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1. Photoelectron emission
Overview of
X-ray photoemission process
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Kinetic energy of the
emitted photoelectron
is measured.

When solid surface is
irradiated with energetic light
such as characteristic X-ray (Al
Kα, Mg Kα, etc.),
photoelectrons are emitted
from the solid surface
(Photoelectric effect).
X-ray Photoelectron
Spectroscopy (XPS) or ESCA
( Electron Spectroscopy for
Chemical Analysis) is an
analytical technique which
analyzes various electronic
states of solid surface such as
the atomic compositions and
the chemical states of the
atoms by measuring the kinetic
energies of the emitted
photoelectrons.
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1. Photoelectron emission
Energy Diagram of Photoemission
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The energy diagram of the
photoelectron emission is
simply shown on the left.
The process starts when the
specimen is irradiated by X-ray
with a known energy of h.
Core level electron receives
the photon energy and is
emitted as a photoelectron.
Kinetic energy of the photoelectron is determined upon the
energy conservation law:
h＝Eb＋Ek＋Φ.
Φ is the work function of the
analyzer.
Because the energy of the
photon is known, and the
kinetic energy of the
photoelectron is measured, the
binding energy is exactly
determined.
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2. Qualitative Analysis
Binding Energy Table of Atomic Core
Levels

The binding energy of core
levels are characteristic of each
element.
If the binding energy of the
core level is less than the X-ray
energy (hν), photoelectrons are
generated in samples.
Using Al Kα characteritic Xray (photon energy of
1486.6eV and natural energy
width of 680meV) , the binding
energies of 1s core levels of
atoms whose atomic numbers
are less than Mg, and 2p core
levels of atoms whose atomic
numbers are less than As are
detected by XPS analyzers.
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3. Nomenclature of Photoelectron
Core Levels for Silver (Ag)
Ag
4d5/2
4d3/2
4p3/2
4p1/2
4s1/2

Photoelectron
Binding Energy

3d5/2
3d3/2
3p3/2
3p1/2
3s1/2

5 eV
58 eV
64 eV
97 eV
368 eV
374 eV
573 eV
604 eV
719 eV

2p3/2
2p1/2
2s1/2

3351 eV
3524 eV
3806 eV

1s1/2

25514 eV

In quantum mechanics, the
energy level of electrons in
atom is quantitized, and
quantum numbers often
describes the energy level.
In general, the binding
energy of the core levels of
atoms are represented by 3
quantum numbers;
i. Principal quantum number:
n=1,2,3,4,…
ii. Azimuthal quantum number:
ℓ=0(s),1(p),2(d),3(f)
iii. Total angular momentum
quantum number
1/2, 3/2, 5/2,…
Magnetic quantum number
and spin quantum number do
not describe the different
energy levels or degenerated.
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3. Nomenclature of Photoelectron
Spin-Orbit Coupling Interaction
For a p-type orbital,
6 electrons have the Total Angular momentum
same energy in nonmagnetic field

Magnetic quantum number
Spin magnetic quantum number

mj = ℓ+s = -3/2, -1/2, 1/2, -1/2, 1/2, 3/2

Because electron has spin
magnetism, spin and angular
momentum of the orbital
interact with each other through
magnetism (spin-orbit coupling
interaction).
Total angular momentum
“j=L+S” is the quantum number
which well describes the
energy levels of electron in the
atom.
Two subshells arise with
quantum numbers j, ℓ+½ and ℓ½ . The occupancy of each
subshell is “2j+1” with different
magnetic quantum numbers. In
other words, 2ℓ and 2ℓ+2,
respectively.
For an example of p orbital,
the energy level has two
subshells of p3/2 and p1/2, and 4
and 2 electrons are
degenerated.(intensity ratio is
2:1)
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4. Quantitative Analysis

Photoionization
Cross Section

Theoretical Photoelectron Emission
Efficiency

Atomic Number

Emitted photoelectron peak
intensity can be examined for
quantitative analysis using by
correction factors.
The left figure shows the
theoretical photoelectron
emission efficiency
(photoionization cross section
in Mega barns/atom) with
respect to core levels of each
element. As shown in the figure,
most of the elements have
specific core levels which show
intense photoelectron emission.
On the other hand, it should
be noted that photoelectron
intensity for Hydrogen(H) or
Helium(He) is too low to be
detected by XPS. This is why
XPS is not virtually referred to
be able to detect H and He.
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Typical XPS spectrum
An XPS example of Silver foil

Intensity (count per seconds)

Ag XPS

3d5/2

3d3/2

3p3/2
3p1/2
3s
4s

1000

Binding Energy (eV)

4d
4p

An example of typical XPS
spectrum are shown for silver
foil.
the photoelectron intensity
expressed in count per second
is plotted with respect to the
binding energy calculated from
the measured kinetic energy of
photoelectron.
In the XPS spectrum, it is
shown that a peak will appear
in the spectrum for every orbital
with a binding energy less than
the photon energy.
For silver, every core level of
the atom above 3s level has a
binding energy below Al Kα
photon energy (1,486.6 eV) is
obtained.

0
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5. XPS instrumentations
X-ray source / electron energy analyzer / ion gun /
5-axis sample stage / sample viewing / ultra high
vacuum chamber

Electron Energy
Analyzer

Monochromated
X-ray Source

Spherical Analyzer (SCA)
E-Gun

Quartz
Monochromator

15-20 kV Electron

Al ka X-ray

Rowland
circle
Photoelectron
Al Anode

Multi-channel
Detector

An XPS apparatus consists
of X-ray source, electron
energy analyzer, ion guns for
sample cleaning and etching,
5-axis goniometer stage,
sample viewing such as CCD
camera, ultra high vacuum
chamber with ion pump and/or
turbo molecular pump.
The latest XPS instruments
are equipped with X-ray
monochromator to remove
satellite X-ray lines such as Kβ
and to suppress energy spread
of characteristic X-ray. In
addition, the remarkable
improvement of cluster ion gun
has realized organic depth
profiling.

Sample
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6. Merit of X-ray monochromator
Photon energy spread of Al Kα

Al Kα x-rays

NonMonochromated
680 meV FWHM

Monochromated
~ 200meV FWHM

Previous, conventional XPS
utilized window-filtered
characteristic X-ray which
caused several complications
for interpretation of XPS
spectra.
1. Bremsstrahlung background
2. Satellite lines such as Kβ,
Kα3,4, Kα5,6 which made very
difficult to assign XPS peaks
3. Heat from x-ray source and
high energy electron from x-ray
filter introduce sample
damages
Using monochromated X-ray
source enables higher energy
resolution, and provides less
complicated XPS spectra.

Photon Energy
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6. Merit of X-ray monochromator
Example of “Teflon” C 1s XPS
with and without monochromator

Peak intensity
decreased during
the measurement

Background intensity Satellite peaks
increased during the derived from Kα3,4
measurement
X-ray line

XPS C 1s high energy
resolution scan for poly tetra
fluoro ethylene (Teflon) is
shown.
Using conventional nonmanochromated XPS, the
spectrum has several
problems:
1. Kα3,4 satellite peaks made it
impossible to discuss small
amount of other chemical
species or peaks.
2. Sample damage derived
from hot electron or excess xray was shown during the
measurement.
Using the monochromated
XPS, spectrum was simple
and it was clearly observed that
the surface is consist of single
peak.
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What is obtained from XPS wide spectrum:
Surface chemical composition

-O 2s

-O KLL

c/s

Atom %
C 71%
O 29%

-C 1s

PET

-O 1s

Wide (survey) XPS Spectrum of
Poly(ethylene terephthalate)

1000

800

600
400
Binding energy (eV)

200

0

Several peaks are
observed in a XPS wide
energy range spectrum,
corresponding to every core
level with a binding energy
less than the X-ray energy. In
the wide spectrum of a PET,
O 1s, C 1s, and O 2s peaks
are observed and assigned.
Auger peak labeled by O KLL
is also appeared in the
spectrum.
After multiplying sensitivity
correction factors to the peak
intensity of O 1s and C 1s,
the quantitative analysis
result showed 71% carbon
and 29% oxygen (except for
hydrogen). This result roughly
corresponds to the atomic
composition of PET (71.4%
and 28.6%).
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What is obtained from XPS narrow spectrum:
Chemical States of the atom

XPS C 1s narrow spectrum
(high energy resolution spectrum)
PET
Poly(ethylene terephthalate)
3 O

2

c/s

C O CH2 CH2

300

% of C
CH
62%
C-O
20%
O=C-O 17%

295

1
1

C 1s

O
O C

O-C=O C-O
3

2

290
285
Binding energy (eV)

CC,
CH

280

After acquisition and element
identification of the wide
spectrum, narrow spectra (high
energy resolution spectra) are
usually acquired. The narrow
XPS spectra provides the ratio
of each chemical states of the
sample surface.
C 1s XPS narrow spectrum
of PET indicates three peaks
corresponding to the chemical
structure. They are identified to
be CC+CH, C-O, and O-C=O.
Peak area intensity analysis
of curve fitting gives us the
surface quantification result of
63 %, 20 %, and 17 %,
respectively. This result roughly
corresponds to the chemical
composition of bulk PET (60,
20, and 20 %, respectively).
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7. Why Chemical Shift is observed in XPS
Valence charge induced Chemical Shifts

Oxidation increases binding energy
Reduction decreases binding energy
Electron Vacancy Due to Oxidation

Photoelectron

2p

1s

3/2
1/2

B.E.

B.E.
(Oxide)

Energy

2s

Ef
2p
2s
1s

The precise position of the
photoelectron peaks generally
indicates the local chemistry of
the emitting atom.
Magnitude and direction of
chemical shifts depends on the
atom and orbital being
observed. Some elements
show changes of 10eV with
chemical state while others
show less than one volts
variation.

B.E.:
Chemical shift
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XPS Chemical Shifts in detail
ΔEb = kΔq + ΔV - ΔER
ΔEb： Chemical shifts of the binding energy
q： valence charge of the atom
k:
correlation factor of valence charge and the
core level binding energy
V： Madelung Potential in the solid
ER: relaxation energy induced by photoemission

kΔq indicates that the
difference between the orbital
energy is proportional to the
difference of the valence
charge.
Since the valence charge of
the surrounding atoms and the
considering atom have reverse
number with each other, ΔV
generally have reverse sign
with Δq and it acts to cancel the
charge shift (the first term).
Large ionic radii of the atom
causes small k value and
sometimes results “reverse
direction” chemical shift.
If the degree to screen the
core hole between the two
states, the difference ΔER of the
relaxation energy is similar.
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8. Auger electron in XPS spectra
X-ray induced Auger electron peaks
in XPS spectra
Primary beam such as X-ray
Arom
2p
2s
1s

X-ray or
Electron

Emitted
Auger
electron

After primary energetic beam
such as X-ray or electron is
irradiated, the created core
hole is relaxed by upper level
electron. The excess energy is
emitted as X-ray, or an electron
receives the energy and
emitted as an Auger electron.
The latter process is called to
be Auger process, and the
emitted electron is called to be
Auger electron.
Auger process is one of the
post process of X-ray
photoemission and this is why
Auger peaks appear in XPS
spectra.
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8. Auger electron in XPS spectra
XPS Survey spectrum of Copper
sheet

932.5eV

Cu 2p

Peaks observed in the
spectrum correspond to every
orbital with a binding energy
less than the X-ray photon
energy. Cu 2p, 3s, and 3p
peaks denoted the core level
electrons of copper. Auger
peak labeled by Cu LMM is
also appeared in the spectrum.

Al source h = 1486.6eV

Auger electron
also has chemical
569eV shift, however,
more complicated
than that in XPS.

Cu LMM Auger Chemical shift
Cu LMM

Intensity

Cu metal

Cu 3p

Cu LMM
Cu 3s
-1200

-1000

-800

-600

-400

Binding energy (eV)

-200

CuO

Cu2O

0
585

575

565

555

Binding Energy (eV)
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9. XPS Chemical map
Chemical state induced Spectral
shape
Cu 2p

2p3/2
2p1/2

Cu2O or metal

High energy resolution Cu
2p XPS provides detailed
photoelectron spectra which
shows chemical states such as
metal, oxide, or sulfate.
These analysis let us to
evaluate surface oxidation
states, or chemical bonds of
metal surfaces.

CuO
s

s s

CuSO4
s s

970

s

950
Binding energy (eV)

s

925
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8. Auger electron in XPS spectra
Auger Parameters plot for Cu
Auger
Parameter
+ h

LMM
Kinetic
Energy
1853

1852

1851

921
1850
920

Cu(0)

1849

919

1848
918
1847

917

Cu(II)

916

On a plot of Cu 2p Binding
Energy vs LMM Kinetic Energy
Auger Parameter + hν lines of
constant value are diagonals.
Selected Data Points:
Com- Cu2p CuLMMa + hν
pounds BE(eV) KE(eV) (eV)
Cu2O
Cu
CuO
CuS

932.5
932.6
933.7
932.2

916.2
918.6
918.1
918.4

1848.7
1851.2
1851.8
1850.6

Cu(I)

915
914
913
938

937

936

935

934

933

932

931

930

Cu2p Binding Energy
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9. XPS measurement for further depth than 10
nm
Schematics of Ion Sputtering

Ar ion

Further in-depth XPS
analysis can be realized by
1. High kinetic energy
photoelectron detection by jigh
energy XPS, such as Cr Ka
2. Using normal smission
photoelectron (Angle resolved
XPS)
3. Removing the surface layer
by ion etching, such as Ar ion
Ion etching analyze the
deepest layers because it can
remove micro-meter-level
surface layers.

Ar ion penetrate the sample surface with several ten
nm with a few keV.
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Scematics of Depth Profiling
Sputter depth profiling

Up to a depth of only several
nm, surface analysis such as
XPS provides information
about materials.
If the area of interest is
deeper than the information
depth of the surface analysis, it
is essential to dig to the area of
interest by sputtering and the
like.
For sputtering, Ar ion is
generally used in the case of
non organic materials.
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10. Summary of XPS theory
• XPS detects every elements from Li to U. Elemental qualification
and quantification are feasible. Detection limit is generally 0.05
at %.

• Using high energy resolution spectra, chemical shift is observed ,
resulting in estimation of chemical states.
• Auger peak chemical shift is also useful.

• XPS uses X-ray as a probe. Consequently, XPS suits insulator
analysis because X-ray carry no charge, while the spatial
resolution is not good because X-ray is difficult to focus.
• There are a few restrictions on solid samples for XPS. For
example, samples should be stable in ultra high vacuum.
However, both inorganic and organic samples, including powder
samples, can be analyzed.
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