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NO WARRANTY 

Casa Software Ltd. does its best to ensure the accuracy and reliability of the Software and Related 

Documentation. Nevertheless, the Software and Related Documentation may contain errors that 

may affect its performance to a greater or lesser degree. Therefore no representation is made nor 

warranty given that the Software and Related Documentation will be suitable for any particular 

purpose, or that data or results produced by the Software and Related Documentation will be 

suitable for use under any specific conditions, or that the Software and Related Documentation will 

not contain errors. Casa Software Ltd. shall not in any way be liable for any loss consequential, either 

directly or indirectly, upon the existence of errors in the Software and Related Documentation. The 

{ƻŦǘǿŀǊŜ ŀƴŘ wŜƭŀǘŜŘ 5ƻŎǳƳŜƴǘŀǘƛƻƴΣ ƛƴŎƭǳŘƛƴƎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŦƻǊ ƛǘǎ ǳǎŜΣ ƛǎ ǇǊƻǾƛŘŜŘ ά!{ L{έ ǿƛǘƘƻǳǘ 

warranty of any kind. Casa Software Ltd. further disclaims all implied warranties including without 

limitation any implied warranties of merchantability or fitness for a particular purpose. CasaXPS 

should not be relied on for solving a problem whose incorrect solution could result in injury to a 

person or loss of property. The entire risk arising out of the use or performance of the Software and 

Related Documentation remains with the Recipient. In no event shall Casa Software Ltd. be liable for 

any damages whatsoever, including without limitation, damages for loss of business profit, business 

interruption, loss of business information or other pecuniary loss, arising out of the use or inability 

to use the Software or written material, even if Casa Software Ltd. has been advised of the 

possibility of such damages. 
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Basics of Quantification by XPS 

 

Percentage atomic concentration  for an element is computed from  peak areas  

with corresponding total sensitivity factors  using the formula 

 

An element library is a file containing information necessary when computing  and take different 

forms depending on instrument and philosophy followed by a particular instrument manufacturer. 

Element Library and Relative Sensitivity Factors  
The element library in CasaXPS is an ASCII file containing information relating to the identification of 

photoemission peaks and for use when quantification is performed based on computed 

photoemission signal after an inelastic scattered background signal is removed. The essential 

information within the element library for both these purposes is: 

1. Element and photoelectron assignment for the emitted electron from a ground state 

electron configuration (e.g. Na 1s or Cu 2p1/2). 

2. Approximate energy for photoemission corresponding to each photoemission process and 

each element in the periodic table. 

3. Relative Sensitivity Factors (RSFs) for each photoemission process and each element. 

The first two allow identification while the third is the means by which quantification is performed.  

Characterising photoemission by these three entities is an over simplification for both identification 

of photoemission peaks within an XPS spectrum and for calculating amount of substance by XPS. 

Photoemission peaks described by an idealised symmetric bell shaped peak at a fixed energy with 

area proportional to sample composition is only possible for a small number of materials. Chemical 

state and complex interactions in final state electron configuration result in photoemission spectral 

shapes that do not follow a simple peak model, and signal can be spread over many electron volts. 

Nevertheless, these element library essentials are the starting points from which sample analysis by 

XPS begins and as such an element library based on these three sets of information is a required part 

of quantification by XPS. It is, however, important to understand how these values are compiled for 

a given instrument and the limitations of such information for different materials when analysed by 

XPS. 
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Relative sensitivity factor is the name given to a scaling factor used to convert peak area into an 

amount of substance. Historically the term RSF has at least two meanings, namely, empirical RSF or 

theoretical RSF. 

Photoelectrons from a bulk solid state material are scattered by inelastic interactions with the 

sample material and so photoemission from a bulk material alters the relative intensity for 

photoemission peaks as a function of the scattering rate, which in turn varies as a function of kinetic 

energy for photoelectrons. These influences are referred to as escape depth corrections. Relative 

intensities for measured photoemission peaks will include the influence of inelastic scattering. 

Empirical RSFs are the basis for element libraries used by the more established instrument 

manufacturers. By way of example, a paper by Wagner et al reported a set of sensitivity factors that 

were determined from a set of standard material using specific XPS instruments. Measured relative 

peak intensity RSFs represent empirical scaling factors that necessarily include instrumental factors 

commonly referred to as transmission characteristics, instrument geometry relating to intensity 

dependency on sampling direction with respect to the x-ray source direction and also escape depth 

differences for the materials used to calculate sensitivity factors. These empirical factors are 

therefore specific to both instrument and material composition. One essential consideration for 

empirical RSFs is the material used as a standard must be homogeneous in both area and depth (for 

a depth significantly greater than the sampling depth by XPS). Empirical RSFs therefore tend to be 

obtained for bulk materials. 

It is possible to process empirical RSFs to remove transmission and angular distribution contributions 

to empirical RSFs resulting in RSFs that can be used for different instruments. The use of such RSFs 

for a range of instruments relies on a good knowledge of the transmission function for instruments 

making use of these processed empirical RSFs. An example of processed empirical RSFs is Ulvac PHI 

sensitivity factors that represent magic angle RSFs which can be applied, with appropriate 

corrections, to other PHI instruments with angles of 45o and 90o (two common arrangements for the 

angle between the direction for x-rays and sampling direction for photoemission on Ulvac PHI 

instruments). 

The alternative to empirical RSFs is theoretical RSFs in the form of photoionisation cross-sections 

calculated for specific photon energies. Scofield reported theoretical photoionisation cross-sections 

for photon energies corresponding to x-ray energies for anode materials aluminium (1486.6 eV) and 

magnesium (1253.6 eV). These theoretical cross-sections are effectively relative sensitivity for 

photoemission intensities from an infinitely thin layer of a given element measured using polarized 

x-rays at the, so called, magic angle to the direction of the analyser. These Theoretical RSFs can 

therefore be considered a more fundamental entity and are related to empirical RSFs by adjusting 

these theoretical RSFs for angular distribution, escape depth and instrumental response. 

Escape Depth Correction  
The discussion that follows assumes the measurement is performed with an instrument with a flat 

transmission response to kinetic energy for photoemission intensity. 
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The intensity emitted at the surface  from a layer of material between the depths of  and   is 

proportional to the integral: 

[1]   

An element library containing Scofield cross-section  (atomic number , principal quantum 

number  and orbital angular momentum quantum number ) represents a set of sensitivity factors 

assuming photoemission occurs at the precise interface between a material and the vacuum 

assuming photons arrive at the surface with the magic angle with respect to the direction for which 

electrons are recorded by the analyser. The measured photoemission intensity  forming the basis 

for a measure of the amount of substance assuming a lamina associated with an element with 

atomic number  must be scaled using Scofield cross-section , namely, , however if rather 

than a lamina the material is of thickness , then the bulk equivalent amount of substance intensity 

 is obtained as follows, 

[2]    

The expression  derives from the escape depth correction assuming 

an exponential decay dependent on the effective attenuation length  due to inelastic 

scattering of electrons within the sample prior to electrons emerging into the vacuum. If the 

material is of thickness  is greater than  for all photoemission electron energies , 

then  therefore the corrected intensity used in an atomic concentration 

calculation that accounts for escape depth is given by: 

[3]    

Escape depth has a profound influence on quantification by XPS for sample of a heterogeneous 

nature. The consequence of inhomogeneous depth distributions with very simple layer structure is 

illustrated by two scenarios for two materials measured using emission electrons with similar kinetic 

energy. Carbon and ruthenium measured using C 1s and Ru 3d emission peaks are two such 

materials. 
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Ru 3d and C 1s are emitted with the same kinetic energy. Assuming the same effective attenuation 

length  for both materials (which is not necessarily true), applying the exponential 

attenuation model then the following statements are true: 

a) 95% of signal originates from  depth. 

b) 63% of signal originates from  depth. 

c) 86.5% of signal originates from  depth. 

d) Only 8.5% of the signal originates from between  and  depths. 

The following two depth distributions for carbon and ruthenium would result in very different 

atomic concentration values obtained by XPS. 

Scenario 1: A layer of carbon of thickness  nm on top of a layer of ruthenium of depth 

 nm measured using Al anode x-rays. 

 

Given a model with ratio Ru:C = 2:1, XPS RSF corrected intensity ratio 32:63  approximately 1:2. Thus 

the ratio is the exact opposite of the true value for the amount of Ru to C. 

Scenario 2: A layer of carbon of thickness  nm below a layer of ruthenium of depth  

nm measured using Al anode x-rays. 

 

 

Given a model with Ru:C in the ratio 2:1 within the first  nm, measured by XPS the RSF 

corrected intensity ratio would be 86.5:8.5 approximately 10:1. 
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The surface sensitivity of XPS provides remarkable information about the top 10 nm of material, but 

unless a sample is prepared to be homogeneous in depth and without contamination, the atomic 

concentration reported by XPS is not a representation of the sample composition in terms of 

proportions of elements.  

Angular Distribution Correction  

 

Scofield cross-sections do not account for angular distribution variation in intensity as a 

consequence of instruments detecting electrons in a specific direction relative to the photon source. 

Angular distribution correction to RSFs based on a given instrument geometry are applied resulting 

in total sensitivity values appropriate for a given x-ray source and the angle between the x-ray 

source and the direction defined by the electron energy analyser. Total sensitivity factors are 

corrected for angular distribution using the factor . Where  is the angle 

between an x-ray source and the axis defined by the transfer lens system for an electron analyser 

angle and the value for  is computed for the element in question. Variation in intensity as a 

consequence of an instrument with  is performed at the time RSFs are extracted 

from the element library. Corrections due to angular distribution are applied to RSF values relative to 

s-orbital electron configurations which all respond identically in terms of direction, so RSFs are 

modified due to angular distribution correction for p, d and f photoemission lines only. These 

corrections appear as adjustments to element library RSFs when extracted from the element library 

and entered into quantification regions or component peaks RSF fields. 

Instrumental Transmission Correction  
The number of electrons recorded by an instrument at a specific kinetic energy for the detected 

electrons deviate from the number of electrons emitted from the sample. The ratio of electrons 

leaving the sample to the number of electrons recorded at the detector varies as a function of the 

kinetic energy for the emitted electrons. To adjust for these variations in collection efficiency an 

instrument transmission function is measured.  A transmission function is prepared for each 

operating mode for a given instrument. Differences in operating mode may include specific settings 

for the pass energy, electron optical lens modes, aperture settings and detector settings. 
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XPS Peak Fitting, Lineshapes and Quantification  
Chemical state by XPS relies on accurate determination of binding energy, peak area and peak shape 

for photoemission signal. Electrons emitted from atoms in a specific chemical state are expected to 

appear with kinetic energy characteristic of the chemical state for that atom, while intensity 

measured by peak area allows stoichiometry for atoms to be assessed. Peak shape plays an 

important role for materials where multiplet splitting results in complex shapes in photoemission 

signal representing signatures for atoms in different oxidation states. While complex spectra are 

common with XPS, even complex spectral forms generate by XPS are attributed sequences of 

underlying peak shapes characterised by modified Lorentzian component peaks. It is therefore 

worth being a study of fitting XPS data with curves by considering the basics of fitting Lorentzian-like 

lineshapes to some of the more basic spectral shapes encountered in XPS data. 

The starting point for almost all single peak lineshapes is based on the Cauchy probability density 

function which is referred to in XPS as a Lorentzian centre at the origin with height and FWHM equal 

to unity. 

 

There are many examples of XPS photoemission peaks that clearly contain a strong Lorentzian 

contribution. However, by virtue of measuring a photoemission peak, the instrument used to make 

such a measurement alters the recorded photoemission lineshape from that of the underlying 

photoemission shape. By considering the path of electrons emitted from the sample and before 

arriving at the detector it is possible to support the concept of a convolution as the mathematical 

tool used to modify a Lorentzian to model measured peak shapes (Figure 1). Approximating the 

interaction of these electrons with the instrument by a Gaussian through a convolution integral with 

a Lorentzian, a Voigt function (Figure 2) replaces a pure Lorentzian as the basis for a mathematic 

lineshape and once again there are many examples of photoemission peaks for which a Voigt 

function provides a very good fit to data. 

The importance of lineshape to XPS is rooted in nonlinear least squares optimisation used to fit 

lineshapes to experimental data. The least squares criterion for selecting the best set of parameters 

used to specify a set of component peaks with respect to a given set of data works remarkably well 

provided the exact shapes for photoemission peaks are known precisely. However, if component 

peak within a model use lineshapes different from the exact photoemission lineshapes, then 

optimisation without constraints performs less well and can result in non-physical outcomes. 

Not only is it important from a mathematical perspective to use lineshapes that closely model the 

actual photoemission signal, but it is also important to have reliable and understandable 

quantification that offers input when assessing stoichiometry and therefore relative numbers of 

expected component peaks when modelling chemical state signal. In the absence of such 

information as number of and shape for component peaks, parameter constraints are required to 

achieve satisfactory outcomes when modelling data with individual component peaks. Introducing of 

number of peaks presupposes chemical knowledge with respect to the sample and user intervention 
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via constraints to guide fitting of peaks to data also assumes prior sample knowledge. In an ideal 

experiment data would guide interpretation of spectra rather than bias introduced by user 

expectation. 

 

Figure 1: LA lineshape is a mathematical form that models the interaction of an input signal to an HSA with signal 
sampled through an exit slit leading to an electron detector. The larger the Gaussian parameter  the wider the exit slit 
and the closer the lineshapes resembles a Gaussian shape. 

 

Figure 2: Voigt lineshapes formed by a convolution integral between a Lorentzian and a Gaussian. The LA(1,1,n) 
lineshape is a Lorentzian convoluted with a Gaussian of width controlled by the parameter n. The larger the value of n 

the greater becomes the Gaussian contribution to the Voigt lineshape. 

Basics of Peak Fitting  
Peak models are constructed from component peaks and a background approximation. A 

component peak is defined in terms of a lineshape and three optimisation parameters representing 

a component position, full width at half maximum (FWHM) and area. Using a simple case of a single 

photoemission peak from AlPO4 in the form of Al 2s (Figure 3), a single component peak represents 

the entire peak model.  A lineshape defined by the expression LA(1,193) is selected to obtain the 

best physically meaningful fit of a peak to data where the three optimisation parameters are 
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adjusted to achieve the best fit to data, in a least squares sense, given the lineshape and background 

approximation. 

 

Figure 3: Example of fitting a Voigt lineshape plus a two parameter Tougaard universal cross-section background to Al 2s 
photoemission signal measured from aluminium phosphate. 

Al 2s is a broad single peak with no overlapping peaks. The peak sits on a relatively flat background 

of inelastically scattered electrons from other processes allowing a model based on an LA (Voigt) 

lineshape which is a mathematically generated model that can be adjusted to match these real data.  

Features to observe from this example are: 

1. The residual standard deviation is a measure for the goodness of fit encapsulated in a single 

value while the residual plot represents data from which the residual standard deviation is 

computed. The residual standard deviation for a well formed peak model fitted to pulse 

counted data should be close to unity while the normalised, with respect to standard 

deviation, residual plot should have the appearance of uniform random differences from a 

mean of zero. 

2. The residual standard deviation in Figure 3 is less than unity because, while these are pulse 

counted data, the spectrum is formed by summing multiple data streams, the computation 

of which involves interpolation which if performed correctly effectively smooth data 

resulting in a figure of merit below the expected value of unity. 

3. The lineshape is defined as LA (1, 193) representing a Voigt convolution integral between a 

Lorentzian and a Gaussian. The Lorentzian nature of Al 2s owes much to the lifetime 

broadening for these s-orbital states and a much less important contribution to the 

observed shape from instrumental factors. 

 CasaXPS

Aluminium Phosphate (AlPO4) : Al2s P2p PE5
This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF),

a company established under the National Collaborative Research Infrastructure Strategy to provide nano

and microfabrication facilities for researchers in Australia, through the La Trobe University Centre for

Materials and Surface Science. Data are reproduced under a Creative Commons licence (CC BY-NC 4.0 International).

Barlow et al  SIA (2018) DOI: 10.1002/sia.6417

   XPS     Spectrum    Lens Mode:Field of View 1: Survey   Resolution:Pass energy 5     Iris(Aper):slot(SPECTRUM SLIT)

   Acqn. Time(s): 5258       Sweeps: 30       Anode:Mono(Al (Mono))(150 W)   Step(meV): 100.0 

   Dwell Time(ms): 250        Charge Neutraliser :On   Acquired On :17/06/30 21:38:02

Name
Al 2s

FWHM
2.1414

L.Sh.
LA(1,193)

Al 2s

Residual STD = 0.859495

5

10

15

20

25

30

35

40

45

50

55

C
P

S
 x

 1
0

-1

124 120 116 112
Binding Energy (eV)



Copyright © 2019 Casa Software Ltd 
 

Page 14 of 152 
 

4. Aluminium phosphate is an insulator and is such that few inelastic scattering events occur 

close to the Al peak resulting in energy loss for Al 2s photoemission the consequence of 

which is a flat background beneath the broad Al 2s peak. 

5. The number of underlying peaks is known for such a simple peak model. For samples of less 

well known origin selecting the number of component peaks when modelling data is more of 

a problem. 

6. There is little ambiguity within the optimisation parameters and identifying initial values 

used during optimisation is trivial in this case. 

7. The relationship between lineshape and background is relatively easily understood 

compared to peak models involving multiple component peaks. 

8. Optimisation of position, FWHM and area is achieved where both figure of merits, namely, 

 and root mean square yield almost identical results. 

These points explain the successful fitting of a mathematically defined lineshape and a calculated 

background to an Al 2s peak. The background is in some sense equivalent to the selection of 

lineshapes as the background shape is computed from a mathematically specified inelastic scattering 

cross-section which is integrated with data to generate the background with little variation beneath 

the Al 2s peak.  

The lesson taken from this simple example is that for a well formed peak model optimisation yields 

excellent results. 

We now consider the next step-up in complexity for fitting of peaks to data, namely a spectral 

feature corresponding to two related photoemission processes. 

 

Figure 4: Mechanism by which p-orbital photoionisation results in a pair of photoemission peaks. The initial ground state 
is excited by photons via two possibilities specified by the j quantum number for an electron in an atom, where the 
resulting final states with a missing electron are offset in energy. The number of electrons corresponding to the j 
quantum number is 2j+1 and so the relative intensity, in a statistical sense, for these two peaks should be in the ratio 
2:1. 
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In simple terms, XPS peaks appear as either singlet or doublet peaks. Al 2s is an example of a singlet 

peak where the initial and final states for the atom and the resulting ion are unique, hence for Al in a 

single chemical state only one peak is observed. Al 2p is an example of a doublet pair of peaks where 

a mechanism illustrated in Figure 4 shows the origin for labelling these doublet peaks Al 2p3/2 and Al 

2p1/2 and the logic in terms of electronic configurations and energy levels for the existence of these 

two physically related doublet peaks corresponding to Al in a single chemical state. For the case of 

doublet peaks it is anticipated these peaks appear in a well defined intensity ratio, FWHM ratio and 

binding energy offset. In terms of constructing a peak model for Al 2p the physics underlying doublet 

peaks provides a clear connection between fitting parameters and such relationships can be used to 

define two component peaks in terms of three fitting parameters rather than six parameters 

required for two independent components within a peak model. Figure 5 is an Al 2p doublet 

measured from the same aluminium phosphate as the Al 2s spectrum in Figure 3. 

 

Figure 5: Al 2p measured from aluminium phosphate fitted using two component peaks. The constraints table indicates 
these two components are defined such that the area ratio is consistent with a pair of p-orbital peaks which should 
appear with intensity ratio of 2:1. 

Points to observe about the peak model in Figure 5: 

1. On first inspection this particular Al 2p spectrum appears to be a single peak and indeed it is 

possible to obtain a fit to these data by making use of a single peak. Nevertheless, Al 2p is a 

doublet and should be fitted using two components as shown in Figure 5. 

 CasaXPS

Aluminium Phosphate (AlPO4) : Al 2p PE5
This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF),

a company established under the National Collaborative Research Infrastructure Strategy to provide nano

and microfabrication facilities for researchers in Australia, through the La Trobe University Centre for

Materials and Surface Science. Data are reproduced under a Creative Commons licence (CC BY-NC 4.0 International).

Barlow et al  SIA (2018) DOI: 10.1002/sia.6417

   XPS     Spectrum    Lens Mode:Field of View 1: Survey   Resolution:Pass energy 5     Iris(Aper):slot(SPECTRUM SLIT)

   Acqn. Time(s): 3008       Sweeps: 30       Anode:Mono(Al (Mono))(150 W)   Step(meV): 100.0 

   Dwell Time(ms): 250        Charge Neutraliser :On   Acquired On :17/06/30 21:38:02
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2. The Al 2p doublet in Figure 5 represents an example of where two highly correlated peaks 

combine to form a spectral feature. Without prior knowledge about the nature of these 

peaks it would be very difficult to establish the intensities for these two peaks simply by 

guessing a lineshape and allowing optimisation to determine these component peaks that 

best fit the spectrum in Figure 5. 

3. The lineshape for p-orbital Al photoemission is not the same as s-orbital Al photoemission. 

The component tables in Figure 5 indicate the lineshape for these Al 2p peaks are narrower 

than Al 2s and have a greater Gaussian contribution to the lineshape compared to the 

lineshape in Figure 3 used to model Al 2s. 

 

Figure 6: Quantification Parameters dialog window with Components property page top most. The two columns shown 
in the table correspond to two component peaks specified to reflect the nature of Al 2p doublet and illustrating how 

parameter constraints are defined between two components in a peak model. These component peaks and constraints 
correspond to the Al 2p peak model in Figure 5. 

4. Parameter constraints are defined in terms of components in the order these components 

appear on the Quantification Parameters dialog window, Components property page of 

CasaXPS (Figure 6). The order for components is indicated by the heading labels to columns 

of component parameters and these headings are alphabetic characters starting with the 

character A. Thus Al 2p3/2 appears in the first column labelled A and Al 2p1/2 appears in 

column B. A constraint between the area parameter for these two components is entered in 

the constraints field in column B and specified as A*0.5 (Figure 6). 



Copyright © 2019 Casa Software Ltd 
 

Page 17 of 152 
 

5. While two components are used to model the Al 2p spectrum, linking all three fitting 

parameters between these two components effectively reduces these two components to a 

new lineshape constructed using the sum of these two components in Figure 5. The concept 

of linking many components via optimisation parameters is applied to problems of 

significant complexity such as various iron oxides. Different oxidation states can be defined 

using many components but the number of optimisation parameters is small for each 

ensemble of components. Different oxidation states are described using different 

relationships between sets of components and separating oxidation states is reduced to 

fitting ensembles of component peaks all optimised as a unit by virtue of linked parameter 

constraints. 

Applications of Fitting Peaks to Data  

Charge Correction and Chemical State: Cellulose 

Cellulose is a polymer containing carbon and oxygen in specific proportions (Figure 7). Hydrogen is 

also part of cellulose but XPS based on core level electrons does not offer information about 

hydrogen so an analysis of cellulose by XPS must focus on carbon and oxygen data only. However, 

hydrogen features in the XPS analysis by indirect means. These indirect means are differences in 

chemical state due to hydrogen implied by binding energy positions for component peaks within 

these carbon and oxygen spectra. C 1s and O 1s spectra fitted with component peaks are shown in 

Figure 8 and Figure 9. These spectra are plotted using a binding energy scale determined by the 

charge compensation state for the sample at the time of acquisition and as such do not offer an 

obvious connection between component peak position and chemical state for atoms within the 

cellulose polymer. Once a peak model is prepare for C 1s, energy calibration based on these carbon 

component peaks provides the means by which the binding energy for related carbon and oxygen 

components provide insight in to the state of the sample when measured and composition thereof. 

 

Figure 7 Cellulose polymer C6H10O5 

Observations about these peak models include: 

1. Lineshapes for these C 1s and O 1s components are slightly asymmetric. Physics dictates that 

electrons ejected within the sample entering the vacuum chamber cannot gain energy 

unless energy is input at some point between the sample and the detectors. Any interaction 

with the instrument typically does not input energy so the most likely consequence for 

energy is that energy is lost rather than gained. Further, HSA and electron trajectories also 
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interact to provide other means for electrons of a given energy arriving at the detector in 

ways that move signal to lower energy, hence even for perfectly symmetrically shaped 

photoemission signal the recorded spectra tend to show evidence of asymmetry towards 

lower kinetic energy to the peak maximum. The exception to this rule is for samples 

suffering from poor charge compensation leading to a range of potentials at the sample 

surface that potentially accelerate and decelerate electron with respect to the most likely 

energy for a component peak. This caveat to the rule would imply analysis by modelling data 

with components is of limited value so the assumption when constructing peak models is 

that charge compensation is adequately performed. 

 

Figure 8: C 1s spectrum measured from cellulose. Data are presented using the charge compensated steady state for the 
measurement, that is, the binding energy scale is yet to be calibrated. 

2. Construction for the peak models for C 1s and O 1s from cellulose was an iterative process 

coupled with comparison with spectra from a recognised database. Despite measuring these 

spectra from samples believed to be cellulose the existence of a low binding energy peak in 

Figure 8 is not consistent with the expected chemical environments for carbon. Figure 7 

would suggest there should be two component peaks only, namely CO and OCO. We must 

therefore consider the possibility that these data are from a number of possible sources 

such as a contaminated sample, contamination is occurring during the period over which the 

sample is measured, cellulose degrades under x-rays or the sample may not have been pure 

cellulose in the first place. 

3. Since C 1s appears to include three significant component peaks an analysis based on charge 

correction using different component peaks as the reference offers a means to investigate 

the possibilities for interpreting these spectra in Figure 8 and Figure 9. One scenario is to 

assume the lower binding energy peak corresponds to adventitious carbon and assign the 

right-most component a binding energy of 285.0 eV, after which other peaks within the C 1s 

 CasaXPS

Name
CCH3

COH
OCO
C 1s

Pos.
281.88
283.62
285.06
286.42

FWHM
1.0777
1.0798
1.1831
0.8545

L.Sh.
LA(1,1.09,340)
LA(1,1.09,340)
LA(1,1.09,340)
LA(1,1.09,340)

Area
608.28

4180.58
990.09

32.80

%Area
10.50
71.94
17.00

0.56

Cellulose : C 1s/5

0

5

10

15

20

25

30

35

C
P

S
 x

 1
0

-2

288 285 282 279
Binding Energy (eV)



Copyright © 2019 Casa Software Ltd 
 

Page 19 of 152 
 

and O 1s spectra can be assessed by comparing binding energies to values reported in the 

literature for cellulose. Another possibility is to assume the central most intense component 

in Figure 8 is characteristic of CO and therefore charge correct components using the binding 

energy reported by Beamson and Briggs for the same component, for example, shifting all 

components by aligning the CO component with binding energy 286.73 eV. 

 

Figure 9: O 1s spectrum measured from cellulose. These O 1s components represent a challenge for optimisation and 
without the use of constraints the fit shown here would not be possible. 

4. Cellulose as depicted in Figure 7 when measured using C 1s should yield two components in 

the proportion of 5:1 offset in energy due to chemical shifts due to CO and OCO. Similarly, O 

1s components should appear as two components with intensity in the ratio 3:2 

corresponding to COH and COC.  

5. The chemical shift for O 1s photoemission between COH and COC chemical states is far less 

than for the corresponding C 1s peaks and is an example of highly correlated photoemission 

components where in the absence of parameter constraints a peak model fails to yield 

meaningful intensities and binding energies due to lack of perfectly defined lineshapes and 

background shape coupled with noise within data. 

6. The ratio of 5:1 between C 1s cellulose peaks aids the construction of a peak model. A ratio 

of 3:2 with an energy offset of about 0.3 eV for O 1s components presents far more of a 

challenge to optimisation when fitting O 1s from cellulose. 

7. Given an unexpected peak in the C 1s spectrum, these peak models in Figure 8 and Figure 9 

are simplifications of the true model. One would expect other peaks to exist at low levels for 

both C 1s and O 1s. As a consequence uncertainty in binding energy assignments should be 

seen as possible and allowed for when comparisons are made to the literature. 
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8. Figure 10 shows the same cellulose C 1s and O 1s spectra after calibration based on the 

lowest binding energy component is assigned the binding energy 285 eV. Note that the CO 

component binding energy is almost exactly the energy report by Beamson and Briggs, 

namely binding energy 286.73 eV. 

 

Figure 10: Cellulose C 1s and O 1s spectra after calibration based on lowest binding energy C 1s component assigned 
binding energy 285 eV. 

Binding Energy and Kinetic Energy in XPS  

 

Figure 11: Energy diagram illustrating the relationship between the binding energy assigned to photoemission from 4p3/2 
core level electrons in clean gold, recorded kinetic energy for photoelectrons, work function (WF) and excitation photon 

energy due to an aluminium anode X-ray gun. 

XPS measures the kinetic energy for the photoelectrons (Figure 11). In the case of electrons 

emitted from bound states of atoms in an ideal conducting sample, the kinetic energy, the binding 

energy  and the photon energy  for an instrument with work function  is given by 
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Energy from the perspective of XPS instrumentation is kinetic energy and for photoemission peaks 

the energy for these peaks, from the perspective of the instrument, changes with photon energy. 

Binding energy is a measure of potential energy with respect to an electron configuration within an 

atom from which photoemission occurs. 

 

Figure 12: Energy diagram illustrating the relationship between photoionisation of an atom by a photon resulting in 
signal assigned to core level O 1s electrons and Auger signal due to emission of electrons as the excited state relaxes to a 
more stable excited state. 

For the case of Auger emission (Figure 12), the relationship between the excitation source energy 

and the kinetic energy for the emitted electron is lost. Auger emission due to photoionisation 

generates electron emission with kinetic energy determined not by the photon energy, but by the 

difference between two bound electron states of the ion resulting from photoemission. Following 

the convention in XPS to use positive values for binding energy, kinetic energy for Auger 

photoemission measured by an XPS instrument is 

 

Both  and  are binding energy values corresponding to ions created by 

photoionisation and are therefore absolute energies characteristic of these ions independently of 

the ionizing radiation energy. 

Binding energy implies a clear relationship between the energy assigned to a photoemission peak 

and the chemical state from which signal derives. While the relationship between measured kinetic 

energy and binding energy is well defined for truly conducting materials connected to ground, for 

many samples the kinetic energy for photoelectrons depends on the actual potential between the 

sample and the detection system. 

Without charge compensation, the act of returning charged particle to the sample surface to 

compensate for photoemission of electrons, a sample would become positively charged. For 

conducting samples that permit the free movement of electrons to all parts of a sample, charge 

compensation is a simple matter of electrically connecting the sample to ground. In the case of 

insulating samples charge compensation takes the form of actively returning charge to the sample 

via a cloud of low energy electrons and/or ions (Figure 13). If charge compensation is not performed 

electrons emitted by photons would be attracted by a constantly changing potential between the 
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surface and the analyser and therefore a photoemission peak would move in energy to lower kinetic 

energy as a function of measurement time (Figure 14). The act of charge compensation stabilises the 

potential at the sample and so kinetic energy for photoemission peaks is stable with time. Given 

stability of peaks in terms of kinetic energy, the energy scale can be calibrated to provide binding 

energy for peaks representing values of significance to identifying chemical state. The act of 

calibrating the energy scale in software is often referred to as charge correction. 

 

Figure 13: Insulating sample illustrating how photoemission results in positive charge on the sample that attracts low 
energy electrons from a charge compensation mechanism that prevents a continuous build-up of positive charge at the 
sample surface. 

 

Figure 14: PTFE is an insulating material and when measured without the active use of charge neutralisation the sample 
potential increased with measurement time. These two spectra are measured from the same PTFE sample with (C/N On) 
and without (C/N Off) charge neutralisation. Note how the photoemission peaks for F 1s and C 1s are recorded at lower 
kinetic energies than is the case when charge compensation is enabled which is a consequence of a build-up of positive 
charge at the sample surface. 
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Figure 15: Alginic acid sodium salt C 1s measured over time using three different pass energy settings. Note how the 
initial PE20 C 1s spectral shape is significantly different from the one recorded using PE5. The evolution in C 1s 
component peaks is similarly matched by an evolution of O 1s suggesting the relative intensities for these component 
peaks are dependent on the sequence of measurements rather than the as received sample composition. 

This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF), a company 
established under the National Collaborative Research Infrastructure Strategy to provide nano and microfabrication 
facilities for researchers in Australia, through the La Trobe University Centre for Materials and Surface Science. Data are 
reproduced under a Creative Commons licence (CC BY-NC 4.0 International). 

Basic Approach to  Fitting Data with Peaks : Alginic Acid Sodium Salt  
In this section an apparently simple case for peak fitting is considered in detail.  

A peak model is defined in terms of component peaks and a background algorithm. These 

component peaks are in turn specified using lineshapes and fitting-parameters to permit a 

component peak to vary in position, FWHM and area. Sets of component peaks are summed then 

added to a background shape to form an approximation to a data envelope. 

The primary objective when fitting data with peaks is to assign component peaks to photoemission 

processes characteristic of elemental and/or chemical information. Optimisation algorithms help to 

fit peaks to data, but without significant input from physics and chemistry optimisation based on a 

single value figure-of-merit will not yield comprehensive scientifically meaningful results. Physical 

and chemical information is added to a peak model through the selection for lineshapes, the number 

of component peaks within a peak model and parameter constraints offering the means by which 

known relationships are imposed on otherwise independent component peaks. 

The example used to discuss fitting data with peaks is based on data downloaded from the La Trobe 

XPS database (Barlow et al). These data are therefore typical of results obtained by XPS performed 

without access to or control of the experimental state during a sample analysis. These data are 

necessarily made available with limited sample and analysis information, meaning, the sample is 
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specified as alginic acid sodium salt but sample state, sample preparation and sample measurement 

are not under the control of the person wishing to understand this material by XPS. The real power 

of XPS lies in iteration and feedback which is especially the case whenever peak fitting is involved. 

That is, initial measurements after analysis provide insight stimulating later experiments focused on 

optimising information gathered by XPS. 

 

Figure 16: Alginic acid sodium salt O 1s spectra corresponding to C 1s spectra in Figure 15. 

There is no easy prescription for constructing a peak model when simply supplied with a single 

spectrum such as the ones displayed in Figure 15. Happily, these C 1s spectra are accompanied by 

survey and relevant narrow scan spectra to supplement these C 1s spectra. The C 1s spectra in 

Figure 15 would be amongst some of the easiest for which a peak model could be constructed, but 

nevertheless, apart from providing an example of how some materials alter during measurement the 

model offered in Figure 15 is open to criticism for simply fitting obvious peaks within these data. In 

favour of fitting four peaks to these data in Figure 15 is that the model demonstrates how 

components attenuate relative to one another over a sequence of measurements, and represents 

qualitative information about the sample gained by virtue of repetition. Without additional 

information about the sample, measurement and more systematic repetitions of identical 

experiments it is difficult to construct a truly meaningful model for these data. The model ignores 

possible contamination issues. Contamination typically involves carbon and oxygen, so the peak 

model in Figure 15 is only presenting a partial story for these data as no explicit peaks target possible 

adventitious carbon. One should also be aware that chamber history and cleanliness is a potential 

source for evolution of C 1s spectra. Nevertheless, when coupled with O 1s spectra, XPS supports the 

existence of carbon bonded to oxygen and that the material loses carbon bonded to oxygen as a 

consequence of these measurements. The means by which this hypothesis is deduced is a similar 

simple peak model for O 1s in Figure 16 (allowing for Na KLL interference) similarly suggests changes 

in relative intensities in O 1s that correlate with C 1s attenuation. Thus even a limited peak model is 
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capable of extracting evidence about a sample even if a full understanding for a material is not 

necessarily possible. 

At this point it is worth noting that any conclusions from the experiment resulting in data shown in 

Figure 15 and Figure 16 require verification by repeating these measurements on equivalent samples 

to confirm the observed changes are represented of the sample only. 

Despite acknowledging the limited nature of the peak model in Figure 15, even for this basic peak 

model there is value in describing how such a peak model might be justified. 

The mechanics of creating these peak models in Figure 15 and Figure 16 include considering the use 

of other data such as sodium chloride data (also within the La Trobe database) to confirm the Na KLL 

contribution to data nominally assigned as O 1s. Basic information about alginic acid sodium salt 

(NaC6H7O6) correlated with elemental quantification from survey spectra provides context for these 

C 1s spectra. In particular based on survey data, within the volume of material sampled by XPS the 

amount of carbon compared to oxygen suggest an excess of carbon over oxygen. It is also worth 

looking at other similar materials in an attempt to gain understanding for what might be possible 

within these data. For example a similar material is cellulose. Consulting Beamson and Briggs XPS of 

Polymers Database suggests two C 1s peaks for a similar arrangement of carbon and oxygen in the 

absence of sodium ions and double bonds. Ethyl cellulose also within Beamson and Briggs offers a 

variation on cellulose where OCH2CH3 arrangements of carbon and oxygen introduce a third C 1s 

peak at binding energy 285 eV. So, based on this limited literature search it is feasible that at least 

four carbon peaks are offset in energy relating to C-O, O-C-O, O-C=O and then some other factor 

responsible for a low binding energy peak.  

Once the number of peaks is established, the next step is to consider possible parameter constraints 

and how these can be used to enhance information gathered from a peak model. 

Owing to the evolution of these C 1s data envelopes (Figure 15) between measurements the relative 

intensities for component intensity and therefore area parameters are not considered significant 

with respect to this particular sample chemistry. The implication for this statement is area 

parameter constraints linking the relative area for peaks are not appropriate in this instance. 

Application of area constraints to component peaks is an example of input of chemical knowledge 

when constructing a peaks model. However, since these C 1s peaks evolve with time it is not 

possible to provide chemical input in terms of peak area to help guide optimisation towards a 

scientifically meaningful result. For other samples, area constraints are used but should be 

recognised as potentially introducing user bias into the model. 

Area parameter constraints are particularly useful for doublet peaks originating from the same 

electron configuration initial state where the final state electronic configuration is split between two 

possible outcomes. Physics for the photoionisation of electrons dictates these double peaks appear 

offset in energy, representing the difference in energy between the final states and in a defined ratio 

in terms of peak area. Scofield cross-sections were calculated for photons with energies 

corresponding to x-ray gun anodes made of aluminium and magnesium and these cross-sections 

include relative intensity for both peaks in a doublet pair. Thus the ratio for these peaks can be 

readily fixed by making use of Scofield cross-sections to estimate the relative area imposed by area 

constraints within a peak model. 
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Peak width represents another important constraint for peak models. The set of C 1s component 

peaks in Figure 15 when fitted to these different spectra measured using different pass energy 

should result in better resolved peaks. However peak width for a photoemission line can be due to 

factors other than the underlying lineshape (vibrational broadening for example) or the underlying 

lineshape is much broader than the instrumental broadening in which case reducing the pass energy 

does not necessarily lead to improved energy resolution, but in theory reducing the pass energy 

does improve the purity of energy information and therefore lineshape. Obtaining the best possible 

energy resolution (subject to signal-to-noise limitations) helps to establish lineshapes. These C 1s 

spectra are broader than can be explained by instrument broadening, so component widths are 

more related to sample. Monitoring component width is important in the sense that an element of 

consistency might be expected for a set of C 1s peaks. Abnormally narrow or wide peaks are an 

indication optimisation is resulting in a minimum for the figure-of-merit but failing to model 

physically meaningful signal. As a general rule, application of appropriate FWHM constraints guides 

optimisation to superior outcomes than models without any limits applied to component widths. 

In the case of these C 1s components in Figure 15 (pass energy 20 and pass energy 5) there is a 

concern the smallest component has a FWHM noticeably wider than the other components. Some 

variation might be justified for these peaks, but a low intensity relatively broad component might 

indicate the component is of limited physical significance. In the case of alginic acid sodium salt the 

peak in question could be assigned to O=C-O signal so this could be important information aimed at 

characterising the sample by XPS. 

 

Figure 17: Pass energy 10 C 1s spectra shown in Figure 15 displaying component tables displaying Monte Carlo error 
estimates for the peak model subject to effectively no constraints applied to optimisation parameters used to fit these 
data. A comparison to the constrained model in Figure 18 illustrates how introduction of two constraints aimed at 
FHWM relationships significantly improves the ability of a peak model to measure intensity using component peaks. 
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Component binding energy is a strong indicator for possible peak assignment. FWHM and position 

tend to interact where the better defined FWHM the more significance can be attributed to 

component position. Relative component positions are the principal source for chemical state 

information. Beamson and Briggs when reporting results for cellulose assign binding energy of 

286.73 eV to C-O bonds and 288.06 eV to O-C-O bonds. The peak model in Figure 15 after energy 

calibration assuming the low binding energy component is located at 285.0 eV yield binding energy 

for the remaining three components of 286.5 eV, 288.2 eV and 289.6 eV. These binding energy 

values, although not conclusive, would be consistent with C-O, O-C-O and O-C=O, respectively for 

these three component peaks. Position constraints represent a direct intervention to values of 

significance to a sample and for the most part these positions represent information we hope to 

extract from a peak model. For this reason it is more often the use of FWHM constraints and the 

indirect constraints imposed by lineshape selection that allows position information to translate into 

chemical state output from a peak model. 

Assuming the lower binding energy peak is shifted to 285 eV is an assumption that results in the 

assignments for these other C 1s components. It is not entirely clear from these data this assignment 

is true. Doubt regarding the origin for the peak used to calibrate the binding energy scale implies 

uncertainty in the binding energy calibration, but experience of cellulose spectra lend support to the 

possibility of such a peak of similarly unknown origins. While calibration based on a peak at 285 eV is 

expedient for this discussion, it should be noted O-C=O can result in C-CH3 C1s intensity shifted to 

higher binding energy so the peak used to calibrate the binding energy scale could easily be formed 

from two peaks offset in energy by about 0.5 eV and of different proportions in intensity. 

The single biggest factor in calculating these component positions is the use of specific lineshapes 

and the C 1s data offering peak like structures that can be identified by eye. By way of contrast, 

apart from the component peak representing Na KLL, the O 1s peak model is without merit other 

than to illustrate at least one component peak resembles the attenuation seen in C 1s data. Fitting O 

1s spectra, such as data in Figure 16, with multiple overlapping component peaks without sample 

knowledge based on optimisation alone is far less reliable than the information gathered from these 

C 1s spectra in Figure 15. 

Stability with respect to optimisation for a peak model is another important consideration. Stability 

for a peak model with respect to a single spectrum only is less informative than if a peak model 

exhibits stability when applied to a number of equivalent measurements. In the absence of 

equivalent spectra the next best approach is to test a peak model using Monte Carlo methods to 

simulate a set of equivalent spectra and estimate uncertainties in outcome for a peak model fitted 

to these simulated data. 

In terms of peak model stability, both peak models in Figure 15 and 16 make no use of optimisation-

parameter constraints but rather rely on lineshape specification to return an optimised solution for 

the peak model to these data. While the resulting solution is stable with respect to these specific 

measurements, the value of FWHM parameter constraints is illustrated by considering how stable 

these four component peaks are in terms of peak area with respect to the level of signal to noise 

expected for these spectra. Figure 17 includes the four component peak model used in Figure 15 

tested for stability with respect to noise using Monte Carlo error analysis. The component tables 

plotted in Figure 17 show the error calculated for the %Area for the case where fitting parameters 
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are allowed to adjust within intervals. These same data are fitted using a modified peak model 

where the same relative FWHM are maintained via optimisation parameter constraints shown in 

Figure 18. Monte Carlo error analysis indicates the model in Figure 18 is noticeably more reliable at 

measuring %Area than the model in Figure 17 and these improvements are achieved by linking 

FWHM constraints only. 

A note of caution: if the goal is to understand chemical state information in spectra, adding 

parameter constraints will improve stability of a peak model with respect to noise, however with 

each new constraint the output from optimisation converges on the solution defined every more 

closely by these constraints until the usefulness of fitting peaks to data is lost. If the goal is to 

measure intensity and a peak model is well formed, then a rigid peak model heavily constrained will 

tend to return more consistent intensities for data with similar chemistry and experimental 

conditions when measured. Somewhere in the middle of these two extremes is the domain for most 

applications of constraints when fitting peaks to data. 

 

Figure 18: Pass energy 10 C 1s spectra shown in Figure 15 displaying component tables displaying Monte Carlo error 
estimates for the peak model subject to constraints applied to FWHM optimisation parameters used to fit these data. A 
comparison to the unconstrained model in Figure 17 illustrates how introduction of two constraints aimed at FHWM 
relationships significantly improves the ability of a peak model to measure intensity using component peaks. 

Complex Peak Structure in XPS: Copper 
The examples up to this point make use of the concept that to each chemical state within a peak 

model there is a component peak that identifies said chemical state. While for many samples the 

one-chemical-state one-synthetic-component approach is adequate, there are many examples 

where this model is of limited use. To illustrate this point, examples of copper oxide follow that 

exhibit both simple and complex structure. 

For an isolated copper atom the electron configuration can be viewed as 
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When in solid state, the XPS of copper results in spectroscopic features depending how compounds 

make use of valence electrons  with both significant and insignificant differences in core level 

photoemission peaks depending on oxidation state. Only by comparing valence band and Auger 

spectra is it possible to distinguish between metallic copper and Cu2O (Cu1+). Photoemission from Cu 

2p and Cu 3p for these Cu0 and Cu1+ are highly correlated in terms of binding energy and peak shape, 

whereas there is a dramatic change to these photoemission peaks for copper in a 2+ oxidation state. 

These Cu2+ spectra demonstrate how photoemission peaks do not necessarily conform to the 

concept of well defined peaks that can easily be approximated by a single component within a peak 

model representing a chemical state for said material. Rather than one-to-one correspondence 

between component peaks and chemical states, copper provides examples of where XPS yields 

spectral signatures for chemical state spread over many eV. Separation of chemical state signal 

based on these types of data envelopes remains a goal for XPS, but assigning binding energy to 

specific features with these extended structures is not as important as the intrinsic shape that 

conveys the identity of oxidation state. Figure 20 displays Cu 2p doublet peaks that 1) spread over an 

energy interval of more than 30 eV and 2) illustrates the changes possible for spectra where 

incomplete electron shells results in complex structures not easily open to interpretation by 

individual components within a peak model. 

 

Figure 19: Photoemission of a 2p core electron results in two peaks due to unpaired electrons in two possible final states 
for the ion. In the case of Cu 2p photoemission these two doublet peaks appear at energies separated by about 20 eV. 
Depending on bonding of copper to other elements, additional splitting of energy levels is possible and these contribute 
to the complexity for Cu 2p doublets observed for Cu

2+
 compounds. 

The concept of characteristic peak formations becomes more important for heavier elements. 

Cerium oxide represents a further example of where multiplet splitting creates shapes characteristic 

of Ce4+ and Ce3+. These and many other cases emphasis the need to consider lineshapes as more 

than simply individual mathematical defined shapes capable of contributing to fitting of data, but 

rather as complex shapes extended over wide energy intervals which can be used within a peak 

model to replace complex component arrangements. 
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Figure 20: Copper metal and oxide spectra illustrating a similarity between Cu 2p for Cu
0
 and Cu

1+
 (Cu2O) while Cu

2+
 

(CuO) takes a form dictated to by multiplet splitting for a material where both d and s orbitals contribute to the oxide 
formation. Binding energy for Cu

1+
 and Cu

2+
 are not well defined as both where measured using charge compensation. 

We now return to the concept of individual component peaks associated with specific chemical 

state. 

Asymmetry in Measured Photoemission Peaks  
Measured photoemission peaks, particularly from metallic materials, exhibit asymmetric profiles. 

These profiles are a result of a number of factors. Nevertheless the objectives for modelling such 

data remains the same, namely, identification of signal for use in quantification calculations and 

assigning binding energy to component peaks as a means of separating chemical state information in 

spectra. In this section the origins of asymmetry in XPS peaks is discussed and asymmetric lineshapes 

are investigated. 

 

Figure 21: Sputtered platinum and silver foil measured using a Thermo K-Alpha XPS instrument under identical operating 
conditions. 
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Metallic photoemission peaks are a particular challenge for XPS as these are apparently well formed 

peaks but are accompanied by a rise in background and often suggest asymmetry should be part of a 

peak-model. Platinum is shown twice, once measured using a Thermo K-Alpha (Figure 21) and once 

using a Kratos Axis Nova (Figure 22). The reason these Pt 4f doublet peaks are shown is to 

demonstrate both instruments yield similarly asymmetric shapes but it should be noted there will be 

an element of instrumental factors in these data hence lineshapes from the same material measured 

using two different instruments will not necessarily be identical. It should also be noted these 4f 

doublets in Figure 22 vary in asymmetry and shape despite being measured using identical 

instrument settings. Lineshapes from one material do not translate into a lineshape for other similar 

photoemission signal from different materials. 

 

Figure 22: 4f doublet photoemission peaks from the La Trobe database. These data measured using a Kratos Axis Nova 
using pass energy 5 FoV1 slot/slot aperture illustrate how asymmetry is a feature of metallic samples and the apparent 
asymmetry changes for different metals. It should also be noted that Ir 4f overlaps with Ir 5p1/2. 

There are several points regarding metallic peaks worth noting: 

1. The background of inelastic scattered photoemission signal is much more of a challenge for 

metallic samples than for insulators. Energy loss events for signal from metallic 

photoemission peaks occur at energies characteristic of the zero-loss signal. This implies 

background and zero-loss signal are highly correlated and therefore difficult to separate. 

2. A rising background signal is one potential source for asymmetry in metallic photoemission 

peaks. 

3. Energy loss events include inelastic scattering where electrons moving through the solid 

state to the vacuum lose energy en route, shake-up events where excitation of bound states 

occurs as part of the photoionisation event leading to nominally zero-loss signal appearing at 

lower kinetic energy than the primary peak and shake-off which represents the equivalent to 

shake-up but where the excitation is from bound states to the continuum. 

4. Elastic scattering altering apparent angles of emission and subsequent inelastic scattering 

may also contribute to photoemission peak distortion. 
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5. Instrumental artefacts play a role in peak shapes, where these influences progressively 

become more important as underlying peak widths decrease. That is, narrow photoemission 

peaks tend to show more distortion from instrumental factors than broad peaks. 

Despite these influences as noted above, the splitting of energy levels resulting from unpaired 

electrons in both initial and final states for atoms within a solid create shapes within spectra difficult 

to model using individual component peaks to reconstruct spectra from synthetic lineshapes. 

Therefore asymmetric lineshapes are included more as tools for use when appropriate but not as a 

solution to all asymmetric forms seen within photoemission spectra. 
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Doublet Peaks and Inelastic Backgrounds in XPS  

Doublet Peaks and Quantum Numbers  
Electrons within an atom are assigned quantum numbers as a means of ordering electrons in terms 

of the contribution from individual electrons to a specific energy level for a given electron 

configuration for an atom. When a photon excites an atom by ejecting an electron, the label 

assigned to the photoemission peak within a spectrum is the set of quantum numbers for the 

emitted electron within the atom before photoionisation. For most elements and most 

photoemission lines three quantum numbers are sufficient when describing photoemission spectra. 

This statement breaks down for larger elements but even in these cases photoemission peaks can be 

classified loosely by means of three quantum numbers. 

A photon of a given energy sufficient to remove an electron from an atom results in an ion plus a so 

called photoelectron. The energy imparted to the photoelectron from the photon depends on from 

which element and which bound state of the atom the electron is ejected. If the energy for electrons 

within the atom and the energy for the remaining electrons within the ion are both unique then a 

single photoemission peak may be expected. If either the initial electron configuration for the atom 

or the final electron configuration for the ion are split by spin-orbital interaction then more than one 

photoemission peak is possible. 

The origin for doublet peaks in XPS is due to multiplicity in electronic energy levels, a concept that 

relates to total angular momentum for electrons within an atom. For certain combinations of 

electrons, total angular momentum results in energy levels with several configurations of electrons 

attaining identical energy, while other electron configurations result in multiple energy levels. If an 

energy level for an atom can be achieved for a range of angular momentum (orbital, magnetic 

moment and spin) then such an energy level is said to be degenerate and some form of perturbation 

is required to make observable these range of electronic configurations. If an atom undergoes 

ionization of an electron then the resulting ion with unpaired spin for electrons represents such a 

perturbation and potentially splits the set of electrons into two states with energy separation 

observable by XPS. These peaks in XPS are referred to as spin-orbit split doublet peaks.  

One way to describe the state for electrons within an atom is to list electrons using the principal and 

orbital angular momentum quantum numbers  and  expressing the number of equivalent 

electrons or occupation number  for an energy using a superscript. So for example, argon 

in a ground state would be written as follows. 

 

Argon in the ground state is formed from eighteen electrons assigned individual quantum numbers 

that can be listed as eighteen different states within the argon atom but as an ensemble these 

eighteen electrons always appear to an external observer as a single energy level. Each subshell of 

electrons is full meaning for each spin-up there is a spin-down for electrons with the same principal 

and orbital quantum numbers. Such a configuration of electrons is a singlet state, making reference 

to the actual number of observable energy levels for these electrons in an atom, namely one 

observable energy level. 
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After photoemission a hole is created within an electron configuration and as a result of unpaired 

electrons in terms of spin within a subshell there is a need to introduce a new quantum number  

representing the coupling of orbital and spin for electrons. In the case of photoemission of an 

electron from argon with 2p state the resulting configuration (only using  where necessary for 

unpaired spin state) could be written as follows. 

 

or 

 

The missing electron alters the distribution of electrons in two possible ways resulting in two 

possible energy levels for the ion. The subscript to  electrons is the  quantum number formed 

from the sum of the orbital angular momentum quantum number  and the spin, namely . Thus 

for  electrons two possible values for the subscript are  and . These two  quantum 

numbers indicate different energy levels in the final state ion and when combined with a singlet for 

the initial state for the atom results in two photoemission peaks in spectra from argon due to 

emission of  subshell electrons. 

 

The relative intensity for doublet peaks is related to the assignment of electrons to a  quantum 

number. For example, a subshell with orbital angular momentum quantum number  (p-orbital) 

includes six electrons forming a closed subshell but these six electrons can be separated in to 

 and  states. The  quantum number is useful because the number of electrons in the 

closed subshell with a given orbital angular momentum ground state for the atom is obtained via the 

use of  via the expression  and for XPS a ratio formed from this expression 

for two  quantum numbers for electrons with the same orbital quantum number  provides the 

relative intensity for photoemission for these two spin-orbit split energy levels of the ion 

. Specifically, for p-orbitals in an atom these occur in the ratio  or , so 

when ionised by the emission of a p-orbital, assuming emission of all electrons from the same 
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subshell is equally likely, the final state ion is created with distinct energies in the ratio 2:1. It should 

be noted that the probability for excitation of electrons with different  quantum numbers from the 

same subshell is not necessarily equal and the computed ratio for doublet peaks, in the form of 

Scofield cross-sections, for p-orbitals in different elements is not exactly in the ratio 2:1. 

XPS is typically performed on solid state material and while introducing new challenges compared to 

isolated atoms the same terminology for photoelectrons from solid state is used. For example the 

ground state for titanium in TiO2 can be considered to have an argon configuration of 

 to which is added four electrons outside of the inner argon core, namely, 

. These outer electrons are responsible for chemical bonds. In solid state the complexity 

increases to the point only core level electrons can be considered discrete in energy, nevertheless, 

non-core level electrons ionised by X-rays contribute to spectra as broad features close to the zero 

binding energy.  

Background Signal  
The influence of all electrons in solid state to photoemission spectra goes beyond photoemission 

peaks. In particular outer electrons and bonds formed by titanium with other elements have an 

influence on core-level spectra creating structure and shapes within XPS background intensity at or 

close to photoemission lines. These outer electrons form various chemical arrangements that alter 

energy loss processes for electrons moving through solid state resulting in background signal to 

core-level peaks that changes with chemical state. Outer electrons also alter the shape for core-level 

peaks due to fine structure within energy levels which are easily observed in metal oxides such as 

CuO or Fe oxides. There are situations where photoemission peaks appear to be classically formed 

from two components added to simple background signal, but even for these relatively simple cases 

closer inspection reveals structure important to understanding of chemical state and also elemental 

quantification by XPS. TiO2 is a case in point where at first sight a basic two components doublet 

might be assumed but careful inspection suggests background and photoemission shape requires 

explanation beyond this simple model. 

Doublet peaks pose a problem for algorithms typically used to remove background signal. Two peaks 

offset in energy often results in the background from the lower binding energy peak interfering with 

photoemission signal from the higher binding energy peak. This issue is the case for Ti 2p spectra 

from TiO2 where two Ti 2p photoemission peaks are associated with a rising background signal which 

includes peak like structure within the background. It is therefore important to consider the 

implications of background signal when attempting to isolate Ti 2p photoemission signal. 

When discussing background intensity it is worth pointing out that photoionisation occurs within the 

sample at depths greater than photoelectrons can escape the surface without losing energy. Only 

photoelectrons within a thin layer (less than 10 nm for Al K X-rays) at the interface between the 

sample and vacuum emerge with initial energy unaltered and it is for this reason XPS is considered a 

surface analysis technique. 

The origin of background signal to photoemission peaks for solid state samples is the inelastic 

scattering of electrons emitted from both the photoemission line of interest and also photoemission 

of all electrons with kinetic energy greater than the energy for the photoemission peak of interest. 

Photoelectrons move to the interface between the sample and vacuum with a kinetic energy 
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characteristic of the photon energy for X-rays and the core level energy for an atom. Inelastic 

scattering of these electrons occurs with a probability that increases with increasing depth from 

within the sample an atom emitting the electron is located. The term inelastically scattered 

electrons means these electrons interact with electrons within atoms causing electron excitation 

within atoms and a corresponding energy loss for photoelectrons with respect to the initial energy at 

time of photoemission. These inelastically scattered electrons appear as background to electrons 

that escaped to the vacuum without losing energy. 

Inelastic scattered background signal can vary in shape dramatically depending on the type of 

material analysed. Before turning to TiO2 it is worth considering background shapes observed for 

other materials. The range and shapes for inelastic scattered signal can be surprising. Magnesium, 

aluminium or silicon without oxidation display sequences of narrow peaks associated with scattering 

by delocalised electrons for these elements referred to as plasmon loss peaks. 

 

The shape and nature of plasmon peaks depends on oxidation state for an element. Magnesium 

oxide (MgO Mg2+) plasmon peaks are broad compared to plasmon loss peaks observed for metallic 

magnesium foil. These magnesium examples also illustrate how background changes near to the 

energy for a photoemission peak also depend on material properties. Insulators where outer 

electrons are localised tend to exhibit flat backgrounds close to photoemission peaks whereas 

metallic or semiconductor materials are accompanied by a noticeable step in background at or near 

to the energy for a photoemission peak. These background characteristics are present for most 

materials but are not necessarily as obvious as is the case for magnesium. 

When constructing a peak model it is worth considering band gap information. The band gap for TiO2 

is approximately 3 eV and measured Ti 2p doublet component peaks are separated by about 5.75 

eV. As a consequence changes in background should occur within the energy interval corresponding 

to Ti 2p doublet photoemission signal.  It could also be argued the background (due to the influence 

of the photoemission peak itself) beneath a photoemission for a material with a band gap should 

result in a flat background for intervals equivalent to the band gap. In essence, the background to 

TiO2 should include shapes of significance to a peak model. 

Common background types will now be considered in the context of Ti 2p from TiO2. 

Shirley Background  

While it is common practice to remove inelastic scattered background using the approach describe 

as a Shirley background, the background shape represents a step in signal centred on peak maxima 

and does not include the option to offset the onset of inelastic scattering. There is therefore some 
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doubt as to whether a Shirley background is appropriate for materials such as TiO2. One merit of 

Shirley backgrounds is that for isolated peaks the algorithm computes a background that is 

systematic. A disadvantage for the Shirley background occurs when complex peak structures are 

involved over extended energy intervals with rising count rates, an example of which is Ce 3d, at 

which point the systematic nature of a Shirley background breaks down. 

Assuming the Shirley background is already known for a specific spectrum and given by , then 

each point within an energy interval follows the relationship in terms of area above background as 

shown below. Essentially for any energy  within the interval  the Shirley background is 

computed from the photoemission peak area within the interval partitioned into the area to the left 

and right of a given energy. The obvious problem is for a photoemission peak initially the area for 

the photoemission peak is unknown and therefore a Shirley background is computed by means of an 

iterative scheme where the initial guess for the background might be a constant background. The 

iterative scheme is as follows. 

 

 

Given a spectrum  and an interval . Define background signal such that: , 

 then the Shirley background is calculated by iteration using the formula 

 

Note that the zero loss photoemission peak shape is given by . Thus, given a 

component peak shape, it is possible to directly compute the curve corresponding to a Shirley 

background. If signal above inelastic scatter background is Lorentzian then without iteration the 

background equivalent to a Shirley background is given by: 
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U 4 Tougaard Background  

An alternative approach to the Shirley background is computing background signal based on the 

Tougaard method. 

The background is computed from the measured spectrum  generated by the photoemission 

peak plus inelastic scattering signal due to the photoemission peak using the integral: 

 

The integral is formed with additional information in the form of the Tougaard Universal Cross-

Section that provides a means of modifying background signal in response to material properties of a 

sample. These material properties are input via a cross-section defined as follows. 

 

One advantage of the Tougaard approach is the use of  to delay the onset of background signal. 

The more powerful aspect of the Tougaard approach is the cross-section, when available, provides 

informed guidance for shapes within background signal. The following example illustrates how U 4 

Tougaard calculations for elemental silicon representing bulk and surface plasmon shapes can be 

combined to estimate a complex background shape not available to the Shirley approach. 

 

Applying Shirley and Tougaard backgrounds to Ti 2p photoemission from TiO2 yields differences in 

background but peak area for these Ti 2p peaks can be made to be comparable. It is therefore not 

obvious from quantification results one approach has merit over the other, but physical properties 

of materials may be overlooked if the basic approach of Shirley is simply adopted. It is clear Ti 2p 

from TiO2 includes shapes for which a Shirley background cannot provide a solution. These same 

data modelled using U 4 Tougaard cross-sections suggest TiO2 background is formed from two 
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components analogous to the surface and bulk plasmon behaviour visible in elemental silicon 

spectra. A Tougaard approach demonstrates the need for these plasmon loss features and also 

allows the positioning and strength of these loss features to be assessed. By contrast the Shirley 

background generates a step the position of which is entirely dictated to by the photoemission peak 

regardless of material properties for the sample. 

 

 



Copyright © 2019 Casa Software Ltd 
 

Page 40 of 152 
 

 

Simplicity of application owes much to the continued use of Shirley backgrounds in XPS but a wealth 

of sample information is gained by considering how Tougaard backgrounds might be created for a 

given sample. Any analysis for which the desire exceeds basic elemental-composition should 

consider the use of a Tougaard background. When constructing a peak model, the potential for 

including spurious components and deformed lineshapes as a consequence of the simple approach 

of Shirley coupled with additional understanding gained by considering background shapes suggests 

Tougaard backgrounds should feature more in XPS studies. 
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CasaXPS Overview 

 

CasaXPS is a multiple document interface. This means the main CasaXPS window manages lists of 

open VAMAS files as a parent window for separate child windows which in turn manage data in 

VAMAS (ISO14976) format. 

 

Within CasaXPS these child windows are referred to as Experiment Windows since each child 

window represents a view into a VAMAS file contain one or more spectra or images. Experiment 

windows are divided into two panes. The right hand pane of an experiment window displays an array 

of rectangles displaying the VAMAS block identifier string for each measurement saved as a VAMAS 

block of data within a VAMAS file. Data are displayed in the left hand pane in display tiles. 

Display tiles are arranged within a sequence of display pages. Each display page is tiled with one or 

more display tiles. Each display tile can display one or more spectra or images. 
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Two display tiles per display page arranged in columns allows two VAMAS blocks to be displayed 

next to each other. 

 

The number of display tiles per display page is adjusted using the Page Tile Format dialog window 

available from the Options menu or via a top toolbar button. 
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The left hand pane can display more than one display page. If more than one display page is 

displayed then a scrollbar is added to the left hand pane and left-clicking the mouse within the 

background to the scrollbar steps up and down through a list of display pages. 

 

Display pages are added to the left hand pane by making a selection of VAMAS blocks using the right 

hand pane before pressing a display toolbar button. 
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Tile Display Parameters dialog window includes a set of property pages with display options for data 

displayed in a display tile. Fonts, labels, colours, line widths, display ranges for kinetic or binding 

energy and counts per second or counts per bin are changed using settings on these property pages. 

Many display settings can be switched between using toolbar buttons on the second toolbar of 

CasaXPS. 
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The active display tile is the tile with a highlighted title. The Quantifications Parameters dialog 

window, Regions property page displays the VAMAS block identifier string for the VAMAS block 

displayed in the active display tile. A peak model is created for spectra within a VAMAS block using 

the tables for parameters displayed on the Regions and Components property pages. Regions define 

the background and components representing distinct signal in a peak model are added to the active 

VAMAS block through the Regions and Components property pages. 

 



Copyright © 2019 Casa Software Ltd 
 

Page 46 of 152 
 

 

Both Regions and Components property pages include a text field in which a string is display that 

indicates the VAMAS block identifier for the active VAMAS block as defined by the title for the set of 

display tiles. Placing the mouse over a display tile then pressing the left-mouse button selects the 

indicated display tile as the active tile. The active VAMAS block within the active tile is the source for 

the string entered on the Quantification Parameters dialog window Regions and Components 

property pages. 

Peak models defined on the Quantification Parameters dialog window can be fitted to the active 

VAMAS block via the Components property page. 
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Component parameters defined on the Quantification Parameters Components property page 

include a component name, relative sensitivity factor, initial fitting parameters (area, fwhm and 

position), constraints for fitting parameters, a TAG string and a component index value. 

 

Spectrum Processing dialog window is invoked from the toolbar or the Options menu. 
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Spectrum processing dialog window offers a similar logic to the Quantification Parameters dialog 

window, namely, spectrum processing options are offered via a set of property pages where each 

property page acts on data within the active display tile. There are a few exceptions to this rule but 

the vast majority of spectrum processing options act on the active VAMAS block displayed in the 

active display tile. 

 


