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http://www.us.kohler.com/faucets/index.jsp
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άDƻŘ ƳŀŘŜ ǘƘŜ ōǳƭƪΤ ǘƘŜ ǎǳǊŦŀŎŜ ǿŀǎ ƛƴǾŜƴǘŜŘ ōȅ 
ǘƘŜ ŘŜǾƛƭΦέ

φWolfgang Pauli



Particle Surface Interactions
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Bulk Analysis

>1000 nm <10 nm

Surface AnalysisThin-film Analysis

100 nm

What is the Surface?
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For an electron with KE = 1 eV and rest 
mass energy of 0.511 MeV, the de Broglie 
wavelength is 1.23 nm (~1000X less than a 
1 eV photon). 

http://hyperphysics.phy-astr.gsu.edu/hbase/davger.html#c1

http://hyperphysics.phy-astr.gsu.edu/hbase/davger.html#c1


Particle Surface Interactions
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X-ray Photoelectron Spectroscopy (XPS)
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X-ray Photoelectron  Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical Analysis (ESCA) is a widely used 

technique to investigate the chemical composition of  surfaces.

X-ray1 Photoelectron spectroscopy, based on the photoelectric effect,2,3 was developed in the mid-1960Ωǎ as a practical technique by Kai 
Siegbahn and his research group at the University of Uppsala, Sweden.4

Heinrich Rudolf Hertz Albert Einstein Kai M. SiegbahnWilhelm Conrad Röntgen

1. W. RöntgenΣ мфлм bƻōŜƭ tǊƛȊŜ ƛƴ tƘȅǎƛŎǎ άƛƴ ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ ǘƘŜ ŜȄǘǊŀƻǊŘƛƴŀǊȅ ǎŜǊǾƛŎŜǎ ƘŜ Ƙŀǎ ǊŜƴŘŜǊŜŘ ōȅ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ ǊŜƳŀǊƪŀōƭe rŀȅǎ ǎǳōǎŜǉǳŜƴǘƭȅ ƴŀƳŜŘ ŀŦǘŜǊ ƘƛƳΦέ
2. IΦ IŜǊǘȊΣ άÜber einen Einfluss des ultravioletten Lichtes auf die electrische EntladungΣέ !ƴƴΦ Physik 31,983 (1887). The IEEE Heinrich Hertz Medal was established by the Board of Directors in 1987 "for outstanding 

achievements in Hertzian όǊŀŘƛƻύ ǿŀǾŜǎΦέ
3. !Φ 9ƛƴǎǘŜƛƴΣ άÜber einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen GesichtspunktΣέ !ƴƴΦ Physik  17Σмон όмфлрύΦ мфнм bƻōŜƭ tǊƛȊŜ ƛƴ tƘȅǎƛŎǎ άŦƻǊ Ƙƛǎ ǎŜǊǾƛŎŜǎ ǘƻ ¢ƘŜƻǊŜǘƛŎŀƭ tƘȅǎƛŎǎΣ ŀƴŘ 

ŜǎǇŜŎƛŀƭƭȅ ŦƻǊ Ƙƛǎ ŘƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ ƭŀǿ ƻŦ ǘƘŜ ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŜŦŦŜŎǘΦέ
4. 4. K. Siegbahn, Et. Al.,Nova Acta Regiae Soc.Sci., {ŜǊΦ L±Σ ±ƻƭΦ нл όмфстύΦ мфум bƻōŜƭ tǊƛȊŜ ƛƴ tƘȅǎƛŎǎ άŦƻǊ Ƙƛǎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ ŜƭŜŎǘǊƻƴ ǎǇŜctǊƻǎŎƻǇȅΦέ



X-ray Photoelectron Spectroscopy Small Area Detection
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X-ray Beam

X-ray penetration 
depth ~1mm.
Electrons can be 
excited in this 
entire volume.

X-ray excitation area ~1 mm-1 cm diameter.  Electrons 
are emitted from this entire area

Electrons are extracted only 

from a narrow solid angle.

10 mm- 1 mm dia.

10 nm



Photoelectron and Auger Electron Emission
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BE ς binding energy depends on Z, i.e. characteristic for the element

Eincident X-ray = hn

KE  (measured) = hn (known) - BE - Fspec (calibrated)

Calculate: BE = hn - KE - Fspec
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Photoelectron and Auger Electron Emission
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Photoelectron and Auger Electron Emission
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Photoelectron and Auger Electron Emission
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Photoelectron and Auger Electron Emission
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Photoelectron and Auger Electron Emission
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Mg Ka = 1253.6 eV
              Al Ka = 1486.6 eV
         Ag La = 2984.3 eV
    Cr Ka = 5414.8 eV
Ga Ka = 9252.1 eV

XPS can probe all of the orbitals in only the light elements. 
e.g. BE C 1s = 285 eV, Mg 1s =1304 eV, Au 1s º 81000 eV

Conduction Band Fermi 
Level

Valence Band



Surface Sensitivity: Electron Spectroscopy
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Inelastic Mean-Free Path: The mean distance an electron can travel between inelastic scattering events.

Inelastic mean-free paths (calculated) based on TPP-2M*

Electrons travel only a few 
nanometers through solids.XPS

*S. Tanuma, C. J. Powell, D. R. Penn, Surface and 
Interface Analysis, 36, 1 (2004).



Surface Sensitivity: Electron Spectroscopy
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Assuming Inelastic Scattering Only

Beer-Lambert relationship:
I = I0exp(-d/lcosq)
where d = depth  

l = Inelastic mean free path

at 3l, I/I0 = 0.05

at 1000 eV, l º 1.6 nm

95% of the signal comes from within 5 nm of the surface or less!

I/I0

d/l
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Ratio: 100
Mt. Hood Prominence: 7707 feet
Douglas Fir Height: ~77  feet

Ratio: 10000
Fingerprint Residue: ~50000 nm
XPS Sensitivity: ~5 nm



Surface Sensitivity: Electron Spectroscopy
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Advantage Disadvantage

X-ray Photoelectron Spectroscopy

Extremely surface sensitive! Extremely surface sensitive!

https://phys.org/news/2019-05-substrate-defects-key-growth-d.html



Ion Sputtering
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ωIons striking a surface interact with atoms in a series collisions.
ω ǊŜŎƻƛƭŜŘ ǘŀǊƎŜǘ ŀǘƻƳǎ ƛƴ ǘǳǊƴ ŎƻƭƭƛŘŜ ǿƛǘƘ ŀǘƻƳ ŀǘ ǊŜǎǘ ƎŜƴŜǊŀǘƛƴƎ ŀ Ŏƻƭƭƛǎƛƻƴ ŎŀǎŎŀŘŜΦ
ω ¢ƘŜ ƛƴƛǘƛŀƭ ƛƻƴ ŜƴŜǊƎȅ ŀƴŘ ƳƻƳŜƴǘǳƳ ŀǊŜ ŘƛǎǘǊƛōǳǘŜŘ ŀƳƻƴƎ ǘƘŜ ǘŀǊƎŜǘ ǊŜŎƻƛƭ ŀǘƻƳǎΦ
ω ²ƘŜƴ Ei Ҕ м ƪŜ±Σ ǘƘŜ ŎŀǎŎŀŘŜ ƛǎ άƭƛƴŜŀǊΣέ i.e. approximated by a series of binary collisions in a stationary matrix.

tΦ {ƛƎƳǳƴŘΣ ά{ǇǳǘǘŜǊƛƴƎ ōȅ ƛƻƴ ōƻƳōŀǊŘƳŜƴǘΥ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻƴŎŜǇǘǎΣέ ƛƴ Sputtering by particle bombardment I, edited by R. Behrish, Springer-Verlag, 1981.
Image credit: https://ulvac-phi.com/

Ar+ Arn
+



15 KeV Ga+ 15 KeV C60
+

Sputtering animations and review articles (psu.edu): https://garrison.chem.psu.edu/research/classic -sputtering-animations-and-review-papers/

https://garrison.chem.psu.edu/research/classic-sputtering-animations-and-review-papers/
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X-ray Photoelectron Spectrometer
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Image credit: https://www.kratos.com/



Gas-cluster Ion Source (GCIS)
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Elemental Shifts
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Electron-Nucleus Separation

Binding Energy

Look for changes here by observing 
electron binding energies

Nucleus

Fermi Level

Pure Element

Electron
Electron-nucleus 
attraction

Electron-electron 
repulsion



Elemental Shifts
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©okiraa.com 

For a given orbital
Binding energy will increase



Elemental Shifts
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Core Level Binding Energies



Elemental Shifts ς Higher Energy X-ray Sources
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Jonathan D. P. Counsell; Alex G. Shard; David J. Cant; Christopher J. Blomfield; Parnia Navabpour; Xiaoling 
Zhang; Surface Science Spectra 28, 024005 (2021). DOI: 10.1116/6.0001389
Copyright © 2021 Author(s)

Ag La
2984.3 eV



Elemental Shifts ς Higher Energy X-ray Sources

29© 2025 University of Illinois Board of Trustees.  All rights reserved.

I. Hoflijk, A. Vanleenhove, I. Vaesen, C. Zborowski, K. Artyushkova, T. Conard; High energy x-ray 

photoelectron spectroscopy spectra of Si3N4 measured by Cr KŬ.Surface Science Spectra 1 June 

2022; 29 (1): 014013. https://doi.org/10.1116/6.0001524

Cr Ka
5414.8 eV

https://doi.org/10.1116/6.0001524


Elemental Shifts ς Higher Energy X-ray Sources
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Anja Vanleenhove, Fiona Crystal Mascarenhas, Ilse Hoflijk, Inge Vaesen, Charlotte Zborowski, 

Thierry Conard; HAXPES on SiO2 with Ga KŬ photons. Surface Science Spectra 1 June 2022; 29 (1): 

014012. https://doi.org/10.1116/6.0001523

Ga Ka
9252.1 eV

https://doi.org/10.1116/6.0001523


Elemental Shifts
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Binding Energy (eV)

Element 2p3/2 3p D

Sc 399 29 370

Ti 454 33 421

V 512 37 475

Cr 574 43 531

Mn 639 48 591

Fe 707 53 654

Co 778 60 718

Ni 853 67 786

Cu 933 75 858

Zn 1022 89 933

First-Row Transition Metals



Elemental Shifts: Transition Metal Nitrides

32© 2025 University of Illinois Board of Trustees.  All rights reserved.

First-Row Transition Metal Nitrides: ScN, TiN, VN, and CrN

R. T. Haasch, T.-Y. Lee, D. Gall, C.-S. Shin, J. E. Greene, I. Petrov, Surf. Sci. Spectra, 7, 169 (2000), Surf. Sci. Spectra, 7, 193 (2000), Surf. Sci. Spectra, 7, 221 (2000), Surf. 
Sci. Spectra, 7, 250 (2000).

XPS Core-level
binding energies 
increase

Auger transition
kinetic energies 
increase (binding 
energies decrease)



Spin-orbit Splitting
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wΦ ¢Φ IŀŀǎŎƘΣ ά·-Ǌŀȅ tƘƻǘƻŜƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό·t{ύ ŀƴŘ !ǳƎŜǊ 9ƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό!9{ύΣέ ƛƴ Practical Materials Characterization, M. Sardela, ed., (Springer 
Science + Business Media, New York, 2014). ISBN 978-1-4614-9280-1. doi: 10.1007/978-1-4614-9281-8_3.
Atomic Orbitals and Quantum Numbers. (2019, June 5). https://chem.libretexts.org/@go/page/122444



Spin-orbit Splitting
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Electron spin: s = ± ½

Orbital angular momentum:
 l Ґ лΣ мΣ нΣ о Χ ŦƻǊ s, p, d, f orbitals

j = | l ± s|

Momentum quantum number:
 mj, -j to j (2j + 1 states)

wΦ ¢Φ IŀŀǎŎƘΣ ά·-Ǌŀȅ tƘƻǘƻŜƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό·t{ύ ŀƴŘ !ǳƎŜǊ 9ƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό!9{ύΣέ ƛƴ Practical Materials Characterization, M. Sardela, ed., (Springer 
Science + Business Media, New York, 2014). ISBN 978-1-4614-9280-1. doi: 10.1007/978-1-4614-9281-8_3.
Atomic Orbitals and Quantum Numbers. (2019, June 5). https://chem.libretexts.org/@go/page/122444



Graphene Transfer
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A sustainable approach to large area transfer of graphene

M. C. Wang, W. Moestopo, S. Takekuma, S. Farabi, R. T. Haasch, S.-²Φ bŀƳΣ ά{ǳǎǘŀƛƴŀōƭŜ ŀǇǇǊƻŀŎƘ ŦƻǊ ƭŀǊƎŜ ŀǊŜŀ ǘǊŀƴǎŦŜǊ ƻŦ ƎǊŀǇƘŜƴŜ ŀƴŘ ǊŜŎȅŎƭŜ ƻŦ ǘƘŜ Ŏŀǘŀƭȅǎǘ 
ǎǳōǎǘǊŀǘŜΣέ J. Mater. Chem. C, 5, 11226 (2017). doi:10.1039/c7tc02487h. 

a) XPS survey of CO2 delamination (from dry ice)
b) Chemically etched (sodium persulphate)
c) NaCl electrolyte delaminated
d) CO2 delamination using compressed CO2 from soda 

maker
e) Delamination using carbonic acid generated from dry 

ice pellets

http://dx.doi.org/10.1039/c7tc02487h


Chemical Shifts
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Carbon-Oxygen Bond

Valence Level
  C 2p

Core Level
        C 1s

Carbon Nucleus

Oxygen Atom

C 1s Binding Energy

Electron-oxygen atom 
attraction
(Oxygen Electro-
negativity)

Electron-nucleus 
attraction (Loss of 
Electronic Screening)

Shift to higher 
binding energy

Electronegativity Effects

Electronegativity

Functional Group C 1s Binding Energy

hydrocarbon C-H, C-C 285.0

amine C-N 286.0

alcohol, ether C-O-H, C-O-C 286.5

Cl bound to C C-Cl 286.5

F bound to C C-F 287.8

carbonyl C=O 288.0



Chemical Shifts
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XPS of polymethylmethacrylate

wΦ ¢Φ IŀŀǎŎƘΣ ά·-Ǌŀȅ tƘƻǘƻŜƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό·t{ύ ŀƴŘ !ǳƎŜǊ 9ƭŜŎǘǊƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ό!9{ύΣέ ƛƴ Practical Materials Characterization, M. Sardela, ed., (Springer 
Science + Business Media, New York, 2014). ISBN 978-1-4614-9280-1. doi: 10.1007/978-1-4614-9281-8_3.


