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Tutorial: 
Advantages of Extending XPS Spectrum Range from 20 to 50 eV
Objective:  Demonstrate that extending Traditional 20 eV spectrum width to a more Versatile 50 eV spectrum width together 

with greatly expanding vertical scale reveals significant new information and, also enables more accurate quantitation
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Tutorial:   A Case for Extending the High-Resolution spectrum range of an individual core level in XPS from the 
traditional 20ev to the more-versatile 50ev window, together with improving statistics.
Objective:
Demonstrate, by using a set of examples across different materials, that range expansion plus improved statistics, allowing scale expansion to see small features, 
reveals new information and enables more reliable quantification.

Historical:
The traditional range for recording a high-resolution core level spectrum is 20ev (sometimes 30ev), with the peak in question centered, as in the O1s spectrum of a 
single crystal of Al2O3.  In older instruments a spectrum of this signal/noise and resolution might have taken 20 minutes or more. With modern instruments the 
50ev range with statistics as shown (5 minutes) , allows observation of where the background after the main peak starts (at the band gap), and reveals the 
substructure on that background. 

Some Definitions:
This tutorial concerns the relationship of the XPS core level concerned to the background following it (lower KE). Some definitions are in order;

Intrinsic intensity. 
Intrinsic XPS intensity is that fraction detected which has directly resulted from the photoemission process, without any inelastic scattering as the ejected 
photoelectron passes through the solid. It is this fraction that is needed for quantification purposes. 

Extrinsic Intensity. 
Intensity resulting from inelastic scattering of the photoelectrons as they pass through the solid. Also referred to as “scattered electron background”. Inelastic 
scattering reduces the energy of the photoelectron so extrinsic intensity appears at lower KE than the intrinsic peak. Since multiple scattering events occur, each 
using up some energy, the background appears as a step after the main peak, with possibly rising and then falling intensity to lower KE. 

“Main Peak”.
The lowest BE peak, or manifold of peaks if unresolved, for the core level concerned. It is usually more intense than any following substructure, but may not be if a 
lot of intensity is diverted into intrinsic substructure through the presence of multiplet splitting or shake satellites. 

Substructure. 
Any features (peaks) in the background following the “main” peak, which are associated with the core-level concerned. They can be intrinsic or extrinsic, or both.



Multiplet Splitting. 
Whenever there are unpaired valence electrons in the system concerned (paramagnetic), the unpaired core-level photoelectron, left behind by the photoionization 
process, spin-spin couples with these, resulting in a set of final states of energies spread over some energy range. These are divided into high spin and low spin 
states, with high spin always being lower in energy, though in complex situations there will be overlap. The classic simple molecular example is the NO molecule, 
which is paramagnetic with one unpaired electron in its valence level.  The N1s spectrum consists of 2 peaks, representing the high spin coupling state (lower BE) 
and the low spin coupling state at ~1.5ev higher BE, in the statistically expected 2:1 ratio. A complex solid example (see examples) is the Fe2p and 3p XPS of Fe2O3, 
where many states are spread over 10’s ev.

Shake Satellites. 
The “one electron” picture of photoemission (also called the “frozen orbital”, or Koopmans’ Theorem, KT), where the electrons in different orbitals do not respond 
to the removal of the photoelectron from a given orbital, is an approximation. In practice electrons “screen” the hole left by moving towards it (also called 
“dressing” the hole). This lowers the observed XPS BE of the core-level compared to the KT approximation. During the screening process it is possible that a valence 
electron gets excited to an unoccupied MO level simultaneously with the core electron emission.  This process, called a shake-up, takes energy, delta, which can 
vary from a few ev to many 10’s ev, depending on the levels concerned. When it happens, the ejected photoelectron appears at ~delta ev lower KE, ie it is intrinsic 
substructure sitting on the scattered electron background. The fraction of photoelectron intensity being diverted into a particular 2 electron process like this is 
usually small (a few %), but the total, which also includes shake off processes where the valence electron is ejected rather than just excited, is typically in the 10’s%, 
and can in extreme situations be more than 50%. This fraction depends on the element concerned, the core-level concerned, and the chemical bonding situation of 
the atom concerned.

Photoemission Cross-Section, σ.
The atomic photoemission cross-section, σ, for a given core-level is the probability of photoelectron ejection from that core level due to photon impact. It is a 
strong function of the photon energy being used. It can be theoretically calculated and there are several sets of calculations that agree to within a few %.

Quantitation using σ values. 
When using cross-sections to “normalize” experimental intensity ratios from different atoms to obtain composition, it is important to remember that σ refers to the 
total probability of ejection from the core level concerned, using the photon energy concerned, and so includes all intrinsic signal to all possible final states, ie all 
multiplets for paramagnetic material and all shake up and shake off intensity. When it is possible to separate the main peak from the start of its background 
(insulators with wide band gaps), σ normalized ratios of such peak intensities, from the different elements in the material, will only give an accurate composition 
quantification if the fraction of intensity lost to intrinsic substructure is identical for the peaks concerned. We know that, in general, this is not the case and the 
greater the compositional accuracy required the more serious this issue becomes.



50 eV Spectrum Widths – More Versatile 

Questions answered in this presentation
• What can we learn by extending the Traditional 20 eV Chemical State Spectrum Width to a 50 eV Spectrum Width?
• Will a 50 eV wide spectrum width produce more accurate quantitation? 
• Answers are shown throughout this Tutorial

Goals
1. Demonstrate that 50 eV spectra chemical state windows provide significant information
2. Demonstrate that large vertical expansions reveal un-explored weak signals that offer new information
3. Demonstrate that large vertical expansions are very useful to reveal best placement of background endpoints
4. Demonstrate that traditional 20 eV width spectra are missing important and, in some cases significant information

Additional Information and More Accurate Quantitation are revealed by Increasing Spectrum Width 

Justification to use 50 eV Spectral Widths 
• The signal intensity in modern instruments allow 50 eV wide spectra to be collected very quickly
• Data collection settings are the same except spectrum width



Traditional Chemical State Energy Range:  20-30 eV

Versatile Chemical State Energy Range:  40-50 eV

Materials Analyzed for Demonstration

1. Poly-1-Butene Insulator
2. SiO2 Insulator  (includes atom% test)
3. Al2O3 Insulator
4. PBT Insulator
5. h-BN Insulator
6. TiO2 Semi-conductor
7. Fe2O3 Semi-conductor
8. LiF Insulator
9. Teflon (-CF2-) Insulator
10. LiF and Teflon Comparison of Loss Structures



Poly-1-Butene – Insulator
Bandgap:   ~8 eV

Data Set #1
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Poly-1-butene - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window

Poly-1-butene, polymer bead. Insulator, exposed bulk, Band Gap ~8ev

• Razor cut surface, as inserted, shows only C1s and weak valence band (C2s, C2p)
• Extended BE range high resolution window for C1s, plus good statistics and vertical expansion reveal:

1) Start of scattered electron background begins at the end of the ~8eV band gap – gap between energy loss and main 
C1s

What have we learned by extending scan window and improving S/N statistics?

A) Confirmed that the background starts at the expected position, the ~8ev band gap.
B) There are no features in the band gap
C) There is a broad maximum in the background, centered at ~22ev. 
D) There are no other features, either intrinsic or extrinsic structure in the background.

So, in this case, with only aliphatic carbons present, we learn mostly negatives. 



SiO2 – Insulator
Bandgap:   ~9 eV



Survey

Data Set #2 PE=200 eV, FWHM Ag (3d5) = 1.8 eVSiO2
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250 eV Window
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Data Set #2 PE=50 eV, FWHM Ag (3d5) = 0.7 eVSiO2
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SiO2 - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window

SiO2 High Quality Optical Disc – Amorphous Silica

• Freshly exposed bulk shows small C1s from surface Hydrocarbon contamination (no background step after The C1s peak) and trace Ar from the manufacturing process.
• Extended BE ranges and high res, good statistics, and vertical scale expansion reveal the following.

1) The scattered background starts at ~9ev loss from the main peaks, in agreement with the band gap for amorphous SiO2, 9.3ev, and well above that of quartz, 6.3ev
2) Similarities and differences in the Si2p, Si2s, O1s structures
3) A major broad substructure feature is present for all core levels at ~22ev loss from the main line concerned. This could b either an extrinsic plasma like scattering loss, an 

intrinsic plasma loss (much less likely), an intrinsic shake loss or a combination of these (see quantitation)
A) A smaller, broad, substructure feature at ~40-46ev loss is also obvious on all core levels. If the 22 ev feature is a plasma loss, it could be a double plasma loss. This 

feature in the Si2p spectrum overlaps the main Si 2s peak (see quantification).
B) Superimposed on these broad substructures are small, sharper, features specific to either Si or O. In the Si2p and Si2s spectra a feature at ~19ev loss is present, and 

in O1s 3 features are present at ~26ev, ~36ev and ~40ev. Since they are specific to the element concerned, they cannot be extrinsic losses, so are probably genuine 
shake features. The intensities, relative to their respective main peak, are similar.

QUANTIFICATION

The relative intensities of the main Si 2p to O1s core levels are easily determined, using straight line backgrounds, because of their nearly flat nature. Normalizing for σ and 𝜆𝜆 yields an 
expt stoichiometry of Si O 1.8, instead of the expected 2.O. If the total intensity of the substructure peaks is included (see figs) the determined stoichiometry becomes SiO2.0. The 
reason is that the intrinsic losses are greater for O1s than for Si2p. Using Si2s intensities, instead of Si2p, is compromised because of the overlap of Si2p substructure with Si2s main. This 
could be effectively modelled, but we have not done this so far.

What have we learned from extended scan ranges and improved statistics?

A) Identified major broad substructure on all core-levels, centered at ~22ev and ~40 to 46ev
B) Identified weak sharper substructure specific to O and to Si, which is shake structure.
C) Showed that an incorrect stoichiometry of SiO1.8 is obtained using only main peak ratios
D) Showed that the correct SiO2.0 substructure is recovered if the total observed peak substructure intensities are included
E) The above result is essentially the same whether straight line backgrounds or Shirley are used to separate peaks from background.
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SiO2Data Set #2 PE=50 eV, FWHM Ag (3d5) = 0.7 eV
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Al2O3 – Insulator
Bandgap:  9-10 eV

Data Set #3
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Al2O3 single crystal. Insulator, band-gap 8.9ev

• Exposed surface, cleaved and inserted, shows large C1s, small F1s (~1% atomic) and La3d (~0.3% atomic), and maybe trace Mg and Cu contamination. C is definitely only
on the surface (greatly reduced background step after C1s peak). Others are too small to tell from the as inserted sample, but brief sputtering reduces C greatly, but not F 
or La, so they are probably bulk.

• Extended BE range (50ev scan) high resolution windows, plus good S/N statistics and vertical expansion of spectra, reveal the following:
1) Start of scattered electron background at the expected band gap value of 8.9ev energy loss from both Al2p and O1s. 
2) Similarities and differences in the Al2p and O1s substructures:

1) Major feature at ~25ev loss on Al2p, and O1s is a plasma like extrinsic loss feature, and so present in both spectra, and also on Al 2s and O2s.
2) Small peaks at ~105ev BE in the Al2p substructure identified as La 4d doublet.
3) Tiny peak at ~92ev in Al2p substructure may be from Mg contamination (Mg 2p), or a genuine intrinsic shake feature of Al2p in Al2O3
4) Tiny structure at ~66-72ev in the O1s substructure may be from Cu contamination (Cu Auger), or could be a genuine intrinsic shake feature of O1s in Al2O3

QUANTITATION
• Relative Intensities of the main Al2p and O1s peaks are easily accurately determined, owing to the flat background (nearly). Normalizing the ratio by relative 𝜆𝜆 and σ 

values, and the instrument TF, yields an expt composition of Al 45%, O 55%, instead of the correct 40/60 for Al2O3. Why?
1) Inaccuracies in 𝜆𝜆 or σ or TF?
2) A larger fractional loss from the main O1s peak compared to the main Al2p peak? Not obvious in their spectra but could easily be lost in the extrinsic scattered 

electron background. This differential effect is known to be the case for LiF and for MgO (refs)

What have we learned/revealed from extending spectral window and improving S/N statistics? 

A) Identified presence of trace contaminants
B) Identified major sub-structure feature in all spectra as a plasma-like extrinsic loss at ~25ev, not intrinsic shake structure
C) If genuine shake structure features are present, they are very weak
D) Nevertheless, quantitation using Al2p and O1s indicates that shake losses may be greater for O1s.

Al2O3 - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window



PBT – Insulator
Bandgap:   ~4.0 eV

Data Set #2
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Data Set #2 Poly-Butylene Terephthalate PE=50 eV, FWHM Ag (3d5) = 0.7 eV
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PBT. 1,4 butylene terephthalate. Insulator, cut with razor, band gap ~4ev

PBT has 12 C atoms and 4 O atoms per unit. 6 of the C are aromatic and 2 are aliphatic C. These 8 carbons are not distinguishable by lab XPS (peak A). Their BE is ~285ev. 2 C’s are ester 
bonded, COO, and 2 are ether bonded, COC and are distinguishable from each other and the aromatic/aliphatic C’s by their BE’s (peaks C and B, respectively). Of the 4 O atoms, 2 are OC=O 
and 2 C-O-C. Their BE’s are separated by ~1.5ev. The survey spectrum shows no impurities, but of course C and O species will not be distinguishable from the PBT.

Extended BE ranges (50ev) and good S/N statistics with vertical expansion reveal the following:

1) For both C1s and O1s the scattered background rises to a broad maximum at ~24ev energy loss.
2) The expected start of the C1s background at the ~4ev bandgap position is obscured for peaks A and B by peak C and A’. The expected start of the background from peak C lies 

just before peak A’, but since C represents only 2 out of 12 C atoms, it is swamped by the rising backgrounds from A and B.
3) Peaks A’ and C’ are the well-known π to π* shake satellites associated with the π bonded C atoms of A and C. They lie at ~6.5ev loss and occur in the ratio of ~6:2 in 

agreement with the number of each type of atom.
4) For O1s the start of the background generated from peak A is obscured by the tail of peak B. The background from peak B starts just before the π to π* shake associated with 

the π bonded O atom in C=O.
5) In addition to the π to π* O1s shake, anther feature of similar intensity (also shake?) appears at ~15ev beyond peak A.

What have we learned from extended windows plus improved statistics?

a) The start of the background is obscured for both O1s and C1s owing to the presence of multiple peaks.
b) The broad maximum in the extrinsic background is at ~24ev loss, and, as expected follows all core levels (including O2s, not shown)
c) A second O1s satellite (shake?) is found at ~15 ev loss from the main O1s. On rechecking the C1s spectrum, a hint of the same loss is present, but even better statistics is 

needed to confirm this.
d) The identified shake satellites are weak, so will not affect composition determination by much, but their intensities are measurable and so can be included to improve 

quantitation. 
e) Once there are chemically shifted and overlapping structures which span the bandgap value, it is actually no longer valid to use a straight-line background removal across all 

of them, because that will leave some of the scattered electron background included with the intrinsic signal. A Shirley, or properly parameterized Tougaard background, is 
better.  

PBT  - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window



p-BN – Insulator
Bandgap:   5.2 eV

Data Set #4
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Survey
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p-BN. Insulator, ~5.2ev band-gap

• Exposed surface, delaminated and inserted, shows small O1s and larger C1s contamination. Both are at the surface, as judged by their greatly reduced 
background steps, relative to the main peak intensities, compared to those for B1s and N1s. Brief sputtering greatly reduces the contamination without 
affecting B1s or N1s.

• Extended BE range (up to 100ev) high res windows with good statistics and vertical expansion reveal the following:
1) The start of the background after N1s is at the expected bandgap value of ~5.2ev
2) For B1s there appears to be a feature within the bandgap, at ~4ev that could be due to impurities or shakeup state
3) The weak N1s and B1s substructure regions are remarkably similar, except for a small relative intensity distribution change for peaks 1 and 2, the 

suppression of 3 for B1s, and the bandgap feature for B1s.  The strongest feature at ~25.5 ev is probably an extrinsic plasma loss peak (it is also 
present after N2s). The other features may be weak genuine intrinsic shake up peaks. 

QUANTITATION
Because there are no overlaps from other element peak substructures, and there is clean separation from background, the main B1s and N1s intensities can be 
ratioed accurately. The ratio results in a 50/50 composition.

What have we learned from extended spectral windows plus improved S/N statistics.

A) The highly covalent, hexagonal, “graphite like” BN has extremely similar, but weakish, substructure
B) Owing to A) and the lack of overlap problems, an accurate atomic composition can be obtained from ratioing just the main B1s and N1s peaks, 

unlike the situation for LiF.  

p-BN  - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window
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TiO2 single crystal, Rutile, Cleaved to expose bulk, Semiconductor, band gap ~3.3ev
TiO2 comes in 3 forms, Anatase, Rutile and Ti4+ 2O2- in STO. They have extremely similar Ti XPS spectra. While it is well-known that there are strong substructure features in the Ti 2p spectrum, the details and 
interpretation of the whole XPS spectrum are not fully documented. The survey spectrum here of this sample (type?) shows no impurities.

Extended BE ranges and good statistics with vertical expansion reveals the following:

1) The start of the scattered electron background, expected at ~3.3ev loss (band gap) is observable in the O1s spectrum, but not in the Ti2p spectrum because for the 3/2 SO component it lies under 
the leading edge of the ½ and for the ½ it lies under the trailing edge of the peak.

2) There is a very broad (>10ev wide) feature in the substructure of all the core levels (including Ti3p and 3s and O2s, not shown at high res) at ~25ev loss, which we assign to an extrinsic plasma loss 
excitation (ie part of the background). There is evidence of a weaker double plasma loss at ~50ev in the Ti2p spectrum.

3) The well-known substructure doublet in the Ti2p spectrum, separated by ~13.5ev from Ti2p3/2 and ½ respectively, is assigned to shake losses from those parents.  An equivalent peak is associated 
with Ti2s and with O1s. In the latter case it may have internal structure, but better statistics are required for confirmation.

4) For Ti2p straight line background subtraction is not appropriate, no matter what end point is picked (after 3/2, ½, both, or after the shake loss doublet) because a) the peaks are not separated from 
the background, and b) there is genuine intrinsic intensity spreading the entire gap between the 3/2 and ½ peaks (mostly 2p1/2 originated; see 5) below).

5) Detailed comparison with electronic structure theory explains why the Ti2p1/2 peak is so broad (a collection of many substates) and supports the experimental observation that there must be 
intrinsic signal between 2p3/2 and ½. The latter is based on the fact that the total intensity (signal plus background) is higher over the whole range between 3/2 and ½ than a few ev immediately 
after the ½ peak. 

QUANTITATION

Though TiO2 is sometimes presented as a simple case, if accuracy is required it is not, owing to the large intensity diverted to shake satellites and the spread of intensity between Ti3/2 and ½.

What have we learned from extended windows and improved statistics?

A) Very broad plasma loss extrinsic structure is identified at ~25ev loss. 
B) Fairly sharp intrinsic shake structure is identified at ~13.5 ev loss from all core levels at ~15-25% the intensity of the parent main line.
C) Good statistics and an appropriate background removal for the main Ti 2p spectrum agrees closely with electronic structure theory for Ti2p, explaining the width of the ½ component (not due to hole 

lifetime effects), and confirming the presence of intensity spread between 3/2 and ½.
D) Accurate quantitation depends on properly removing backgrounds, which is tricky if you do not know where genuine intrinsic intensity lies. Electronic structure theory is very helpful here. 
E) Not discussed, but just like the more complex situation of Fe oxides, where multiplet splitting is involved in addition to just shake structure here, it is informative to examine not just one core-level of 

a given element, but two or more.

• For a discussion of electronic structure theory for TiO2 see:  A New Mechanism For XPS Line Broadening: The 2p-XPS of Ti(IV) 2 Paul S. Bagus,, Connie J. Nelin, C. R. Brundle, and Scott A. Chambers J. Phys. 
Chem. C 2019, 123, 13, 7705–7716

• For a discussion of background subtraction approaches for TiO2 see:  Introductory guide to backgrounds in XPS spectra and their impact on determining peak intensities. Mark H. Engelhard, Donald R. Baer, 
Alberto Herrera-Gomez, and Peter M. A. Sherwood Vac. Sci. Technol. A 38, 063203 (2020); doi: 10.1116/6.0000359



Fe2O3 – Semiconductor
Bandgap:   2.1 - 2.3 eV

Data Set #6



Survey

Data Set #6 PE=200 eV, FWHM Ag (3d5) = 1.8 eVFe2O3

O Auger 

C Auger 

Fe Auger 
Fe (2p)

Fe (3p)

Fe (3s)

O (1s)

C (1s)

O (2s)

Fe2O3



Traditional 
20 eV Window

Fe (2p) Fe (2p)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7eVFe2O3

Versatile 
50 eV Window

Versatile 
50 eV Window

Fe (2p) Fe (2p)

Traditional 
20 eV Window

Fe2O3
Vertical

Expansion

Vertical
Expansion



Extended
100 eV WindowExtended

100 eV Window

Versatile 
50 eV Window

Versatile 
50 eV Window

Fe (2p)

Fe (2p) Fe (2p)

Fe (2p)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7eVFe2O3

Vertical
Expansion

Vertical
Expansion

Shake-up
Shake-up?

Shake-up

Multiplet
Splitting 

range

2p1/2 2p3/2



Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

Extended
100 eV Window

Fe (2p)

?

?

?

2p3/2

2p1/2

Auger

Peak area endpoint
a, b, or c 

Which is correct?

Auger

a
b

c



Extended
100 eV Window

Fe (2p)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

?

?

?

2p3/2

2p1/2Auger

wrong

wrong
wrong



Traditional
20 eV Window

Traditional
20 eV Window

Versatile 
50 eV Window

Versatile 
50 eV Window

O (1s)

O (1s)O (1s)

O (1s)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

OH

Fe2O3

Vertical
Expansion

Vertical
Expansion

Bandgap
2.3

~26 eV ~12 eV
6.5 eV



Extended
100 eV Window 100 eV Window

Extended
100 eV Window Extended

100 eV Window

Extended
100 eV Window

O (1s)

O (1s) O (1s)

O (1s)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

Shake-up

Extended
100 eV Window

Vertical
Expansion

Vertical
Expansion



Traditional
20 eV Window

Traditional
20 eV Window

Versatile 
50 eV Window

Versatile 
50 eV Window

Fe (3p)

Fe (3p-3s) Fe (3p-3s)

Fe (3p)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

Fe2O3

Vertical
Expansion

Vertical
Expansion

(a)

(b)

3s ?

3pMultiplet splitting range

shake-up

8 eV
17 eV24 eV

3p



Extended 
100 eV Window

Extended
100 eV Window

Traditional
20 eV Window Traditional

20 eV Window

Fe (3p-3s) Fe (3p-3s)

Fe (3p) Fe (3p)

Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

3p3s

Vertical
Expansion

Vertical
Expansion

3s

3p

3p

3s

Multiplet
Splitting 

of 3s



Data Set #6 PE=50 eV, FWHM Ag (3d5) = 0.7 eVFe2O3

Extended
100 eV Window

Fe (3p-3s)

3p
3s

multiplet

3s
multiplet



Fe2O3 hematite single crystal. Semiconductor, band gap ~2.3ev
• Cleaved in air and inserted, the sample shows moderate hydrocarbon contamination at the surface (no background step after C1s) and a small OH component to the O1s caused by ambient 

reaction with H2O .
• The XPS of Fe2O3 is the most complex of the samples in this set. Fe3+ has the maximum possible number of unpaired 3d valence electrons, 5, in the 3d transition metal series.  An unpaired Fe 

core-level electron, left by the photoionization process, can spin-spin couple many ways to these 5 unpaired valence electrons, resulting in a broad manifold of multiplet splitting peaks in the Fe 
XPS.  The spread in Fe 2p3/2 is at least 8ev in range, and for Fe3p at least 24 ev in range, see ref 1. Superimposed on this (or rather interacting with this) is significant shake intensity at ~8ev loss. 
Other 3d transition metal compounds are, in principle, similar, with complexity depending on the number of unpaired valence spins and spin-spin coupling details.

• The band-gap, 2.3ev, is small compared to the width of the unresolved set of multiplets in the main (leading) Fe 2p feature centered at ~710 ev, so the start of a background cannot be cleanly 
separated from intrinsic signal. The same is true for Fe3p, and even for O1s, which, though it has has no multiplet splitting (no unpaired valence electrons), the small OH component overlaps the 
band gap region.

• O1s has substructure spreading 90ev to higher BE than the main peak at ~530ev. The substructure accounts for ~35% of the total O1s intensity, most of it within the first 30ev. There are 3 clear 
but broad features, centered at ~6.5ev, ~12ev and ~24ev. The latter is probably a plasma-like extrinsic scattering loss. The other two are probably intrinsic shake structure.

• In the Fe2p3/2 spectrum, the leading manifold, centered at ~710ev, is very broad (it consists of many unresolved peaks) and the rest of the multiplet components spread up towards the start of 
2p1/2. A strong shake satellite at ~8ev loss has long been associated with Fe in the 3+ state (it is at ~6ev for Fe2+). For the 2p1/2 there is multiplet splitting (not the same as for 2p3/2) and the 8ev 
shake is also present. The feature at ~742ev is probably another shake.

• In the Fe3p3/2,1/2 spectrum (unresolved) the multiplet manifold spreads at least 20ev (ref 1) and maybe even under the start of Fe3s. There are broad features at ~17ev, ~24ev, and possibly 
~34ev. The 24ev feature is probably an extrinsic plasma-like scattering loss, as assigned in the O1s spectrum. If assignment to extrinsic scattering is correct, then there must also be the same 
scattering from Fe2p, but it is buried under intrinsic structure.



• QUANTIFICATION
Owing to the fact that intrinsic structure in Fe2p spreads over the whole region (~705 to 750ev), subtracting a background is tricky because one cannot be sure where the endpoint is
and intrinsic structure is mixed with extrinsic. 3 Shirley backgrounds are shown to differing endpoints, which obviously result in differing integrated areas (straight line backgrounds 
would remove far less background in each case. The lowest BE endpoint misses the small substructure peak at ~742 ev, but has been used in the literature. The highest endpoint 
probably includes extra extrinsic background. So, the middle one is preferable, but is entirely a choice of the analyst. In the so-called “active background” approach the lowest BE 
endpoint was chosen, and then the small area of the 740ev peak was added on. This may be a correct intuitive procedure, but it is an empirical choice. 

To obtain a composition, using cross-sections, the O1s intensity is integrated and the Fe2p/O1s determined, but since the for Fe2p the total signal including substructure is used, the 
same must be done for O1s, which means including all its substructure (~35% of the total). Doing this returns a composition which is about Fe1.8O3 (ref 3). Terminating the 
background earlier, at ~560ev would push the stoichiometry closer to Fe2O3

An alternative approach is to ratio Fe3p/O1s in the same manner, ie using the total Fe3p signal and the total O1s signal, not just that under the main peak plus the 8ev.  The problem 
here is that we suspect there may be some Fe3p intensity lying under Fe3s centered at ~89ev, in which case we should integrate intensity over the combination of 3p and 3s (similar 
to integrating over Fe2p3/2 and Fe2p1/2 because they overlap).

What have we learned from extended ranges and improved statistics?

A) Together with theory (ref 1) we now know that Fe2p and 3p substructure (multiplet splitting and shake), extend over very broad ranges.
B) Owing to A there is no clear, or theoretically correct, way to remove background. The best that can be done is to ensure consistency in the procedure for Fe2p, Fe3p, and O1s.
C) For O1s there is a surprising amount of intensity of substructure, requiring integration over at least 30ev to capture most of it, and much further to capture all of it. 
D) If the composition results are not compatible when ratioing Fe2p/O1s and Fe3p/O1s something is either wrong with the background removals or the theoretical ratio of the 

Fe2p and Fe3p cross-sections.

References:
1. “Combined multiplet theory and experiment for the Fe 2p and 3p XPS of FeO and Fe2O3” J. Chem. Phys. 154, 000000 (2021); doi: 10.1063/5.0039765 Paul S. Bagus, Connie J. Nelin, C. 

R. Brundle, B. Vincent Crist, N. Lahiri, and Kevin M. Rosso 
2. M. Bravo-Sanchez, J. A. Huerta-Ruelas, D. Cabrera-Germana, and A. Herrera-Gomez, Surf. Interface Anal. 49, 253 (2017)
3. “X-ray photoelectron spectroscopy: A perspective on quantitation accuracy for composition analysis of homogeneous materials” J. Vac. Sci. Technol. A 38, 041001 (2020); 

https://doi.org/10.1116/1.5143897 Christopher Richard Brundle, and Bruce Vincent Crist
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LiF – Single Crystal, Insulator, Band-gap ~11ev

• Exposed surface, cleaved and inserted, shows small O1s and tiny C1s contamination. It is obvious, even from the low res survey, that there is intense F1s substructure 
spread over a wide KE range. 

• Extended BE ranges (up to 150ev in this case) high res windows with good statistics and vertical expansion reveal the following:
1) The start of the scattered electron background is observed after all XPS peaks at the expected band-gap value of ~11ev.
2) A peak in the background at ~25.5ev loss energy is observed after all XPS peaks and so is attributed to an extrinsic plasma excitation.
3) The F1s spectrum exhibits at least 12 peaks in the substructure, of which only one, that at ~25.5ev loss (see 2 above) is considered to be extrinsic. They spread 

over 120ev KE and are considered to be genuine shake-up structure of F1s.
4) The Li1s spectrum is severely overlapped by substructure from F2s. This includes two peaks (labelled 3 and 4 in the figs) which lie right under the main Li1s 

feature. Only peak fitting (see fig) can determine the true Li1s main peak intensity.
5) QUANTITATION. If the overlap of F2s substructure with Li1s is not removed, and the intensity of the F1s shake peaks not included when ratioing F1s to Li1s, a huge 

error results in the determined stoichiometry; Li1F0.64, instead of the true LiF. Accounting for both effects yields the correct composition within 5%.

What have we learned/revealed from extending spectral window and improved S/N statistics:

A) LiF XPS is an extreme example of differential shake satellite structure, in this case F1s and 2s compared to Li1s.
B) Li1s is an extreme example of overlap problems when using low BE XPS peaks. F2s is nearly 30 ev lower BE, but because of its high intensity substructure spread 

over a wide KE range, it severely overlaps Li1s in both the main peak and the Li1s substructure.
C) Accurate composition is not obtainable without accounting for both A) and B)  
D) Not discussed here, but not only does electronic structure theory support A) to C), it provides a way to obtain the correct LiF composition using only the ratios of 

the main Li1s and F1s peak intensities. 

Interested readers are referred to the full paper:

“Accuracy limitations for composition analysis by XPS using relative peak intensities: LiF as an example” C. R. Brundle, B. Vincent Crist, Paul S. Bagus, JVST A  39, 013202 (2021)); 
doi: 10.1116/6.0000674

LiF - Features Revealed by using a 50 eV Wide High Energy Resolution Spectral Window
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Comparison of Extreme Difference in Bonding Nature
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Linear
• Linear is a natural type of spectrum background and is not based on any theory
• Commonly applied to main peaks from Insulating Materials having large band-gaps, where the high BE endpoint can be in middle of the 

bandgap region
• Typical linear background (baseline) width: <15 eV which integrates the main peak
• Linear is not recommended for situations where the background overlaps the main peaks

Shirley
• Shirley was developed to integrate the valence band region of conductors (metals)
• Shirley assumes the existence of inelastic scattering that begins at the start of the peak envelop, not based on any theory.
• Shirley is often applied when there is a large signal intensity increase between beginning endpoint and finishing endpoint
• Has been applied to all types of materials –Conductive, Semi-conductive, & Insulating.
• Shirley background becomes linear or almost linear, and flat, when peak-fitting the main peaks of materials with wide bandgaps (eg LiF, MgO, 

Al2O3). Then the total peak area from Shirley integration is very similar to total peak area from Linear integration.
• When Shake-up is present, Shirley is extended to include that region, but it has no way to distinguish intrinsic from extrinsic structure. It 

assumes any peak is intrinsic.
• When Multiplet Splitting is present, Shirley is extended to include that region, but it has no way to distinguish intrinsic from extrinsic 

structure. It assumes any peak is intrinsic.
• If sample is insulator, then high BE endpoint of Shirley must stop in the bandgap region –or Shirley fails
• Sherwood-Proctor iteration of the background is an improvement of the Shirley background because it allows the background to smoothly 

meet the signal at the high BE endpoint.
• Original Shirley is not iterated and gives a different shape from Iterated Shirley. It removes less background.

Information & Guidance for Applying Different Types of Backgrounds to Chemical State Spectra
NOTE:  Published Chemical State Spectra are 20-30 eV wide.  Very few are 40-50 eV wide



Tougaard
• Used for many materials
• Tougaard BG is based on a universal loss function that directly modifies integrated peak area 
• Tougaard BG can be useful for advanced data analysis
• Typical BG width for Tougaard background: 50 to 1,000 eV
• Tougaard BG provides 3 variables (B, C and multiplier) that modify the original Tougaard BG

Midpoint Correction (Smart)
• Allows an intermediate start-end point to be added which adjusts Shirley to overlap data regions. The same is achieved by 

running iterated Shirley in sections and stitching together.
• Totally arbitrary –no theory

Basic Function of Background
• The principal function of applying a background is to separate intrinsic peak area, which is due to intrinsic photo-electron 

emission, from the extrinsic background, which is due to inelastically scattered photo-electrons as they pass through the solid.
• The resultant intrinsic peak area can then be fitted with peaks which are then assigned to different chemical states (chemical 

shifts), multiplets, or shake structure.

Information & Guidance for Applying Different Types of Backgrounds to Chemical State Spectra
NOTE:  Published Chemical State Spectra are 20-30 eV wide.  Very few are 40-50 eV wide



Information & Guidance for Applying Different Types of Backgrounds to Chemical State Spectra
NOTE:  Published Chemical State Spectra are 20-30 eV wide.  Very few are 40-50 eV wide

Accuracy of Quantitation Involves all Relevant Peak Structures
• The relative intensities of XPS core-levels, scaled by their photoionization cross-sections, are regularly used to determine sample atomic 

composition.  Cross-sections apply to the total intensity of all possible final states from the core ionization, not just the main peak. This includes all 
intrinsic satellite structure (shake states, and, for open shell systems, the different ionic multiplets). 

• In practice, for solids, this is usually experimentally impossible to determine accurately, because satellite structure sits on the inelastically 
scattered electron background and cannot be easily separated. So, usually only the intensity of the main peak is used. This limits the ultimate 
possible accuracy of XPS composition determination. 

• By extending the spectrum width of traditional chemical state spectra from 20 to 50 eV, relevant peaks are revealed and can be processed to 
produce more accurate quantitation from a complete set of chemical state spectra. Sometimes structure spreads beyond 50ev (eg LiF) and the 
range needs extending further to capture it.



Summary and 
Conclusions



Summary: 

• The more-versatile 50 eV spectra windows often provide significantly more information
• Backgrounds Widths must be 2-3X wider to correctly process the new information in the wider spectra
• Traditional 20 eV wide spectra are not revealing important information that exists within the added 10-30 eV range
• Vertical expansions of 50 eV wide spectra clearly reveal Shake-up and other intrinsic peaks that are not otherwise visible
• Vertical expansions reveal best endpoints for background endpoints

Summary and Conclusions

E-mail
C. Richard Brundle,    crbrundle@gmail.com
B. Vincent Crist,     bvcrist@xpslibrary.com
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