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XPS in a nut-shell

X-ray photoelectron spectroscopy (XPS) is a classical method for the
semiquantitative analysis of surface composition

It is also referred to as Electron Spectroscopy for Chemical Analysis (ESCA)

It is based on the photoelectric effect, i.e., emission of electron following
excitation of core level electrons by photons

It is surface sensitive because of the low inelastic mean free path of
electrons

An XPS setup consists of a X-ray source, a sample chamber and an electron
analyzer

XPS requires a monochromatic source of X-rays, i.e., either from a lab
based anode or from a synchrotron, with a X-ray monochromator in both
cases

Traditionally, XPS works only in ultrahigh vacuum because of scattering of
electrons in gases

Since recently, XPS can also be performed in the mbar pressure range



Photoemission Intensity (arb. units)

This is a photoelectron spectrum of TiO,
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This is a lab based XPS instrument
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The photoemission process
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KE = hv—-BE - ® for asolid
KE=hv-IP for a gas
@ : photoelectric workfunction (4-6 eV)



The binding energy
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Fate of core hole

Auger electron emission
Photoemission Relaxation Or

X-ray fluorescence




Core hole relaxation: Auger’s for low Z — XRF for high Z

Auger electron

e1mi1ssion
0.8
-
= 0.6
<=
Ii"'-,:
c 04
i
0.2

X-ray photon
e111ss101

5 10 15 20 25 30 35 40
B Ne P Ca Mn Zn Br Zr



Photoemission Intensity (arb. units)

A photoelectron spectrum in more detail
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Inelastic Mean Free Path (nm)
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Electron inelastic mean free path

Rule of thumb:
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XPS probe depth

@: hV'BE'D » Only electrons from close to surface can
X-ray £, = hv-BE-¢-A escape-W|thout energy Iqss
| » Inelastic mean free path is a strong
. e function of kinetic energy.
§ » Exponentially decreasing contribution
]

i from atoms below the surface to the
------------- W photoelectron peaks (without loss)
» At close to normal detection angles 95%

of the signal comes from atoms within 3\

Contribution of atom in of the surface
depth d to PE peak: » Molecular scale surface sensitivity
» Probing depth varies with kinetic energy.
[=1, exp{ - J > Depth profiles can be obtained by varying
LcosB the incident photon energy with a tunable

X-ray source, i.e., at a synchrotron, or by
varying the detection angle



Inelastic background

» Electrons from deeper below the surface
loose energy and emerge with reduced KE

E,, = hv-BE-¢p-A (increased apparent BE)

» Electrons very deep in surface loose all
energy and cannot escape

» XPS spectra show characteristic "stepped"
background (intensity of background

d] |
_____________ W towards higher BE of photoemission peak
is always greater than towards lower BE)
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| 3s

3d

1000 Binding energy (eV) 0
0 Kinetic energy (eV) 1000

13



W N - O

Spin-orbit splitting

» n: principal quantum number

|: orbital angular momentum quantum number

s: spin angular momentum quantum number

j=|I % s]|: total angular momentum quantum
number

For | =0, s levels are singlets, no splitting

For | >0, p,d,f levels give rise to doublets, because
the unpaired electron left in an orbital can have its
spin and orbital angular momentum either parallel
or anti-parallel

The degeneracy, 2j+1, determines how many
possibilities exist for parallel or anti-parallel pairing
and thus the relative peak ratio of the two doublet
components.

BE of lower j value in doublet is higher (BE 2p1/2 >
BE 2p3/2)

Magnitude of spin-orbit splitting increases with Z
Magnitude of spin-orbit splitting decreases with
distance from nucleus (increased nuclear shielding)
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Auger peaks
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Result from excess energy of atom during
relaxation (after core hole) creation

always accompany XPS

broader and more complex structure than
photoemission peaks, because of different
valence levels involved and secondary effects
Nomenclature: ABC, with A: level of initial core
hole, B: level from which A is filled, C: level
from which Auger electron is emitted.
Example: KLL

KE of Auger electrons are independent of
incident photon energy: KE, g = BE, — BE; -
BE.".

BE " is slightly different from BE_. because of
the hole in level B

Auger spectra are sensitive to chemistry,
because of the involvement of outer shells.
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Core level chemical shifts
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Position of orbitals in atom is sensitive to
chemical environment of atom

In gas phase XPS, the differences in core
electron ionization energies are directly
apparent

In solids, all core levels for that atom
shifted by approx. same amount (<10 eV)
5

Chemical shift correlated with overall ©c 420 0 1 2 3 4
charge on atom (Reduced charge - Shift (eV) Oxidation state
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» number of substituents Carbon 1s (458 eV) o O, OH,
» substituent electronegativity XPS sinl ’Lj/\\)L
* ana HO OH
carbonyl C ¢ —— Pagk sim OH
Fit components

[ntensity (Arbitr. units)
Core level shift (eV)

» formal oxidation state (unreliable,
depending upon ionicity/covalency of
bonding)

Chemical shift analysis is powerful tool
for chemical composition, functional
group and oxidation state analysis
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» Final state effects

» Screening and relaxation effects:
satellite peaks on low or high BE

side

» Important in transition metal

oxides

» Useful in fingerprinting of

complex systems

» Descrete electron structures
due to electronic excitations,
e.g., (surface) plasmons

» Asymmetric peak shapes in
metals due to low energy

Further features
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FIG. 1. Cu2p photoelectron spectra of Cu dihalides. The
ines leading to a final state with a ligand hole (L) show a
*hemical shift.

Van der Laan et al., 1981
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Electron energy analyzer

e Circular orbit of electrons

Hemispherical electron energy analyser
from entrance slit to detector,

controlled by inner and outer Concentric
potential hemuspherical
electrodes

* Since the resolution, AE/E,
depends on kinetic energy, an
electrostatic lens is used to Electrostatic
retard electrons to constant electron lens
kinetic energy, referred to as

pass energy, & % Electron
detector
AE p— S AﬂLl X'la}' _ E
E, 2R, source  Photons ‘s~ °
TR Sample
s slit width

R, radius of electron orbit

through hemisphere .



Estimation of signal intensities

Contribution of element A in depth d to photoemission signal
d

|, =D, xC,(d)x o (hv)x e #oosl0) A,
|

Concentration of Analyzer transmission
element A at depth d

«T

nalyzer Analyzer

l Angular acceptance

2

Photon flux Attenuation from depth d at detection angle 6

Subshell ionization
Cross section

» Cross sections range up to about 1018 cm?

» 10%°> atoms cm? (equivalent to a monolayer) lead to about 103 photoelectrons per
incident photon

» Typical photon flux: 1012 s1, leads to about 10° photoelectrons st

» For most elements, sensitivity is in the range of 0.1 to 1 % of a monolayer



Photoionisation cross sections for Ti core levels
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J.J. Yeh, Atomic Calculation of Photoionization Cross-Sections and Asymmetry Parameters, Gordon and
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How to get the binding energy scale

Sample (conductive) Spectrometer

KE = hv — BE; - champIe KE = hv —BE; - q)sample - ((Dspec - champIe)

=hv—-BE. - O

spec

E
E, Y
I sample equilibrated Pepec

O KE is measured. The photon energy is known.

The workfunction of the analyzer ®_ . can be
Core levels , P

’ . obtained from reference measurements. The

work function of the sample must not be

known. This procedure leads to a BE scale
referenced to E. 53



Intensity (a.u.)

varying KE by changing photon energy
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Intensity, arb. units
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Auger yield NEXAFS

» Excitation into
unoccupied molecular
orbital (LUMO)

» Resonant absorption

- -
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&

» Auger electron emission following
filling of core level

» Auger electron emission intensity
scales with rate of initial excitation
into LUMO

» Surface sensitive NEXAFS technique
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Auger yield NEXAFS

Auger electron spectra
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Auger yield NEXAFS spectrum of
TiO, (rutile)

the » Orbitals of covalently
mixed O 2p and Ti 3d
€ statesin rutile
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High pressure XPS setup

spectroscopy preparation
chamber chamber

SiN, window, | p,=UHV...10 torr
100 nm thick

sample Auger, LEED,
temperature plasma gun,
100...1000K

— [l ams
pli l X
o T 7T
&Q\ Calibrated
Qe Leak Valve load;
lock

hemispherical
analyzer (Phoibos 150)

Ogletree et al. (2009)

Aperture ® = 0.3 mm
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MeOH oxidation on Cu catalyst
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In situ gas and surface characterisation under catalyst operating conditions

(400°C, few mbar MeOH, Bluhm et al., 2004)
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normalized Si 2p

intensity / arb. units

Other XPS developments

Nanoparticles in liquids
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Electrocatalysis
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