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ABSTRACT

KherveFitting is a software written in Python and designed for fitting X-ray photoelectron spectroscopy (XPS) data. It provides a

user-friendly graphical interface for researchers in materials science and surface analysis, offering features that include multiple

background subtraction methods, various peak fitting models, and automated multipeak fitting with customisable constraints.

This software aims to fill a gap in the market for XPS analysis tools, providing a freely available solution for users. This paper de-

scribes the software architecture and its theoretical background, including fitting algorithms and peak models. Its performance

is validated by directly comparing quantification accuracy and peak fitting capabilities against established commercial software

packages, demonstrating robust and reliable results across diverse test cases including ionic liquids, conducting oxides, and rare

earth materials.

Introduction

X-ray photoelectron spectroscopy (XPS) is a widely used sur-
face analysis technique that provides crucial information on
the elemental composition and chemical state of materials. Peak
fitting of XPS spectra is essential to extract both quantitative
and qualitative data, but the process is often complex and time-
consuming. At present, available XPS fitting software is largely
Windows-based and proprietary, restricting both accessibil-
ity and customization. The most widely known XPS data pro-
cessing tools include Thermo Avantage [1], SDP [2], UniFit [3],
XPSPEAKA41 [4], AAnalyzer [5], and CasaXPS [6], with CasaXPS
being the most commonly used software in the XPS commu-
nity, offering a breadth of functionality for data analysis, mak-
ing it a powerful tool for experts in the field. However, while

its wide-ranging capabilities are powerful for advanced users, it
can be overwhelming for a novice or nonexpert user. Occasional
XPS users may find themselves navigating a vast array of fea-
tures, even when their needs are limited to basic peak fitting
without extensive data analysis.

To address these challenges, we have developed KherveFitting
or LG4X-V3, an open-source software written entirely in Python.
KherveFitting is an evolution of the LG4X-V1 [7]. and LG4X-V2/
Imfitxps [8, 9]. projects, which feature a user-friendly graphical
user interface (GUI) designed to simplify the XPS peak fitting
process by (1) enabling efficient data input and output through
Microsoft Excel integration, (2) providing a range of background
correction and peak shape models, (3) offering flexible peak con-
straints, and (4) incorporating numerous shortcuts to improve
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workflow. Together, these features significantly reduce the time
required for analysis and enhance the user experience, making
it as intuitive and straightforward as possible for quick, easy,
and efficient peak fitting of data and subsequent preparation of
figures for presentations and publications.

Software Characteristics
Architecture and Front-End

KherveFitting is implemented in Python, leveraging several
powerful libraries to provide a robust and user-friendly expe-
rience. The software architecture is modular, consisting of the
following main components:

Graphical User Interface (GUI): Implemented using wxPy-
thon [10], providing a cross-platform (Windows, macOS,
Linux) interface for user interaction.

Data Visualization: Matplotlib [11]. is utilized to plot
and visualize XPS data and fitted results, giving high
customisability.

Numerical Computation: NumPy [12]. is employed for effi-
cient numerical operations, along with Imfit [13]. and Im-
fitxps [9]. for curve fitting algorithms.

Data Handling: Utilizes Pandas [14]. and openpyxl for ma-
nipulating Excel files, enabling seamless input and output
of data.

Core Functionality: Contains modules for background sub-
traction, peak fitting, binding energy correction, survey
peak identification, and labeling.

Open / save Excel, PNG, all
Undo / Redo

Copy, Join, refresh
delete, rename
BE correction

Core level

DA LA B R D @

« Other Functionality: Copy, crop, merge, differentiate, inte-
grate, shift, add, subtract, multiply data.

The software follows an event-driven programming model,
where user interactions trigger appropriate responses in the data
processing and visualization components. A central data model
maintains the state of the XPS data and fitted parameters, ensur-
ing consistency across different views and operations.

Figure 1 presents an annotated image of the software's front
end. The interface is divided into three sections: the plot (left
side), the peak fitting parameter grid (top right), and the peak
results grid (bottom right). Two toolbars are also available. The
horizontal toolbar includes tools to open or save files, select core
levels, toggle various plot components, create an area under a
shape, generate a peak model, calculate the noise level, identify
elements within a survey spectrum (wide scan), and export the
peak fitting data to the results grid. The vertical toolbar allows
users to adjust the X and Y plot limits. Various keyboard short-
cuts provide quick access to most of these tools, thereby acceler-
ating the fitting process.

Process Workflow

The workflow is depicted in Figure 2. Users begin by opening
a KherveFitting-formatted Excel file (see manual for specific
formatting requirements), either by dragging and dropping it
onto the plot section of the GUI or by clicking the open but-
ton on the horizontal toolbar. The software supports import-
ing Vamas (vms), Thermo (.avg), Kratos (kal), Phi (.spe).
csv (.csv), Ascii (.asc or .txt), and Excel files (.xIs, .xlsx) ex-
ported from Avantage, which are automatically converted
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FIGURE1 | GUIof KherveFitting. The green box area indicates the peak fitting grid in which all peaks applied to this core level are defined. The

green rows represent the constraint rows. The blue box area indicates the

results grid in which the atomic concentrations for each element are calcu-

lated. The orange box around the left vertical toolbar indicates the location of the plot controls: zoom, labels edit, and toggles.
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FIGURE2 | Workflow to analyze XPS data using KherveFitting.

into an appropriately-formatted (Kfitting) Excel data file and
a corresponding JSON configuration file. The JSON file con-
tains the peak properties for all core levels present in the Excel
data file.

Visualization and comparison of multiple samples is available
through the sample manager window; see Figure 3. This man-
ager offers various tools such as plotting multiple core levels
together, normalizing to specific binding energy, copying, re-
naming, or summing core levels.

Once a dataset has been imported, the desired narrow/wide
scan to be analyzed can be selected either by scrolling the mouse
wheel or by choosing it from the drop-down menu, as illustrated
in Figure 1. Depending on the data type, users can identify ele-
ments in the spectrum (surveys or wide scan spectra) or create
a peak model to identify the different chemical species present
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FIGURE 3 | Representation of the sample manager window. The

samples loaded in the manager are Cu-doped CeO,. The narrow scans
are C 1s, O 1s, Cu 2p and Ce 3d, as well as a survey scan.
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(core level spectra) and determine the composition of the sample
using their relative areas.

For element identification in a survey, a periodic table is avail-
able via the “ID” button on the horizontal toolbar. Clicking on
an element in the periodic table displays its binding energy along
with the respective intensity ratio related to the main core line.
An example survey scan of a graphite sample is presented in
Figure 4.

When creating a peak model, the peak fitting window
(Figure 5) first prompts the fitting of a background over a
selected binding energy range, with models that currently

include linear, Shirley [15], Smart, and Tougaard. Further de-
tails of each of these methods are included in the Background
Models section.

Once the background is established, the user can create singlet
or doublet peaks of different shapes. The peak shapes available
in KherveFitting are based on combinations of Gaussian and
Lorentzian functions, which are widely used in XPS peak fitting
due to their ability to model both intrinsic line shapes and in-
strumental broadening effects. A number of different peak mod-
els are currently available in KherveFitting—details of the most
commonly applied peak fitting models are included in the Peak
Models section, and further details of all available peak models
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FIGURE 4 | Survey spectrum of a hard carbon sample showing the presence of O, C, and Na. KherveFitting allows the identification, labeling,

and measurement of the area contribution of each elements.
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are included in the KherveFitting manual. Users can choose the
appropriate peak shape and adjust parameters via the peak fit-
ting parameter grid, with real-time visualization of how changes
affect the overall fit.

The peak fitting parameter grid, as shown in Figure 1, allows
users to modify the properties of each peak and to set con-
straints. Furthermore, peak positions, heights, and full-width-
at-half-maximum (FWHM) can be interactively adjusted
through cursor movement.

Once the peak model is created, the user can fit the data by
clicking the fit button. By default, fitting is performed using
the Levenberg-Marquardt algorithm [16, 17], as implemented
in the LMFIT Python library [13]. The goodness of fit (R? re-
duced Chiz2) is shown in the peak fitting parameter grid, while
the residual standard deviation (RSD) is displayed in the resid-
ual plot. Users can further refine the fit by manually adjusting
peak parameters or by adding and removing peaks as necessary.
The undo/redo functionality makes it easy to experiment with
different fitting approaches.

This process can be repeated for multiple core levels within the
same file. The software maintains consistency across core lev-
els, allowing for a thorough analysis of complex XPS data.

Once a satisfactory fit is achieved for all core levels, users can
apply a binding energy correction if required. This is typically
done by identifying a reference peak (e.g., C 1s C-C at 284.8
eV), which applies the calculated offset to all core levels in the
same row of the grid. KherveFitting includes a binding en-
ergy correction function that searches for the label “C1s C-C”
peak within the peak fitting grids and adjusts all core levels
accordingly. The name and binding energy of the reference
peak can be customized in the preference window to any name
and value.

Finally, further data analysis, such as calculating atomic con-
centrations or comparing chemical states across different core
levels, can be performed on fitted data by exporting to the re-
sults grid (see Figure 1). Atomic concentrations are calculated
using the relative sensitivity factors for elements and other cor-
rection factors, which can be defined in the preference window.
These correction factors will be discussed in further detail in the
theoretical background section. The peak-fitted data, fitting pa-
rameters, and plots for each core level are saved in an Excel for-
mat, which is compatible with other plotting software, enabling
seamless integration into existing workflows.

Theoretical Background

Fitting Algorithm

The fitting algorithms available in KherveFitting, provided
through the LMFIT library [13], are outlined in Table 1.

By default, fitting is performed using the Levenberg-Marquardt
algorithm [16, 17|, as implemented in the LMFIT Python li-
brary [13]. For further details of the available fitting algorithms,
please see the LMFIT documentation.

TABLE1 | Optimization methods available in KherveFitting via the
LMFIT library.

Method Description

Efficient for least-
squares problems

Levenberg-Marquardt
(leastsq)

Least-squares Provides multiple algorithmic

options for flexibility

Derivative-free, ideal
for complex problems

Powell

Nelder-Mead Simplex algorithm,

robust for noisy data

Handles constrained
optimization without
requiring derivatives

Cobyla

Trust-region Optimizes nonlinear

constraints efficiently

Background Models

KherveFitting offers a variety of background models, namely
linear, Shirley, Smart, and Tougaard. The linear background
is the simplest of these models, with the background fitted as
a straight line between the range markers. This background
model is typically only appropriate in the case where the back-
ground decreases with increasing binding energy. When the
background increases with increasing binding energy, either a
Shirley or Tougaard background should be fitted. The default
option in KherveFitting is the Smart background, which applies
a linear background if the background decreases with increas-
ing binding energy or a Shirley background if the background
increases.

The Shirley background [15]. is an approach that leverages infor-
mation about the spectrum to construct a background sensitive
to changes in the data and is defined as follows:

ALOW(E )
BS(E) - ILow + KAHigh(E) +ALOW(E). (1)
In this equation, I;,,, and Ip;y, are the intensity values at the
low and high binding energy endpoints and define the bound-
ary conditions for the background calculation. « is the step in
the background, typically equal to the difference (Ip;q, — I1o):
which defines the total background intensity change across the
spectral region. Ay, (E) and Ay, (E): The integrated areas from
energy E to the low and high binding energy endpoints, respec-
tively, which are used to determine the background contribution
at each energy point. The key aspect of the Shirley algorithm
is its iterative nature for determining the background. Since
the quantities Ap;,,(E) and Ay, (E) require knowledge of the
background S(E), which is initially unknown, the Shirley back-
ground calculation becomes an iterative process. The integrated
areas Ay, (E) and Ay, (E) for each energy point must first be
computed using an initial approximation of S(E), after which the
background S(E) is updated based on these calculations, and the
entire process is repeated until convergence is achieved.

Surface and Interface Analysis, 2025



The Tougaard U4 background was first introduced and devel-
oped by Sven Tougaard [18]. and is a widely used model in
XPS to describe the inelastic scattering of electrons as they
exit a sample. Unlike the simpler Shirley background, which
assumes a monotonic buildup of signal due to electron scatter-
ing, the Tougaard background incorporates a more physically
accurate model by accounting for energy losses that photoelec-
trons experience due to inelastic scattering processes. Firstly,
the Tougaard inelastic scattering cross-section is expressed as
follows:

B-E )
— 2= ifE>T,
(C—E)+D-E? @

0 otherwise.

U(E;Bs CsD, T(]) =

In this equation, B is a scaling factor that adjusts the overall
intensity of the background. The C-parameter is closely tied to
the position of the maximum energy loss in the scattering tail,
depending on material properties, and is associated with the ex-
citation of plasmons. D controls the broadening or width of the
scattering tail, reflecting the spread of inelastic scattering en-
ergy losses. T is the energy threshold below which the Tougaard
background is zero, corresponding to regions where no inelastic
scattering is expected. The final Tougaard background B,(E) at
energy E can then be expressed as follows:

Bp(E)=1I,,, + / U(E' -E;B,C,D,T,) - 1(E")dE'  (3)

E

where I, is the baseline intensity and I(E') is the measured in-
tensity after baseline subtraction.

Peak Models

There are a variety of models available in KherveFitting. This
section outlines the most commonly used models currently
implemented; however, for further details of all available
peak models, please see the latest version of the KherveFitting
manual.

The Gaussian G(E) and Lorentzian L(E) line shape used by the
different peak methods are defined as follows:

E-E\’ @
—) |

G(E;E,,F,H,Ig)

= erxp[—4-ln2x(1—lg)~(

and

L(E:E,,F,H,lg) = H

E—EC>2’ ©)

1+4-lg- < -
where F is the full width at half maximum of the model and E,
is the center position (in binding energy) of the peak, H is the
height of the peak, and Ig is the ratio between Lorentzian and
Gaussian. The term g is used only in the GL and SGL model. A

full Gaussian peak (Ig = 0) has a symmetric, bell-shaped profile,
while a full Lorentzian peak (Ig = 1) is a little narrower at its
apex and extends out further on its peak tails.

The simplest peak method used by KherveFitting are the prod-
uct GL(E) and sum SGL(E) of Gaussian and Lorentzian:

GL(E;E,,F,H,lg) =HxL(E;E,,F,1,lg)
XG(E;E,,F,1,lg),

and

SGL(E;E,,F,H,lg) =H-(lg-L(E;E,,F,1,1)

™
+(1-1g)-G(E;E_, F,1,0)).

where Ig, F, E,, and H are parameters already defined above.

The asymmetric Lorentzian LA(E) is a Lorentzian line shape
raised by the power ¢ and y. It is a pure Lorentzian model
if both ¢ and y are equal to 1 and is symmetric if ¢ is equal to
7. This model lacks physical significance but is comparable to
the LA(a, f, m) model used in CasaXPS software when the
Gaussian width parameter m is maintained at sufficiently low
values to minimize its contribution to the lineshape [6]. The
LA(E) is expressed as follows:

H E<E,
217
1+4.<E;Ec>]
LA(E;H,E,,F,0,7,0) = H
E>E

®

where a and f are the asymmetry parameters on the higher and
lower binding energy sides of the peak, respectively. The higher
o or y is, the more Gaussian the peak is on the higher or lower
binding energy side.

Another variation of the LA model called LA*G(E) is the LA
lineshape, which further convolutes it with a Gaussian line-
shape of width W,. This model corresponds to the CasaXPS
LA(a, f, m) model, which is described as being a superset
of Voigt functions, as this model can create asymmetric and
symmetric Voigt-like lineshapes. The LAxG(E) is expressed as
follows:

LA #G(E;H,E,, F,0,7,W,)

9

=LA(E;H,EC,F,6,}/,0)*G(E;Ec,Wg,H,O). ©)

The Voigt function is a combination of a Gaussian function con-

volved with a Lorentzian function and is provided directly from

the LMFIT. The Voigt model can be expressed in simple terms
as follows:

[s+)
V(E;Ec,a,y)=/L(E’;Ec,y)-G(E—E’;O,a) dE', (10

— 00
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where the Lorentzian and Gaussian parts of the Voigt are ex-
pressed as follows:

L(E;E,,v)= (E—Zﬁ an
E—E,)>
G(E;EC,G)=U — eXP(—%) (12)

Note that in the convolution integral, the Gaussian is centered
at 0 and shifted by the integration variable E’, which is why it
appears as G(E —E’; 0, ).

The Gaussian convoluted Doniach-Sunjic model G«DS(E) is
based on the Doniach-Sunjic model [19]. and is particularly
useful for fitting asymmetric peaks. Similarly to the Voigt
function, the FWHM (F) is calculated from the width of the
Gaussian (6) and the width of the Lorentzian (y), whereas the
S term controls the asymmetry. The function can be expressed
as follows:

G« DS(E;A,E,,0,7,S)=A-G(E;E,,0) * DS(E;E.,v,S),
13)

where DS(E;E,7,S) is the Doniach-Sunjic model, G(E, o) is
the Gaussian model, A is the amplitude/area, E, is the center
position, and S is the asymmetry parameter or skew. While the
Gaussian model has been already expressed in Equation (12),
the Doniac—Sunjic model DS(E; E, y, S) model can be expressed
as follows:

cos(”z—s +(1-=-S5)- arctan(E_yE“ ))

DS(EaEC’ }’,S)= ((E_Ec)2+y2)(175)/2

14)

where for S = 0, DS(E;Ec, 7, 0) is of the form of a Lorentzian:

DS(E;Ec,y,0) = L os(tan? E-E
O T E-EP y
1 1

T E-Eri) E-EP
\/(( c) +}’) \/1-|-T

_ Y
- (E-E2+y?

1s)

Table 2 shows the Ig ratio of the different models required to fit a
peak of Voigt lineshape with a width of 1 eV and varying Ig ratio.
The LA lineshape used had no Gaussian contribution attributed
to the model.

Fit Quality Indicators

Coefficient of determination (R2) measures goodness of fit over
arange of 0 to 1, where 1 indicates a good fit.

_S0-hP

RP=1-2——",
TR

(16)

TABLE 2 | Conversion table between the Ig ratio values of the Voigt
model and the GL, SGL, and LA models.

Voigt Ig (%) GLIg (%) SGL g (%) LAoc &y
10 30.27 10.23 9.58
20 49.04 20.29 4.42
30 66.14 31.47 2.74
40 80.44 43.54 1.98
50 90.46 56.44 1.57

Note: The simulated Voigt peak has an area A of 100, a height H of 95, a width of
1 eV, and a varying Ig ratio.

where y; are the observed values, f; are the predicted values and
y is the mean of observed values.

Relative standard deviation (RSD) indicates data scatter and
goodness of fit:

a7)

where N is the number of data points, y; are the observed values,
and f; are the predicted values.

Reduced chi-square statistic (Red. Chiz2) for fit quality:

N
2 1 2 (yi—ﬁ)z
Ired_N_p o 2 ’
i= :
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(18)

where N is the number of data points, p is the number of fit-
ted parameters, y; are the observed values, f; are the predicted
values, and o; are the uncertainties in the measurements.
Lower values of )(fe , generally indicate better fits, with ;(fe 1
being ideal when using proper statistical weighting (¢; = \/)71-).
However, the target value depends strongly on the weighting
scheme employed. When using equal weighting (¢; = 1) or other
weighting approaches commonly used in XPS analysis, the opti-
mal ;(fe ; values may deviate significantly from unity.

Corrected Area

The corrected area A, of a peak of area A fitted using one of
the models previously described can be described as follows:

— Ameasured (19)
@ RSF x TXFN x ECF x ACF

A
where RSF is the relative sensitivity factor for the element,
ECF is the energy compensation factor, and TXFN is the
transmission function of the instrument for a specific pass en-
ergy (PE). In some instances, the ECF, ACF, and/or TXFN are
incorporated within the RSFs provided by the supplier. For ex-
ample, in the case of AMRSFs, the ECF and ACF are setto 1 as
they are already taken into account. In the case of the Thermo
K-Alpha, the TXFN is set to 1.0 as it is incorporated into the
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data (for excel file only). For all other files imported using
Vamas (.vms), Kratos (.Kal), or Ulvac-Phi (.spe), KherveFitting
reads the transmission values and corrects the intensity val-
ues accordingly within the Excel file. The ACF is the angle
correction factor, which accounts for the angular distribution
of photoelectrons.

The factor for the ACF is given by the following:
ACF=1- g(s cos?0—1), (20)

where f is the asymmetry parameter for the orbital of interest
and 6 is the take-off angle of the photoelectrons relative to the
sample surface. For instruments with a magic angle of 54. 7°, the
correction factor ACF = 1.

The ECF depends on the selected library and accounts for
the attenuation of photoelectrons due to inelastic scattering.
Three methods are available to calculate the ECF: the kinetic
energy approximation, the TPP-2M formula for calculating
the inelastic mean free path (IMFP), and Seah's universal
equations for calculating the IMFP and effective attenuation
length (EAL).

The simplest approach is the kinetic energy approximation,
where the ECF is taken as the IMFP calculated using an approx-
imate relationship between the IMFP (4) and kinetic energy
(E}), based on the general shape of the universal curve:

A EQ°. 1)

A more rigorous approach to calculating the IMFP is the
TPP-2M formula (short for Tanuma, Penn, and Powell, who
developed this relation [20].), which provides an accurate em-
pirical formula for calculating the IMFP of electrons in various
materials. This method is based on the kinetic energy of elec-
trons and incorporates material properties such as density, mo-
lecular weight, and the number of valence electrons. Calculation
of the IMFP is vital in surface-sensitive techniques like XPS,
where understanding the escape depth of electrons is crucial for
quantification. The TPP-2M formula for IMFP (4) is given by
the following:

N -
D=53.4—20.8-< v p), (27)
M

where E is the electron kinetic energy (eV), p is the material den-
sity (g/cms), M is the molecular weight (g/mol), N, is the num-
ber of valence electrons per atom, Ey, is free electron plasmon
energy (€V), and E, is the bandgap energy (eV). The resulting
IMFP is reported in nanometers (nm).

For a general approximation applicable to metals and inorganic
compounds, average matrix parameters can be used. Based on ref-
erence data, the following average values are assumed:

N,=4.684 (valence electrons/atom)
p) =6.767 g/cm’

M =137.51 g/mol

Eg =0eV.

Substituting these values into the equations, we get the following:

E,=28.81/ 28820767 16 26 ev,
P 137.51

N.
U =" ~0.230.
M

To enable comparison of the corrected area obtained using the
TPP-2M method with the corrected area using the Thermo
Avantage software, a scaling factor of 26.2 was also applied to
the calculated IMFP.

ECF = X 26.2. (28)

An alternative to the TPP-2M approach is Martin Seah's uni-
versal equations [21]. for the IMFP (1) and effective attenuation
length (EAL). These equations are mainly used for calculating
the IMFP and EAL of thin film samples and can be expressed
as follows:

0.73 + 0.0095 - E;g-872
ﬂ =

03 (nm), (29

0.65+0.007 - E;}‘/‘3

EAL = 7038

(nm), 30)

where E, is the photoelectron kinetic energy (in €V) and Z is the
average atomic number of the material.

The IMFP describes the average distance electrons can travel
before undergoing inelastic scattering, while the EAL accounts
for attenuation effects that reduce the signal's effective sampling
depth. For thin-film quantification in XPS, the EAL model is
particularly relevant as it adapts the analysis depth based on
material and kinetic energy parameters. This ensures accurate
quantification of elements in homogeneous thin films and avoids
overestimation of the signal contribution from deeper layers. As
it accounts for the effects of both elastic and inelastic scattering
of electrons on the detected signal, the EAL is used for escape
depth correction when Seah's universal equations are chosen as
the method for calculating the ECF.

E; c D
A=—.|pIn(y -E)-=+ =/, 22
B [ﬁ (v Ee) -5 Ei] 22)
where
N,-p
By =28.8-1/——, (23)
ﬂ=—0.10+ﬂ+0.069~p°'1, (24)
2 2
VEn+E?
y=0.191- p~ %, (25)
N. -
c=1.97—o.91-< ;v[p)’ 26)
8
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Examples of Application

To validate its reliability and accuracy, KherveFitting has un-
dergone extensive testing and comparison with some of the most
widely used XPS software, CasaXPS and Thermo Avantage.
Tests against three different use cases have been included:
quantifying relative atomic percentages of different elements
in a room temperature ionic liquid, peak fitting the asymmetric
peaks observed in the Ru 3d core level spectrum of RuO,, and
applying a complex, multicomponent fitting model to the Ce 3d
core level spectrum of CeO, to determine the relative propor-
tions Ce (III) and Ce (IV).

Quantitative Comparison

To rigorously assess the capability of KherveFitting to accurately
reproduce the quantification of atomic percent fractions obtained
with established commercial software, a comparison was per-
formed using reference data from an ideal homogeneous sam-
ple—a room-temperature ionic liquid. Room-temperature ionic
liquids are organic salts that are liquid below 100°C. These materi-
als exhibit a high degree of homogeneity throughout their volume
and have well-defined stoichiometric ratios of light elements, and
because of their high surface tension and low vapor pressure, they
are stable under ultrahigh vacuum. These properties make them
ideal materials for XPS analysis. 1-propyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide is an ionic liquid consisting of
five detectable elements in XPS (F, O, N, C, and S). An XPS spec-
trum of this ionic liquid has previously been reported [22]. with an
accurate quantification exhibiting an average relative deviation of
3.4% of the expected stoichiometric ratio. These data (Accession
#01708-01) were reanalyzed with KherveFitting v1.521 using
data analysis parameters similar to those reported in the pub-
lished paper (Figure 6). The survey spectrum was intensity cor-
rected using a transmission function determined with the NPL
method [23], and the inelastic contributions were removed using
the Tougaard U4 background, U(E; 367,497, 436, 0), over the bind-
ing energy range of 800 to —7 eV. The peak areas were corrected
using the average matrix RSFs (AMRSFs) published by NPL [24].
This was achieved in KherveFitting by a manual overwrite of the
RSF values in the results table. The ECF term is already included
in the AMRSEFs, so this was set to unity in the results table. The
equivalent homogeneous atomic composition of the ionic liquid
determined by KherveFitting is presented in Table 3. The av-
erage relative deviation of the KherveFitting composition from
the composition reported by Reed et al. is 2.9 % and 5.4 % from
the theoretical stoichiometry of 1-propyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide. Note that the expanded uncer-
tainties of the XPS compositions of this ionic liquid (considering
both Types A and B errors) vary between 3 at.% and 7.5 at.% [25].

Asymmetric Lineshapes

Figure 7 shows the Ru 3d/C 1s(top figure) and O 1s (bottom
figure) of a anhydrous Ruthenium dioxide material. The data
were acquired using a Kratos Axis Ultra-DLD photoelectron
spectrometer, using monochromatic Al KaX-rays (1486.69 eV)
operating at 10-mA emission and 12-kV anode voltage (120-W
operating power). The data were acquired using a pass energy of
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FIGURE 6 | Survey of a 1-propyl-3-methyl-imidazolium bis(trifluo-
romethylsulfonyl)imide obtained using data from Reed et al.

TABLE3 | Theaverageequivalenthomogeneous atomic composition
of 1-propyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide
obtained using data from Reed et al. and analyzed using KherveFitting
v1.521.

Element Measured area (cps.eV) AMRSF At.%
F 267.65 3.26 23.7
(0] 141.11 2.46 16.5
N 66.83 1.66 11.6
C 135.32 1.00 39.0
S 57.11 1.80 9.2

40 eV. At this pass energy, the FWHM of the Ag 3d;,, peak was
0.63 eV, and the valence band Fermi edge was determined to be
0.60 eV. Within the software, the Kratos F1s sensitivity factors
were used, with no escape depth correction applied, as this is
already included in the sensitivity factors.

Ruthenium dioxide (RuO,) is a conducting oxide possess-
ing an asymmetric core-level line shape, which results from
screened states, and an energy window for the Ru 3d core-
level which overlaps the C 1s region [26]. The peak model
was constructed using a combination of LA asymmetric (for
Ru 3d peaks) and GL lineshapes (for C 1s peaks) using con-
straints developed in CasaXPS, [27]. with the addition of small
(£ 0.2 eV) movements in the binding energies. The C 1s/Ru
3d core-level spectra were fitted between 275.9 and 293.5 eV,
while the O 1s core-level spectrum was fitted between 525.6
and 537.5 eV. Quantification using CasaXPS gave an O / Ru
ratio of 1.95, while quantification in KherveFitting gave a O
/ Ru ratio of 2.2, which is in excellent agreement, given the
uncertainties in XPS quantification, complexity of the peak
model, and potential differences in the background positions
and type (Shirley vs. Smart).

Complex, Multicomponent Fitting Model

CeO, XPS data were acquired using a Thermo NEXSA, using
monochromated Al KaX-rays (1486.69 eV) at 6 mA emission
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FIGURE 7 | Fitted Ru 3d/C 1s (top plot) and O 1s (bottom plot) core-
levels for a reference anhydrous RuO, material.

and 12kV HT (72 W), an elliptical spot size of 400 pm, and
a 180° hemispherical analyzer in conjunction with a two-
dimensional detector that integrates intensity across the
entire angular distribution range. The instrument was cali-
brated to gold metal Au 4f(83.95 eV) and dispersion adjusted
to give a BE of 932.6 eV for the Cu 2p, , line of metallic copper.
Ag 3ds,, line FWHM at 10 eV pass energy was 0.54 eV. The
source resolution for monochromated Al KaX-rays is 0.3 eV,
and the instrumental resolution was determined to be 0.36 eV
at 10-eV pass energy using the Fermi edge of the valence band
for metallic silver.

The Ce 3d spectral region presents particular challenges for
peak fitting due to multiple final state effects and overlapping
contributions from Ce(IIT) and Ce(IV) oxidation states [28, 29].
Additionally, experimental considerations during data acqui-
sition can significantly influence the observed Ce(I1I)/Ce(IV)
ratios, including X-ray induced reduction, vacuum exposure
effects, and instrumental parameters such as X-ray flux den-
sity [30]. Users should be aware of these complexities when
developing fitting models for cerium-containing materials
and are encouraged to consult established literature on best
practices for CeO, analysis to ensure robust and reproducible
quantification.
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FIGURE 8 | Ce(III)/Ce(IV) fit of a CeO, reference material.

CeO, was fitted using a combination of a LA-type peak for the
asymmetric Ce 3d v feature, and SGL lineshapes for the remain-
ing nine peaks, according to a previously developed model for
the same dataset (Figure 8) [30]. Three separate Shirley back-
grounds were applied in the fitting range of the Ce 3dspectral
region between 875.0 and 922.5 eV.

Conclusions

We have presented KherveFitting, a free and open-source XPS
peak fitting software designed to provide an accessible, yet
comprehensive solution for XPS data analysis. The software
can import data in the majority of widely used XPS file for-
mats, maintains compatibility with CasaXPS workflows, and
features an intuitive sample manager for efficient multisample
analysis. KherveFitting also offers a growing library of peak
models, facilitating direct application of widely accepted peak
models from the literature to new datasets, and incorporates a
broad range of relative sensitivity factors and methods to cal-
culate the energy compensation factors required for accurate
quantification.

The software has been validated across diverse analytical sce-
narios, demonstrating reliable quantification and sophisticated
peak fitting capabilities that are comparable to those of estab-
lished commercial packages. With its rapid uptake from the
XPS community and highly positive user feedback since its re-
lease, we anticipate that KherveFitting is on track to become a
widely adopted software for XPS analysis. Our ultimate goal is
to replicate the success of other widely used and respected open-
source characterization software (e.g., Gwyddion [31]. for scan-
ning probe microscopy, GSAS-II [32]. for X-ray diffraction, and
ImagelJ [33]. for scientific imaging), providing a similar service
to the XPS community to make XPS more accessible and im-
prove the quality of XPS peak fitting.

Future developments of the Khervefitting software will primar-
ily focus on three key areas: extending its application towards
synchrotron XPS measurements, incorporating additional, spe-
cialized peak models, and enhancing automation features based
on community feedback and contributions.
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Best Practices and Parameter Reporting

A significant challenge in the XPS community is incomplete
reporting of peak fitting parameters, which hinders reproduc-
ibility of published results [34]. To address this, KherveFitting
includes a Knowledge section in the help menu providing direct
links to key literature and resources, including M. Biesinger's
guidelines demonstrating best practice peak fitting examples
[35]. and V. Crist's XPS library highlighting common pitfalls [2].
Users are strongly encouraged to report comprehensive fitting
parameters including peak positions, FWHM values, peak
shapes, constraints, and background parameters when publish-
ing XPS results to ensure transparency and reproducibility.

Software Location

Archive: SourceForge

Persistent identifier: https://sourceforge.net/projects/khervefitt
ing/

Licence: BSD-3 License

Publisher: Dr. Gwilherm Kerherve

Version published:1.54

Code repository: GitHub

Persistent identifier: https://github.com/KherveFitting/Kherv
eFitting

Licence: BSD-3 License

Publisher: Dr. Gwilherm Kerherve
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