




























































• ESCA (also known as X-ray photoelectronESCA (also known as X ray photoelectron 
spectroscopy, XPS) is based on the 
photoelectron effect.  A high energy X-ray 
photon can ionize an atom, producing an ejected 
free electron with kinetic energy KE:

• KE = hν - BE
• hν =photon energy (e.g., for Al Kα =1486.6 eV)

BE=energy necessary to remove a specific electron 
from an atom.  BE   ~   orbital energy



Basics of Light, EM Spectrum, and X-rays
Li ht t k f R di i i f d i ibl lt i l t X d• Light can take on many forms. Radio waves, microwaves, infrared, visible, ultraviolet, X-ray and 
gamma radiation are all different forms of light.

• The energy of the photon tells what kind of light it is. Radio waves are composed of low energy 
photons. Optical photons--the only photons perceived by the human eye--are a million times 
more energetic than the typical radio photon. The energies of X-ray photons range from 
hundreds to thousands of times higher than that of optical photons.

• Very low temperatures (hundreds of degrees below zero Celsius) produce low energy radio and 
microwave photons, whereas cool bodies like ours (about 30 degrees Celsius) produce infrared p ( g ) p
radiation. Very high temperatures (millions of degrees Celsius) produce X-rays.



• All energies expressed in electron volts 
( V)(eV);

• 1 eV=1.6x10-19 J
• In ESCA, you know hν & you 

measure KE; this determines BE.
• Photoelectron process:  Consider an 

ensemble of C atoms.  Each C atom has 
6 l t i 1 2 2 bit l C 1 26 electrons in 1s, 2s, 2 p orbitals:  C 1s2

2s2 2 p2







• Different orbitals give Different peaks in g p
spectrum

• Peak intensities depend on 
Photoionization cross section (largest forPhotoionization cross section (largest for 
C 1s)

• Extra peak: Auger emission



• http://www nuance northwestern edu/keckihttp://www.nuance.northwestern.edu/kecki
i/xps1.asp







Be careful: elements with similar 

BEs    C1s & Ru3d; Ar2p & Rb 3p







e.g., 50 eV electrons, l~5Å, t < 15Å
1200 eV electrons, l~20Å , t< 60Å

Important factor is surface sensitivity;  
short mean free path l for Inelastic 

l t tt i
Enhance surface sensitivity by grazing 
take-off.

electron scattering.
95% of signal comes from top layer 
(t=3l)



• Applicationspp

• -- Surface contamination
• -- Failure analysis
• -- Effects of surface treatments
• -- Coating, films
• -- Tribological effects

• -- Depth Profiling (Ar+ sputtering







The Electromagnetic SpectrumThe Electromagnetic Spectrum

•



• Others • PhotoelectronOthers
• Photon must be in 

resonance with 

Photoelectron
• Photons just need 

enough energy to 
transition energy

• Measure absorbance 

g gy
eject electron

• Measure kinetic 
or transmittance of 
photons

energy of ejected 
electrons

• Can photon energies • Monochromatic 
photon source



WHY WOULD A CHEMIST CARE ABOUT IONIZATIONS ANYWAY?

• Models for description of electronic structure are typically based on an 
orbital approximation

• Tjalling C Koopmans “ordering of wave functions and eigen values to theTjalling C Koopmans ordering of wave functions and eigen values to the 
individual electrons of an atom” Physical 1,104 (1933).

• Koopman’s theorem “ The negative of an energy of an occupied orbital 
from a theoretical calculation is equal to the vertical ionization energy 
due to the removal of an electron from that orbital”due to the removal of an electron from that orbital”

• n
• Ψ = Π Φi (I.E.) i =  - (Εi-)
• 11



• Ionization is still a transition betweenIonization is still a transition between 
states

• Initial state ( neutral or ion)• Initial state ( neutral or ion)
• Final state ( atom/molecule/ion after an 

l t i d l th j t delectron is removed plus the ejected 
electron)

• M   -- M+ +  e-



What took so long?What took so long?
• Development of electron kinetic energy 

analyzers with sufficient resolution to beanalyzers with sufficient resolution to be 
useful.
D l t f it bl f• Development of suitable sources of 
ionizing radiation, vacuum UV, soft X ray

• Development of electron detectors
• Development of UHV technologyp gy



General overview of spectroscopyp py

• Spectroscopy uses interaction of electromagnetic radiation 
with matter to learn about the matterwith matter to learn about the matter.

• If the electromagnetic radiation is in resonance with the energy 
spacing between different states ( electronic, vibrational, 

i l ) f di i ill b b b d drotational, etc) of matter, radiation will be absorbed and 
transitions will occur.

• The radiation that is transmitted through the sample is 
measured and spectrum can be reported as either transmittance 
or absorbance of radiation

• Photoelectron spectroscopy is entirely different.Photoelectron spectroscopy is entirely different.



Historical TimelineHistorical Timeline  
• First spectrophotometer: 1850s
• First IR:1880s• First IR:1880s 
• First crystallography: 1912 
• First NMR: 1938• First NMR: 1938 
• First EPR: 1944 

Fi t PES 1957• First PES: 1957



Kai Seigbahn g
Development of X-ray Photoelectron Spectroscopy 
• Kai Seigbahn: Development of X-ray Photoelectron g p y

Spectroscopy Nobel Prize in Physics 1981 
• (His father, Manne Siegbahn, won the Nobel Prize in 

Ph i i 1924 f th d l t f XPhysics in 1924 for the development of X-ray 
spectroscopy) C. Nordling E. Sokolowski and K. 
Siegbahn, Phys. Rev. 1957, 105, 1676.S egb , ys. ev. 9 7, , 7 .





David TurnerDavid Turner 
• Development of Ultraviolet Photoelectron 

Spectroscopy :Spectroscopy : 
• David Turner: Development of Ultraviolet 

Photoelectron Spectroscopy D.W. Turner andPhotoelectron Spectroscopy D.W. Turner and 
M.I. Al Jobory, J. Chem. Phys. 1962, 37, 3007



Applications of photoelectron 
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Auger Electron Spectroscopy

Auger Electron Spectroscopy (Auger spectroscopy or AES) was developed in the late 1960's , deriving 
its name from the effect first observed by Pierre Auger, a French Physicist, in the mid-1920's. It is a 
surface specific technique utilizing the emission of low energy electrons in the Auger process and is p q g gy g p
one of the most commonly employed surface analytical techniques for determining the composition of 
the surface layers of a sample.

Electronic Structure - Isolated Atoms Electronic Structure - Solid StateElectronic Structure Isolated Atoms

The diagram below schematically illustrates the energies of the 
various electron energy levels in an isolated, multi-electron atom, 
with the conventional chemical nomenclature for these orbitals 
given on the right hand side. It is convenient to expand the part of 

Electronic Structure Solid State

In the solid state the core levels of atoms 
are little perturbed and essentially remain 
as discrete, localized (i.e. atomic-like) 
levels. The valence orbitals, however, 

the energy scale close to the vacuum level in order to more clearly 
distinguish between the higher levels .... 

overlap significantly with those of 
neighboring atoms generating bands of 
spatially-delocalized energy levels

electronic structure of Na metal : 
For more details, see http://www.chem.qmw.ac.uk/surfaces/scc/scat5_1.htm



Physics basis
I Ionization II Relaxation & Auger EmissionI. Ionization

The Auger process is initiated by creation of a core hole –
this is typically carried out by exposing the sample to 
a beam of high energy electrons (typically having a 
primary energy in the range 2 - 10 keV). Such 

II. Relaxation & Auger Emission

The ionized atom that remains after the removal of the core 
hole electron is, of course, in a highly excited state and will 
rapidly relax back to a lower energy state by one of two 
routes :p y gy g )

electrons have sufficient energy to ionize all levels of 
the lighter elements, and higher core levels of the 
heavier elements. 

In the diagram below, ionization is shown to occur by 
removal of a K-shell electron, but in practice such a 

d th d f i i ti ill l d t i ith

routes : 
X-ray fluorescence , or 
Auger emission 

We will only consider the latter mechanism, an example of 
which is illustrated schematically below ....

crude method of ionization will lead to ions with 
holes in a variety of inner shell levels. 

In some studies, the initial ionization process is instead 
carried out using soft x-rays ( hν = 1000-2000 eV ).
In this case, the acronym XAES is sometimes used. 
As we shall see however this change in the methodAs we shall see, however, this change in the method 
of ionization has no significant effect on the final 
Auger spectrum

a rough estimate of the KE of the Auger electron from the 
binding energies of the various levels involved. 
In this particular example,  
KE = ( EK - EL1 ) - EL23 = EK - ( EL1 + EL23 )

Note : the KE of the Auger electron is independent of theNote : the KE of the Auger electron is independent of the 
mechanism of initial core hole formation.



Physics basis
An Auger transition is therefore characterized primarily by :-

1. the location of the initial hole 
2. the location of the final two holes 

although the existence of different electronic states (terms) of the final doubly-ionized atom may lead to fine structure 
in high resolution spectra. 
When describing the transition, the initial hole location is given first, followed by the locations of the final two holes in
order of decreasing binding energy.  i.e. the transition illustrated is a KL1L2,3 transition . 

In general, since the initial ionisation is non-selective and the initial hole may therefore be in various shells, there will 
be many possible Auger transitions for a given element - some weak, some strong in intensity. AUGER 
SPECTROSCOPY i b d th t f th ki ti i f th itt d l t E h l t iSPECTROSCOPY is based upon the measurement of the kinetic energies of the emitted electrons. Each element in a 
sample being studied will give rise to a characteristic spectrum of peaks at various kinetic energies. 

This is an Auger spectrum of Pd metal - generated using a 2.5 keV electron beam to produce the initial core vacancies and hence to stimulate 
the Auger emission process. The main peaks for palladium occur between 220 & 340 eV. The peaks are situated on a high background which 
arises from the vast number of so-called secondary electrons generated by a multitude of inelastic scattering processes. 

f ff f fAuger spectra are also often shown in a differentiated form : the reasons for this are partly historical, partly because it is possible to actually 
measure spectra directly in this form and by doing so get a better sensitivity for detection. The plot below shows the same spectrum in such a 
differentiated form.

Hi h d l t b k dHigh secondary electron background



Photoelectron SpectroscopyPhotoelectron Spectroscopy
Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive analysis of 
the emitted photoelectrons to study the composition and electronic state of the surface
region of a sampleregion of a sample. 

Traditionally, when the technique has been used for surface studies it has been 
subdivided according to the source of exciting radiation into : 

X-ray Photoelectron Spectroscopy (XPS) 
- using soft x-ray (200-2000 eV) radiation to 
examine core-levels. 

Ultraviolet Photoelectron Spectroscopy (UPS) - using vacuum UV (10-45 eV) radiation to 
examine valence levels. 

The development of synchrotron radiation sources has enabled high resolution studies to be 
carried out with radiation spanning a much wider and more complete energy range ( 5 - 5000+ 
eV ) but such work is, and will remain, a very small minority of all photoelectron studies due to 
the expense, complexity and limited availability of such sources.

For more details, see http://www.chem.qmw.ac.uk/surfaces/scc/scat5_1.htm



Physics Basis
- Photoelectron spectroscopy is based upon a single photon in/electron out process and from many 
viewpoints this underlying process is a much simpler phenomenon than the Auger process.
- Photoelectron spectroscopy uses monochromatic sources of radiation (i.e. photons of fixed energy).

- In XPS the photon h ν is absorbed by an atom in a molecule or solid, leading to ionization and the emission of a core p y , g
(inner shell) electron. By contrast, in UPS the photon interacts with valence levels of the molecule or solid, leading to 
ionization by removal of one of these valence electrons. 

- The kinetic energy distribution of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a function of 
their kinetic energy) can be measured using any appropriate electron energy analyser and a photoelectron spectrum 

th b d dcan thus be recorded. 

KE: photoelectron's kinetic energyKE: photoelectron s kinetic energy
BE: the binding energy of the electron 

KE = hν - BE

NOTE - the binding energies (BE) of energy levels in solids are g g ( ) gy
conventionally measured with respect to the Fermi-level of the 
solid, rather than the vacuum level. This involves a small 
correction to the equation given above in order to account for the 
work function (F) of the solid, but for the purposes of the 
discussion below this correction will be neglected.



Experimental Detailspe e ta eta s
The basic requirements for a photoemission experiment (XPS or UPS) are:
1. a source of fixed-energy radiation (an x-ray source for XPS or, typically, a He discharge lamp for 
UPS)

2. an electron energy analyzer (which can disperse the emitted electrons according to their kinetic 
energy, and thereby measure the flux of emitted electrons of a particular energy)

3. a high vacuum environment (to enable the emitted photoelectrons to be analyzed without 
interference from gas phase collisions)

Such a system is illustrated schematically below:

Note: There are many different designs of 
electron energy analyzer but the preferred option 
for photoemission experiments is a concentricfor photoemission experiments is a concentric 
hemispherical analyzer (CHA) which uses an 
electric field between two hemispherical surfaces 
to disperse the electrons according to their 
kinetic energy.



X-ray Photoelectron Spectroscopy (XPS)
- For each and every element, there will be a characteristic binding energy associated with each core atomic orbital i.e. 
each element will give rise to a characteristic set of peaks in the photoelectron spectrum at kinetic energies determined 
by the photon energy and the respective binding energies. 
- The presence of peaks at particular energies therefore indicates the presence of a specific element in the sample under 
study - furthermore, the intensity of the peaks is related to the concentration of the element within the sampled region. 
Thus, the technique provides a quantitative analysis of the surface composition and is sometimes known by the 
alternative acronym , ESCA (Electron Spectroscopy for Chemical Analysis). 
The most commonly employed x-ray sources are those giving rise to : 

Al KMg Kα radiation : hν = 1253.6 eV
Al Kα radiation : hν = 1486.6 eV 

- The emitted photoelectrons will therefore have kinetic energies in the range of ca. 0 - 1250 eV or 0 - 1480 eV . 
Since such electrons have very short inelastic mean free paths (IMFPs) in solids, the technique is necessarily 
surface sensitive. 

- The diagram shows a real 
XPS spectrum obtained from a 
Pd metal sample sing Mg KPd metal sample using Mg Kα
radiation 

the main peaks occur at kinetic 
energies of ca. 330, 690, 720, 
910 and 920 eV. 



Chemical Shifts
The exact binding energy of an electron depends not only upon the level from which photoemission is occurring, but 
also upon : 
- the formal oxidation state of the atom 
- the local chemical and physical environment 

Changes in either (1) or (2) give rise to small shifts in the peak positions in the spectrum - so-called chemical shifts .
Such shifts are readily observable and interpretable in XP spectra (unlike in Auger spectra) because the technique : 
- is of high intrinsic resolution (as core levels are discrete and generally of a well-defined energy) 
- is a one electron process (thus simplifying the interpretation) 

At f hi h iti id ti t t hibit hi h bi di d t th t l bi i t tiAtoms of a higher positive oxidation state exhibit a higher binding energy due to the extra coulombic interaction 
between the photo-emitted electron and the ion core. This ability to discriminate between different oxidation states 
and chemical environments is one of the major strengths of the XPS technique. 

N t I ti th bilit t l b t tNote: In practice, the ability to resolve between atoms 
exhibiting slightly different chemical shifts is limited by 
the peak widths which are governed by a combination 
of factors ; especially 
- the intrinsic width of the initial level and the lifetime 
of the final stateof the final state 
- the line-width of the incident radiation - which for 
traditional x-ray sources can only be improved by 
using x-ray monochromators 
- the resolving power of the electron-energy analyzer 

In most cases, the second factor is the major 
contribution to the overall line width.

Example: Oxidation States of Titanium. Titanium exhibits very large 
chemical shifts between different oxidation states of the metal; in 
the diagram below a Ti 2p spectrum from the pure metal (Tio ) is 
compared with a spectrum of titanium dioxide (Ti4+ ).








































