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Basic principles of the two electron spectroscopic techniques, the x-ray photoelectron spectroscopy,
XPS, and the Auger electron spectroscopy, AES, are given. Their utilization in material characterization

are introduced through examples with application of these techniques to various surface related problems.

Introduction

The techniques utilizing the detection of emitted electrons as a result of exposure to energetic photons
(X-ray Photoelectron Spectroscopy,XPS) or electrons (Auger Electron Spectroscopy, AES) have emerged as
versatile tools for material characterization especially in surface related areas'=>. In both XPS and AES
all atoms except for H and He can be analyzed and the information derived stems from the atoms in the
top 1-10 nm layers of the materials under investigation. The analysis depth can also be extended to about
103-10* nm, however, only by incorporation of additional etching techniques. Sputtering or ion-milling with
energetic (1-5 keV) noble gas ions (like Ar*) are the most popular methods for depth-profiling®. After their
introduction in late 1960s by Kai Siegbahn in Uppsala, both XPS and AES have revolutionized concepts in
many fields of chemistry, physics and material sciences. Unfortunately, only in 1994 the first instrument,
capable of doing both XPS and X-ray induced AES analyses, was set-up in Turkey in our laboratory. In
this article, we give examples of utilization of this technique for different kinds of surface-related problems

carried out in our laboratory.

Basic Theory and Experimental Requirements

In XPS the sample is subjected to energetic photons (x-rays, with energy hr and the energy of the primary
electrons (K.E.) produced as a result of photoemission process are analyzed. The sought-out information, the
binding energy (B.E.) is obtained through the energy conservation equation: h v (known) = K.E. (measured)
+ B.E. The electrons appear as peaks having certain quantized energies and are designated according to the
levels they are ejected from and they are designated as such i.e. Fls, Ca2p or Pb4f etc. The peaks for levels
other than s are further split due to the spin-orbit coupling into doublets (p3/2-p1/2 or ds/a-dg/o etc.).

Three parameters give important information;
(i) the value of the B.E. |

(ii) the intensity at that particular energy I(B.E.),
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(iii) the angular dependency of the intensity 1(©).

In AES the energy (K.E.) of the secondary electrons which are formed during the filling up of the
initial core holes created by either the photoionization and/or electron-impact ionization are analyzed. The
energy of these so-called Auger electrons are independent of the way in which the initial core-holes are
created and are characteristic of the atoms present in the sample. The Auger electrons are designated by
three letters indicative of (i) the level of the initial hole, (ii) the level from which the electron drops to fill
the hole, and (iii) the level which the electron is ejected from. Hence Na g j, refers to the process where the
initial K hole (1s level) is filled by and electron from the L (2s or 2p) level and another L electron is ejected.
The energy levels of a typical atom (magnesium) and the XPS, AES and the related process through which
x-rays are created, XRF, are depicted in Figure 1. Accordingly, in the XPS spectrum of Mg in addition to
the valence band (0-10 eV), a Mg2p spin-orbit doublet at around 50, a Mg2s peak at 90 and a Mgls peak at
around 1300 eV binding energies should be detected. Auger peaks having kinetic energies around 1100-1200
eV corresponding to KLL transitions should also be observed. In the XRF process, however, an energetic

photon not an electron is produced.
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Figure 1. A schematic of the energy levels of Mg, the XPS, AES and XRF processes

Since it is the electrons which are analyzed and to avoid scattering of them by the residual gas molecules
and also to enhance the surface sensitivity both techniques are performed under ultra-high-vacuum (UHV)
conditions which require pressures better than 10~° torr. In principle any solid sample in the form of
a film or a pressed powder can be analyzed without any chemical/physical pretreatment (unlike electron
microscopic techniques).

The electrons are also severely scattered by the solid environment where they are created and only
the ones created at or near the surface can survive without inelastic energy losses. This very property is
what makes these techniques surface sensitive. The escape depth of the electrons which is defined as three
times the attenuation length () of the electrons within a given material which depends on the material as
well as the energy of the electrons but vary typically between 1-10 nm for electrons having energies between

102-103 eV and for most inorganic and organic materials .
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Our instrument consists of a Kratos ES300 electron spectrometer with Al/Mg dual anode. The
samples, in the form of films or pressed powders, are introduced directly from atmospheric pressure by a
fast-lock entry compartment and the base pressure is kept below 2x10~? torr during analysis by combination
of diffusion and ion-pumps. A 1-3 keV ArT ion-gun is used for depth profiling or brief cleaning of the surface

of the samples.

Qualitative Information

Figure 2 shows a typical electron spectrum of a stainless steel sample as introduced into the spectrometer
(bottom part) and after brief surface cleaning with argon ions (top part) using unmonochromatized MgK«
x-radiation (hv=1253.6 V). Spectra consists of features in the form of peaks at various binding (in actuality
it is the kinetic energy which is measured energies which can be identified and assigned as shown in Table 1.
As is evident O and C are also present in ample quantities on the surface of the material but can be removed
by Ar+tion etching. Fe, Cr and Ni are the main constituents but other elements like Na, Ca and Si are also

present in this particular stainless steel sample.
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Figure 2. XPS and x-ray induced AES spectrum of a stainless steel sample before and after cleaning as a result of

10 min. 1 keV Ar™ etching.

Quantitative Information

Relative quantification can be carried out using any photo and/or Auger peak corresponding to the particular
element (with respect to another element present) using the appropriate cross-section of the peak and analyzer

transmission function. For example the relative Fe to Cr atomic ratio can be calculated as follows:

Fe/Cr = {I(Fe2p3/2)/1(Cr2ps/2)} x {o(Cr2ps ) /o (Fe2ps )} x {K.E.(Fe2ps o)/ K.E.(Cr2pz 2)}" (1)

where I refers to the peak intensity (area), o refers to the photoionization cross-section®, K.E. is the kinetic

energy of the peak and n is an instrumental factor which usually varies between 1 and 2. For our instrument

311



Electron Spectroscopy for Material Characterization., §. SUZER

n is determined as 1.5. Using the parameters given in Table 1 and the experimentally determined peak
areas the Fe/Cr atomic ratio can be determined as 2.8 and 3.2 before and after etching. Precision of the
composition determination depends on the relative photoionization cross-section of the individual element
but is in the range of 0.1-1%.

Table 1. XPS and Auger Peaks observed in Stainless Steel together with their Photoionization Cross-Sections
towards MgK a x-rays (1253.6 eV).

Element Level B.E. Cross Section® Auger Peak K.E.

(eV) (Relative) (eV)
C 1s 285 1.00 KLL 263
(0] 1s 532 2.85 KLL 486
Na 1s 1072 7.99 KLL 994
Ar 2p 243 3.13
2s 320 1.71
Ca 2p 348 5.13
2s 440 2.21
Cr 3p 43 1.12 LMM 490
3s 75 0.51 LMM 528
s 574 7.60 LMM 570
2s 696 3.23
Fe 3p 53 1.58 LMM 599
3s 92 0.63 LMM 648
2pgse 707 10.54 LMM 703
2s 845 3.70
Ni 3p 67 2.06 LMM 781
3s 111 0.75 LMM 846
2p3/2 853 13.92 LMM 863
2s 1009 4.16

“ Reference 8.

Chemical State Information

Often it is desirable to identify the chemical state (charge) of the element under investigation since many
of the chemical/physical properties depend on this. This information is also inherent in the derived bind-
ing energy which shifts according to chemical and/or physical environment of the element. These so-called
chemical shifts, although in principle calculable from first principles, involve many different kinds of pa-
rameters, hence, are best determined experimentally. Figure 3 displays part of the XPS spectrum of an
electrochemically CdTe coated films for solar energy applications. On the surface of the films both Te 3d
and 4d peaks have multiple spin-orbit doublets which can be assigned to telluride (2-) and oxytelluride
(0+) chemical states whereas both the Cd3d and 4d peaks are simple doublets assigned to cadmium (2+)
chemical state. Relative intensities of an nd spin-orbit doublet corresponding to the 5/2 and 3/2 total angu-
lar momentum states are given by (2x5/241): (2x3/2+1) = 6:4 which are separated by the corresponding
spin-orbit splitting energies which are 10.4, 6.7 and 1.8 eV for the Te3d, Cd3d and Tedd levels, respectively,

and the corresponding splitting is smaller than our instrumental resolution of 1.5 eV for the Cd4d level. The
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chemical shift between the 2- and the d+ states of tellurium can be determined from the energy difference
between the corresponding 3d 5/, peaks as 3.4 eV where the binding energy of the oxytelluride is higher since
the electron experiences a higher potential. After removal of the nonstoichiometric surface layers by etching
the stoichiometric CdTe can be observed as shown on the upper region of the figure. Determination of the
optimum conditions for obtaining a stoichiometric CdTe coating (as determined by XPS) was demonstrated

to be very important for performance of these solar collectors prepared by electrochemical methods® .
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Figure 3. Relevant parts of XPS spectrum of electrodeposited CdTe on ITO substrate also before and after ion
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etching.

Chemical state changes can also be followed during a certain process as exemplified in Figure 4 where
both Ru 3d and N1s levels are followed during thermal decomposition of a Ru(NO)(NO3 )3 catalyst precursor.
Before annealing the Ru is at 4+ state (as designated by A in Figure 4) and two different nitrogens (NO5
and NO) with the correct stoichiometric ratio of 3:1 are present. During annealing NO3 is lost initially with
the corresponding shift of Ru to 3+ first (B) followed by 2+ (C) after loosing all of nitrogens metallic Ru (D)
is also observed. When the same precursor is analyzed on silica support thermal decomposition is prevented
as a result of a host-guest interaction and only in the presence of Hy a similar decomposition/reduction
could be realized 1°.

Chemical shifts in the Cls level for different types of carbon and substituents are very important in
polymer characterization. Certain agents concentrate very effectively at the surface of materials which can be
an asset for certain applications (and nuisance for others). Such as the case for silicon containing polymeric
materials'!. Due to the very low surface energy siloxane containing groups dominate the surfaces when
blended or copolymerized with other polymers. In a similar study we investigated the surface composition of
the hydroxy-terminated poly((e-caprolactone, PCL) / poly(dimethylsiloxane, PDMS) triblock copolymers
using XPS and were able to show that the PDMS microdomains were segregated in the surface region to

minimize the surface energy'?. The result of a similar investigation is shown in Figure 5 where part of
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XPS spectra of methyl methacrylate (MMA) and triethoxyvinylsilane (TEVS) polymerized using 60 ¢, (-
radiation together with their copolymers and blends are displayed. The spectrum of the blend which contains
90% PMMA and 10 % PTEVS is completely dominated by features assigned to PTEVS since the latter is
very surface active. Through copolymerization in which the TEVS composition can be as high as 70% in
the feed a reasonably mixed PMMA /PTEVS random copolymers can be achieved as also depicted in the
figure!3.

N1s(x5) Ru 3d+Cls
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NO
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Figure 4. Ru3d and Nl1s regions of XPS spectrum of a Ru(NO)(NOs3)3 catalyst precursor before, during and after

annealing. As NO and subsequently NO3 are lost Ru is reduced from 4+ to metallic state successively.

Shifts due to physical environment can also be determined as shown in Figure 6 where the binding
energy of the Audf doublet at its metallic state are displayed when gold is deposited under different conditions
14 Careful investigations also revealed chemical shifts due to particulate (cluster) size for gold colloids®®.

The Auger peaks also display chemical shifts and in some cases the shifts can be larger than those on
XPS peaks. Such a situation arises in the Al XPS 2p peak and the Auger KLL peak as shown in Figure 7.
The chemical shift between the A13* (in Al;O3) and Al (in metallic state) is 5.5 eV in the KLL peaks and
only 2.7 eV in the Al2p peaks. Combination of the chemical shifts in the photo lines together with those on
the Auger ones can lead to another experimentally derivable parameter, the Auger parameter'® which can
give even more precise chemical/physical state information as was demonstrated for Ni pigmented Al3 O35

solar collectors. Using the Al Auger parameter it was determined that the Ni pigmented sample was similar
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to the anodized aluminum rather than Al,O5 7.
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Figure 5. Ols, Cls and Si2p regions of ®°Co ~-ray induced PMMA and PTEVS together with their 10% PTEVS
and 90 % PMMA blend. The spectrum of the blend is completely dominated by PTEVS. Whereas the spectrum of the
corresponding copolymer where the initial feed contained 70 % TEVS and 30 % MMA displays features representing
both of the polymers.

Depth Information

i-Angle Resolved XPS

The position of the electron energy analyzer with respect to the sample can be altered to vary the analysis

depth of a given sample as shown in Figure 8. The result is a change in the electron take-off angle and hence
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a longer escape depth for electrons stemming from the layers below the surface affecting the attenuation of
the intensity of the electrons belonging to bulk atoms with respect to those on the surface.
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Figure 6. When gold is deposited on silica the binding energy of the 4f levels shift about 0.7 eV with respect to
the metal although both are zerovalent. This information was used to assign the chemical state of gold deposited on

an atom-trapping silica for use in signal enhancement in AAS4.
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Figure 7. Al2p and Al KLL peaks of metallic and anodized aluminum samples. The metal has about 3 nm native
oxide hence peaks belonging to both Al® and Al** are observed. The chemical shift in the Auger peaks are more
enhanced when compared with XPS peaks. The figure also displays the spectrum of Ni-pigmented aluminum solar
collector where, using the Auger parameter obtained by combining the XPS and Auger shifts, it was demonstrated

that the Al resembled anodized aluminum rather than Al O3 7.
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An analytical procedure has been developed to estimate the thickness by making use of such angle-
dependency if the surface and bulk atoms have different chemical shifts such in the case of WA4f levels
of tungsten coated glasses. In Figure 8 the W4f levels at two different electron take-off angles (90° and 30°)
are also given where the intensity of the metal peaks are clearly attenuated with respect to oxide ones. The
thickness, d, of the oxide-overlayer can be calculated using the formula;

Iwos/Iw = {1 — exp(—d/\.sin6)}/{exp(—d/\. sin0)} (2)

where \ is the attenuation length and 6 is the electron take-off angle with respect to the surface normal.
Using the experimentally determined parameters one can obtain a thickness of approximately 4.5 nm for
this native tungsten oxide ®. This method is quick and versatile probe for deciding whether or not some
element or a certain functional group is concentrated on the surface but is applicable only to uniform layers

having thickness less than 10 nm.

hv €

Vacuum

Figure 8. An schematic diagram of the electron take-off angle 6 is shown. A is the electron’s attenuation length.
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The XPS spectra of the 4f region of tungsten-coated glass recorded at 90° and 30° electron’s take-off angles are also

included. At the lower take-off angle the metallic peaks lose intensity with respect to oxide ones.

ii- Chemical and/or Ar* Etching

This process utilizes the layer by layer removal either by chemical or physical means and subsequent analysis
by XPS or AES. Both etching processes are known to be nonstoichiometric and can lead to serious errors in
chemical state determination as well as quantification if precautions are not taken. They, nevertheless, are
very popular to map out the compositional variations from the surface into the bulk of the material (depth
profiling). In Figure 9 spectra of an approximately 100 nm TiO2 coated glass at different etching periods
are shown. As the coating level is depleted features representative of typical float glass appear; mostly SiO9
but also Na, Mg and Ca as well as Sn which adheres to the surface of the float-glass since the molten glass

is poured onto a hot liquid Sn-bath for obtaining smooth surfaces'®.
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Figure 9. XPS spectra of about 80nm TiO2 coated flont glass recorded at different etching periods (corresponding

to different depths from the surface)
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