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PREFACE

Surface phenomena, a very common and yet extremely complex subject, are
with us in our daily life as well as in our scientific endeavors, such as investiga-
tions in adhesion, catalysis, corrosion, enzymatic reactions, and of various solid
state surfaces and interfaces. These studies have benefited greatly from the re-
cent development of various surface-sensitive techniques and instruments.
Among these developments is electron spectroscopy for chemical analysis
(ESCA), which is also commonly termed x-ray photoelectron spectroscopy
(XPS). In addition to its surface sensitivity, ESCA is uniquely capable of provid-
ing chemical information such as oxidation state and chemical bonding, as well
as elemental compositions. In conjunction with ion milling or chemical etching,
it has the ability to furnish a depth profile of both a surface and subsurface. In
the last few years, ESCA has rapidly become a useful tool for every scientist
dealing with surface properties of various materials. In this regard, a symposium
on the chemical application of ESCA was held at the seventh Federation of
Analytical Chemistry and Spectroscopy Societies (FACSS) meeting in Philadel-
phia on October 2, 1980. This monograph is a direct result of this symposium,
with most presentations revised and extended to cover pertinent references up to
early 1981.

In addition to critical review of major developments, new and significant ad-
vances from the authors’ own laboratories were described at the symposium. To
put the technique of ESCA in proper perspective, the experimental method in
ESCA was featured (G. E. McGuire) and compared with other surface-analysis
techniques (C. J. Powell). The applications dealing with various surfaces and
interfaces of metals and metal oxides, such as solid state devices (J. H. Thomas,
IIT), photovoltaic cells (L. L. Kazmerski), and corrosion processes (N. S.
MclIntyre) were discussed. Measurement of functional groups on polymer films
was highlighted (C. N. Reilley, D. S. Everhart, and F. F.-L. Ho), and develop-
ment in characterization of polymer-anchored homogeneous catalysts was
covered (F. F.-L. Ho). Special features of application in heterogeneous catalysis
(D. M. Hercules and J. C. Klein), as well as techniques in dealing with hetero-
geneous materials in general (H. Windawi and C. D. Wagner), were presented.

It is the editors’ particular pleasure to acknowledge herein the contributions
and genuine efforts of the individual authors as well as those of the reviewers.
The comments and patience of the Series Editors and the publication staff are
highly appreciated. We are, nevertheless, grieved by the untimely death of

vii



viii ‘ ' PREFACE

Professor Charles N. Reilley of the University of North Carolina on"December
31, 1981. On a happier note we express our congratulations to K. Siegbahn for
being awarded the Nobel prize for 1981, which was partly based on his pioneer-
ing work in ESCA. s

Des Plaines, Illinois Hassan Windawi

Wilmington, Delaware Floyd F.-L. Ho
August 1982 i
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1. INTRODUCTION

Photoelectron spectroscopy is growing in popularity as a general analytical
tool, specifically in the area of surface analysis. In essence, it involves the energy
analysis of electrons ejected from matter by incident radiation. It allows the in-
vestigation of electronic structure, providing a picture of molecular orbitals for
gas-phase species, valence band density of states, and core-level electron-binding
energies for solids. The characteristic electron energies allow elemental analysis
as well as chemical state identification. In addition, photoelectron spectroscopy
probes only the surface region of solids. As a result, the technique is frequently
used in investigations of phenomena such as absorption, corrosion, catalysis, ad-
hesion, and segregation, where surface composition is of great importance.

1



‘ 2 INSTRUMENTAL METHODS IN ESCA

The phenomenon of photoemission when a material is exposed to electromag-
netic radiation of sufficient energy has been known for quite a long time. It was
not until the late 1960s that significant developments in the field of photoelec-
tron spectroscopy occurred that led to the current awareness of the technique.
K. Siegbahn and others in the Physics Department of the University of Uppsala,
Sweden, published pioneering works in the field in 1967' and 1969% which
described in detail many aspects of electron spectroscopy as they are known
today. In their 1967 study, Siegbahn et al. coined the term electron spectroscopy
for chemical analysis (ESCA), which is now frequently used interchangeably
with x-ray excited photoelectron spectroscopy (XPS). About the same time,
D. W. Turner and his colleagues at the University of Oxford, England, published
their work on ultraviolet photoelectron spectroscopy (UPS) of molecular gases.?
Commercial instrumentation for XPS of solids and UPS of gases became avail-

able around 1970. Rapid development of the technique took place over the next -

few years resulting in a merging of the instrumentation for XPS and UPS. In
1972 a journal was founded that was devoted to the topic, namely, Journal of
Electron Spectroscopy and Related Phenomena. Nowadays, it is difficult to find
a chemical journal that does not contain some articles related to photoelectron
spectroscopy. Interest in the application of this technique to surface analysis in
a wide variety of fields has resulted in several international conferences* on the
subject and volumes such as the present one.

2. FUNDAMENTALS

If a sample is irradia.ted with monochromatic photons of frequency v, the pho-
tons may be absorbed resulting in the emission of electrons defined by the
Einstein relation,® .

hv=Egp +Ep (1)

Egg is the ionization energy or binding energy of the kth species of electron in
the material, and Ey is the kinetic energy of the ejected electron. A photoelec-
tron ejected from a free molecule will have lower kinetic energy due to vibra-
tional and rotational energy imparted to the molecule by the photon. For solids,
the vibrational and rotational terms are usually neglected, although Citrin et al.®
found core photoelectron transitions in alkali halides exhibit temperature-
dependent line widths consistent with excitation of lattice vibrations during
photoemission. Including correction terms for the spectrometer work function
¢sp and sample charging ¢ ,, Equation 1 becomes

hv=Egg +EK +q>sp+¢m ‘ 2

-
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Figure 1. Energy level diagram of electron or photon excitation of an atom that results in
photoionization and the subsequent relaxation that results in Auger electron or Xx-ray
emission.

Assuming that the Fermi level of the sample and spectrometer align, the bind-
ing energy of any core level, as shown in Figure 1, is the energy separation be-
tween that core level and the Fermi level of the sample. For conductive samples
in contact with an electron spectrometer, the Fermi levels of the sample and
spectrometer will be coincident. As a result, the spectrometer work function can
be determined by obtaining the spectrum of a conductive material with known
binding energies. The instrument is adjusted until the binding energies agree with
the known value. The spectrometer work function remains relatively constant.
When the apparatus has been exposed to atmospheric pressure for maintenance
or other purposes, a redetermination of ¢, may be necessary.

For semiconductors and insulators the Fermi level lies somewhere between the
filled valence band and empty conduction band. The Fermi level for semicon-
ductors and insulators is obtained by determining the specimen work function
using internal calibration or charge correction.” Internal calibration is accom-
plished by mixing or evaporating a conductive material with known binding
energies onto the sample.

3. INSTRUMENTATION
3.1. Energy Analyzers

The kinetic energy of the ejected electron is measured using an electrostatic or
magnetic analyzer. The function of the energy analyzer is to measure the number
of photoelectrons as a function of their energy. Of all the analyzer designs, the
double-pass cylindrical mirror and 180° spherical sector analyzer are among the
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Figure 2. The geometry of a double-pass cylindrical mirror anaiyzer used for x-ray photo-
electron spectroscopy.

most popular in commercial instrumentation. Figure 2 shows a schematic dia-
gram of the double-pass cylindrical mirror analyzer. The analyzer consists of two
stages of coaxial cylinders with a negative potential applied to the outer cylinder.
The potential applied between the inner and outer cylinders creates a cylindrical
retarding potential.® Electrons which leave the sample positioned at the focal
point of the analyzer pass through an annular defining slit, then pass into the
radial field between the cylinders to be focused back to the axis by the negative
potential. The electrons pass into the second cylindrical mirror anlyzer to be
focused onto an electron multiplier.

The use of tandem cylindrical capacitors improves energy resolution over a
single-stage device. Energy resolution is also improved by first decelerating the
electrons through the use of a retarding field formed by spherical grids at the en-
trance to the analyzer. If electrons leaving the sample with kinetic energy Ey are
retarded to an energy Ej for transmission through the analyzer, then the resolv-
ing power of the complete system will be improved by a factor equal to the
retarding ratio, E/E(. Retardation also gives rise to an improvement in sensitiv-
ity at a fixed energy resolution since a larger slit may be used at the lower trans-
mission energies.

Retardation has been accomplished through the use of an electrostatic lens in
conjunction with the 180° hemispherical analyzer shown schematically in Figure
3. The use of a lens focuses the electrons toward the acceptance angle of the
analyzer. The use of an extracting and retarding lens also allows more variation
in sample position due to its depth of focus. The hemispherical analyzer déflects
the electrons 180° in the field between two concentric spheres. Electrons enter
the analyzer near the center of the gap defined by a slit and exit after 180°
deflection. Energy resolution is controlled by the radial source width, the axial
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'Figure 3. Schematic diagram of a 180° hemispherical analyzer with electrostatic lens.

source height, the detector width, the radial angle of emission, the axial angle of
emission, and the optic circle radius.?

It is necessary to terminate the fringing fields at the entrance and exit to the
electrodes of both the cylindrical (CMA) and hemispherical analyzers. Fringing
fields at the ends of the CMA may be terminated by a series of rings coupled by
dividing resistors or by resistively coated ceramic disks. The fringing fields of the
hemispherical analyzer may be terminated by concentric wires or shaped elec-
trodes biased at the electron pass energy.

3.2. Electron Detectors ~

The most commonly used detectors in XPS are channel electron multipliers.'”
These consist of lead-doped glass tubes with a semiconducting coating possessing
a high secondary electron yield. A high voltage of a few kilovolts is applied
between the ends of the multiplier to produce a gain of 10-10% due to the
cascade of collisions as electrons travel down the inside of the tube. The detec-
tors are frequently coiled to reduce noise due to ions produced in the multiplier.
They have a high gain even for electrons at low kinetic energy and a low back-
ground count of less than 1 count per minute. The output of the multiplier is a
series of pulses that are fed into a pulse amplifier-discriminator, then into a
digital-to-analog converter, and.stored in a multichannel analyzer or a computer.

Spherical and cylindrical sector spectrometers with a well-defined focal plane
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where electron energy can be related to position in the exit plane of the analyzer
have been equipped with multiarray detectors. The exit slit is removed and re-
placed by a parallel array of multipliers. The sensitivity is increased, in principle,
by the number of equivalent slits which would occupy the detector area.

A common configuration accelerates the electrons at 4-5 kV toward a
phosphor that converts them into light pulses which are recorded with a Vidicon
camera. The spatial location of the light pulses is correlated with electron energy.
With this arrangement, a 10 eV or larger range can be detected simultaneously.

3.3. Magnetic Shielding

Electron spectrometers generally operate in the 0.01-0.20% resolution range,
AEy/Ey. For high-resolution applications it is necessary to reduce the stray mag-
netic fields within the volume of the analyzer to a level of approximately 10-4G
(gauss). This is necessary since the path of the electron is perturbed by magnetic
fields to an extent roughly equal to the dispersion of an electrostatic spectrom-
eter. Quantitative estimates of the stray magnetic field limit for a given resolu-
tion may be calculated.!! Magnetic field cancellation has been accomplished by
using sets of Helmholtz coils'? or ferromagnetic shielding.'* Ferromagnetic
shielding is used exclusively on commercial spectrometers because it is simple,
compact, and less sensitive to magnetic field variations. Caution should be exer-
cised since localized areas of magnetism can develop due to accidental blows to
the shielding or by contact with strong magnetic fields. Degaussing with an RF
(radio-frequency) coil after any activity that requires entering the analyzer hous-
ing is a common safety precaution. Shielding is accomplished by using two or
more layers of commercially available ferromagnetic alloys (i.e., conetic or mu-
metal) whose permeability ratio is several orders of magnitude greater than iron.

3.4. Vacuum Systems

- The vacuum system that is used must maintain a pressure so that photoelec-
trons have a long mean free path relative to the dimensions of the spectrometer
and so that the partial pressure of residual gases will not contaminate the sample
surface during the time of analysis. The requirement for a long electron mean
free path is satisfied at pressures at 10-3 Pa or lower. The surface sensitivity of
XPS requires total pressures of <107 Pa in order to permit adequate control of
surface composition. The time to build up a monolayer of residual gas will
depend on the pressure and the sticking coefficient of the gas. Adequate pres-
sures can be achieved by a variety of techniques'*; however, the most common
system is a getter-ion pump complemented by a sublimation pump with a cryo-
genic shroud and sorption forepump. The vacuum system is of stainless steel

l’
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construction with crushed metal gaskets. Using this approach, total pressures of
10-9 Pa can be achieved.

3.5. X-ray Source

Figure 2 shows the x-ray excitation source positioned in proximity to the sam-
ple and to the entrance to the analyzer to ensure the greatest solid angle between
the x-ray anode and the sample and between the sample and the analyzer. The
basic x-ray source includes a heated filament and a large target anode. Electrons
from the filament are accelerated toward the anode to produce radiation that
consists of a continuum of bremsstrahlung radiation with characteristic x-ray
lines superimposed upon it. The continuum has a maximum energy that corre-
sponds to the maximum energy of the bombarding electrons and a maximum in-
tensity between one-half and two-thirds of the primary electron energy. The
characteristic x-ray lines are a result of relaxation of atoms ionized during elec-
tron bombardment. During the relaxation process, electrons from an outer shell
fill inner shell vacancies while simultaneously emitting an x-ray.

X-ray sources are constructed in a variety of ways. Figure 4 shows the basic

Water Inlet Tube

Focusing Shields

NE L L L LT LA LLELALLEL]

Filament 1 — | Filament 2

Anode Face 1 Anode Face 2

i

X-rays
Figure 4. X-ray source with dual filament and anode faces capable of separate x-ray excita-

tion. (After A. Barrie, in Handbook of X-ray and Ultraviolet Photoelectron Spectroscopy,
D. Briggs, Ed., Heyden, London, 1977, p. 83.
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components of a dual anode x-ray source, which are basically the same as those
of a single anode source. The anode is held at a high positive potential while the
filament is held near ground potential.'® The positive potential on the anode en-
sures that scattered electrons do not enter the sample chamber but are reat-
tracted to the anode. The cooling water source that dissipates heat from the tip
of the anode must be electrically isolated when the anodg is operated at positive
potential. The filaments are positioned out of line of sight of the anode to pre-
vent the deposition of filament material on the anode target. Buildup of con-
tamination on the target would significantly attenuate the number of x-rays
emitted from the source. Independent operation of either filament can selectively
excite either anode face.

The efficiency of x-ray production is only about one percent of the total
applied power.'® The actual intensity of x-rays produced depends on the voltage
and current of the electron beam striking the anode. The threshold energy for
the process is the binding energy of the inner shell electrons. The intensity of
x-ray production just above threshold is very low but increases rapidly to a maxi-
mum some 5-10 times the threshold energy.

A thin, x-ray transmitting window separates the excitation region from the -

specimen. The window prevents the entry of scattered electrons from the x-ray
source into the sample chamber. It also must attenuate high-energy bremsstrah-
lung radiation without greatly affecting the characteristic radiation. The actual
window attenuation may be estimated from mass absorption coefficients.!” The
most common window materials are high-purity beryllium or aluminum foils.

Ideally the x-ray source will produce monochromatic radiation with sufficient
energy to excite core electrons of all the elements in the periodic table. The
anode materials most commonly utilized as the desired nearly monochromatic
radiation sources are Mg and Al, The x-ray spectrum from these targets is domi-
nated by a very intense Ka;-Ka; doublet, resulting from 2p3,—~+1s and 2p; ;= 1s
transitions. The Ka; 5 doublet of Mg has an energy of 1253.6 eV with a line
width (full width at half-maximum height, FWHM) of 0.7 eV.'® The Kay
doublet of Al has an energy of 1486.6 eV with a FWHM of 0.8 eV.!* The sources
are not truly monochromatic but contain other less intense lines which are listed
in Table 1. The Ko/, Kas, Kay, Kas, and Kag transitions arise from 2p->1s transi-
tions in multiply ionized atoms. An additional Kf band arises as a result of
valence—1s transitions. Each x-ray line will produce a set of photoelectron tran-
sitions in accordance with Equation 2. The sets of photoelectron transitions will
be separated in energy by the energy separation of the x-ray lines. The intensities
of the sets-of photoelectron transitions will correspond to the relative intensity
of the corresponding x-rays. Since the relative intensity and energy of the char-
acteristic x-rays listed in Table 1 are known, the contribution of all but that due
to the AlKa; 5 doublet may be subtracted from the XPS sepectrum through
suitable software.

L
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TABLE 1. Characteristic X-rays Produced from Al and Mg Sources?

Mg Al

X-ray Energy (eV) Relative intensity Energy (eV) Relative intensity

Ka 1253.7 67 1486.7 €7

Ka; 1253.4 33} s 1486.3 33} e
Ko 1258.2 1.0 1492.3 1.0
Kagy 1262.1 9.2 1496.3 7.8
Kay, 1263.7 I 1498.2 3.3
Kag 1271.0 0.8 1506.5 0.42
Kayg 1274.2 0.5 1510.1 0.28
KB 1302.0 2.0 1557.0 2.0

@From M. O. Krause and J. G. Ferreira, J. Phys., B8, 2007 (1975).

3.6. X-ray Monochromator

Another means of removing background produced by bremsstrahlung radiation
and satellite peaks produced by the less intense characteristic x-ray transitions is
through the use of an x-ray monochromator. X-ray monochromators for specific
application to XPS have been constructed using the 1010 planes of quartz to dif-
fract AlKa radiation.? The first-order diffraction angle, according to the Bragg
relation N\ = 2d sin 6 is 78.5° when AlKa x-rays of A = 8.3 A are diffracted off
the 10T0 planes of quartz with 2d = 8.5 A. Unwanted radiation is suppressed,
while the ultimate resolution is improved by selecting a narrow band of the
AlKa, , radiation through the use of the quartz monochromator. The theoretical
limit is 0.16 eV?® while the best actual resolution was 0.22 eV.2! A more typical
value for commercial instrumentation of 0.4 eV.??

Since only a small fraction of the incident radiation is reflected to the sample
in crystal diffraction, the crystals are elastically bent or ground to the circumfer-
ence of a Rowland circle. Bending focuses the x-rays to produce a high flux per
unit area. More than one crystal can be used to increase the x-ray intensity if
they are toroidally bent and arranged in the nondispersive plane of the Rowland
circle.

The dispersion of a quartz crystal depends on the diameter of the Rowland
circle and the finite width of the x-ray source. If a sharpely focused electron
beam is used to bombard the x-ray anode, a narrow x-ray energy spread will be
focused on the Rowland circle. As the source size increases, the energy spread
increases and is spatiaily distributed across the sample. The analyzer can be de-
signed so that its dispersion is opposite but equal in magnitude to that of the
monochromator.? In dispersion compensation the sample must be positioned at



10 INSTRUMENTAL METHODS IN ESCA

the Rowland circle, while in fine focusing rough or irregular surfaces can be ex-
amined without loss of resolution. Since a larger source size can dissipate more
heat, it can be operated at higher power than can a fine focusing source. In order
to dissipate more heat from a fine focusing source, rotating anodes have been
developed that effectively multiply the anode area by the circumference of the
circular anode.

3.7. ] Excitation Sources

For nonmonochromatized x-ray sources, the primary limitation of instrumental
resolution is the natural line width of the radiation. Table 2 lists a variety of
sources that have been investigated'®; however, the most frequently used remain
Al and Mg. Narrower sources are available since the FWHM decreases with de-
creasing atomic number as a result of a degrease in spin-orbit splitting or an in-
crease in the lifetime of the hole. Although materials of lower atomic number
have more favorable FWHM, they are not used because of their chemical reactiv-
ity, poor thermal conductivity, or high vapor pressure. Table 2 also lists anode

materials with x-ray energies higher than Al. Use of these materials results in loss

of resolution in an XPS spectrum. More information is gained when one of the
higher energy sources is used because of the excitation of more tightly bound
Auger electrons and photoelectrons. When more than one source is available, as
in the case of a dual anode source, higher energy x-rays may be used to comple-
ment Mg or Al }

When only one source is available, Mg or Al offer the best combination of ex-
citation, energy, and resolution. Even then, high energy Auger lines may be
excited by bremsstrahlung radiation in the normal operation of an x-ray anode.?

TABLE 2. X-ray Photoelectron Excitation Sources

Full width at
half-maximum

Radiation Energy (eV) height (eV)
Y. M¢ 132.3 0.44
Zr M 151.4 0.77
Na Ko 1041.0 0.4

Mg Ka 1253.6 . 0.7

Al Ka 1486.6 0.8

Si Ka 17394 0.8

Ti Ka, . 4511 1.4

Cr Ko, 5415 2.1

Cu Ka, 8048 2.5

<



