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X-ray Photoelectron Spectroscopy

MAE 649 Microscopy and Spectroscopy 

Chapter 3

Chapter 3 - XPS

• Basic principle of XPS

• XPS instrumentation

• XPS peak characteristics 

• Quantification of XPS

• Inelastic mean free path and surface sensitivity

• Angle-resolved non-destructive  depth profiling
and destructive depth profiling

• UPS

Contents:

Fermi level and energy band structure of solids
The inner core electronic configuration of Pd is :
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Fermi level and energy band structure of solids

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/fermi.html1

"Fermi level" is the term used to describe the 
top of the collection of electron energy levels at 
absolute zero temperature. 

The Fermi level is the surface of that sea at 
absolute zero where no electrons will have 
enough energy to rise above the surface. 

Band gap, Egap, is the energy difference 
between the valence band and the 
conduction band

Energy band structure of solids

Relationship between energy band and XPS spectrum

• Give an energy band, derive the XPS 
spectra

• Give an XPS spectra, derive the energy 
band

Energy band structure of solids

Valence band

conduction band

Binding energy, Eb, is the energy for bringing electrons from a core level to Fermi level  

Binding energy,       , is the energy between the vacuum level and the Fermi level  

The kinetic energy of free 
electrons

Ek

A

B

For example, an electron, which stays in the core level of 1s, can be ejected 
out of the sample surface (vacuum level) , and it becomes a free electron 
with the kinetic energy, Ek.  That is, from Point  A  all the way to Point B
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What  is XPS?

XPS: X-ray photoelectron spectroscopy
ESCA: electron spectroscopy for chemical analysis

Kai Siegbahn developed XPS in 1950s-1960s. He won Nobel prize in 1981 
for  significant contribution to photoelectron spectroscopy. His father also 
won Nobel Prize  for X-ray spectroscopy in 1924

Primary beam: X-ray
Al K source: phonon 1486.7 eV
Emitted signal: electrons
Sampling depth: ~10 nm
Beam size:
typically several mm for monchromated X-
ray source,
Focused X-ray beam 10 m in diameter.

Handle SEM and XPS/SIMS samples

Penetration

Bare hands

Gloves

What is XPS?
X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect. Each 
atom has core electron with the characteristic binding energy that is conceptually, not 
strictly, equal to the ionization energy of that electron. When an X-ray beam directs to 
the sample surface, the energy of the X-ray photon is adsorbed completely by the core 
electron of an atom. If the photon energy, h, is large enough, the core electron will 
then escape from the atom and emit out of the surface. The emitted electron with the 
kinetic energy of Ek is referred to as the photoelectron. The binding energy of the core 
electron is give by the Einstein relationship:

h = Eb + Ek +
Eb = h - Ek -

Where h is the X-ray photon energy (for Al Ka, h =1486.6eV); Ek is the kinetic energy 
of photoelectron, which can be measured by the energy analyzer; and  is the work 
function induced by the analyzer, about 4~5 eV. 

Since the work function, , can be compensated 
artificially, it is eliminated, giving the binding 
energy as follows:

Eb = h - Ek

X-ray
photoelectron

~ 10nm

Eb =h – KE – 

h KE

Basic principle of XPS
An alternative approach is to consider a one-electron model along the lines 
of the following pictorial representation

The binding energy is now 
taken to be a direct measure 
of the energy required to just 
remove the electron 
concerned from its initial level 
to the vacuum level and the 
binding energy of the 
photoelectron is again given 
by : 

Eb = h - Ek
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Basic requirement for XPS measurement
The basic requirements for a photoemission experiment (XPS or UPS) are:
• A source of fixed-energy radiation (an x-ray source for XPS or, typically, a He 
discharge lamp for UPS)

• 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)

• High vacuum environment 
(a) to enable the emitted photoelectrons to be analyzed without interference from 
gas phase collisions);

XPS system

(b) To avoid contamination of active 
surface;

(c) To extend the lifetime of X-ray 
source and other electronic optics in 
the XPS system

History of XPS development

Omicron MKIII ESCA Probe

By courtesy of Omicron Nanotechnology

Instrumentation of XPS
X-ray source

Mg K radiation : h = 1253.6 eV
Al K radiation : h = 1486.6 eV
X-ray beam energy: 10~15kV
Filament current:      5-30mA
source power (X-ray flux): beam energy * filament current
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Slide 17

Typical X-ray Spectrum Non-monochromated For Al or Mg

X-ray source
Generation of X-ray

15Kv

K

X-ray source

Bragg diffraction
n=dsin

X-ray Monochromator
K1, K K3             K

Energy analyzer
Analyzer Requirements
1. Precision energy measurement across a wide energy range
2. High-energy resolution capability
3. Ability to define the analysis area and, if possible, to change it
4. High dynamic range and low noise detector
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Energy analyzer

hv

Because the Fermi levels of the sample and spectrometer are aligned, we 
only need to know the spectrometer work function, sp, to calculate Eb.

E1s

Sample Spectrometer

e-

Free Electron Energy

Fermi Level, Ef

Vacuum Level, Ev
s

EK

sp

Eb

Energy level diagram- conducting sample

Eb=hv – Ek - sp

The binding energy Eb of XPS spectra is referenced to Fermi level, Ef

Interpretation of XPS spectra
Example 1 - the XPS spectrum of Pd metal
The diagram below shows a real XPS spectrum obtained from a Pd metal sample using
Mg K radiation 

XPS spectra are represented either with kinetic energy (Left) or with binding 
energy (right)

Interpretation of XPS spectra
These peak assignments are as follows:
• The valence band (4d,5s) emission occurs at a binding energy of 0 ~ 8 eV 
(measured with respect to the Fermi level). 
• The emission from the 4p and 4s levels gives weak peaks at 54 eV and 88 
eV respectively 
• The most intense peak at 335 eV is due to emission from the 3d levels of 
the Pd atoms, whilst the 3p and 3s levels give rise to the peaks at 534/561 eV 
and 673 eV respectively. 
• The remaining peak is not an XPS peak at all !   it is an Auger peak arising 
from x-ray induced Auger emission. 

4p. 4s

4d105s

Vacuum level

Fermi level
355 eV
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Auger electrons

K.E. is independent of the x-ray photon energy. However, 
in the B.E. scale, Auger peak positions depend on the x-
ray source.

XPS peak-trend in binding energy among elements

XPS – Initial state and final state

Assumes the remaining orbitals (often called the passive orbitals) are the 
same in the final state as they were in the initial state (also called the frozen-
orbital approximation).  Under this assumption, the XPS experiment measures 
the negative Hartree-Fock orbital energy:

Koopman’s Binding Energy

EB,K  -B,K

The Sudden Approximation

Actual binding energy will 
represent the readjustment of the 
N-1 charges to minimize energy 
(relaxation):

EB = Ef
N-1 - Ei

N

Point Charge Model:

EB = Ei
0 +       kqi +             qi/rij

Ei
o in atom i in given 

reference state. It 
considered to Eb for the 
neutral atom 

Weighted charge of i
Potential at i due to 
surrounding charges

XPS peak -chemical shift

Related to electro-negativity
Such as valence change

Relaxation in the final 
state, lattice change

The photoelectron’s binding energy is  based on the element’s final-
state configuration.
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Therefore, XPS is also called ESCA (Electron Spectroscopy for Chemical 
Analysis). The term ESCA was coined by Kai Siegbahn, Uppsala University, 
Sweden during his seminal studies of this methodology.  He was awarded 
the Nobel Prize in Chemistry for his efforts.

The Concept of Chemical Shift

 Photoelectron core level peaks in elemental samples occur at the same 
binding, for example, a gold surface.

 In compounds, where ionic or covalent bonding occurs, the peak position 
may shift.

For example, Si in pure Si wafer, the binding energy of Si 2p is 99 eV,
In contrast,    Si in SiO2, the  binding energy of Si 2p is 102.3 eV

J. H. Thomas

Chemical Shift-Molecular Orbital Calculations

Charge Q is transferred from A to B, and a chemical bond is formed.

The average valence electron radius in A+ shrinks and B- expands to maintain 
charge neutrality.

To reflect this change, the binding energy of the orbitals must be changed.

The Coulombic Potential,                                     for each atom.

This results in a change in the overall binding energy structure of each atom and is 
known as CHEMICAL SHIFT.

As an example: Determine the Chemical Shift expected when Silicon is bound to 
Oxygen.

Atomic Radius of  Oxygen = 0.65Å
in a covalent bond = 0.73Å

Atomic Radius of Silicon    = 1.46Å 
in a covalent bond = 1.11Å

Oxygen becomes larger and silicon becomes smaller in Si-O bonding.  ke = 1/4o 
= 8.85 x 10-12 Farads/meter

V =ke [1/r’ – 1/R]Q =ke [1/0.65Å  - 1/0.73Å]Q = 2.4 volts where a single covalent bond 
incorporates 2 electrons from silicon to oxygen.  The chemical shift per unit charge 
shift is ~ 1.2 eV using this method.

In the SiO4 tetrahedral bond, Q would be 2x  the above or the total shift would be 4.8 
eV.  

Siegbahn showed that Chemical Shift is a linear function of net charge transfer in 
chemical bonding.

J. H. Thomas

Chemical Shift-Molecular Orbital Calculations

Chemical Shifts

0.0 0.5 1.0 1.5 2.0 2.5 3.0
284

286

288

290

292

294

from D. T. Clark et al.

 

 

CF - CF

CF3

CF2

C - C
C - CF

CF - CFn

C - CFn

Y = A + B * X
Parameter Value Error
A   = 285.29091 0.24905
B   = 2.87273 0.13995
R   =   0.99529

Bi
nd

in
g 

En
er

gy
 (e

V)

Classical Charge Q

J. H. Thomas

take Fluorocarbons or Fluoropolymers as an example
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Chemical Shift due to  Electronegativity Effects
XPS peak -chemical shift

Core binding energies are determined by electrostatic interaction between it 
and the nucleus, and change with:

• the electrostatic shielding of the nuclear charge from all other electrons in 
the atom (including valence electrons)

• removal or addition of electronic charge as a result of changes in bonding 
will alter the shielding

Withdrawal of valence electron charge               increase in BE
(oxidation)

Addition of valence electron charge                   decrease in BE

Chemical shift: change in binding energy of a core electron of an element 
due to a change in the chemical bonding of that element.

Functional
Group

Binding Energy
(eV)

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 Shift due to  Electronegativity Effects
XPS peak -chemical shift

Atoms 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

C

N

O

F

Cl

Double-bond

Electronegativity
Increase

Binding energy
increase

XPS peak – chemical shift

Polyethylene Terephthalate (PET). 

C1s  binding energy
284.8 eV for C-H
286.3 eV for C-O
289    eV for O=C-O

XPS peak – chemical shift

XPS spectrum of N 1s core level
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XPS peak – chemical shift

Ba-SiO2

SiO2

0.5eViO2

XPS spectra of Si 2p in  nano-sized SiO2 particles, 
0.5eV shift induced by the addition of Ba, 

XPS peak – chemical shift
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+ ).

4.6 eV shift

Remove a 3d electron due to bonding to 
oxygen, the energy levels shift down (strong 
bonding) simply form electrostatics

An example of XPS spectra

XPS peak-electronic effect: spin-orbit coupling
XPS peak is originated from the photoelectrons in the core-levels and valence band. 
For example, The inner core electronic configuration of the initial state of the Pd is :

In the quantum mechanics, the nonmenclature for a core 
level is nlj:
n is the principle quantum number;
l is the orbit angular momentum quantum number;
j is the total angular momentum quantum number;
j = l + s
s is the spin angular momentum quantum number, s=+1/2
If l=0, giving a singlet XPS peak;
if l>0 giving a doublet peak--- spin orbit  ( l-s) coupling 

Subshell l values j values Peak 
area ratio

s 0 1/2 --
p 0, 1 1/2, 3/2 1:2
d 1, 2 3/2, 5/2 2:3
f 2, 3 5/2, 7/2 3:4
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284 280 276288290
Binding Energy (eV)

C 1s

Orbital=s
       

          

l=0
       s=+/-1/2
       ls=1/2

Electronic Effects: Spin-Orbit Coupling

XPS peak-electronic effect: spin-orbit coupling

965 955 945 935 925

19.8

Binding Energy (eV)

Cu 2p

2p1/2

2p3/2

Peak Area 1 : 2

Orbital=p
             
          

       ls=1/2,3/2
         

l=1
s=+/-1/2

XPS peak-electronic effect: spin-orbit coupling

370374378 366 362

6.0

Binding Energy (eV)

Peak Area 2 : 3

Ag 3d
3d3/2

3d5/2

Orbital=d
       

ls=3/2,5/2
          

l=2
      s=+/-1/2
      

XPS peak-electronic effect: spin-orbit coupling

3.65

8791 83 79
Binding Energy (eV)

Peak Area 3 : 4

Au 4f
4f5/2

4f7/2

Orbital=f
       l=3
       s=+/-1/2
       ls=5/2,7/2
         

XPS peak-electronic effect: spin-orbit coupling
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XPS peak-Final State Effects: Shake-up/ Shake-off

• Monopole transition: Only the principle 
quantum number changes.  Spin and 
angular momentum cannot change.

• Shake-up: Relaxation energy used to 
excite electrons in valence levels to bound 
states (monopole excitation).

• Shake-off: Relaxation energy (kinetic 
energy loss of the outgoing 
photoelectrons) used to excite electrons in 
valence levels to unbound states 
(monopole ionization).

Results from energy made available in the relaxation of the final state 
configuration (due to a loss of the screening effect of the core level electron 
which underwent photoemission).

XPS peak-Final State Effects- Shake-up/ Shake-off

Ni Metal Ni Oxide

XPS peak -electron scattering effects

Photoelectrons travelling through the solid can interact with other 
electrons in the material.  These interactions can result in the 
photoelectron exciting an electronic transition, thus losing some of its 
energy (plasmon loss peak).

eph + esolid e*ph + e**solid

a

A=15.3 eV

a a a
Al 2s

Metal

Insulate sample- surface charge effect
hv

surface
charge

For conductive sample, the sample is grounded, and no 
surface charge is built on the sample surface
For insulate sample, the sample can not be grounded, 
and surface charge is built on the sample surface

Surface charge lead to kinetic energy loss of emitted 
electrons, leading to shift of XPS peak position

C1s

Green: no surface charge
White: surface charge, 
leading to C1s peak shift 
form 284.8 to 302. 9 eV
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hv

A relative build-up of  electrons at the spectrometer raises the Fermi level of 
the spectrometer relative to the sample.  A potential Ech will develop.

E1s

Sample Spectrometer

e-

Free Electron Energy

Eb

Fermi Level, Ef

Vacuum Level, Ev

Ek

sp

Ech

Energy Level Diagram- Insulating Sample

Eb=hv – Ek – sp- Ech

For insulate sample, the surface charge potential is built: 

hv

Because the Fermi levels of the sample and spectrometer are aligned, we only need 
to know the spectrometer work function, sp, to calculate Eb.

E1s

Sample Spectrometer

e-

Free Electron Energy

Fermi Level, Ef

Vacuum Level, Ev
s

EK

sp

Eb

Energy level diagram- conducting sample

Eb=hv – Ek - sp

The binding energy Eb of XPS spectra is referenced to Fermi level, Ef

Calibration of XPS spectra of insulate samples
Use the adventitious  C1s=284.8 eV as the reference for calibration of peak position  

C1s 302.9ev
Ti 2p: 474.5ev

C1s 284. 8ev
Ti 2p: 456.4ev

Raw spectrum 
of TiO2 sample,
Surface charge 
effect

spectrum of 
TiO2 sample 
after calibration 
with reference 
to C1s peak

Surface charge compensation by flood gun
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Surface charge compensation by flood gun

Surface charge compensation by flood gun

XPS peak width
FWHM: full-width at half-maximum of a peak

FWHM

2/12222 ) chaxntot FWHMFWHMFWHMFWHMFWHM
FWHMn is determined by the lifetime of the core level

FWHMx is determined by the lifetime of the core level,
FWHMx is determined by width of X-ray line, monocharamtor used for this
FWHMa is determined by analyzer,

FWHMch is determined by the surface charge on the insulate sample

FWHMn = h/, where h is Plank’s constant,  is the core hole lifetime 

FWHMn is calculated from Heisenberg’s uncertainty relationship:

Generally, the peak width in the order: 4f<4d<4p<4s

XPS peak intensity
Quantitative Element Analysis
Intensity of XPS peaks (=peak area) contains 
information on chemical stoichiometry

Iij is the peak area of the peak j from Element i, which is expressed by:

Iij = ni K T(KE) Lij ij (kE) cos

The atomic concentration of element 
Instrument constant

The transmission function of the analyzer

The angular asymmetry factor of orbital j of element i

The photoionization  cross-section of peak j of element i

Inelastic mean free path length

Emission angle
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XPS peak intensity- quantification
The atomic concentration ni of Element i can be calculated:

ni = ni /ni

Combine the above equation with 




)(/
)(/

kEI
n

ijij

kEI
i

ijij




Then yield:

We define )(KES iji 
Si is called sensitivity factor of the core level j of element i

Hence,  ni is dependent on the peak area  and sensitivity factor  




ii

SI
i sI

n iij

/
/

Quantification of elemental concentration
For example, a sample with unknown composition

acquire survey scan to check what elements are present in the sample Step 1:
Step 2:

Si2p Si2s
C1s

N1s

O1s

acquire details of  each element and calculate the peak area 

Si2p C1s

N1s

O1s
Area: 1663 Area: 2944 Area: 12745

Area: 457

Quantification of elemental concentration
Step3: to calculate the concentration Elements Si

Si 2p 0.83
C 1s 1.00
O1s 2.85
N1s 1.77

NNOOCCSiSi

SiSi

ii

SI
Si SISISISI

SI
sI

n iij

////
/

/
/






77.1/45785.2/127450.1/294483.0/1663
83.0/1663

/
/




 ii

SI
Si sI

n iij

=0.21

Capability of XPS
Identification of the elements contained in the sample

Analysis of chemical status of elements.

Quantification of chemical composition.

Destructive depth profiling with an ion gun.

Non-destructive depth profiling by the angle-resolved analysis.

Neutralization of surface charging with the electron flood gun.

Chemical Imaging
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XPS Applications - identification of chemical status
Chemical shift C 1s

XPS Applications - identification of chemical status
Chemical shift of O 1sBinding energies C 1s in different compounds

XPS characterization of surface-modified carbon nanotubes, by courtesy 
of T. Ramanathan

XPS analysis of carbon nanotubes

XPS-surface analytical technique
Practical Surface Analysis: Auger and X-Ray Photoelectron Spectroscopy by D. Briggs, M.P. Seah, Second 
Edition (1990)
Modern ESCA The Principles and Practice of X-Ray Photoelectron Spectroscopy
by T. L. Barr, CRC Press, Inc.  (1994) 
An introduction to surface analysis by XPS and AES by J. F. Watts and J. Wolstenholme (John Wiley & Sons 
Chichester England 2003)
Practical Surface Analysis: By Auger and X-Ray Photoelectron Spectroscopy
by D. Briggs (1983)
X-Ray Photoelectron Spectroscopy
by T. A. Carlson (1978)
Handbook of X Ray Photoelectron Spectroscopy: A Reference Book of Standard Spectra for Identification and 
Interpretation of XPS Data
by John F. Moulder, William F. Stickle, Peter E. Sobol, Kenneth D. Bomben (1995)
Angle-resolved X-ray photoelectron spectroscopy (Progress in surface science)
by Charles S Fadley Progress in Surface  Science (1984)
Physical Chemistry of Surfaces
By A. W. Adamson, Wiley Interscience, 1990 (5th edition) 
Handbook of Monochromatic XPS Spectra, Polymers and Polymers Damaged by X-Rays by B. Vincent Crist, 
John Wiley & Sons; 2 edition (October 2, 2000) 
Fundamentals of Surface and Thin Film Analysis by L. Feldman and J. Mayer, Prentice-Hall (1986)

Web Pages:
http://srdata.nist.gov/xps
http://www.lasurface.com
http://www.chemres.hu/aki/XMQpages/XMQhome.htm
http://www.npl.co.uk/nanoanalysis/index.html
http://www.iac.bris.ac.uk/scripts/tech1.htm
http://www.chem.qmw.ac.uk/surfaces/scc/sccinfo.htm
http://www.xpsdata.com/fundxps.pdf
http://www.chembio.uoguelph.ca/educmat/chm729/tutorial.htm
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X-ray Photoelectron Spectroscopy

MAE 649 Microscopy and Spectroscopy 

Chapter 3

Chapter 3 - XPS

• Basic principle of XPS

• XPS instrumentation

• XPS peak characteristics 

• Quantification of XPS

• Inelastic mean free path and surface sensitivity

• Angle-resolved non-destructive  depth profiling
and destructive depth profiling

• UPS

Contents:

XPS-surface analytical technique

Trajectories of emitted electron form the sample surface : 
1) If it were "captured" before reaching the surface, or emitted in the wrong 

direction and never reached the surface.---route (1)
2) The electrons reaches the detectors without any energy loss. Theses electrons 

contribute to XPS peak ---- route (2)
3) If it lost energy before reaching the surface, i.e. if it escaped from the solid and 

reached the detector, but with E < Eo. These electrons contribute to background
of the XPS spectrum. ------ inelastic scattering---route (3)

(1) (2)
(3)

Each inelastic scattering event leads to : (i) a reduction in the electron energy (ii) a 
change in the direction of travel. 

http://www.chem.qmul.ac.uk/surfaces/scc/

Inelastic effect on the peak shape



8/15/2015

2

J. H. Thomas

XPS-surface analytical technique

The intensity removed (-dI) per length traveled (dx)

Inelastic scattering of photoelectrons

-dI = σ N’ I dx

(σ: cross section for inelastic process)
(N’: Scattering centers per cm3)

I(x) = Ioe-σN’x = Ioe-x/λ

where λ= (σN’)-1 is the inelastic mean free path length

Angle-resolved XPS for depth profiling

By L. Jurgerns

XPS-surface analytical technique
IMFP: Inelastic mean free path

Inelastic mean free path is dependent on material itself and the electron kinetic energy.

It can seen from the figure that most of elements had the inelastic mean free path 
in range of  1~3.5 nm. i.e. the IMFP of low energy electrons corresponds to only 
a few atomic layers.

XPS  is a surface sensitive technique due to the short mean free path of low energy 
electrons in solids for

 Ek
0.7-0.75  Ek>50eV
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XPS-surface analytical technique

I(x) = Ioe-x/λ

We can now consider a situation where a substrate 
(or thick film) of one material, B , is covered by a 
thin film of a different material, A .

The XPS signal from the underlying substrate will 
be attenuated (i.e. reduced in intensity) due to 
inelastic scattering of some of the photoelectrons as 
they traverse through the layer of material A:

The probability of such a scattering event for any single photoelectron passing through 
this layer is simply given by 

P(x) =I/Io= e-x/λ

http://www.chem.qmul.ac.uk/surfaces/scc/

XPS-surface analytical technique
it is clear that the probability of escape 
decays very rapidly and is essentially zero 
for a distance  x> 5λ. It is therefore useful to 
re-plot the function for a range of (x/λ) from 
0-5 

When x = λ, P = exp(-1) = 0.368 , i.e. escape of the electron in a direction normal to 
the surface and without inelastic scattering occurs with a 37% probability. 
When x = 2λ , P = exp(-2) = 0.135 , i.e. escape of the electron in a direction normal to 
the surface and without inelastic scattering occurs with a probability of ca. 14%.

When x = 3λ , P = exp(-3) = 0.050 , i.e. escape of the electron in a direction normal to 
the surface and without inelastic scattering occurs with a probability of 5%

In summary, we can conclude from the answer to this question that ... 
the majority of electrons detected come from within one " λ " of the surface. 
Virtually all ( > 95% ) of the electrons detected come from within 3 λ of the surface.

Hence, we define the sampling depth of XPS:    d=3 λ
http://www.chem.qmul.ac.uk/surfaces/scc/

XPS-surface analytical technique
Angle-resolved XPS: How to change the degree of surface sensitivity ? 
the distance that the electrons have to travel through the solid (rather than the distance 
of the emitting atom below the surface) that is crucial in determining their probability of 
escape without inelastic scattering 

x = d cos

Once again 95% of the electrons will originate from 
atoms located such that the electrons have to travel a 
distance, d =3λ.

Hence, the XPS sampling depth is determined by:
x = 3λ cos

Information depth = dcos
d = Escape depth ~3
= emission angle
= Inelastic Mean Free Path

λ is typically 1-3.5 nm
the XPS sampling depth 3-10 nm

Angle-resolved XPS for depth profiling





Tilt sample to change the emission angle, 

By L. Jeurgens


A

B

An overlayer of material A on the substrate 
of material B

d

IA0 and IB0 are the intensities from the bulk 
A and B measured under the same 
condition, λA and λB are the IMFPs for the 
core electrons representing A and B 
traveling through material A

 COSd
BB

BeII /
0



)1( /
0

 COSd
AA

AeII 
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Angle-resolved XPS for depth profiling

Not too thin: at least one monolayer

Not too thick: no more than 3λ

Angle-resolve XPS is applied to ultra-thin films on the substrate, the thickness 
of the film varies from one monolayer to 3λ

Angel-resolved-XPS

Here the angle is take-off angle =90-

Si
SiO2

Si-O

Si-Si

Destructive depth profiling X-ray

X-ray

photoelectrons

photoelectrons

Ar+ atoms

Acquire XPS

Sputter surface

Acquire XPS

Acquire XPS spectrum

Acquire XPS spectrum

Acquire XPS spectrum

Ar ion sputtering

Ar ion sputtering

d

Destructive depth profiling
Effect of sample rotation on the depth profiling data
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Destructive depth profiling

Destructive depth profiling

Destructive depth profiling

XPS imaging
• Elemental analysis
• Chemical state information
• Quantification (sensitivity about 0.1 atomic %)
• Small area analysis (10 μm spatial resolution)
• Chemical mapping
• Ultrathin layer thickness

Suitable for Insulating Samples

What is the difference in imaging between EDX and XPS?

• Both EDX and XPS can acquiring elemental map;
• XPS can obtain the chemical state information; EDX can’t;
• EDX has higher spatial resolution (<10 nm); while XPS (< 10 micron);
• XPS signal comes form the outmost surface ( < 10nm thick);
• EDX signal represents “bulk” information;
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XPS imaging

http://www.uwo.ca/ssw/services/xps/xpsexcorrosion.html

XPS imaging

http://www.uwo.ca/ssw/services/xps/xpsexcorrosion.html

Ultraviolet Photoelectron Spectroscopy
(UPS)

Ultraviolet photoelectron spectroscopy

e-Ultraviolet
hv



8/15/2015

7

hv

Because the Fermi levels of the sample and spectrometer are aligned, we only need 
to know the spectrometer work function, sp, to calculate Eb.

E1s

Sample Spectrometer

e-

Free Electron Energy

Fermi Level, Ef

Vacuum Level, Evl
s

EK

sp

Eb

Energy level diagram- conducting sample

Eb=hv – Ek - sp

The binding energy Eb of UPS spectra is referenced to Fermi level, Ef

Valence band, Ev

Ultraviolet photoelectron spectroscopy
• “Vacuum Ultraviolet” (VUV) as the photon source
– UV Photon Energy Range: typically 10 eV ~ 41eV

• Energy analyzer with energy resolution of ~0.1 eV;

• The energy resolution requirement implies magnetic shielding >5*10-7 T;

• Because of the kinetic energy of photoelectron electrons is <40 eV, the 
inelastic mean free path is  around  1 nm. Hence, the sample must be clean.

Ultraviolet photoelectron spectroscopy

• Similar to XPS

• Photon Energy Range
– UV Typically 10 eV ~ 41 eV
– X-ray Typically >1000 eV

• photoelectron are ejected from valence bands, not core levels
– Valence states are responsible for
– Crystal/molecular bonding
– Charge transport

• Much higher energy resolution possible
– A few meV ~1 eV

• Higher surface sensitivity than XPS

UPS versus XPS

UPS- UV source

• Synchrotron Radiation
– Argon, Brookhaven

• Very high photon flux
• Continuously tunable photon energy throughout VUV

• Very expensive to build a facility - $200 million
• Must travel to a synchrotron lab
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UPS-UV source

Analysis chamber

He

UV source--gas discharge lamp

Omicron UV source

UPS-UV source

• Ultraviolet photons are emitted by gas plasmas;
Photon energy: He (I) 21.22eV; He (II) 40.81
He (I) is generated at relatively high gas pressure
He (II) is generated at relatively low gas pressure

• Plasma is most easily generated at  ~1 Torr

• No materials are transparent to these photons. We can’t make a VUV window

• UV photons and gas enter the analysis chamber at the same time. 

• Because the gas enters from UV source to the analysis chamber, Inert gases (He, 
Ne, Xe) are used. Inert gasses will not react with the sample. 

•Differentially pumped discharge lamps 

Gas discharge lamp

UPS

• For a given element, Core levels stay in the inner energy level, the electron 
density distribution less dependent on neighboring atoms. No hybridization. 

Core level shifts, depending on chemical environment

• Valence states hybridize with those of neighbouring atoms due to wave function 
overlap

1) A hybridized orbital is, by definition, a combination of orbitals of different atoms, 
not necessarily of the same species

2) Large energy shifts occur due to hybridization, so binding energy cannot 
unambiguously identify a spectral feature.

3) Delocalized energy bands disperse with momentum;  Binding energy depends 
on the momentum of the state;  Bandwidths vary (near zero to 10 eV or more)

4) Detailed analysis of valence spectra typically require theoretical modeling of the 
material being studied

Comparison in photoemission spectroscopy between valence band and 
core level

UPS

Capability of UPS:

• To measure the valence band structure of materials

• To measure the work function of materials
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UPS spectra of Valence band 

A. D. McLaxhlan, et al, J. Phys. F, 5 (1975), 2415

He (I) excitation He (II) excitation

Under the He (I) excitation, the 
spectrum represents a mixture of 
initial and final states;

Under the He (II) excitation, the 
spectrum mainly represents initial 
states; and show less structure in 
the unoccuppied density of states.

UPS spectra of Ag-Pd alloy

The figure shows that the emission 
form d bands states is much 
stronger relative to that from s 
states at He (II) 40.81 eV than He 
(I)21.22 eV

Ag: 4d5s
Pad: 4d5s

Measurement of work function by UPS
How to calculate work function from UPS spectrum:
Based upon Einstein equation (he won Nobel Prize due to this equation)
Ek, maxim = h - 
 = h - Ek

You can see the following two illustration


