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1 | INTRODUCTION

The long way of the development of the UNIFIT software to a power-
ful tool for photoelectron spectra (XPS)' requires a continuous
improvement of the programme. The high complexity of the modelling
of the spectral-background function in combination with the peak fit
of the photoelectron lines requires innovative processing methods,
spectrometer calibration, and validation methods of the received

results. Some worldwide standalone features are the following:

1. Estimation of the uncertainties of the fit results using two different
statistic methods?;

2. Offering of three different model functions for the modelling of
peaks using relative or absolute fit parameters>;

3. Calculation of the spectral background using the improved

Tougaard method and fittable parameters?;

4. Estimation of the transmission function of spectrometers with two

different methods for a higher accuracy of the quantification®;

5. Advanced Tougaard background calculation method for the analy-
sis of laterally inhomogeneous samples.®

| Reinhard Denecke?

The improvement of the software UNIFIT 2020 from an analysis processing software
for photoelectron spectroscopy (XPS) only to a powerful tool for XPS, Auger electron
spectroscopy (AES), X-ray absorption spectroscopy (XAS), and Raman spectroscopy
requires new additional programme routines. Particularly, the implementation of the
analysis of Raman spectra needs a well-working automatic spike correction. The appli-
cation of the modified discrete Laplace operator method allows for a perfect localiza-
tion and correction of the spikes and finally a successful peak fit of the spectra. The
theoretical basis is described. Test spectra allow for the evaluation of the presented
method. A comparison of the original and spike-corrected real measurements demon-

strates the high quality of the method used.

Auger electron spectroscopy AES, photoelectron spectroscopy XPS, Raman spectroscopy,

spectrum analysis software, spike correction, UNIFIT, X-ray absorption spectroscopy XAS

The expansion of the software to other spectroscopic techniques
has two sides: on the one hand, a lot of existing programme routines
may be used for all techniques. On the other hand, different analysis
methods require additional programme tools for an appropriate sup-
port for the analysis of the data.

For the extension of the software to the analysis of the Auger
electron spectra (AES), we have developed and implemented six

elementary new subroutines.

1. Tool for semi-empirical calculation of AES sensitivity factors with
the following input data: atomic number, value for K-, L-, M-, and
N-electrons, number of electrons in the subshell, excitation energy,

and the binding energy of the target atom subshell.”

2. Implementation of the database of the binding energies of the

target atom subshells.

3. Implementation of a database of energies of Auger electron

transitions.

4. Implementation of empirical sensitivity factors of frequently used

spectrometer types (eg, PHI 700).

5. Support of the quantification using the peak-to-peak values.
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6. Generation of an input routine for SEM images for the comparison
with SAM data.

The software support for X-ray absorption spectra (XAS) requires

the following two completely new routines.

1. Development of a method for the correct modelling of the spectral
background of XA spectra (integral of the corresponding XP spec-

tra),® and

2. because the UNIFIT software works generally with equidistant
step widths, input routines have to be developed for the conver-
sion of non-monotonic energy scale and non-equidistant step

widths to a monotonic energy scale and equidistant step widths.

The idea of the implementation of the analysis of Raman spectra
was suggested by UNIFIT users. In all cases, a peak fit of Raman data
could be generated using the UNIFIT software only. In order to fit a
large number of spectra affected with spikes (not rarely in Raman) of
a batch measurement, an automatic spike correction is necessary.
Because former versions of the UNIFIT software offer a manual spike
correction only, an automatic spike correction had to be developed,
tested, and implemented into the new version. The following new rou-

tines were implemented:

1. Integration of an automatic spike correction.

2. Integration of input routines with an automatic conversion of non-
equidistant step widths to equidistant step width. The loading of
reference spectra from the RRUFF database’ is possible.

In general, Raman spectrometers utilize a charge-coupled device
(CCD) as detector, because of its high quantum efficiency, great sensi-
tivity, high dynamic range, linear response to photons, high reliability,
and low dark current.!®*! CCDs are based on generation of electrons
in a sensor element by photons and subsequent readout of the accu-
mulated charge. A CCD consists of a line or array of sensor elements

(pixels) for spectroscopic or imaging applications. Electrons cannot
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only be generated by photons but also by other so-called “noise
sources.” One of them are cosmic rays, such as, muons and other ion-
izing particles.?®12 If cosmic rays hit the CCD, several thousand elec-
trons can be generated in a sensor element or neighbouring sensor
elements. In case of Raman spectroscopy, the detected intensity of
the sample signal is low, and, therefore, the electrons related to cosmic
noise give rise to sharp lines in the Raman spectra, so-called “cosmic
spikes.”

Removing cosmic spikes is necessary for accurate data analysis of
the Raman signal. At first glance, spike removal appears to be a sim-
ple task. Basically, there are several hardware or software-based
approaches''*3:  (a) additional acquisition-based methods; (b)
methods involving hardware modification; and (c) correction of sin-
gle-scan data by filtering or smoothing. Because of time and costs,
approach (c) is desirable if large number of data sets are to be
processed.

Correction-based methods include, for instance, application of

1112 \weighted moving window filtering,*® and

wavelet transforms,
median or polynomial filters.'®**> All approaches can handle the
problem quite well. However, none of the existing approaches can
treat all aspects perfectly and fully automated, especially, if the
linewidth of the cosmic spikes is similar to that of certain Raman lines.
Limitations are related, for instance, to the complexity of the approach
and the need of properly chosen pre-settings, such as, threshold
parameters for minimizing distortion or wavelet transform for correct

identification of cosmic spikes.}12

2 | THEORETICAL BACKGROUND

Before the development of the automatic spike correction was started,
several suggestions in literature were tested.!>'® We have developed
software codes for testing and using the recommended methods.
However, we could not confirm the correct working of the suggested
methods. The recommended methods could not give successful
results. Additionally, no information regarding the boundary conditions
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(eg, first spectrum/first channel, last spectrum/last channel, ...) were
available. In the presented paper, all possible boundary conditions
are discussed.

The theoretical basics of the automatic spike correction of a two-
dimensional data set (a series of spectra) is a modified Laplace method
suggested by Ryabchykov.'® The spikes are corrected using the inten-
sity of the lower measurement channel at the same spectrum and the
intensities of neighbouring spectra consecutively. The maximum num-
ber of spikes (in percentage, with respect to all measuring points, 5% ...
33%) and the threshold multiplier (5 ... 100) for the identification of
the spikes have to be defined by the user. The general form of the dis-
crete Laplace operator is given by

L@, j) = 4M(, j)-M(i-1, j)-M(i + 1, )-M(i, j-1)-M(, j+ 1), (1)
with the measured spectra M(j, j) recorded at N energy/wavenumber

values corresponding to channels i and spectrum j. All spectra must

an average value) has to be defined to distinguish. The definition of
the threshold multiplier T (typically 20) and the maximal number of
spikes N’ per spectrum (typically 5% of all data points, N’ = N-0.05)
has to be carried out manually using the programme presenting (see
Figure 1). Optionally, the calculated spectra modified with the Laplace
operator (Equation 1) can be displayed (see Figure 2).

2.2 | Step 2: Generation of the Laplace spectra

The location of spikes has to be determined. Therefore, the experimen-
tal data are subjected to a discrete Laplace operator (see, eg, equation
3in Ryabchykov et al*®), strongly emphasizing abrupt intensity changes
in the spectra. Special attention has to be paid to data points at the
edges of the two-dimensional data set. The generation of the modified
spectra using the Laplace operator L(i, j) (Laplace spectra) for all nine
possiblse cases (see Figure 3) is defined by (Equation 2):

4M(i, )-M(i-1, )-M(i + 1, )-M(i, j-1)-M(i, j+1) 1<i<N 1<j<O
AM(i J)=M(i=1, j)=M(i+ 1, ))=2:M(i, j+ 1) 1<i<N j=1
4M(i, )-M(i-1, j)-M(i + 1, j)-2:M(i, j-1) 1<i<N j=0
4M(i, )=2:M(i + 1, ))=M(i, j-1)-M(i, j+ 1) i=1 1<j<0
L, j) = { 4M(, j)-2:M(i-1, j)-M(i, j-1)-M(i, j+ 1) i=N  1<j<oO. 2)
4M(i, j)-2:M(i + 1, j)=2:M(i, j+ 1) i=1  j=1
4M(i, j)-2-M(i + 1, j)-2-M(i, j-1) i=1  j=0
4M(i, j)-2:M(i-1, j)=2M(i, j+ 1) i=N  j=1
4M(i, j)-2:M(i-1, j)-2-M(i, j-1) i=N  j=0

have the same number of channels N. The number of the recorded
spectra is O. The spike correction is carried out in five steps.

2.1 | Step 1: Definition of the threshold multiplier

In order to determine the existence of a spike as compared with a real
spectral feature, the value of the Laplace operator has to be consid-
ered. A threshold value (here given by the threshold multiplier and

2.3 | Step 3: Determination of the average values A(j)

The actual threshold value depends on the average intensity of the
respective Laplace spectra L(j, j) without the highest intensities, lowest
intensities, and negative values. The calculation of the reference-aver-
age values A(j) of every Laplace spectrum L(j, j), which is then multiplied
with the defined threshold multiplier T for comparison with the
Laplace spectra L(j, j), is carried out using five steps:

M(i, j): Original Spectrum —
Lmrinmerdt T
Ny AJAk k L et
M'(i, j): Spectrum after Spike Correction | apmem=T
N |

L(i, j): Laplace Spectrum
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1. Determination of the channel numbers P(k, ) (k = 1...N’, I = 1...0) of
the N’-O positions of the elements with the highest intensities of

the two-dimensional field L(i, j).

2. Determination of the channel numbers Q(k, ) (k = 1...N’, I = 1,,,0) of
the N"O positions of the elements with the lowest intensities of
the two-dimensional field L(i, j).

3. Determination of the number of elements with negative intensities
Nieglj) of every spectrum j of the field L(j, j) with exception of the

elements of P(j, j) and Qli, j):

ieP(k, j),
iePk, j),

ieQ(k, j)

. (3
iequ, i)

. N
Nneg(j) = z

i=1

1 for L(i, j) <O,
{ 0 for L(i, j)20,

4. Calculation of the number of channels Ng..(j) for the calculation

of A(j):

Nave(j) = N=2:N'~Nipeq (j). ()

5. Calculation of A(j) with exception of the channels P(k, I), Q(k, ) and

the elements with a negative intensity of L(j, j):

S
WILEY—A

2.5 | Step 5: Spike correction

Finally, the data points identified as spikes need to be corrected. If
the channel is of the spectrum j is an element of P(k, j), and therefore
M(is, j) is a spike, then the intensities of the five channels (if avail-
able), Mlis = 2, j), Mlis = 1, j), Mlis, j), M(is + 1, j), and M(is + 2, j),
are changed. This is an important point because the spikes of the
Laplace spectrum L(j, j) are sharper with respect to the same spikes
of the original spectrum M(i, j).

The correction is carried out consecutively (by stepping i for each
spectrum j) from M(1, 1), M(2, 1), ..., M(N, 1), M(1, 2), ..., to M(N, O).
The actual calculation of the corrected points depends on the follow-
ing two aspects: (a) the position of the spike and (b) the possible pres-
ence of a neighbouring spike. In order to distinguish the latter, five
different cases with adapted calculations have to be applied. The
corrected spectra M'(j, j) are calculated by

Case l. The measuring pointsi,i - 1, and i — 2 of the spectrumj + 1
are not elements of Pk, j + 1), j < O, (k = 1 ... N
(Equation 7),

Case Il. The measuring point i, i - 1, or i —= 2 of the spectrumj + 1

Al) = m(j)‘zi L, j) for L(i, j)20, ieP(k, j), i¢Q(k, j). (5) is an element of P(k, j + 1),j < O, (k = 1 ... N) (Equation 8):
(M(i=1, ) + M(i-1, j-1) + M(i-1, j+ 1) + M(i, j-1) + M(i, j+1))/5, i>1, 1<j<0
MG j) (M(i-1, 1) + M(i, 2) + M(i-1, 2))/3, i>1, j=1 )
i, )= .
T M, D+ M, 4 1)/2, i=1, 1<j<0
M(1, 2), i=1, j=1
(M(i-1, j) + M(i-1, j-1) + M(i, j-1))/3, i>1, 1<j<O
. M(i-1, 1), i>1, j=1
M, j) = ( ) S 8)
M(1, j-1) i=1, 1<j<0
M(1, 1), i=1, j=
24 | Step 4: Determination of the spike positions Case lll. The spectrum number is j = O (last spectrum of the
series):
Spike positions are found if the values of the Laplace spectra exceed
the threshold set by the multiplication of the average value A(j) and M'(i, 0) = (M(i-1, O) + M(i, O-1) + M(i-1, 0-1))/3, i>1, j=0O
the threshold multiplier T. Thus, the definition of the positions of the 9)
spikes P(k, j) of every spectrum j is defined by ,
M(1,0)=M(1,0-1), i=1, j=0 (10)
. 0 for L(P(k, j), )<T-A(), k=1..N'
b= {p 0 DA KL
t i for Lt D, > TAG, k=1.N MG, j) = (M(i-1, ]) + M(i, j=1) +M(-1, j=1))/3. i=N, j=0
(17)

All channels P(k, j) > O define a spike position in the spectrum j.
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Case IV. The spectrum number is j = 1 (first spectrum of the

series) and the measuring point i = N (last point in the

Case V. The measuring pointsi - 2,i-1,i,i+ 1, and i + 2 of the

spectrum j are not elements of P(k, j), (k = 1 ... N) and,

spectrum):

therefore, the measuring point i is not a spike:
(13)

Figure 2 illustrates the different spike correction steps and Figure 3

(12) the positions of the different spike-correction cases.
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3 | VALIDATION OF THE METHOD USING
TEST SPECTRA

In order to verify the calculated new intensities of the spikes, we have
generated XP spectra M(j, j) with spikes (see Figure 4B) using XP spec-
tra Moi, j) without spikes (see Figure 4A). The spikes were manually
implemented into the spectra at all positions of the different cases a
to i (see Figure 4B). The number of spikes is 19 and the number of
spectra is 10. Table 1 gives the values for the spike positions before
and after adding the artificial spikes. After the spike correction, the
intensities at the spike positions of the spectra M'(i, j) were compared
with respect to the original intensities. This should have the same sta-
tistical behaviour as the measured data. In order to verify the calcu-
lated intensities, we have calculated the normalized residual Ry for all
spikes k = 1 to 19:

_ Mori(iic, i) =M (i i)

R
k SNi

, SN#0 (14)

with the original intensities Mo,i(i, j), the corrected intensities M'(i, j),

the channel numbers of the spikes i, of the spectrum ji, and

SNk = /Moxi(ikik), Mori(ikjx ) > O. (15)

Residual Rk
o
Ik
N
| |

|
(9]

— T T T T T T T T T T T T T T
o 2 4 6 8 10 12 14 16 18 20

Spike Number k

FIGURE 5 The evaluation of the corrected intensities with the
residual; 59% of Rk are between 1 and -1. The expected value for a
complete statistic behaviour is 68%

Table 1 gives the calculated values. Of the Ry values, 59% are
between -1 and +1 (see also Figure 5). The expected value for statis-
tical noise is 68%. Figure 4C illustrates the spectra after the automatic

spike correction.

TABLE1 Comparison of the intensities at the spike channels iy of the original spectrum Mo, j) without spikes, of the spectrum M(i,j) with spikes,
and the spectrum M, j) after spike correction; column 6 gives the value for the statistical noise SNy = \/Moyi(ix, ji) for Moy (ikji) > O and column 8

Mo (e V=M (i i
gives the residual Ry = M, see also Figure 5

SNk
Spike number k ik Ji (case) Energy Eg/eV Moi (ikji)/counts
1 1,1(f) 942.0 4484
2 59,1 (b) 930.4 4300
3 101, 1 (h) 922.0 3860
4 18, 2 (a) 938.6 4316
5 73,2 (a) 927.4 3913
6 74,2 (a) 927.2 3881
7 42, 3 (a) 933.8 6358
8 1,5 (d) 942.0 4449
9 63,5 (a) 929.6 3910
10 101, 5 (e) 922.0 3993
11 18, 7 (a) 938.6 4320
12 177,7 (a) 924.4 3642
13 45, 8 (a) 937.6 4343
14 82,9 (a) 925.6 3691
15 83,9 (a) 925.4 3800
16 1,10 (g) 942.0 4643
17 29,10 (c) 936.4 4345
18 74,10 (c) 927.4 3834
19 101, 10 (i) 922.0 3947

1/2

M (it ji)/counts  SNj/counts?>  M(inji)/counts Ry counts
9162 67 4479 0.07
9498 66 4311 -0.17
9397 62 4028 -2.71
8702 66 4293 1.40
7924 63 3823 1.42
7941 62 3835 0.79

11 910 80 6102 3.20
8333 67 4486 -0.55

10 882 63 4060 -2.38
8431 63 3936 0.90

11 004 66 4299 0.32

10 284 60 3768 -2.10
9916 66 4320 0.35
9297 61 3805 -1.87
9297 62 3794 0.10

11 087 68 4437 3.03
7490 67 4322 0.34

11 004 62 3821 0.19
9866 63 3933 0.22
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4 | AUTOMATIC SPIKE CORRECTION OF
REAL SPECTRA

The automatic spike correction was additionally tested using real spec-

tra. Spike affected Raman and XP spectra were corrected.

4.1 | Raman spectra

As a test, a set of experimental Raman spectra were used for spike cor-
rection. The spectra were measured during the cool down phase of a
ZnO bulk sample. Figure 6 shows, exemplarily, one curve of the set.
The measurement represents an unpolarised Raman spectrum. Typical
features can be identified'”'8: E,” and E,'® mode at about 101 and
439 cm™3, respectively, and multiphonon (MP) structures at 330 and
1155 cm™ L. The rise of the signal intensity with increasing wavenum-
ber is related to thermal radiation of the heated sample.

Figure 7A contains all Raman spectra of the data set. Each time
index represents a time interval of 60 seconds. At the beginning (time

index 196), the sample temperature was about 800°C. At the end (time

index 276), it was about 65°C. Because of the decreasing temperature,
the intensity rise towards higher wavenumbers gets smaller. Further-
more, the central wavenumber, broadening and intensity of the pho-
non modes are affected.'?2°

The curves in Figure 7A are uncorrected, and a large number of
spikes are visible. Upon spike correction (threshold multiplier: 20, max-
imal number of spikes: 5% of the number of data points), these
unwanted features can be removed completely without changing the
shape of the phonon mode features and contribution of thermal radi-

ation (see Figure 7B).

4.2 | XPS spectra

An XPS batch measurement of the Cu 3p peak (see Figure 8) of the
sample manipulator was carried out. Fifty spectra were recorded.
The spikes have been implemented by electronic interferences with
light switches. In order to generate spikes at different positions into
the spectrum, the measured time of one spectrum and the switching

frequency were different (measurement time per spectrum: 0.26 min,

480
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454
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402

376
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MP: 1190
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FIGURE 6 Selected, unpolarised Raman spectrum of a heated ZnO (0001) bulk sample with typical features related to E,) and E,? and
multiphonon (MP) modes. The signal increase with increasing wavenumber is caused by thermal radiation
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spectra of ZnO (0001) after automatic spikes correction during the cooling down process
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FIGURE 9 A, Presentation of all Cu 3p XP spectra with generated spikes. B, Presentation of all the Cu 3p XP spectra after the automatic spike

correction

switching frequency: 0.5 min™%). Figure 9A illustrates the spectra with
the generated strong spikes. Because the spectrometer ESCALAB 220
iXL detector has six channeltrons, each switch generates more than
one spike.

After the measurement, the automatic spike correction with the
default setting (threshold multiplier: 20, maximal fraction of spikes:
5% of the number of data points) was carried out. The intensities of
all corrected spectra show a statistic behaviour. Particularly at the
energy positons of the spikes, no incorrect features may be found. Fig-

ure 9B presents the spectra after the spike correction.

5 | LIMIT TESTS OF THE ALGORITHM

Finally, we have tested the limits of the correct performance of the
suggested method.

5.1 | Number of spectra

The minimal number of spectra with affected spikes is two. The maxi-
mal number is the number of simultaneously loadable spectra (currently
75 600 spectra). The operation time can be reduced in case of a very

large number of spectra by optimization of the UNIFIT software setting

(eg, hiding of windows, optimal setting of the general programme
parameters) as well as the anti-virus software of the used operating

system (eg, definition of the UNIFIT software as excluded process).

5.2 | Spike correction setting

We have tested the limits of the threshold multiplier and the number
of spikes. After the tests, we found and defined minimum and maxi-
mum values (also integrated in the UNIFIT software):

Threshold multiplier: minimum: 5; recommended: 20; maximum:
100.

Maximal number of spikes (fraction of total number of data points):

minimum: 5%; recommended: 10%; maximum: 33%.

6 | FINAL DISCUSSION AND CONCLUSIONS

In this paper, a method for automatic spike correction in large data
sets of spectra such as time-dependent XPS series or Raman scans is

presented. The spike finding and correction by interpolated values
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are included. The modified Laplace operator method is used. All nine
different conditions of the calculation of the Laplace operator,
depending on the spike position in the spectra, were discussed. The
higher sharpness of the spikes of the Laplace spectra with respect to
the original spectra was respected. Not shown here, the tests of an
automatic estimated threshold® could not deliver satisfactory results.
Therefore, we propose a manual setting of the threshold multiplier.
The calculation time of the spike correction of a large number of spec-
tra can be reduced by the optimal setting of the maximal number of
spikes. For a better understanding of the method, the operator can
optionally plot the calculated Laplace spectra.

The new algorithm was tested using test spectra and real Raman
and XP spectra. The validation of the spike correction results of the
test spectra using the residuals show a mainly statistic behaviour of
the new calculated intensities at the spike positions. At the original
spike positions of the spike-corrected real Raman and XP spectra, no
untypical behaviour of the intensities could be observed.
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