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X-Ray Photoelectron Spectroscopy
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The photoelectric effect

3

Emission of electrons when light is shone 
onto a material:

◦ Photoelectrons

◦ Metal plate irradiated by UV light emits 
charged particles: H. Hertz, 1887

◦ Shown to be electrons: J. J. Thompson, 1899

◦ Theory on photon quanta: A. Einstein, 1905

◦ Verified through experiments: R. Millikan, 
1915

Electron energy (metal surface):
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The electromagnetic spectrum

4

1–10 eV >1000 eV

◦ Core levels have larger 
differences in energy!

X-Ray

visible

Electron energy levels:

Valence band Core electrons
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Photoemission as an analytical tool

5

Electron Spectroscopy for Chemical Analysis (ESCA)
◦ Kai Siegbahn, 1957 (Nobel Prize 1981)

Widely used technique for surface analysis:
◦ XPS: X-Ray Photoelectron Spectroscopy

◦ ESCA: Electron Spectroscopy for Chemical Analysis

◦ UPS: Ultraviolet Photoelectron Spectroscopy

◦ PES: Photoemission Spectroscopy

Requirement: 
◦ Monochromatic & High energy photon source

Ek = kinetic energy
Eb = binding energy

Electron energy (any surface):
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Instrumentation

6

◦ X-ray source (typically Mg or Al anode)

◦ Electron energy analyzer

◦ Electronics & computer system

◦ Vacuum system (ultra-high vacuum)

◦ Extras:
◦ Ion gun for etching (argon ions)

◦ Neutralizer (flood gun, non-conductive samples) 

◦ Cooling system (lots of heat from X-ray source)
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Degree of vacuum

7

◦ Surface will be clean for about 1 second…

Low vacuum 103 – 100 mbar

Medium vacuum 100 – 10-3 mbar

High vacuum 10-3 – 10-6 mbar

Very high vacuum 10-6 – 10-9 mbar

Ultra-high vacuum 10-9 – 10-12 mbar

◦ p = 10-6 mbar

◦ O2 (M=32)

◦ T = 300 K

◦ k = 1.381 · 10-23 J/K

Improved vacuum:
◦ Increases the mean free path for photons and electrons 

◦ Removes adsorbed gases from the sample

◦ Eliminates adsorption of contaminants on sample surface

Absorption rate:

Complete coverage:

Example:
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AXIS 165 / AXIS UltraDLD

at Aalto CHEM 1995-2021 (L-S Johansson)

8

◦ Analysis on > 200 samples / year

Cellulosic materials (ca 50 % of samples):
◦ Pulps surface analysis & process evaluations
◦ Paper coatings, contamination, fundamentals
◦ Model surfaces, mono/multicomponent film formation, and reaction dynamics
◦ Cellulose nanofibrils, whiskers& bacterial cellulose, fundamentals & 

applications
◦ Wood hydrothermal modification, adhesion
◦ Derivatives: TEMPO, click, CMC, silylation…
◦ Functional surfaces: bio-interfaces, biological surfaces, biomimetic materials
◦ Composites of cellulose and derivatives: polymers, clay, lignin, chitosan, 

graphene, CNTs
◦ Textiles: flax, cotton, MMC, synthetic fibers
◦ Carburized celluloses: e.g. catalysis

Other materials (50 % samples):
◦ Ultra-thin inorganic and organic films: ALD deposited, spin-coated, LB films, 

CVD, plasma, graphenes, CNTs, DLCs
◦ Surface analysis of metals, alloys, oxides, composites, polymers, powders, 

fibers, deposits
◦ Contamination analyses: e.g. semiconductor devices, quality control
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XPS in applied surface science

9

Quantification of elements at the surface of materials:

◦ Detection of all elements (except for hydrogen and helium)

◦ Chemical identification

◦ Surface distribution of elements (such as films vs islands)

◦ Easy sample preparation

◦ Non-destructive (no particle bombardment, only soft X-rays)

Limitations:

◦ XPS can only analyze the outermost surface layers (0-10 nm)

◦ It will not tell you the average bulk composition

◦ Surface contamination is a big issue

◦ Samples must tolerate Ultra High Vacuum (<10-9 mbar)

Samples:

◦ Almost any type of solid sample : Wafers, powders, 
fibers, composites, organic/biological specimens, etc.

◦ Allows for insulating, conducting or heterogeneous 
materials.

◦ Sample preparation: As little as possible.

◦ Secured on holder with springs or UHV-tape.
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Measurement:
◦ Retarding potential is step-

wise decreased

◦ Dwell time for each step: a 
few 100 ms

◦ Number of electrons 
measured for each energy

Results:
◦ Photoemission spectrum

◦ High intensity peaks at core 
level binding energies

◦ Survey spectra – large 
range, low resolution

◦ High-resolution spectra – 
small range, high resolution

Experiment
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Binding energies

12

Core level energies are specific for each element:
◦ Each peak in the survey spectrum can be assigned to 

the binding energy of electrons from a specific energy 
level and element

Identification:
◦ Start with the strongest peaks – find energy level that 

matches (C 1s, O 1s + Auger lines are usually present)

◦ Compare other energy levels in element with 
spectrum – assign peaks

◦ Usually fixed ratios between peak heights for same 
element 

◦ If there is a strong peak, but the other lines for that 
element do not appear – try to find another element!
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◦ Peaks can now be 
labeled

◦ When all peaks are 
accounted for, elemental 
constituents have been 
found

◦ Some features are not 
necessarily discrete 
peaks from  core level 
electrons:

◦ Double peaks

◦ Broad peaks in bunches

◦ Etc…

Survey
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Spin-orbit splitting

14

Before ionization
◦ Inner shells are filled

◦ No spin-orbit interactions

After ionization
◦ Un-paired electrons in inner shells

◦ Spin-orbit coupling
◦ Interaction between magnetic moments from 

electron spin and orbit affects final energies

Antiparallel spins
j = l – s

Higher Eb

Parallel spins
j = l + s

Lower Eb

Peak labeling:

Spin-orbit splitting results in the 
formation of doublets:

◦ Fixed intensity ratios between peaks

◦ For the same element ΔEb will be approx. 
constant in different compounds

◦ Can be used for identification of elements!
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Auger electrons

15

◦ Atoms are in transitional 
excited states after core 
electrons are ejected

◦ Auger electrons can be 
emitted when excited 
states are relaxed

◦ Ek is independent of X-
ray photon energy

◦ Position in Eb scale will 
depend on X-ray source
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Characteristic X-rays

16

Different X-rays:
◦ Binding energy constant

◦ Kinetic energy for Auger electrons constant:
◦ Auger transition (“binding”) energy varies

Typical Ag spectra:
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Other features

17

Intrinsic loss features:
◦ “Shake-up” satellites

◦ Finite probability that the ion formed in 
the photoemission process will be 
excited – lower Ek 

Extrinsic loss features:
◦ Plasmons

◦ Photoelectrons travelling in a solid will 
interact with other electrons – lower Ek

X-ray effects:
◦ Satellites

◦ Minor X-ray components from anode 
material – higher E0=hf

◦ Ghosts
◦ X-rays from other elements (very rare)

Doublet

Auger lines

Inelastic loss, 
plasmons

X-ray satellite
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Reference spectra

19

Handbooks with reference 
data:

◦ Vital for identification of 
elements

◦ Reference survey and 
high-resolution spectra
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Reference tables
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532 eV

285 eV

23 eV

120 eV

75 eV

21

Survey spectra: example 1
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Example 2

22

743

531

431

345

330

284

182

118
75

29

Zr 4p
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Quantification

24

Stoichiometry:

Zr:

Al:

O:

C:

12.56 %
28.10 %
41.46 %
17.77 %

For multi-element surface layer:

◦ Ii = peak intensity

◦ Ni = atomic concentration

◦ ai = atomic sensitivity factor

◦ Stoichiometry can be calculated 
using intensities and sensitivity 
factors

◦ Peak areas are best measure of 
intensity

𝐼𝑖 ∝ 𝑁𝑖𝑎𝑖

◦ Peak intensity proportional to 
surface concentration:
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Atomic sensitivity factors (ASF)

25

◦ σi – Scofield cross-section 
◦ Probability of X-ray producing 

photoelectron

◦ λi – Inelastic mean free path 
◦ Probability that the photoelectron 

will make it to the surface

◦ Sensitivity will vary greatly for 
different elements

◦ Combination of several 
factors:
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Inelastic mean free path – λ

26

◦ Core level peaks only account for a small part of 
all photoelectrons reaching the analyzer
◦ Number of electrons (intensity) reaching surface with core 

level energy decreases exponentially with depth of 
photoionization

◦ Slight dependence on electron energy and 
elements in surface

◦ Most important reason for surface sensitivity of 
XPS analysis
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Inelastic background

27

◦ Scattering losses result in a large increase in photoelectron 
intensity directly after each core level peak

◦ 63 % of all electrons scattered 
within one λ

◦ 95 % scattered in 3λ – 
sampling depth

Loss processes:
◦ Phonons: collective excitations of atoms 

(10 meV – 10 eV)

◦ Plasmons: collective excitations of electrons 
(5 eV – 20 eV)

◦ One electron excitations (50 eV –  )

Inelastic
background
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Background removal

28

How is peak intensity measured?

◦ Peak heights can sometimes be used

◦ Result not very good – shapes not always the same

◦ Area is almost always used

◦ But background is not constant (nor linear) near peak

◦ Shirley background is most commonly used

◦ With ASF’s: accuracy better than 15 %

◦ With standard samples on same instrument: ~5 % 

◦ Reproducibility (precision) better than 2 %

Worst

Best
Shirley
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Surface morphologies

29

Traditional XPS quantification assumes:
◦ Outer surface of sample is homogeneous

◦ Outer surface concentration is directly proportional to 
the main peak intensity

◦ Depending on the depth and lateral distribution of 
emitting atoms the background can change dramatically
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Chemical effect in XPS

31

Chemical shift:
◦ Changes in the chemical bonding of an element will cause 

changes in the binding energy of core electrons

Core binding energies are determined by:
◦ Electrostatic interaction between electron and nucleus

◦ All other electrons (including valence) shield nuclear charge

◦ Removal or addition of electronic charge will alter this shielding

◦ Withdrawal of negative 
charge (oxidation) – 
increase in Eb

◦ Addition of negative 
charge – decrease in Eb

chemical
shift
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Chemical shift

32

Oxides compared to metals:
◦ Binding energy is lower in pure metals due to screening by 

conduction electrons

◦ Binding energy higher in metal oxides because electron density 
is lost to oxygen

◦ Ionic compounds: binding energy shift 1 eV / oxidation state!
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Measured peaks usually contain 
signals from atoms in many 
different chemical environments

◦ Chemical species can be de-
convoluted from spectra using 
peak fitting algorithms

◦ Gaussian (70 %) –Lorentzian (30 
%) peak shapes (other GL ratios 
also common)

Peak fitting

33

Useful in peak fitting:
◦ Fixed ΔEb and peak 

area ratios for 
doublets

◦ Known energies and 
FWHM (reference 
data)
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Complex bonding

34

Complex bonding environments are typical for many materials
◦ A single compound will give an asymmetric peak shape

◦ Several GL peaks have to be fitted in order to get reproducibility

Fe2O3

FeO
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NIST database

35

National Institute of 
Standards and Technology

◦ srdata.nist.gov/xps/

◦ Large database with 
reference XPS data

◦ Very useful for determining 
chemical states

◦ Literature references for all 
given data
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Practical example – Cellulose

36

Large area survey scan from 
cellulose:

◦ Carbon and oxygen

◦ Elemental composition can be 
calculated

◦ O/C ratio measured

◦ Trace level impurities detected – 
nitrogen

◦ Zooming in on individual peaks will 
give you a lot more information!
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Practical example – Cellulose

37

High resolution spectra:
◦ C 1s

◦ More components than a single 
Gaussian

Understanding the material greatly  
improves the analysis

◦ Locating peaks

◦ Assigning peak energies
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Cellulose vs lignin

38

Cellulose:

Lignin (monolignols):

◦ O/C atomic ratio: 0.83

◦ C-C at.%: 0 %

◦ O/C atomic ratio: 0.33

◦ C-C at.%: 49 % [L.-S. Johansson, et al., Appl. Surf. Sci. 144-145 (1999) 92-95.]
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Surface contamination

40

Surface contamination is always a big 
problem

◦ Oxidation

◦ Advantageous carbon 

Carbon contamination
◦ Exists on all samples that have not 

been prepared in vacuum!

Sources: 
◦ Organic molecules in air 

◦ In situ:
◦ Contamination due to pumping oil 

◦ Desorption from other samples in chamber

Ambient C (at.-%):

Metals:

Ceramics:

Polymers:

40 – 60 %
20 – 40 %
1 – 10 %
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Surface charging

41

Non-uniform surface charging:

◦ Broadening of peaks

◦ Shift in peak energies

Electrons are continuously removed from the 
surface of the sample:

◦ Metals: electron loss is compensated

◦ Insulators: surface will collect (non-uniform) charge

Low energy electron flood gun:
◦ Introduces excess electrons

◦ May affect surface bonding

◦ Not always reliable for maintaining 
a constant surface charge…
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Energy calibration

42

Reference peaks can be used for calibration of 
peak positions on insulating samples

◦ All spectra can be shifted to align a certain peak 
with known binding energy

Adventitious carbon:
◦ C-C bonding in C 1s spectrum: 284.8 eV

◦ NOTE: Polymer scientist sometimes use 285.0 eV

Gold surface:
◦ Au 4f7/2: 84.0 eV

Other peaks with known position in sample
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Ion beam sputtering

43

Ar-ion guns are often included in XPS-
analysis chambers

◦ Ion energies usually 0-10 keV

Removal of surface layers: 
◦ Surface contamination

◦ Oxide removal

◦ Depth analysis

◦ NOTE: May affect surface chemistry 
and composition of materials

◦ Not always a good idea for XPS
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Example:
◦ SiOx + embedded Co clusters

◦ Elemental depth profile

◦ Oxidation level vs depth!

Depth profiling

44
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Radiation induced effects

45

Several factors affect accuracy and depth 
resolution when using ion beams:

◦ Non-uniform ion beam intensity/impurity ions

◦ Re-deposition of sputtered species

◦ Adsorption of residual gases

◦ Surface roughness (original and ion-induced)

◦ Crystalline structure and defects

◦ Preferential sputtering

◦ Atomic mixing in layered materials

◦ Ion implantation

◦ Decomposition of compounds

Before
sputtering

After
sputtering

Mo 3d

Energy from ion impacts can be 
distributed over a large volume

in the sample
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Angle resolved XPS

46

Alternative means for depth profiling:
◦ Consecutive XPS measurements are done while tilting the 

sample at increasing angles

◦ Escape depth for electrons decreases with increasing angle

◦ Higher surface sensitivity

◦ Reliable results only if surface is smooth enough!
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Imaging methods

47

Image:
◦ Positions x and y scanned

◦ x,y-position vs photoelectron 
intensity

◦ Resolution: ~50 μm

Image:
◦ Voltages Vx and Vy 

scanned

◦ Photoelectron intensity 
collected from different 
points in time sequence

◦ Resolution: ~10 μm
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XPS study of paint

48

Elemental maps using C 1s, O 1s, Cl 2p, and Si 2p signals.
Cross-sectional microscopy image
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XPS study of paint – chemical state

49

C 1s chemical state maps.
Cross-sectional microscopy image
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Imaging methods

50

Image:
◦ x,y position in e-

detector vs 
photointensity

◦ Resolution: ~3 μm

◦ Chemical state can be identified for each “spot” in image
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X-Ray production

51

◦ X-ray tubes:
◦ Continuous Bremsstrahlung

◦ Characteristic peaks that depend on the anode material

◦ Unnecessarily large X-ray load & unwanted 
satellites in the spectra

◦ Solution: Monochromator

Select single energy
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X-Ray monochromator

52

Advantages of X-monochromator:
◦ Narrow peak width, focusing of beam

◦ Reduced background, no satellite or ghost peaks

Disadvantage: 
◦ 10-40 times lower intensity

unfiltered

monochromatized

For Al Kα:
λ = 8.3 Å

Quartz (1010) 
planes:
d = 4.25 Å
θ = 78.5°

Bragg diffraction:
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Synchrotron sources

53

◦ High intensity and resolution, energy tunability, 
polarization, pulsed beam, focused beam

◦ Big facilities: high cost – shared facilities 
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