evaluation of process reactions by operand analysis. In spectral analysis, the measured spectrum is often

compared with the reference spectrum of a known single-phase compound sample manually. The present study developed
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a method that automatically analyzes the XPS spectrum of a multiphase compound using a reference spectrum comprising
multiple peaks as a basis function. In particular, when analyzing only the single-element spectrum, it was confirmed that
the analysis result was not uniquely determined because the reference spectra have superposition and similarity, and was
clarified that accuracy is improved by analyzing multiple-element spectra simultaneously.

In addition, the developed method using the BIC allows us to automatically estimate a proper combination of compounds
among many candidate combinations of reference spectra. The method is applicable to the automated analysis of spectra
from unknown samples. We also clarified that the identification of minute compound components is possible by reducing

the noise level of the measured spectrum.
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Highlights
* Automatic analysis method developed using a sparsely modeled reference spectrum.
* Method applied to the XPS spectrum of a multiphase compound.
- Estimation accuracy clarified through simultaneous analysis of multi-element spectra.
* Method established for effective use of the sparse modeling of reference spectrum.

« Spectrum analysis method developed with the automatic selection of compound species.
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