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Appendix A 

X-RAY PHOTOEMISSION SPECTROSCOPY 

 

A.1   History 

The development of XPS is linked to the early days of atomic physics and 
wave particle duality. It emerged from the discovery of the photoelectric effect by 
Henrich Hertz in 1887, in which X-rays were used as exciting photon source.1 
Twenty years later, in 1907, P. D. Innes was able to record broad bands of emitted 
electrons as a function of velocity, by means of a Rontgen tube, Helmholz coils, a 
magnetic field hemisphere and photographic plates. Indeed, it was the first XPS 
spectrum ever recorded. However, he erroneously concluded that the “most 
probable theory (of the photoelectric effect) is atomic disintegration” and he did 
not refer to the Einstein’s explanation of the photoelectric effect.2 Other 
researchers, such as Moseley, Rawlinson and Robinson, independently performed 
various experiments trying to sort out the details in those broad bands. Due to the 
wars, the progress on XPS research diminished dramatically. After the Second 
World War, Kai Siegbahn and his group in Upsala (Sweden) reached several 
significant instrumental improvements and in 1954 recorded the first high-energy 
resolution XPS spectrum of cleaved sodium chloride (NaCl), which revealed the 
potential of XPS. A few years later, in 1967, Siegbahn published an ample study on 
XPS resulting in the immediate recognition of the values of XPS.3 In cooperation 
with Siegbahn, Hewlett-Packard in the USA produced the first commercial 
monochromatic XPS instrument in 1969. Siegbahn received the Nobel Prize in 
1981 for his wide efforts to develop XPS into a useful analytical tool. Since then, 
XPS is one of the most important techniques for surface analysis. 

 

A.2   General description 

X-ray Photoelectron Spectroscopy is a spectroscopic technique that measures 
the elemental composition, chemical state and electronic state of the elements that 
exist within a material.4  In XPS, a beam of X-rays (usually a monochromatic X-
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ray beam) irradiates the sample surface inducing the ejection of electrons due to the 
photoelectric effect. The kinetic energy of the ejected photoelectrons is measured 
with an electron energy analyzer, then the signal is amplified in a channeltron and 
the data are processed to be finally displayed as a spectrum. Only those 
photoelectrons originated within tens of angstroms below the solid surface are able 
to leave it without energy loss. This is why XPS is an analytical technique sensitive 
to the top-most layers of a surface. 

A typical XPS spectrum – as the one presented in Figure A.2 – is a plot of the 
number of electrons detected as a function of their binding energy (Eb), deduced 
from the measured kinetic energy (Ek): 

hν = Eb + Ek + Φ 

where hν represents the incident X-ray beam and Φ is the spectrometer work 
function. 

 
Figure A.1. A photoelectron spectrum superimposed on a scheme of the electronic structure of 

an atom. The illustration represents how each orbital gives rise to photoelectron 
lines. 

 

Each element produces a characteristic set of XPS peaks at characteristic 
binding energies, corresponding to the electronic configuration of the electrons 
within the atoms (for example: 1s, 2s, 2p, 3s, etc). This is illustrated in Figure A.1, 
where there is an XPS spectrum superimposed on a representation of electron 
orbitals. Those electrons which are exited and escape without energy loss 
contribute to the characteristic peaks; while those that undergo inelastic energy loss 
contribute to the background of the spectrum.5 Because each element has a unique 
set of binding energies, XPS is used to identify them in the irradiated surface. 
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Figure A.2 presents a survey spectrum showing several core levels of silver, 
carbon, nitrogen and oxygen. The background ‘step’ to higher binding energy of 
the core level peaks is due to inelastic photoemissions. The relative intensity of a 
core level peak is mainly governed by the atomic photoemission cross-section. In 
particular, since the cross-section of H and He is too small,6  these elements cannot 
be detected by XPS. 
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Figure A.2. A typical XPS spectrum, in which core levels of silver, carbon, nitrogen and oxygen 

can be identified. 
 

The elemental composition of the surface is derived from the area under the 
core level peaks. The atomic concentration (CA) of the element A is usually 
calculated as: 
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where Ii is the area under the peak of the element i, which is proportional to the 
amount of i, and Si is the relative sensitivity factor, a corrective factor that takes 
into account the excitation energy, the electron mean free path, the cross section 
and the instrumental efficiency. 
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A.3   Ultra-high vacuum (UHV) requirements 

In XPS it is a requirement that the analyzed electrons should have a mean free 
path much greater than the dimensions of the spectrometer in order to avoid 
scattering and their lost. This prerequisite is satisfied by working with vacuum 
conditions in the range of 10-6 Torr. However, this pressure level is not low enough 
to work due to a second important requirement. As mentioned above, XPS is a 
surface-specific technique that probes the first atomic layers of the sample and it is 
necessary to start with an atomically clean surface. Thus, we need vacua where the 
rate of contaminant accumulation is negligible compared to the experimental time. 
Gas kinetic theory indicates that a monolayer of gas will accumulate in ~1.5 s at 
10-6 Torr and room temperature. If we impose the condition that no more than 0.05 
atom layers should accumulate in 30 min, a residual gas pressure of 4x10-11 Torr is 
needed. In practice, the majority of surface experiments are carried out with a base 
pressure of 10-10 Torr, which is in the UHV regime. 

 

A.4   The chemical shift 

The exact binding energy of an electron in a given element depends on the 
chemical environment that surrounds it. If we consider a core level, the energy of 
an electron in this core state is determined by the Columbian interaction with the 
other electrons and the attractive potential of the nuclei. Any change in the 
chemical environment of the element will involve a spatial redistribution of the 
valence electron charges of this atom and the creation of a different potential as 
seen by a core electron. This redistribution affects the potential of the core 
electrons and results in a change in their binding energies. As a consequence, 
variations in the elemental binding energies – the chemical shifts – can be used to 
identify the chemical state or the chemical groups of the material being analyzed.7 
The particular sensitivity of XPS to the chemical environment of an atom has given 
its alternative name ESCA (electron spectroscopy for chemical analysis). However, 
identification of chemical groups though the chemical shift, especially in organic 
compounds, is not always straightforward because there is a lack of specificity in 
core level binding energies since many functional groups give rise to similar 
shifts.1 

Figure A.3 presents an example of chemical shift in the spectrum of C 1s core 
level obtained from a self-assembled monolayer of heptadecafluorodecanethiol 
[CF3(CF2)7(CH2)SH] on gold  (see section 2.4.3  for details of sample preparation). 
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Figure A.3. XPS spectrum of C 1s core level obtained from heptadecafluorodecanethiol. 

Different binding energies are found for the core level according to the chemical 
surrounding of the carbon atoms in the molecule. The area ratio of the three peaks 
(1:7:2) is in agreement with the stoichiometry of the molecule. 

 

Three peaks can be distinguished in the spectrum. Peak a, at 293.4 eV, corresponds 
to carbons bounded to three fluorine atoms (CF3-), which induce the higher 
chemical shift respect to graphite – observed at 285.0 eV and usually used as 
reference –.8 Peak b corresponds to carbon involved in -CF2- groups and is the 
most intense signal due to the larger amount of carbon atoms implicated. Finally, 
peak c arises from carbon atoms in -CH2- groups, which produce the smaller 
chemical shift. Notice that peak c is broader than a or b. It is because some -CH2- 
are closer to -SH groups and other are closer to -CF2- moieties, which influence the 
valence electron charges of carbon differently,8 -CH2- carbons close to -CF2- or 
-SH give rise to at least two different peaks but since they appear very close to 
each other in binding energy the experimental resolution does not let us distinguish 
them; hence the result is one symmetric broader peak. The area ratio of peaks a, b 
and c is 1:7:2, in agreement with the number of carbon atoms or, in other words, 
with the stoichiometry of the molecule. 
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Figure A.4. X-ray photoemission spectrometer mounted in an assembly of UHV chambers. 
Laboratory of Surfaces and Thin Films group (Zernike Institute for Advanced 
Materials, University of Groningen). 
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