X-ray Photoelectron Spectroscopy

Subjects: Spectroscopy

Contributor: Giorgio Speranza

X-ray photoelectron spectroscopy (XPS) is a qualitative and quantitative chemical analysis technique. It is surface-
sensitive due to its limited sampling depth, which confines the analysis only to the outer few top-layers of the material
surface. This enables researchers to understand the surface composition of the sample and how the chemistry influences
its interaction with the environment.
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| 1. Introduction

The characteristics of a material refer to a list of properties that depend on the electronic structure of the solid. This, in
turn, is intimately bound to the structure and chemical properties of the material. Crystalline or amorphous phases, size
confinement and the material chemical composition strongly influence the charge distribution around atoms. Thus, an
accurate description of the material properties requires a precise characterization of these parameters. Generally, this is
done using a list of complementary techniques which may be roughly classified in two groups: those using photons as
probes and those relying on electrons.

The term X-ray is used to indicate a radiation with wavelengths in the range 10 nm-0.01 nm, corresponding to soft and
hard rays. Different kinds of light/matter interactions occur at different frequencies of X-ray photons. This led to the
development of a number of techniques to probe materials at different length scales, from the macroscopic to the atomic
level. In the first case, bulk structural and chemical information are provided, while in the second, a description of the local
environment of the atoms is obtained.

Among the techniques based on X-radiation, we can mention X-ray diffraction, X-ray based tomography, Extended X-ray
Absorption Fine Structure and X-ray Absorption Near-Edge Spectroscopy, X-ray Fluorescence and, finally, X-ray
Photoemission Spectroscopy (XPS).

In the first class of these techniques, both probing and detection are based on X-rays (diffraction, wide- and small-angle
scattering, absorption, fluorescence). In the second class, X-ray photons are used as probes while photoelectrons are
detected. X-rays are used to analyze the electronic structure of the material, and this reflects the structural and chemical
properties of the sample.

This is very useful when the dimensions of the sample are reduced on the nanoscale. In nanosized systems, quantum
effects come into play, inducing radical changes in the material's properties. Understanding the different behaviors of the
nanostructures with respect to their parent bulk materials requires the use of different techniques providing
complementary information. XPS can probe the changes of the electronic structure reducing the system dimensions, thus
shedding light on the development of the traits induced by the quantum confinement.

| 2. X-ray Photoelectron Spectroscopy

Photoelectron spectroscopy is performed by measuring the number of electrons emitted from the surface of a sample as a
function of their kinetic energy (Ey). The photoemission process results from the absorption of a monochromatic photon of
energy hvg and a complete transfer of its energy to the core level electron. To perform photoelectron spectroscopy, the
sample is then irradiated with the light of selected wavelengths to generate photoelectrons, whose energy is measured

using a hemispherical energy analyzer. The phenomenon is described by Einstein’s formula for the photoelectric effect [l
(21311415,

Ex=hvg - ® (1)



where @ represents the sample work function, the energy difference between the Vacuum level E,,. and the Fermi level
Er. In metals, this corresponds to the minimum energy required to remove an electron and can be obtained by measuring
its kinetic energy Ex when hvg is known. Equation (1) describes the emission of electrons from the highest occupied
molecular orbital (HOMO) orbitals. Photoemission also occurs from inner core levels and is described by the relation

Ex=hvwy-BE-® (2)

where BE corresponds to the energy required to excite the electron to Er. Depending on the type of the probing radiation
utilized, the researchers are dealing with X-ray photoelectron spectroscopy, where the photon energy is commonly
between 1-6 keV BB or ultraviolet photoelectron spectroscopy (UPS), where photon energy ranges from 5 to 48 eV (&
[, Generally, in photoelectron spectroscopy, the Koopmans Theorem is applied—namely, the first ionization energy of a
system equals the negative of the energy of the HOMO energy —¢q. In this approximation, the rearrangement of the
charge distribution occurring after photoemission and the effects deriving from the electron correlation are neglected.
According to Equation (1), XPS provides the ® values (i.e., —gg) of the HOMO. This relation is extended also to the core
orbitals of the atoms present at the sample surface.

Since each atom possesses its own electronic structure, the values of g are element-specific such that XPS can be used
for the elemental speciation. In addition, since the integrated intensity of the XPS peaks is proportional to the number of
emitting atoms, XPS can provide the element concentration of the analyzed sample 1911 However, different electronic
structures result in different element cross sections. For a homogeneous solid composed of atoms A with density Ny and
illuminated by X-ray photons of energy hv and intensity /5, (0, z) (a = X-ray incidence angle) at z depth, it is possible to
describe the intensity /4 ; of the photoelectron current generating ionization of a core-level i (i = 1s, 2p, 3d, etc.) of element
A considering the integral of the spatial distribution of excitation and emission [2123];

la,i = DOATT ol" {0, Z) Oa; Wai(Bai W) Na(z) exp[-z/(hs g 5in6)] dz (3)

AQ is the acceptance solid angle of the XPS analyzer, g, is the ionization cross section of the orbital i of element A,
Wai(Ba,; W) is the angular asymmetry factor (141 and the remaining term describes the attenuation of the photoelectron
signal generated at depth z (see next section). The cross section o ; was calculated by Scofield 3] treating electrons
relativistically in a Hartree—Slater central potential for all elements. The Scofield cross sections do not consider screening
effects leading to intrinsic plasmon losses. More precise evaluation of the elemental sensitivity factors (RSFs) were
obtained experimentally by Wagner & and, more recently, by other authors 4 using uniform standards and standardized
background subtraction. The direct use of the RSF is possible only if the user possesses the same XPS instrument as
those of the works listed R8T, |n other cases, the different analyzer transmission function and the detector efficiency at
various BEs may introduce consistent errors. Generally, the instrument manufacturer provides RFSs calibrated for the
instrument analyzer/detector.

By comparing the spectra of the same element in different environments, it is possible to realize the presence of peculiar
differences. In particular, it was observed that the different chemical bonds formed by an element with other chemical
species strongly affect its core line spectrum. Then, XPS offers the possibility to describe the surface chemistry of the
material. For this reason, XPS was originally called electron spectroscopy for chemical analysis (ESCA).

| 3. Surface Sensitivity of the Photoelectron Spectroscopies

As these spectroscopies are based on the detection of electrons photoemitted in the sample matrix, they are surface-
sensitive since they probe the first few monolayers of the sample. This is the result of the energy loss scattering
processes occurring along the travel of the electron towards the surface. The electron kinetic energy Ey is completely
dissipated if electrons are generated deep in the material, thus preventing their ejection. A consequence of this fact is the
possibility of varying the sampling depth, changing the energy of the excitation source. This can be done in synchrotron
radiation facilities where it is possible to select the photon energy in a wide range (from ~10 eV to tens of KeV). Selecting
photons with increasing energy increases Ey and the probability that deep photoelectrons arrive to leave the surface.
Conversely, by lowering the excitation energy by using UV photos, the analysis is confined to the very top material layers.
For an electron created at a depth z below the surface, the probability to be ejected is linked to the inelastic scattering.
This leads to electron attenuation, which follows the Beer—-Lambert law, similarly to what happens to photons in an
absorbing medium:

l; =y exp(-z/A sinB) (4)



where |, is the intensity of the electron current created by atoms at depth z, |y is the maximum intensity from the surface
atoms and 6 is the take-off angle, defined by the electron trajectory and the sample surface. Here, A represents the
inelastic mean free path, representing the average distance covered by an electron between two successive elastic and
inelastic collisions 8. The attenuation length depends not only on the material but also on the kinetic energy of the
photoelectrons. The sources of the attenuation length were studied in the past by Seah and Dench 12 collecting
experimental attenuation length values obtained from overlayers deposited on substrates. If a sample is formed by an
overlayer A of thickness d and a bulk B, then the contributions to the photoelectron intensities of A and B can be described
as

s = 1”4 [1 — exp(~dihs sind)] (5)

Ig = I”g [exp(~dlAg sind)] (6)

Ia and Ig are the detected intensities deriving from A and B, 1”4 and |1*g are the signal intensities that would be generated
by a sample formed just by A and B and Ap and Ag are their attenuation lengths. 0 is the take-off angle defined by the
sample surface and the analyzer axis. By applying Equations (5) and (6), the authors obtained A values expressed in
monolayers. Using a “universal curve”, the authors fitted the values of the attenuation length separately for elements and
organic and inorganic compounds. The general form of the universal curve is

A=[a/E2 + b (d ED5)] (7

For energies between 1 and 10,000 eV above the Fermi level, a = 538, b = 0.41 and d is the thickness of the monolayer,
expressed as

d = AlpnN x 1024 (8)

Here, A is the atomic or molecular weight, n is the number of atoms in the molecule, N is Avogadro’s number and p is the
bulk density in kg m™3. Fitting Equation (9) for inorganic compounds gives a = 2170 and b = 0.72, while for organic
molecules, a =49 and b = 0.11.

The trend of the attenuation length as a function of the energy can be utilized to vary the sampling depth, which is
commonly taken as 3A. The photon energy varies from few eV when using ultraviolet sources (generally, He sources
emitting Hel at 21.2 eV and Hell at 40.8 eV photons) to 1253.6 eV or 1486.6 eV for Mg and Al Ka anodes, which are
generally utilized in the X-ray sources of XPS instruments. Using synchrotrons to perform photoelectron spectroscopy, the
radiation energy is varied in a broad range from 10 to 10* eV. Then, the sampling depth varies from fractions of
nanometers when using UV to some nanometers in the case of X-ray photons or up to ~20 nm using hard X-ray photons
(depending on the material).

| 4. Angle-Resolved XPS

The attenuation of the photocurrent described by the Lambert—Beer law (4) enables the non-destructive depth profiling of
the sample surface. Equations (5) and (6) describe the variation of the electron photocurrent as a function of the
attenuation length and the take-off angle. In a simple case, it is possible to analyze the changes of different “bond-
components” of a core line by varying the take-off angle. A well-known example is the estimate of the thickness of silicon
native oxide. Equations (5) and (6) are reduced to

Ag sinB = din(1 + Iginallgi) = Ag sind = diin(1 + R} (9)

To make the effect of the tilt clearer, the spectra are normalized to a common intensity. As can clearly be seen, increasing
the tilt angle increases the intensity of the silicon oxide at ~103 eV. Applying Equation (9) it is possible to estimate the
thickness of the native oxide, which is ~0.4 nm.
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