


 

Introduction: 
The interaction of photon and the electron goes back to the early part of 19th century emanating from 
the photo-electric effect depicted by none other than Albert Einstein (Ref 1) described in 1905, and the 
redistribution of kinetic energy resulting from the interaction of x-ray and solids reported during early 
part of the century (Ref.2). The spectrum resolutions obtained at that time was not sufficient to observe 
distinct peaks in spectra for materials. Thus, these phenomena hardly attracted any attention for many 
years following these discoveries. 

The modern X-ray Photoelectron Spectroscopy (XPS) has been possible by the extensive and 
significant contribution from Kai Siegbahn and others (Ref.3, 4) of Uppsala University. Siegbahn 
developed and employed a high-resolution electron spectrometer that revealed electron peaks in a 
spectrum emerging from the interaction of x-rays and solids. Eventually, Kai Siegbahn received Nobel 
Prize in 1981 for his contributions to XPS. Around 1958, shifts in elemental peaks were realized in 
compounds when the same elements are bound to other but different elements. This discovery resulted 
in the chemical state identification in various chemicals as well as the oxidation states of atoms in 
compounds. Because of these useful physical effects, the Uppsala group named XPS with a 
synonymous name of ESCA (Electron Spectroscopy for Chemical Analysis) used widely today and 
will be used here alternatively. Therefore, XPS or ESCA not only identifies the element, but also the 
compound these elements form, from their chemical shifts.  

Compared to other micro-analytical techniques such as Energy Dispersive (EDS) or Wavelength 
Dispersive (WDS) techniques, XPS analyzes only few atomic layers present on the surface. This was 
discovered early in 1966 (Ref. 5). While this has awarded a merit to the analytical technique to analyze 
very thin layers such as films and coatings, it often analyzes the adsorbed superficial gases and 
contaminations on a sample introduced to its analytical chamber. This necessitates the surface is 
cleaned and the underlying material, material of interest, is exposed in a clean environment such that 
the material of interest is analyzed.  The cleaning is accomplished by a scanning ion gun within the 
analytical chamber of the instrument. Ion gun uses an argon gas and is commonly attached in most 
modern machines. Reliable and efficient vacuum systems employed in modern machines does not 
allow adsorbed layers to rebuild after the surface is cleaned. 

Development of efficient and reliable vacuum pumps over these developmental years is yet another 
important step in the commercialization of XPS machines. Vacuum levels of better than 10-7 torr are 
essential to increase the mean free path of electrons released from the sample surface. Thus, modern 
machines are equipped with high capacity ion, turbo or cryogenic pumps in their analytical chambers. 

Today, XPS has advanced from an applied physics laboratory to industry for use in quality control as 
well as analysis of contaminants and has taken a dominant role in microanalysis. Its uniqueness arises 
from the fact that it is considered non-destructive compared to other common micro-analytical 
techniques using the electron and ion excitation sources. Polymers and plastics could be analyzed since 
the binding energies of saturated and unsaturated bonds in atoms could be separated. Extremely thin 
layers could be analyzed including materials with layered structures. The technique, though did not 
advance for many years, has now opened a new window for research as well as applications in industry 
due to its ability to separate and measure the chemical shifts in bound elements. 

 

Principles 
Fig. 1(Ref. 6) illustrates the electronic transitions involved in an XPS process. It shows an energetic 
x-ray beam impinging on the surface. Due to their high energy, they eject one or more core electrons. 
The ejected electrons are collected by the spectrometer and eventually detected by a multi-channel 





Nomenclature: 

The Binding Energy of an electron is the energy required to free the electron from its orbit. This is 
also known as the ionization energy and is commonly expressed in electron-volt (eV). XPS data 
from a sample often plotted with eV on the abscissa and intensity of the peaks in the number of 
counts on the ordinate. Such presentations are presented from right to left with increasing electron 
volts. Sometimes, the ejected electron energies are presented in the form of Kinetic Energies and are 
presented with increasing electron volts from left to right. Most presentations here are shown in this 
Chapter are Binding Energy spectra.  

The Binding Energy may be regarded as energy difference between the initial and final state of an 
atom after an electron is ejected. The energy levels of an atom involved in photo­ emission are 
represented in terms of an energy-level diagram that provides the energy of the atom when one 
electron of the indicated energy level, s, p, d, or f is missing. Fig. 5 (Ref. 7, page 10) shows an energy 
level diagram for Uranium metal. XPS spectra obtained from a machine shows peaks of both Auger 
and photoelectron lines. Nomenclature used for the photoelectron and Auger lines are different and 
are shown in Fig.6 (Ref.7, page 11). Photoelectron lines are designated as s, p, d, and f levels (from 
the shell the electron came out of), whereas the Auger electrons are designated using the x-ray 
spectral designations, K, L, M etc. depending on the Auger process. Fig. 7 (Ref.7 page 194) shows 
a survey spectrum obtained from Uranium metal using Al K-alpha radiation. It can be compared 
with the energy levels of U shown in Fig. 5 (Ref.7, page 10).  

 

 Systems and Equipment: 
XPS instruments analyze the first few atomic layers of the sample. Usually, these layers also contain 
the contaminations from the atmospheres and the environment that the sample is exposed prior to 
the sample reaching the laboratory. While enough care is taken to not to contaminate any further in 
the laboratory, it becomes essential to remove the unwanted contamination from the surface of the 
sample to reach the base material inside. An ion gun is used for this purpose and is an essential part 
of a modern machine. There are several types of ion guns available but an Argon ion gun is most 
common. 
The main part of the machine consists of an x-ray generator unit with a filtration system for the 
generation of monochromatic x-rays. 
Vacuum systems are inherent to the design of the instrument. Better vacuum of the order of 1.0 x 
e-10 can give   excellent   results, though a 1.0 x e -7 is generally adequate. The vacuum system is 
an integral part of the instrument. 
Charge neutralizers are equally important as the part of the XPS system when non-metallic materials 
are analyzed, and come as an integral part of the XPS system. 

 

 
X-Ray Source:  
As mentioned earlier, XPS literature is clustered around sources that have either Al or Mg anodes 
for the generation of x-rays, are relatively inexpensive, and can generate intense beams. The sources 
start with fine electron beams (fineness of an electron beam can be controlled but is difficult to 
control the fineness of an x-ray beam) on to a cooled but pure Al or Mg targets. The x-ray that 
comes out of this electronic impact is an intense white radiation. As such this radiation can be used 





center of the spot for compensation which is not easily done. Modern XPS machines have complex 
charge neutralizers to counteract this effect as much as possible.  
 

Ion Guns: 
   Argon ion guns are extensively used for XPS analysis to remove material from or to clean the 
surface of the samples being analyzed. In recent days, cluster atom ion guns are gaining popularity 
for use in polymeric materials since the cluster ions prevent damage to the surface bonds often 
encountered when argon ion guns are used.  
An argon ion gun generates ions when argon gas is passed over heated wires carrying electricity. 
While a small percentage of the flowing gas is ionized, these ions could be manipulated and focused 
using a series of electro-static lenses to generate a scanning ion beam. The ions due to their heavy 
mass compared to an electron in an electron microscope are difficult to manipulate and require 
strong electrostatic force to focus. In any case, these charged ions hit the sample surface like 
bowling balls and remove surface layers.  The scanned area generally covers more area than the 
area being analyzed. 
Samples with uneven surface would be cleaned unevenly by an ion gun by creating a shadowing 
effect as the guns are normally at an angle to the sample surface. To counteract this effect, the 
samples are rotated around the point being analyzed. This is accomplished by placing the sample at 
the center of the analytical stage. Some instruments have arrangements (called as eucentric stages) 
where the sample and the stage rotate around the point of interest rather than around the center of 
the stage. 
 

Accessories: 

Since XPS has an electron spectrometer, other analytical excitation sources such as an electron source 
for Auger Electron Spectroscopy and an ultraviolet photon source for Ultraviolet Photoelectron 
Spectroscopy (UPS) are often come as attachments to the main XPS instrument. Kratos ESCA shown in 
Fig.9 has attachments such as Fracture Stage and Reaction cell where fresh surfaces in metals and alloys 
could be studied in vacuum after their fractured inside the instrument or after a chemical reaction is 
exercised. In the Reaction Cell chamber, studies in catalysis and chemical reactions can be made after 
chemical reactions take place between the candidate materials and gases and the reaction products are 
transferred within the instrument under high vacuum to perform chemical analysis avoiding reactions 
with atmosphere. Fracture Stage attachment is used when the grain boundaries in alloys are suspected to 
be responsible for low fracture test values and need investigation. 
 

Specimen Preparation: 
 
As mentioned, XPS analyzes the first few layers on a specimen.  It is therefore, important to not to 
contaminant these layers by touching or mis-handling the specimen. This is especially true for 
specimens targeted for failure analysis. Often times it has become necessary to use gloves that are 
manufactured with no mold releasing agents (generally silicones as the silicones migrate to the 
analysis sites and can give false indications for the presence of silicones). 
Any sample exposed to air would show adsorbed molecules of H2O or CO2. These adsorbed 
molecules must be removed to analyze the material underneath. Ion guns are employed for this 
purpose. Ions guns are mounted at an angle to the sample surface, and therefore, non-uniform 
cleaning occurs on an uneven surface. A flat surface or sample rotation is required to avoid this. 



The specimen should be placed flat (as opposed to a small angle) to the x-ray beam. If the sample 
plane interacts at a low angle with the x-ray beam surface areas are analyzed more than the inside 
materials. This behavior is taken advantage of when a film or thin coating on the specimen needs 
to be characterized. This is called as Angle Resolved Spectroscopy (AR-XPS) when the specimen 
is tilted at different angles and analysis is performed providing more information on the surface or 
the coating. 
Powder specimens: 
Powder samples can be mounted and analyzed using adhesive tapes. Since most tapes use organic 
volatiles, tapes compatible with high vacuum in the analytical chamber should be used. Usually, 
the powder would not cover the tape surface completely, carbon or silicon peaks on the tapes would 
show up on the spectrum when the x-ray would fall on the uncovered areas. 
Another technique effectively used to analyze powder specimens is by mounting the powder in soft 
metals such as Indium. In this case, the powder is placed on an Indium sheet and the sheet is folded 
over to retain the powder inside. Generally, the Indium piece that is used as a sheet is cut from a 
small Indium ingot with a sharp knife such that the clean knife creates two fresh surfaces where the 
powder would be placed (on one side only) on one of the fresh surfaces. The folded Indium sheet 
is then flattened further by rolling or hammering. This process not only embeds the powder into the 
metal sheet, but also, the particles get squeezed to make good electrical contact. The two folded 
sides are then separated to expose the powder and then the embedded powder is analyzed. In this 
case the In lines are seen in the spectrum obtained along with the spectrum of the powder. 
The powder can also be briquetted to generate a flat surface for analysis using a die and punch. 
While this process generates a solid specimen for analysis, there is always a small amount of 
material transfer from the die and punch. Care also should be taken that the specimen does not 
transform to a compound under high pressure and adiabatic temperature rise when the die and the 
punch are squeezed. 
Specimens required for the XPS analysis are small and may be cut using wire saw or a diamond 
wheel. However, the surface of specimens would be contaminated with cutting fluid or the cutting 
blade materials. The analyst needs to know such material/chemical information of the fluids and 
the saw materials. 
 
Sample Charging: 
Sample charging is inherent with insulators. For semiconductors, it depends on the incoming x-ray 
intensity. Conductive metals can also accumulate charge if the electron holes are not filled quickly 
by the electron from the instrument body. Most instruments incorporate spring clips or flat springs 
in their stage designs to make the contact as good as possible. While the charging effect distorts the 
spectrum completely in insulators, they can shift the spectrum slightly in alloys. It is important, 
therefore, that the specimen be loaded to the analytical chamber such that enough conduction path 
for electrons exists.  
Mounted metallographic specimens cannot be analyzed due to lack of conductivity and the 
outgassing of the embedding matrix. To improve the analytical situation the mounting material must 
be of very small amount and a gold (or any other known coating) may be applied to provide 
conductivity. The mounts should spend enough time in the pre-analytical (or sample preparation) 
chamber prior to their insertion to the analytical chamber to remove volatiles. 
Charge compensation in modern instruments are done by supplying electrons to the location where 
the x-ray beam is falling spot. However, for some instruments, the intensity of the x-ray spot is not 
uniform across. This poses problems due to some areas of the spot not being able to compensate. 







   Line   SF  Line position 

   C 1s   1.0  284.6 eV 

   Fe 2p3   10.82  710.0 eV 

   Fe 2p (doublets incl.) 16.42  710.0 eV 

   Fe 3p   1.669  56 eV 

It is easy to see from the above table why the quantification for Fe analysis could be erroneous when one 
takes a single peak vs. a double peak. Software from Casa XPS (Ref.`10) list three RSF values for doublets 
depending which one of either of the doublets or both doublets together gain consideration for calculation. 
For SSX-100 software, the C 1s (SF taken as 1.00). Other machines by Physical Electronics or Kratos take 
F 1s as reference (value taken as 1.0). Figure 13 shows the Sensitivity Factors for elements (at top right-
hand corners for each element) for an XPS machine by Physical Electronics where the x-ray source is at 90 
degrees to the axis of the analyzer, along with other physical parameters (Ref. 7 page 261). 

For metals and alloy analysis, polished surfaces of standard alloys can be used and peak areas evaluated for 
the known and unknown samples. With background appropriately subtracted, the peak area ratios between 
known and unknown specimens can yield reliable results.  

 

Data Analysis: 

An XPS spectrum is displayed as a plot between the intensity (number of electrons of a definite binding 
energy) in the ordinate and the binding energy in the abscissa. Sometimes the binding energy is replaced 
by the electron kinetic energy. The binding energy plots increase from right to left whereas the kinetic 
energy plots increase from left to right. Data analysis starts with the identification of lines that are easily 
found in the XPS spectrum. The first step in line identification is to look for lines such as C 1s (known as 
adventitious carbon originating from the environment) and the O1s lines. C and O are invariably present on 
the surface which is unsputtered and unclean. They may be present even after light sputtering. After 
sputtering by Argon ions, one is expected to see Ar lines around 241 eV and may be used as reference too. 
It is important that both the C 1s and O1s appear as thin and sharp lines, otherwise, sample charging is 
suspected. The C 1s and O 1s line widths can be compared with the instrument standards and watch for 
deviations. In some instruments there is a possibility to adjust charge neutralizer parameters such that the 
width at half peak height (FWHM) is minimized and the position for these lines are noted. Even after such 
manipulations, the C 1s and O 1s lines may be found wider than the instrument specifies, indicates other 
peaks hiding inside. Fig.14 shows side-by-side scans by two machines for a common reference polymer, 
PET (Poly-ethylene Terephthalate) (Ref.9 page252 and Ref.14). It is interesting to see that even if all carbon 
peaks are resolved clearly, earlier instruments provide wider peaks and in some cases may not be able to 
resolve peaks to the satisfaction of the operator.  

Once the C1s or O 1s line is identified and its position is determined accurately at 284.6 eV (for C 1s), other 
intense lines should be identified. Once done, smaller and perhaps wider lines such as the shake-up, satellite 
or Auger lines associated with the main intense lines could be identified. Following this, the low intensity 
lines are generally identified. It is also possible that the most intense lines of an unknown element present 
in small quantities can show up as a small peak. At the conclusion, spin doublets for p, d, and f lines are 
identified. They should have the right separation and height or intensity ratios. Multiple splitting and shake-
up lines can also be utilized for chemical identification (Ref.7 page 20). 





Example of #1: Rhenium (Re) is an expensive but a ductile high temperature material. A rocket engine 
(thruster) with Re liner was tested and at the end of testing there was a clear liquid found all around inside 
the engine. The samples were brought to the NASA Marshall Space Flight Center laboratory using a cotton 
swab. To analyze the residue, the cotton swab was rubbed on an aluminum foil and the residue, though 
nearly invisible to the naked eye, was transferred to the aluminum foil. The sample spent one hour in the 
preparation chamber and then analyzed using a Surface Science SSX-100 XPS machine. Several Re peaks 
were identified indicating the residue to be ReO3. There were also other Re oxides (ReO2, ReO) present. 
Re oxides are hygroscopic that was the reason the sample looked clear after absorbing moisture. 

Example of #2: Several optical materials such as mirrors, radiation deflectors, and lenses used by NASA 
are made from layered materials of different physical properties. The thickness of these layers can be 
measured by sputtering using the Argon ion gun and followed by chemical analysis to verify chemistry of 
the individual layers as they are removed. It is assumed that the sputtering rate of various substrates are 
nearly same and that the gun at its maximum capacity (commercially available) removes about 1.0 
angstroms thickness per seconds for SiO2. However, sputtering rates are not same for all matrices under the 
same ion gun settings. Sputtering rates of some of the substrates (relative rates at 4KV gun voltage) are as 
follows (Ref. 7, page 27). 

  Target     Sputter Rate 

  Ta2O5     1.00  

  Si     0.90 

  SiO2     0.85 

  Pt     2.20 

  Cr     1.4 

  Al     0.95 

  Au     4.10 

 

Therefore, care must be taken and sputtering rates for each material needs to be calibrated for accurate 
thickness determination.   

Example of #3: Carbon fibers are coated with materials that aids in the adhesion of fibers to the matrix. 
Chemistry and amount of this coating material can be evaluated using ESCA since the fibers are very fine. 
To perform this analysis, a bunch of fibers are pressed and clamped to create a flat surface such that the 
surface created is covered by fibers. The surface with its attachment for the bundle is introduced into the 
analytical chamber and the coating can then be analyzed. 

Example of #4: Contaminations on surfaces are a big problem when two surfaces are not able to bond 
leading to exfoliation, corrosion, or bulging of paint on a painted surface. This calls for a surface analysis 
and a possible remedy of the failure. Contamination on one of the inside layers on a multi-layered material 
becomes challenging since removal of layers by sputtering is very slow process and may not be uniform. 
There are several examples of contaminants in engineering components. They generally are body oils, 
lubricants, remnant chemicals from a cleaning process often originating from negligence during or after 







publications in this field. This rise can in part be attributed to the wide ranging applications these novel 
materials can be adapted to. Only recently has this new field attracted the attention of a growing number of 
surface scientists interested in exploring the interactions at the both the liquid/gas and liquid/solid 
interfaces. Of particular interest is the structure and composition of the liquid/gas interface as this is where 
the adsorption and desorption of gasses occur. These activities are known to play key roles in processes 
such as heterogeneous catalysis and gas distillation and separation. Aside from such obvious applications, 
the surface analysis of ionic liquid helps in the fundamental understanding of these unique 
materials.  Website provides a list of publications where Kratos AXIS spectrometers have been used to 
generate valuable XPS data from ionic liquid characterizations. 

Coatings and Thin Films: Surface coatings and thin films are of great commercial importance in many 
industries and are used to enhance or provide required properties to bulk materials specific to their 
applications. Thin films can range from tens of Angstroms to several microns in thickness and find 
application in areas as diverse as optical anti-reflective coatings, architectural glazing and drug eluting thin 
films in the pharmaceutical industry. XPS is ideally suited for characterizing the surface chemistry of these 
thin films and when combined with sputter depth profiling can be used to determine the elemental and 
chemical composition as a function of depth through the film using XPS spectrometers. 

Polymers: Polymer materials are finding ever increasing application in numerous consumer 
products.  Applications of polymer materials range from fields as diverse as food packaging to organic 
electronics and biomaterials to automotive body panels.  The surface properties of these materials are often 
vital in determining performance of the polymer for the specific application.  X-ray photoelectron 
spectroscopy is ideally suited to the surface characterization of these polymer materials as it can provide 
quantitative chemical state information from the upper 10nm of the material. 

The majority of polymer materials are insulating and therefore effective charge compensation is paramount 
if generating high resolution spectra with monochromatic x-rays.  The performance of modern 
spectrometers is demonstrated by the guaranteed performance on PET (Polyethylene terephthalate) where 
the FWHM of the component corresponding to the ester group is <0.68 eV (see Fig. 14) with a sensitivity 
defined by the maximum of the hydrocarbon peak counts greater than 12 kcps. 

An interesting aspect of polymer characterization is the use of cluster ion guns. Kratos website literature 
demonstrates the advantages of polymer characterization by high resolution XPS combined with 
Arn

+ cluster depth profiles. 

 



 
 

  

Fig. 1: Shows the electronic transitions involved in an XPS (ESCA) process. It shows Al 
monochromatic x-rays coming from to left to a copper sample. Ejected electron from the 
shells are knocked off and collected by the XPS spectrometer to produce a spectrum (top 
right). The peak correspondences have been illustrated. 











 

   

 

 

 

 

 

 

 

 

 

 

 

Fig. 17 - Lithium Battery Electrode Analysis using XPS 
shows details revealed, with and without any air 
exposure. Ref.15 
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Fig.11- Splitting of Si 2p line by a high 
resolution spectrometer. 
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