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ABSTRACT

X-ray photoelectron spectroscopy (XPS) has become one of the most widely used surface analysis techniques, and XPS instrumentation has
become more user friendly, making the technique available to a large number of researchers. The number of experts in the field, however,
has not increased, and XPS data are often misinterpreted in the literature. This paper is intended to provide an introduction to XPS for pro-
spective or novice users. We present the basic principles of the technique including (1) the photoelectric effect, (2) how electrons interact
with matter and escape from a surface and how this determines the surface sensitivity of the technique, and (3) how the chemical environ-
ment around an element affects the binding energy of its electrons. A description of the instrumentation helps a novice user understand
how data are acquired, and information is included on sample preparation and mounting. The important parameters for data acquisition
are noted to help guide users starting to acquire data. Interpretation of data on both a qualitative and quantitative level is discussed, and
additional sections provide information on more advanced techniques such as angle resolved XPS, small area analysis, near ambient pressure

XPS, valence XPS, and ultraviolet photoelectron spectroscopy.

Published under license by AVS. https://doi.org/10.1116/6.0000412

1. INTRODUCTION

This article is part of a collection of guides and tutorials'
intended to provide a basic understanding of important topics
involving the application of x-ray photoelectron spectroscopy
(XPS), one of the most widely used surface sensitive techniques
available. Recent articles have documented the common misinter-
pretation of materials science characterization data in the litera-
ture.”” Materials analysis techniques such as XPS have become
more widely available and user friendly, while the number of true
experts for these techniques has not increased. As a result, many
novice users of a technique such as XPS attempt to interpret data
on their own and often get it wrong. The goal of this paper is to
summarize the experience of the authors, who frequently work
with potential and novice users, and information found in many
books and other publications,”™"" in order to provide an appropri-
ate introduction to XPS. While this paper is intended as a first step
for novice XPS users to learn more about the technique, they are
encouraged to consult with those with more experience. XPS
systems are often located in shared user facilities, and those facility

staff are great resources to advise researchers with regard to the
collection and interpretation of XPS data.

This paper introduces important concepts needed to under-
stand and apply XPS to a wide range of scientific and technological
research topics and may help researchers to recognize and avoid
some of the misinterpretation that appears in the literature.
Periodically, issues or topics are identified in Caution Boxes that
are beyond the scope of this paper but have been sources of
confusion or errors in the literature. Other papers in this series
provide additional information on topics introduced in this paper
including quantification,'>"” electron path lengths,"* background
signals and peak fitting, instrument calibration,'” and consis-
tent terminology.'®

X-ray photoelectron spectroscopy is a surface sensitive analyti-
cal technique, in which x-rays bombard the surface of a material
and the kinetic energy of the emitted electrons is measured. The
two major characteristics of this technique that make it powerful as
an analytical method are its surface sensitivity and its ability to
reveal chemical state information from the elements in the sample.
All elements except hydrogen and helium can be detected, and XPS

15,16

J. Vac. Sci. Technol. A 38(6) Nov/Dec 2020; doi: 10.1116/6.0000412
Published under license by AVS.

38, 063204-1


https://doi.org/10.1116/6.0000412
https://doi.org/10.1116/6.0000412
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0000412
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0000412&domain=pdf&date_stamp=2020-09-24
mailto:fred_stevie@ncsu.edu
mailto:cdonley@email.unc.edu
https://doi.org/10.1116/6.0000412
https://avs.scitation.org/journal/jva

JVSTA

Journal of Vacuum Science & Technology A

has been used to study the surface of almost every material from
plastics to textiles to soil to semiconductors. All materials have sur-
faces, and it is those surfaces that interact with other materials.
Factors such as surface wettability, adhesion, corrosion, charge
transfer, and catalysis are all determined by surfaces and surface
contamination, and, therefore, studying and understanding surfaces
is important.

XPS is based on the photoelectric effect, first discovered by
Heinrich Hertz in 1887. He noticed that electrons were emitted
from surfaces when irradiated with light. Albert Einstein more for-
mally described the concept in 1905 and was awarded the Nobel
Prize in physics in 1921 for this work. Photoemission from x-ray
irradiation was first observed by Robinson and Rawlinson in 1914,
and the first application of photoemission as an analysis method
was presented by Steinhardt and Serfass in 1951."" However, the
bulk of the work to develop x-ray photoelectron spectroscopy into
the technique we know today was done by Kai Siegbahn at the
University of Uppsala in Sweden in the 1950s and 1960s.”"*
He won the Nobel Prize in 1981 for his work on high resolution
electron spectroscopy, which was initially referred to as electron
spectroscopy for chemical analysis (ESCA).

Il. PRINCIPLES OF THE TECHNIQUE

A. Generation of photoelectrons

In XPS, the sample is irradiated with soft x-rays (energies
lower than ~6 keV) and the kinetic energy of the emitted electrons
is analyzed [Fig. 1(a)]. The emitted photoelectron is the result of
complete transfer of the x-ray energy to a core level electron. This
is expressed mathematically in Eq. (1). It simply states that the

XPS

2p3; —o—o——o—
2py); ——

XRF
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energy of the x-ray (hvv) is equal to the binding energy (BE) of the
electron (how tightly it is bound to the atom/orbital to which it is
attached), plus the kinetic energy (KE) of the electron that is
emitted, plus the spectrometer work function (@), a constant
value,

hv = BE + KE + ®gpec. (1)

To determine the binding energy of an electron, Eq. (1) can
be rearranged to obtain Eq. (2), where the terms on the right are
either known (hv and @) or measured in the XPS experiment
(KE),

BE = hv — KE — Dy @)

This concept is also demonstrated diagrammatically in Fig. 2.
Note that the photoelectron binding energy is measured with
respect to the sample Fermi level (not the vacuum level) which is
the reason that ®gp is included.

Photoelectron peaks are notated by the element and orbital
from which they were ejected. For example, “O 1s” describes elec-
trons emitted from the 1s orbital of an oxygen atom. Any electron
with a binding energy less than the x-ray source energy should be
emitted from the sample and observed with the XPS technique.
The binding energy of an electron is a material property and is
independent of the x-ray source used to eject it. When experiments
are performed with different x-ray sources, the binding energy of
photoelectrons will not change; however, the kinetic energy of the
photoelectrons emitted will vary as described by Eq. (2).

Auger KL, L,
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FIG. 1. Processes that result from x-ray bombardment of a surface include (a) emission of a photoelectron, (b) x-ray fluorescence, and (c) emission of an Auger electron.
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FIG. 2. Energy level diagram illustrates schematically the basic XPS equation,
including the x-ray source energy (hv), the binding energy of the electron (BE),
the measured kinetic energy of the electron (KEmeasureq), @nd the work function
of the spectrometer (Pspectrometer)-

B. Auger electrons

The loss of the XPS core electron results in a core “hole.” This
excited ionized state will relax by filling the hole with an electron
from a valence orbital. This relaxation process releases energy in

a) Mg source Ag 3d

m

§ Ag Auger

z Ag 3p Sqtellite Peaks
"
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£ g r Ag 4p

h Ag4s\ Ag4d
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Binding Energy (eV)
b) Monochromatic Al source
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FIG. 3. Survey spectra for silver with (a) nonmonochromatic Mg and (b) mono-
chromatic Al sources show how the photoelectron peaks are at the same
binding energies but the Auger peaks shift with the use of different sources.
Note that the satellite peaks are removed by the monochromator source as
discussed in Sec. |lI.
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one of the two competing processes: x-ray fluorescence or the emis-
sion of an Auger electron. X-ray fluorescence [Fig. 1(b)] is not
detected in the electron spectrum and will not be considered
further here. Auger electrons generated by the process described in
Fig. 1(c) will be detected and are often used in XPS for qualitative
analysis.

The notation of Auger peaks traditionally relies on the K, L,
and M nomenclature for atomic orbitals. For example, the main
oxygen Auger peak is denoted by KLL, which indicates that the
first ejected electron came from a K orbital, the electron that filled
the core hole came from an L orbital, and the final Auger electron
ejected also came from an L orbital. Subscripts are sometimes used
to differentiate between specific L, M, and N orbitals as demon-
strated in Fig. 1(c). The Auger process involves three different elec-
tron transitions, and the kinetic energy of the ejected Auger
electron is described in Eq. (3) using a KLL transition as an
example,

KEauger ~ BE(K) — BE(L1) — BE(L). 3

The kinetic energy of the Auger electron depends on the
binding energies of specific orbitals in the atom from which it

a)
O1s
Cls

O Auger

Intensity (cps)

Intenstiy (cps)

290 288 286 284 282
Binding Energy (eV)

FIG. 4. XPS survey spectrum (a) and high-resolution C 1s spectrum (b) of PET.
The inset of (b) shows the chemical structure of PET and the assignments of
the three peaks in the C 1s spectrum.
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originated. Since these binding energies are independent of the
x-ray source energy, it follows that the kinetic energy of the
Auger electron is also independent of the x-ray excitation energy.
Thus, when different x-ray sources are used for excitation, the
calculated binding energy of the Auger electrons will change. The
fact that the binding energy of photoelectrons is constant with
the x-ray source, while the binding energy of Auger electrons
changes, is useful when spectral overlaps between Auger lines
and photoelectron lines occur. Using a different x-ray source can
often separate those overlaps as demonstrated in Fig. 3. The most
intense silver Auger peak is observed at a binding energy of
902 eV with Mg x-ray excitation, but at 1135eV when an Al
x-ray source is used.

C. Chemical environment

XPS survey and high-resolution C 1s spectra of polyethylene
terephthalate (PET) are shown in Fig. 4. Note that the y axis is typi-
cally intensity in counts/s and the x axis is the binding energy in
electron volts, with the convention of binding energy decreasing
from left to right. Survey spectra are typically used to obtain basic
elemental information and to look for the presence of unexpected
elements in the sample. Figure 4(a) shows that the PET sample
contains carbon and oxygen as expected.

An important advantage of XPS over other techniques is the
ability to determine the chemical environment of the atoms present
in a sample. This chemical environment, including factors like
nearest neighbors and the oxidation state of the element, affects the
binding energy of the photoelectron peaks (and the Auger peaks).
Let us examine this concept in more detail with the high-resolution
C 1Is peak from PET in Fig. 4(b). In the case of C 1s, the binding
energy is highly dependent on the electronegativity of the nearest
neighbor elements. As the neighboring atom becomes more electro-
negative, the binding energy for the C 1s electron increases as
shown in Table I. XPS can easily distinguish between C—C, C—0,
C=O0, and C-F, based on this simple electronegativity trend.
Therefore, peak assignments for the three C 1s peaks can be made
as shown in Fig. 4(b). The relative area under each peak is repre-
sentative of the number of carbon atoms present in each
environment.

For most transition metals, the binding energy is primarily
affected by the oxidation state of the metal. If an atom has

TABLE |. Binding energies for several carbon chemical states (Ref. 23), reprinted
with permission from Ratner and Castner, in Surface Analysis: The Principal
Techniques, edited by J. C. Vickerman (Wiley, Chichester, 2009). Copyright 2009,
John Wiley & Sons.

Chemical state Binding energy (eV)

C—Cor C=C 285.0
C—N 286.0
Cc—0 286.5
C=0 288.0

O—C=0 289.0
CF, 292.0
CF; 293-294

ARTICLE avs.scitation.org/journalljva

TABLE Il. Binding energies for several titanium chemical states for the Ti 2ps»
orbital, (Ref. 35) reprinted with permission from NIST X-ray Photoelectron
Spectroscopy Database, NIST Standard Reference Database Number 20, National
Institute of Standards and Technology, Gaithersburg MD, 20899 (2012),
doi:10.18434/TAT88K, see  htips:/srdata.nist.gov/xps/imain_search_menu.aspx.
Copyright 2012, United States of America as represented by the Secretary of
Commerce.

Chemical state Oxidation state Binding energy (eV)

Ti Ti(0) 453.9
TiO Ti(II) 4552
TiO, Ti(IV) 458.7

already lost some electron density and exhibits a positive charge,
it will be more difficult to remove an electron from that atom,
and the binding energy will be higher. Table II shows binding
energies for several titanium oxidation states, illustrating this
trend of increasing binding energy as the oxidation state
increases. Values of binding energies can be found in many texts
and online sources.”*™**

Caution Box 1:

While the oxidation state of a material is a general guide to
determining binding energy, it is not always the only factor that
determines the peak position and peak shape. Binding energies
determined for photoelectron peaks, as in Fig. 4(b) using
Eq. (2) are not simply binding energies determined by the elec-
tron energy levels of the atom in the solid. Although the
binding energies reported in Table IT shift to higher energies
with increasing oxidation, Ti in the same oxidation state can
have significantly different peak shapes.® It would be more
appropriate to identify the measured peak energies determined
by XPS as measured BEs (BE,,,s) to differentiate them from
the actual binding energies determined from the atomic energy
levels.

The measured binding energy involves transfer of an electron
from an atom in an initial state leaving the atom in an excited
final state. Although there is only one initial state, there may be
many accessible final states, which can influence peak shape
and measured energies. When there is only one final state, the
initial state determines the measured binding energy, and the
rules discussed in this section about neighboring atom electro-
negativity and oxidation state apply. But, in some cases, multi-
ple final state effects are possible, and they can dominate the
resulting spectra, causing multiplet splitting, shakeup, and
shakeoff processes'® (introduced in Sec. VI of this paper).
These processes can cause broadened peaks or multiple peaks,
and interpretation is more difficult, as the measured peak ener-
gies are not always simply related to the BE of the atomic states
in the solid. It is important to check other results in the litera-
ture before assigning unexpected peaks as new or different
chemical states.
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D. Surface sensitivity

To understand why XPS is a surface sensitive technique, the
physical processes that affect electrons traveling in solids must be
examined. The x-rays that irradiate the sample can penetrate
quite deeply (a few um) into the sample. Electrons generated this
deep in the sample will encounter many inelastic collisions (colli-
sions that involve the loss of energy) and eventually will lose all
their energy before escaping from the sample. In Fig. 5(a), the
electrons labeled “C” represent these deeply generated electrons.
Electrons generated nearer to the surface may have only one or
two inelastic collisions before escaping from the sample and
reaching the detector. These electrons leave the sample with less
kinetic energy than expected, because they have lost some
random amount of energy on their way to the detector. These
electrons are labeled as “B” in Fig. 5(a); they contribute to the

a) Analyzer & Detector

b)
O1s
A Cls

O Auger
/M

1200 1000 800 600 400 200 0
Binding Energy (eV)

Intensity (cps)

FIG. 5. Emitted electrons interact with the sample in different ways depending
on the depth at which they are generated. In (a), electrons emitted without inter-
action, labeled A, produce XPS photoelectron and Auger peaks. Electrons
which undergo at least one inelastic collision, labeled B, contribute to the back-
ground. Electrons that undergo multiple collisions and do not escape the
sample are labeled C. (b) shows the XPS spectrum for PET with photoelectron
and Auger peaks labeled. The orange shaded area shows the contribution to
the background signal that results from C 1s electrons. While only the contribu-
tion to the background from C 1s electrons is illustrated here, similar background
contributions are made by electrons from O 1s and O Auger transitions as well,
forming the vertical “steps” in the baseline observed for every major peak.

ARTICLE avs.scitation.org/journalljva

vertical step in the background signal that accompanies any large
photoelectron or Auger electron peak as shown in Fig. 5(b). The
background contribution from C 1s peaks is shaded in orange,
and similar background contributions are made by the O Is and
O Auger peaks. Only the electrons that escape the surface
without any inelastic collisions will contribute to the characteris-
tic photoelectron peaks that we use in XPS analysis. These are
labeled “A” in Figs. 5(a) and 5(b).

The surface sensitivity of XPS is determined by how deep
an electron can be generated and still escape without inelasti-
cally scattering. Beer’s law describes the intensity, I, of elec-
trons emitted from a sample at depths deeper than d, where I
represents the total number of electrons generated from the
sample,

I = I exp(— d/A). (4)

The term A is the attenuation length of the electron, which
will depend on the energy of the electron and the material through
which it is traveling. The attenuation length is similar to the inelas-
tic mean free path (IMFP) of the electrons (defined as the average
distance an electron with a certain kinetic energy can travel before
inelastically scattering), but the attenuation length also takes into
account the effect of elastic scattering. Detailed studies of both
attenuation length and IMFP are beyond the scope of this text, but
the interested reader can consult many references.'**”~*" A plot of
the universal curve of the inelastic mean free path as a function of
electron kinetic energy is shown in Fig. 6.*' Electrons with kinetic
energies of ~1000eV have an IMFP on the order of a few nm.
Using Beer’s law, it can be shown that about 95% of the electrons
will escape from a depth of 10 nm or less, and 10 nm is often cited
as the information depth for XPS. The information depth (com-
monly called the sampling depth) is defined as the maximum
depth normal to the surface from which useful information is
obtained,"* and in this case, we define useful information as 95% of
the total signal.

As Fig. 6 shows, for electrons typically analyzed with XPS (KE
>100 eV), the IMFP increases as the kinetic energy of the electron
increases. Higher energy X-ray sources generate electrons with
higher kinetic energies [Eq. (2)], and, therefore, electrons will be
able to escape from deeper within the sample. Common x-ray
source energies are listed in Table III. Analysis with different x-ray
sources allows the researcher to probe different depths within the

Caution Box 2:

In the early days of XPS, the information depth was thought to
be completely controlled by inelastic scattering, and the IMFP
was thought to be the controlling parameter. As the impact of
elastic scattering was better understood, additional concepts
evolved including attenuation length, mean escape depth, and
information depth. IMFP is a true material parameter, while
other lengths depend on specific measurement conditions and
they can have a significant impact on careful quantitative
measurements.''®
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FIG. 6. Inelastic mean free path (IMFP or 1) is shown as a function of electron
kinetic energy. Curve shape obtained from data found in Ref. 41.

sample. While the information depth for Si 2p electrons is ~7 nm

for an aluminum source, it is closer to 22nm for a chromium
48

source.

I1l. INSTRUMENTATION

An XPS instrument contains an x-ray source, sample stage,
extraction lenses, analyzer, and detector housed in an ultra-high
vacuum environment. A schematic diagram of an XPS system is
shown in Fig. 7, illustrating all the main components that are dis-
cussed below. Detailed descriptions of instrument components can
be found in Refs. 49-53.

XPS instruments are housed within ultra-high vacuum (UHV)
environments for two reasons. First, the emitted electrons must not
scatter off air molecules while traveling to the analyzer, and this
requires vacuum levels on the order of 10~°~107° mbar. In practice,
XPS systems typically have much lower base pressures that are
closer to 107°-107"" mbar. Because XPS is a surface sensitive tech-
nique, it is very sensitive to surface contamination. At a pressure of
1 x 10" mbar and a sticking coefficient of 1 (every molecule that
strikes the surface sticks to that surface), there would be one mono-
layer of contamination in 2s! As a result, XPS instruments utilize
the UHV environment to reduce the surface contamination that
occurs within the chamber.

TABLE lll. Commercially available x-ray sources.

Anode material Energy (eV) Natural linewidth (eV)
Mg 1253.6 0.7
Al 1486.6 0.9
Ag 2984.4 2.6
Cr 5417.0 2.1
Ga 9251.7 2.6

ARTICLE avs.scitation.org/journal/jva
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FIG. 7. Schematic diagrams show the major components of an (a) XPS
instrument and (b) monochromator.

A. X-ray sources

X-ray sources use a heated tungsten or LaBg (lanthanum hexa-
boride) filament to provide a source of electrons that are accelerated
toward a high voltage anode. The choice of the anode material
depends on several factors:
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(1) Energy: The energy of the source will determine the transitions
that can be measured.

(2) Linewidth: For non-monochromatic sources, the natural line-
width will limit the resolution of the measurement.
(Monochromatic sources offer much narrower linewidths.)

(3) Analysis depth: Higher energy sources will probe deeper in the
sample.

(4) Ionization cross section: This measure of the probability that
an atom will lose an electron due to x-ray irradiation decreases
for higher kinetic energy electrons produced by higher energy

54
sources.

XPS systems were originally equipped with Al and/or Mg sources,
often in the form of a dual anode source that contains both Al and
Mg anodes which can be individually selected. Many instruments
incorporate a monochromator, typically for an aluminum source.
As shown in Fig. 7(b), aluminum x-ray monochromators utilize a
quartz crystal positioned at a specific angle to allow only Al Ko
x-rays to diffract, filtering out other Al x-ray lines and
Bremsstrahlung radiation (continuous energy x-ray radiation pro-
duced by x-ray sources).”””® Repositioning the quartz crystal can
also allow monochromatization of Ag Lo x-rays, and dual anode
monochromatic Al/Ag sources are now available. Other monochro-
matic sources, such as chromium, can also be obtained.

There are several advantages to monochromatic sources and
some manufacturers are moving toward instruments exclusively
equipped with monochromatic sources. The first advantage is that
the monochromator eliminates any excitation by x-ray lines other
than the most intense main line. For example, a nonmonochro-
matic Mg x-ray source will irradiate the samples with the most
intense Mg Ko, , line but also with other less intense lines. The
most intense of these other lines is the Mg Koi; with an energy that
is 8.4 eV lower than the Mg Ko, , line and an intensity that is 9.2%
of the main line.”® As a result, additional peaks due to excitation
with multiple x-ray energies will appear in the XPS spectrum, and
they are called satellite peaks. Figure 3 shows survey spectra of
silver taken with a nonmonochromatic Mg source and a mono-
chromatic Al source. The satellite peaks present with the Mg source
are clearly absent when data are acquired with the monochromatic
Al source. Similar satellite peaks are observed when a nonmono-
chromatic Al source is used.

XPS spectral resolution is limited by the x-ray linewidth. An
additional advantage of a monochromatic source is reduced x-ray
linewidth. For an aluminum source, the source linewidth decreases
from 0.9 eV to approximately 0.25eV when a monochromator is
used.”” The effect of using a source with a smaller linewidth is
demonstrated in the high resolution Ag 3d peaks in Fig. 8, which
show a much smaller full width half maximum (FWHM) when the
monochromatic aluminum source is used. One of the few disad-
vantages of using a monochromator is that it reduces overall x-ray
flux, but improvements in electron collection and detector effi-
ciency have made this a minor consideration on modern instru-
ments. Regardless of the type of source used, a very thin aluminum
window is placed after the source to remove Bremsstrahlung radia-
tion and electrons from the x-ray beam; this is especially important
for nonmonochromatic sources where the Bremsstrahlung radiation
is not removed by the monochromator.
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FIG. 8. XPS high-resolution spectra from a silver sample show the reduction in
Ag 3d linewidth obtained from a monochromatic source (a) compared with a
nonmonochromatic Mg source (b).

The x-ray source is designed to provide a high fluence of
x-rays, since the number of electrons emitted is proportional to the
x-ray source intensity; however, some samples can be damaged by
high x-ray intensity.”® Some indicators that sample damage may be
occurring include visible sample color changes and spectral
changes including peak broadening over time. Some materials are
more susceptible to x-ray damage. For example, oxides are some-
times reduced, polymers can show changes in the C 1s peak shape
and peak broadening, and thin films such as self-assembled mono-
layers have been shown to be susceptible to the loss of terminal

gl‘OllpS.SQ’60

B. Electron lenses, analyzer, and detector

Between the sample and the analyzer are a set of electron
optics called extraction lenses, and they serve several purposes.
These lenses define the acceptance angle for collecting electrons
emitted from the sample. Typically, a large acceptance angle is used
to improve electron collection efficiency, although there are experi-
ments for which lower acceptance angles are preferred (angle
resolved XPS). On some systems, extraction lenses can also control
the area of the sample from which electrons are collected, thereby
enabling small spot analysis. Both angle resolved XPS and small
spot analysis are described in more detail in Sec. VIIL

Energy resolution in XPS is limited by the energy of the elec-
trons being detected, with better energy resolution achieved at
lower electron energies. As a result, the energy of the electrons trav-
eling to the analyzer is usually retarded or reduced by the extrac-
tion lenses to a specific user defined energy, called the pass energy,
before entering the analyzer. The pass energy affects both electron
throughput and resolution. Smaller pass energies result in better
spectral resolution, but with fewer electrons detected, and are typi-
cally used for high resolution scans. In contrast, higher pass
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energies are used for survey scans, where resolution is not impor-
tant, because they can offer more electron throughput.

Two main types of analyzers were developed for XPS systems:
cylindrical mirror analyzers and concentric hemispherical analyz-
ers. Over time, the concentric hemispherical analyzer design
proved to have better performance with respect to energy resolution
and eventually throughput and is now used in all commercial XPS
systems. The concentric hemispherical analyzer consists of two
hemispheres as shown in Fig. 7(a). Voltages are applied to the
hemispheres, with the outer hemisphere being more negative than
the inner hemisphere. The electrons enter the analyzer through a
slit, and only electrons with a specified energy will be able to travel
through the analyzer. Electrons with higher energies will collide
with the outer hemisphere and electrons with lower energies will
collide with the inner hemisphere. The voltages on the hemispheres
can be adjusted to allow electrons of different energies to pass
through the analyzer. The analyzer resolution is determined by the
radius of the analyzer, with larger radius analyzers providing better
energy resolution. Many factors affect the energy resolution that
can be achieved (source linewidth, analyzer radius, etc.), but
modern instruments can achieve an energy resolution of less than
0.5eV FWHM on the Ag 3ds), peak.””"'

All detectors used in XPS instruments are types of electron
multipliers. Often multiple detectors are placed along the exit slit
of the analyzer to collect more electrons; 2D position sensitive
detectors are also available for either imaging or higher collection
efficiency. More information on detectors can be found in the
literature.®”

C. Other features and options

While the above items (source, extraction lenses, analyzer, and
detector) are required for any XPS, there are many other available
options, and experiments utilizing these options are discussed in
this article.

XPS systems are commonly equipped with some type of sput-
tering gun. Older systems routinely had just Ar" ion sources, which
often cause sample damage. Newer systems offer more gentle
sputter sources such as Cgo or gas cluster ion sources (GCISs),
commonly with argon clusters.

XPS imaging and small spot spectroscopy are also options.
There are two main methods in which this is achieved. The first
method reduces the size of the x-ray source to probe a smaller area
on the sample. The second method retains a large x-ray source spot
on the sample and controls the area from which electrons are col-
lected with the electron optics.

Ultraviolet (UV) sources are offered as an option to enable
ultraviolet photoelectron spectroscopy (UPS), which probes the
Fermi level and energy levels just below Fermi. Commonly, a He
source is used, and these sources can be operated to maximize the
output of the He I (21.2 eV) or He II (40.8 eV) lines.

Additionally, sample heating and cooling are available from
many vendors, often only in the analysis chamber, but sometimes
also in the sample loading chamber. A resistive heater can produce
sample temperatures over 500 °C, and liquid nitrogen cooling can
reduce the temperature below —100°C. Many applications have
resulted from this capability.®>**
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IV. SAMPLE PREPARATION AND MOUNTING

The allowed sample size will depend on the instrument con-
figuration, but generally samples that are 10 x 10 mm?* and less
than 10 mm tall should fit into the chamber. Because samples are
analyzed in UHV, the samples must be vacuum compatible. This
typically limits samples to solids, powders, and thin films, although
high vapor pressure or even liquid samples can sometimes be ana-
lyzed when cooled or frozen in the chamber.”” Instruments that
can analyze samples at near ambient pressure are discussed in
Sec. VIIL. Some samples that are porous or polymer based will tend
to incorporate volatile materials and then outgas in the UHV envi-
ronment. It is recommended that the volatiles are first removed by
extended pumping in a vacuum station prior to analysis.

For conducting or semiconducting samples, it is important to
make electrical contact to the surface of the sample. Metal sample
holders are provided for each system, and typically samples can be
mounted with metal clips to ensure electrical contact. Double sided
carbon tape is often used to adhere samples to the sample holder,
and both carbon tape and indium foil are commonly used for
mounting powder samples. Sample handling information for specific
material types, such as polymers™ and nanoparticles’” have recently
been published, and more detailed summaries are available.*®®’

XPS can detect submonolayer coverages, so sample handling is
very important! Gloves should be worn and metal tweezers used to
handle the sample without contacting the area to be analyzed, since
studies have demonstrated contamination due to fingerprints and
gloves.”””" Samples should be stored and transported in a way that
does not introduce surface contamination. Fluoroware, glass, alumi-
num foil, or copier paper are all relatively clean containers for storing
samples. As an example, silicon is a common contaminant that can
come from many sources including the inserts in lids on glass jars,
plastic bags, dessicators that use vacuum grease seals, plastic syringes
with silicone lubricant, and sticky elastomer gel based sample holders.
If unexpected elements are found on a sample, users are advised to
examine anything the sample may have encountered. Both ASTM
International and the International Standards Organization have pub-
lished a number of recommendations for sample handling,”*”"°

Many samples of interest will oxidize rapidly in air, and
methods have been developed to accommodate these samples. A
sample fracture system can cleave the sample in vacuum to expose
a fresh surface not exposed to ambient conditions. Many laborato-
ries have also developed ways to transfer samples from a glovebox
to the XPS chamber without exposure to air. Sometimes, the glove-
box is directly attached to the XPS chamber,”” but, more typically,
samples are loaded onto the XPS sample holder in a glovebox,
transported in an air-tight container to the XPS laboratory, and
loaded without exposure to air. A simple way to do this is to
enclose the sample loading port with a glove bag purged with
nitrogen.

While sputter cleaning the surface can remove sample oxida-
tion and/or contamination, it is not always recommended because
the sputtering process (especially with an Ar" beam) often causes
significant sample damage and changes in chemical state. Newer
systems with argon cluster ion guns are more successful at cleaning
polymer surfaces without sample damage as discussed in Sec. VIIL
These more gentle sputter systems have also been shown to reduce
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the extent of metal oxide reduction for materials like TiO, during
sputtering,”

V. DATA ACQUISITION

A typical data acquisition sequence includes a survey spectrum
to determine the elements present in the sample and high-
resolution spectra of the elements of interest to determine peak
shapes and chemical shifts. Data collection typically takes
30-60 min per sample depending on the number of high-resolution
scans and the concentrations of those elements in the sample.
There are several decisions that a researcher makes in the prepara-
tion for acquisition including the source to use, scan parameters,
which lines to analyze, and whether to use the charge neutralizer.

A. X-ray source

The choice of which x-ray source to use will affect the transi-
tions that can be observed, the spectral resolution that can be
achieved, and the depth of analysis. While there are many theoreti-
cally available x-ray sources, most often a researcher is limited to
the sources available on the XPS system being used. Since most
instruments have Mg and Al sources, we will focus the discussion
on a comparison of these sources.

Mg and Al sources have similar energies (1253.6 and 1486.6 €V,
respectively), so there are not many differences in the transitions
observed with these two sources. A few elements have transitions that
can only be observed with the higher energy Al source including As
2p (1324 and 1359¢V) and Mg 1s (1303 eV). If there is a known
overlap between an Auger line and a photoelectron line with one
source, using a different x-ray source will move the Auger peaks and
resolve this spectral overlap. For example, Ga has an Auger peak at
281 eV which often overlaps with the C 1s peak when an Mg source
is used, whereas analysis with an Al source moves that Auger peak to
514 eV. If the system has a monochromatic Al source and spectral
resolution is important, the monochromatic source will provide
much better spectral resolution as demonstrated in Fig. 8. If deter-
mining the presence of a trace element is important, and spectral res-
olution is not a factor, then a nonmonochromatic Mg source can
provide more x-ray flux and thus higher overall photoemission inten-
sity for trace element detection.

In the case of Mg and Al sources, the depth of analysis is
similar with only ~1 nm difference, so this is often not a factor in
deciding which source to use. On systems equipped with mono-
chromatic Al and Ag sources, the depth of analysis is a more
important factor in choosing which source to use. Acquiring data
with two sources, such as Al and Ag, or Al and Cr, provides a form
of nondestructive depth profiling.

B. Scan parameters

Scan parameters including pass energy, step size, and dwell time
are user controlled and need to be set appropriately to collect quality
data. These parameters will vary for the acquisition of survey and
high-resolution spectra, and from instrument to instrument. Survey
spectra require high electron throughput, but spectral resolution is
not a priority, and, therefore, a large pass energy is used. Survey data
are often collected in larger steps (~0.5-1eV), and relatively low
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dwell times are used. When high-resolution scans are acquired, more
importance is placed on spectral resolution to discern subtle changes
in the peak shape. As a result, a lower pass energy, smaller step sizes
(~0.1eV), and longer dwell times are used.

C. High resolution lines to scan

The user must also decide which lines to use for high-
resolution scans. Most often, the highest intensity peak for a given
element is used, as it is the easiest to detect, and will have the most
reference data for comparison. But, in some cases, the most intense
peak may have an interference from another peak or may not show
as large a chemical shift as a less intense peak. The chemical shift
between Ga and Ga,O; is only about 1 eV for the Ga 2p line but is
more than 2 eV for Ga 3d. If the signal intensity from the Ga 3d is
sufficient, the data from that line may be more conclusive to sepa-
rate these two chemical states than the data from the Ga 2p line. It
may be necessary to collect data from multiple photoelectron lines
(or from photoelectron and Auger lines) to provide a valid inter-
pretation of the chemical state.

D. Charge neutralization

Insulating samples can charge during XPS analysis causing
unwanted peak shifts and distortions in peak shapes.”*™** Even
though the incident x-rays are not charged, the emission of photo-
electrons and Auger electrons may cause the sample to acquire a pos-
itive charge. For conducting and semiconducting samples, an
electrical contact is made to the surface of the sample, and the
sample holder is grounded. This connection to ground allows the
electrons lost due to photoemission to be replaced, but this strategy
does not work well for insulating samples. When a sample starts to
charge positively, it becomes more difficult to remove the subsequent
electron, and the binding energy of that electron is increased causing
peaks to shift to higher binding energy. In addition, charging often
affects different parts of the sample differently (termed differential
charging)®>* and can lead to effects like peak broadening and the
addition of new peaks or shoulders, which can be quite dramatic as
shown in Fig. 9. Charging is less prevalent with nonmonochromatic
sources, as the large flux of x-rays strikes the aluminum window sep-
arating the x-ray gun from the chamber, the sample holder, and the
spectrometer surfaces, thereby producing secondary electrons which
can act as a type of built in charge neutralizer.

Often, the use of a charge neutralizer can eliminate the effects
of charging observed in the spectrum. Charge neutralizers are typi-
cally located above the sample in the vacuum chamber and they
supply a source of low energy electrons (1-5eV) or ions (<5eV).
Commonly the peak height, width, and shape are monitored while
adjusting the charge neutralizer parameters to determine the best
set of conditions to use. Ideally, the parameters that produce the
narrowest peaks are used, and often data are acquired under a
number of charge neutralizer conditions to determine the best
parameters. Figure 9 shows the Cl 2p peaks from an NaCl sample
acquired with different charge neutralizer conditions. After charge
neutralizer conditions had been optimized and the effects of charg-
ing had been eliminated, a well resolved Cl 2p doublet is observed
[Fig. 9(a)], but Figs. 9(b)-9(d) illustrate how peak broadening, peak
shoulders, and additional peaks can be observed when samples are
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FIG. 9. Cl 2p high resolution spectra from a NaCl sample were obtained using
different charge neutralizer conditions. The examples show (a) absent, (b)
slight, (c) moderate, and (d) severe charging.

not properly neutralized. In the case of Fig. 9(d), if the user
assumed that the sample was not charging, they would likely con-
clude that there were multiple types of Cl present in the sample
since it appears that multiple Cl 2p doublets are present.
Obviously, care must be taken when interpreting data, especially
when charging is suspected, and often data from other elements in
the same sample are also consulted to determine if charging has
been eliminated. The performance of a charge neutralizer is com-
monly determined by analyzing PET. The FWHM of the O—C=0
peak [peak labeled C in Fig. 4(b)] is commonly reported, with
smaller FWHM indicating better performance.”*
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Caution Box 3:

Surface and near surface charging can impact spectra in ways
that surprise many users. Charge accumulation around inter-
faces can set up dipole layers that shift the measured BEs. If a
“partially” conducting sample is both grounded and subject to
electrons or ions from a charge neutralization system, an elec-
tric field can be established across the sample that may shift
peak energies in parts of the sample or cause peak distortion.*”
In this case, different parts of the sample may be at different
potentials, and disconnecting the ground connection while
using the charge neutralizer may produce better results.

Even with the proper use of a charge neutralizer, peak shifts
are frequently observed, making comparisons to other reference
data difficult. To correct the energy scale, some sort of internal
standard with a known energy position is needed. Almost all surfa-
ces have some level of carbon contamination present from exposure
to atmosphere, commonly called adventitious carbon, and the
lowest binding energy C 1s peak (corresponding to graphitic or
CH, like carbon) is often used as the internal standard for the pur-
poses of energy calibration. Unfortunately, an appropriate binding
energy of this peak is uncertain and values ranging from 284.6 to
285.0 eV have been used. At least in part this is because the true
nature of the adsorbed carbon varies. The impact of carbon source
variations, interactions with different substrates, and the coupling
of the adsorbed layer to the substrate limit the validity of using the
C 1s peak as an accurate “universal” reference, and this has been
discussed in the literature.***” Regardless, it is the easiest and most
commonly used form of charge correction in XPS. Once the appro-
priate shift for the C 1s peak is determined, the data for the other
elements in the same sample are corrected by the same amount,
with the assumption that they are charging to the same degree. The
method for energy calibration should always be reported in the
experimental section of a paper containing XPS data so that other
researchers can make peak position comparisons.

VI. PEAK IDENTIFICATION

Each element has a unique XPS spectrum based on the energy
levels for that element, and any transition with a binding energy
less than the x-ray source energy should be observed in the XPS
spectrum. To help with identification, reference books are available
with spectra for each element,”** and it is recommended that a
user have access to one of these references to help with peak identi-
fication. These books contain the energies for each expected photo-
electron peak, selected data on chemical shifts, expected peak
splitting, and peak shapes as discussed below. Software analysis
packages also have libraries of peak positions, but often chemical
shifts, relative peak intensities, and peak shapes are not included in
these libraries, and the reference books are still very helpful.

All XPS lines except those from the s orbitals occur as doublets
due to spin-orbit coupling. Doublets are commonly notated with the
j quantum number as a subscript. For example, the Ti 2p doublet
consists of the Ti 2p;,, and the Ti 2ps/, peaks. The intensity ratios of
the peaks in a doublet are also defined by these j quantum numbers.
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Relative intensities are determined by 2j+1. For the Ti 2p peaks, the
ratio of the heights should be 2:1 for the Ti 2ps/, and Ti 2ps, peaks,
respectively (2¥3/2 + 1 =4 and 2¥1/2 + 1 = 2, therefore, the ratio is 4:2
or 2:1). Intensity ratios for the d and f doublets can be similarly cal-
culated as 3:2 for d orbitals and 4:3 for f orbitals, respectively.
Sometimes, the peak separation between the doublet is too small to
resolve with the XPS experiment, as with the Al 2p peaks, but again a
good reference book will indicate this.

There are additional types of peaks that appear in spectra that
can easily confuse novice XPS users.”*™”' As mentioned above and
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shown in Fig. 3, satellite peaks occur when a sample is excited with
x-rays of more than one energy, resulting in additional XPS peaks
at lower binding energies. These satellites can be eliminated entirely
with the use of a monochromatic x-ray source.

Shakeup peaks, also called loss peaks, result from a
de-excitation process, where the outgoing core electron interacts
with a valence electron and excites it to a higher energy level. The
core electron kinetic energy is reduced by some quantized amount,
and the result is a peak which occurs at a few electron volts higher
binding energy than the core level XPS peak. In Fig. 10(a), the
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FIG. 10. Examples of shakeup peaks and multiplet splitting include (a) shakeup peak in the C 1s spectrum of PET due to the n—n* transition, (b) shakeup peaks due
to the excitation of plasmon lines in Si, (c) tailing on a metallic peak for Pt 4f, due to shakeup excitations into a continuum of states above the Fermi level, (d) multiplet
splitting and shakeup peaks in the Ni 2p spectrum from NiO.
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shakeup peak in the C Is line from the analysis of PET is due to
the m—n* transition, which appears at 6.6eV higher binding
energy than the primary peak. Another example of an energy loss
process is the excitation of plasmons in a metal. The resulting
plasmon loss lines are observed as characteristic peaks as shown for
silicon in Fig. 10(b). Transitions for metals sometimes exhibit an
asymmetric peak shape with a tail on the high binding energy side
of the peak. Metals have many closely spaced unfilled states just
above the Fermi energy, and excitation of valence electrons to this
continuum of states can occur. As a result, a tail is observed instead
of a discrete peak. An example of this is shown in Fig. 10(c) and is
important to consider when peak fitting.'® Shakeoff peaks are
similar to shakeup peaks, but instead of exciting an electron to a
higher state, the electron is ejected from the atom.

Multiplet splitting of core level peaks occurs when there are
unpaired electrons in the valence levels and often results in unex-
pected peak splitting. This affects the s orbitals of some transition
metals [Mn(II), Cr(II), Cr(III), Fe(II)] and also can be observed
for some p and d orbitals as well. Figure 10(d) shows an example
of multiplet splitting for Ni 2p in an NiO sample, which also exhib-
its shakeup peaks as indicated.

While the inexperienced user may have trouble differentiat-
ing between various types of satellite peaks, shakeup peaks and
multiplet splitting, it is important to remember that many basic
XPS reference books will indicate when peak shapes for a given
element are not simple doublets/singlets as expected. Sometimes,
this is all the user needs to confirm that their results are normal
for a particular element. At other times, the data in the reference
book may be the first step in a deeper literature search. The NIST
and Surface Science Spectra databases can provide very helpful
information.”””

VII. DATA ANALYSIS
A. Qualitative analysis

Commercially available software packages for data reduction
are available, but each instrument manufacturer also provides their
own data reduction software as well. All of these software packages
offer similar features for analyzing data, including element libraries,
baseline subtraction, peak fitting, energy calibration, and
quantification.

The first step in analysis of XPS data is to assign all the peaks
in the survey spectrum. Knowing something about the elements
present in a sample can be helpful in starting this process but is
not required. Often, it is easiest to start with the largest peak in the

Caution Box 4:

Care must be taken with automatic peak finder features avail-
able in many software packages. Errors in identification can
occur when the peak finder indicates the presence of an
element based only on a single peak and not the entire series of
peaks for that element. It is recommended that users double
check the results from automatic peak finders to ensure that the
results are reasonable.
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survey spectrum and determine its assignment first, because that
same element may also be responsible for other less intense peaks
as well. If it is suspected that a sample contains Ag, for example,
the peaks displayed in Fig. 3 (Ag 4d, Ag 4p, Ag 4s, Ag 3d, Ag 3p,
Ag 3s, Ag Auger) should be present with the same relative intensi-
ties as shown. If they are not, then perhaps Ag is not actually in the
sample. When transitions originating from p, d, or f orbitals are
present, the peaks of the doublet should match the known energy
separation and have the correct relative intensity of the peaks in the
doublet. Some doublets will be resolved in the survey spectrum, but
high-resolution spectra may help with this part of the identifica-
tion. Auger electron transitions often occur as a series of peaks as
shown for silver in Fig. 3, and these series of peaks should generally
match that observed in the spectrum. Remember, if a nonmono-
chromatic source is used, satellite peaks will be present. Very
intense plasmon peaks can also sometimes be observed, but often
shakeup peaks and peaks due to multiplet splitting will not be
resolved enough to observe in the survey spectrum. Utilizing all of
these clues makes it possible to identify the elements present in a
survey spectrum.

To compare binding energies with any reference texts, two
things must be done: (1) the energy scale needs to be calibrated to
ensure its linearity and (2) the energy scale may be adjusted based
on the position of a reference peak. At least two peaks are needed
to calibrate the energy scale, and ISO, ASTM, and various vendors
provide methods for instrument calibration. Most of the
approaches involve measuring and adjusting the binding energy
scale by using lines at high and low binding energies. Commonly,
the Au 4f;,, line at 84.0eV and the Cu 2p;/, line at 932.6 eV are
used for this purpose (ASTM E2108 and ISO 15472).”*

Once the BE scale is calibrated, the energy scale may be
adjusted with a peak with a “known” binding energy, especially if
there is a concern about peak shifts due to surface charging. Carbon
contamination is present on almost every surface analyzed by XPS,
and the C 1s peak is the most common way to reference the energy
axis. As mentioned earlier, the lowest binding energy C 1s peak is
typically shifted to an energy between 284.6 and 285 eV, and then all
other elements in that sample are shifted by the same amount. Other
elements, if well characterized, can also be used. Even with all of the
faults associated with using C 1s, it is by far the most commonly
used method for energy correction. In all cases, it is assumed that
the element used for calibration is undergoing the same charging
behavior as the rest of the sample. If this is not true, then that
element may not provide a good energy reference.

Once the energy scale is calibrated and adjusted, it is possible
to make accurate binding energy measurements to identify chemi-
cal states for specific elements. Many states exhibit a chemical shift
that is sufficiently different (>0.2 eV shift) from other states to aid
in identification. Reference books are a good place to start to iden-
tify the chemical environment around the element in question, but
a user should consult multiple sources or even run standard
samples on their own instrument to conclusively assign peaks.

B. Background subtraction and peak fitting

Before doing any peak fitting or quantitation, the peaks in the
survey and/or high-resolution spectra must be fit with a background.
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When high-resolution spectra are available, they will typically give
better results (the data are acquired at higher resolution and often a
better signal to noise ratio is observed), and are preferred to survey
data for quantitation, and especially for peak fitting. Many back-
ground options are available within commercial software programs,'”
but the most common backgrounds are linear, the Shirley back-
ground” [as shown in Fig. 11(a) for a W 4f peak with multiple
states], and the Tougaard background. The linear background simply
fits a straight line to the two data points chosen as the endpoints of
the background range. Remember that there are electrons generated
in a sample that undergo inelastic scattering events and contribute to
the background signal [electrons labeled B in Fig. 5(a)], and the
steps in the background [Fig. 5(b)]. Often, a linear background is a
very poor approximation of the actual background shape. The shape
of both the Shirley and the Tougaard backgrounds is not linear. The
Shirley background assumes that the change in the background
signal is proportional to the peak intensity above the background at
a certain binding energy, while the Tougaard background models the
inelastic scattering that the electrons undergo. A full discussion of
the advantages and disadvantages of the Shirley and Tougaard back-
grounds is beyond the scope of this text, but the importance of
choosing appropriate end points for each background and the results
of different backgrounds on quantitative results have been discussed
elsewhere.' '

Peak fitting may be required to determine if multiple chemical
states are present and to determine the relative concentrations of
each component. Peak fitting must be done carefully! It is very easy

Intensity (cps)

Binding Energy (eV)

FIG. 11. Data analysis often involves fitting a baseline to the data and peak
fitting. A Shirley baseline is shown in (a), and three doublets are used to fit the
W 4f peak in (b).
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Caution Box 5:

Peak fitting is perhaps the most common place where mistakes
in analyzing XPS data occur. It is not unusual in the experience
of the authors for a researcher to want to reproduce the poor
peak fitting they see in published papers. Common mistakes
include not fitting p, d, and f peaks with doublets, interpreting
shakeup or satellite peaks as additional chemical species, and
trying to infer the chemical species present from inconclusive
peak fitting of broad peaks.””

to add peaks to improve the overall fit, but users should make sure
that they can justify the components they are adding. Peak fitting
should be a part of a comprehensive and self-consistent model of
the sample that takes all elements into account.'®*”””

A simple example of peak fitting is shown in Fig. 4(b) for the
C 1s peak from PET. Since the data are for an s-orbital, there is no
peak splitting and singlets can be used. In general, the peak widths
should be similar for the peaks within a fit and should not exceed
1.5-1.8eV. The reported binding energies for C=C, C—0O, and
C=O0 are consistent with the positions of the peaks obtained from
peak fitting and help to confirm the assignment of the peaks. The
areas under the peaks can be used to quantify the different compo-
nents as described in the quantification section below.

Peak fitting can be more complex as shown in Fig. 11(b). In
this example, an aluminum metal top contact was deposited by
thermal evaporation on a layer of WO; to investigate changes in
the WO; during the deposition of the top contact. Interfacial
changes in chemistry can significantly affect the ability of charges
to move across an interface in electrical devices, and the combina-
tion of surface sensitivity and sensitivity to chemical environment
makes XPS uniquely qualified to address these questions. Before
aluminum deposition, the W 4f region showed the expected W 4f
doublet at peak positions consistent with WO; (data not shown).
After 3nm of aluminum deposition, the curve in Fig. 11 was
obtained. To understand the chemical states present, peak fitting
was required, and the W 4f peak was fit with three doublets. When
peak fitting with doublets, the correct energy separation between
the peaks in the doublet and the correct height ratio must be used
for valid fitting. Software packages allow users to constrain or link
certain peaks together to apply these rules to doublet peaks. This
analysis showed the formation of multiple reduced tungsten species
as a result of the aluminum deposition.

C. Quantitative analysis

An important feature of XPS is the ability to determine
atomic concentrations without the use of standards. After baseline
subtraction, the area under a peak can be measured, but raw areas
alone cannot be used to determine relative concentrations. Instead,
a sensitivity factor that is specific for each transition must be con-
sidered as described in Eq. (5),

Cx = (I/S)/(Z(1i/S1)), ®)
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TABLE IV. Sensitivity factors for some commonly analyzed elements (Ref. 102),
derived and reprinted with permission from Scofield, J. Electron Spectrosc. Rel.
Phenom. 8, 129 (1976). Copyright 1976, Elsevier.

Sensitivity Sensitivity Sensitivity

Element factor Element factor Element factor
Cls 1.00 Ca 2p 5.13 Ag 3d 18

Nls 1.77 Cr2p 11.5 In 3d 224
O 1s 2.85 Ni 2p 21.1 Sn 3d 24.7
Fls 4.26 Ni 2p 3/2 13.9 Hf 4f 7.95
Na 1s 7.99 Ni 2p 1/2 7.18 Ta 4f 9.07
Al 2p 05735  Cu2p 24.1 W 4f 103

Si 2p 0.865 Ga 2p 31 Pt 4f 159
Cl 2p 2.36 Mo 3d 9.74 Au 4f 174

where I is the peak area or intensity, S is the sensitivity factor, C is
the atomic concentration, x is the species of interest, and i repre-
sents all possible species. A higher sensitivity factor indicates that
the transition is easier to observe (has a stronger signal) than a
transition with a low sensitivity factor. Table IV shows sensitivity
factors for some commonly analyzed elements and there are many
tables of sensitivity factors.”*™'"* For example, if a survey spectrum
showed the presence of both gold and carbon, and the Au 4f and C
1s peaks had the same intensity, there would be ~17.4 times more
C than Au (Say 4¢/Sc 1s = 17.4/1).

Sensitivity factors also take into account some instrument spe-
cific sensitivities (analyzer and detector), so you will find that the
sensitivity factors used by different XPS vendors will vary slightly.
The sensitivity factors shown in Table I'V are referenced to the C 1s
peak with a value of 1 (although some reference texts will use the F
1s peak as this reference),”® and they range by a factor of ~50 over
most of the periodic table. The detection limit for XPS is typically
quoted as ~0.1-1 atomic percent but will depend on the sensitivity
factor of the trace element and the sample matrix.”” In actuality,
detection limits can range from 0.003 atomic percent up to 30
atomic percent, and they have been predicted for all elements in all
elemental sample matrices.'”” An accuracy of ~+10% is quoted for

Caution Box 6:

There are two types of relative sensitivity factors (RSFs): empiri-
cal RSF determined with the aid of reference materials and the-
oretical RSE."” Theoretical RSF values will account for all of the
area produced by the electrons from a particular orbital, includ-
ing the main photoemission peak, but also all satellite, shakeup,
shakeoff, and multiplet splitting lines as well. Some of these fea-
tures can be quite far from the main line [as for the Si plasmon
lines in Fig. 10(b)], and thus the experimental data acquisition
should account for this wider scan to capture all of the relevant
features. Empirical RSF values often only include the intensity
from the main photoemission line. Users should consult the
instrument/software vendor to determine the type of RSF
values used to acquire and analyze data accordingly.
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XPS quantitation,'”* but in reality, this depends heavily on the
peak shape, the ability to accurately fit the background, and the
correct use of relative sensitivity factors, and can range from 4% to
15% depending on these factors.' ™ It is worth noting that the
technique is much more precise than it is accurate, and XPS is very
good at detecting small relative changes in concentration at less
than 1%."

Sometimes, overlaps between a peak of interest and other
peaks will prevent the easy determination of peak area for the peak
of interest. In some cases, peak fitting will allow the user to separate
out the area contributions from each element, and quantitation can
occur based on this peak fitting. In other cases, perhaps one peak
from the doublet is well resolved. In that case, the concentration of
that element can be determined by using a modified sensitivity
factor. An example of this is shown in Table IV for Ni 2p, where
the sensitivity factors for Ni 2p (both peaks), Ni 2p,,, and Ni 2p;,,
are shown. In Fig. 4, the C 1s peak from PET was fit with three
components. In this case, calculating the concentrations of the
three different types of carbon is obtained by simply comparing
the relative area under each peak, because the sensitivity factors
are the same (they are all C 1s peaks). However, to calculate the rel-
ative atomic percentages of carbon and oxygen, the sensitivity
factors would need to be considered. Software programs make
these calculations easy for the analyst. Numerous guides for data
recording and analysis to improve reproducibility are available
from the ASTM International and 1SO.""

Remember that XPS is most sensitive to the elements at the
very surface of the sample, and these atomic concentration calcula-
tions assume that the sample is homogeneous over the depth and
area analyzed. If the sample is layered within the top ~10 nm, then
care should be given to interpret quantitative data. The concentra-
tion from the top layer will be overestimated relative to the concen-
tration of layers below. Many samples have layered structures,
especially at the surface due to surface oxidation.

XPS data can be used to estimate the thickness, d, of an over-
layer “A” on top of a substrate “B” using Eqs. (6) and (7),

Iy = 1,°(1 — e( — d/A* g (Ea)cosa)), (6)

Iy =I5 (e( — /A" mgp(E)cosar)), 7)

where I, and Iy are the intensities from the overlayer and substrate,
respectively, and I,* and Iz™ are the intensities from pure A and
pure B. The term ?\,Aimfp(EA) is the IMFP or attenuation length of
electrons traveling through A, with kinetic energies characteristic of
the electrons originating from A. Likewise, XAimfP(EB) is the IMFP
or attenuation length of electrons traveling through A, with kinetic
energies characteristic of the electrons originating from B. The
term o is the angle of emission of electrons as described in the next
section on angle resolved measurements. These calculations require
measurements from pure A or B and assume that the layered
sample is flat and homogeneous within each layer.
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VIil. VARIATIONS ON THE TECHNIQUE
A. Angle resolved XPS

While XPS is a very surface sensitive technique, there are
advantages to modifying the surface sensitivity. One way to do that
is by changing the orientation of the detector to the sample
surface normal (o), referred to as the angle of emission.
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FIG. 12. Tilting the sample is an easy way to change the depth of analysis in
XPS. While the escape depth is constant in both (a) and (b), tilting the sample
increases the angle of emission, o, and results in a smaller information depth.
Figure (c) shows the relative difference in the intensities of Si and SiO, peaks at
two different emission angles. At 70°, the increased relative intensity of the SiO,
component indicates that it is present on the surface of Si.
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Figure 12(a) and 12(b) show that the angle of emission can be
changed by simply tilting the sample. When the sample is untilted
(00=0°), the escape depth (shown by the double pointed arrow in
the top layer of the sample) and the information depth or sampling
depth (shown by the 10 nm blue portion of the sample) are the
same. When the sample is tilted, as in Fig. 12(b) (0.=70°), the
escape depth does not change since this is a physical parameter
defined by the electron energies and the material they are traveling
through. However, the path they must take to reach the detector
does change, and as a result, the sampling depth is reduced. In this
way, a larger angle of emission enhances the signal from the
surface, and this technique is referred to as angle resolved XPS
(ARXPS). Analysis at several angles can provide a nondestructive
“depth profile” of the top ~10 nm."'**'"”

Figure 12(c) shows an example of the information this
approach can provide. The Si 2p data from a silicon wafer with a
native oxide show elemental Si lines at ~99 eV and Si(IV) lines
from SiO, at ~103 eV. The original data, taken at 0°, do not indi-
cate if this is a layered sample or if Si and SiO, are a homogeneous
mixture. Comparison of the data at 0° with that at 70° shows a dif-
ference in the relative intensity of these two components. When a
thinner layer of the surface is probed during the experiment at 70°,
the SiO, component is higher in intensity relative to the Si compo-
nent, indicating that SiO, is indeed a surface layer on top of Si. If it
was a homogeneous mixture, the relative ratio of the two compo-
nents should not change upon tilting the sample.

Any simple quantitative angle resolved XPS relying on
Eqs. (6) and (7) assumes a flat sample surface, and flat layered
samples that are homogeneous within each layer. Samples exhibit-
ing surface roughness will exhibit different electron angles of emis-
sion and shadowing effects.'”® In addition, islands (buried or on
the surface) also affect electron trajectories in ways that affect the
quantitative XPS data especially for angle resolved XPS. These
effects can be accounted for and modeled, but they complicate the
analysis and often require software programs to extract reliable
information.' ™"

B. Depth profiling

In some cases, the user may want to probe deeper into the
sample, and many systems are equipped with a sputter gun to
physically remove material from the sample. Depth profiling by
sputtering is a major application of secondary ion mass spectrome-
try (SIMS)"'*'"* but can also be applied to XPS. In these experi-
ments, XPS data are acquired, the sample is sputtered for a short
amount of time, and then XPS data are acquired again. This proce-
dure is repeated until the sputtering has probed to the depth of
interest. Some sputtering experiments will probe hundreds of nano-
meters to micrometers into a sample and may take many hours to
perform. Historically, Ar* has been the most commonly available
sputtering source, and an example of data acquired from Ar" sput-
tering is shown in Fig. 13(a) for a Ta,0Os thin film on a Ta sub-
strate. The depth profile shows the concentrations of tantalum and
oxygen as a function of sputtering time and can provide a measure
of the film thickness if the sputtering rate is known. Figure 13(b)
shows how the Ta 4f high resolution peaks transition from a Ta,Os
doublet to a Ta doublet as the oxide film was sputtered away.
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FIG. 13. Elemental depth profile of a Ta,Os film (a) shows the presence of a
thin carbon contamination layer, and a change in Ta and O concentrations as
the Ta,05 film is removed to expose elemental Ta. High resolution Ta 4f spectra
(b) show the change in the peak position and peak shapes as the Ta,Os5 oxi-
dized layer is sputtered away.

Some caution needs to be used when sputtering samples with
Ar" ions, since they physically damage the sample in a somewhat
uncontrolled manner. Some atoms are more likely to be sputtered
than others, a process called differential sputtering, and this can
result in measured atomic ratios that are different from the actual
atomic ratios in the original sample. In addition, the interaction
between the sample and the ions can change the chemical state of
the sample. For example, the metal in many metal oxides will be
reduced upon Ar" sputtering (e.g., TiO, reduces to TiO),"'>"'° and
sputtering polymer samples without damaging them is almost
impossible with an Ar" sputter gun. As a result, more gentle ion
sources including Cg, and argon clusters have been developed.
These sources are able to more successfully sputter many types of
polymers without damage and have shown an ability to reduce the
amount of metal oxide reduction that occurs as a result of sputter-
ing in samples such as Ti0,.*'""~'*

C. Small area/imaging

Typical analysis areas for XPS are on the order of hundreds of
micrometers, but sometimes, it is advantageous to probe smaller
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Caution Box 7:

There is often confusion between the terms image resolution
and analysis area. Often image resolution is measured by
observing a material containing materials A and B separated by
a sharp edge. The distance required for the signal from A to go
from 84% to 16% (or other defined percentages) is defined as
the image resolution. But, by definition, there is “spill over” of
the signals at these edges. The result is that typically the instru-
ment spatial resolution must be several times (~5x) smaller
than the feature to be measured to assure that 90% of the XPS
signal comes from only the feature of interest.'™'*

areas on the surface.'”' There are two approaches to collecting elec-
trons from a smaller spot size: lens defined and source defined.
With lens defined analysis, the x-ray beam is not focused and irra-
diates a broad area. Electrostatic lenses in the electron extraction
column restrict the region from which electrons are accepted. In a
source defined system, the x-rays are focused to a small spot on the
sample to limit the area irradiated. Typical small spot sizes range
from 10 to 100 um in diameter,'*” and reducing the spot size will
require longer integration times to produce quality data.

XPS imaging is also an option on some systems, and different
vendors have implemented different strategies to accomplish this
by: (1) rastering a focused x-ray beam on the sample surface, (2)
moving the sample under a stationary focused x-ray beam, and (3)
using a large x-ray beam, but utilizing the extraction lenses to pre-
serve the spatial resolution of the electrons and to produce an
image at the detector. XPS imaging with spatial resolution of
1-3 ym has been achieved.'””

D. Near ambient XPS

One of the limitations of XPS is the ultrahigh vacuum envi-
ronment in which measurements are performed. This prevents the
analysis of many surfaces under conditions in which they are typi-
cally used (ambient conditions or in solution). As a result, some
manufacturers have developed near ambient pressure XPS
(NAP-XPS), also called environmental XPS.'**'*® These systems
allow operation at pressures up to 25 mbar or higher and enable
the analysis of semivolatile liquids, samples with significant

Caution Box 8:

Near ambient and solution cell measurements can be quite
useful and informative; however, there are many issues to con-
sider to perform careful measurements and analysis. The rela-
tively high pressure environment lowers signal intensities
making it more difficult to measure trace elements. The gas
environment of NAP-XPS also influences sample charging,
which can cause peak shifting that varies with gas pressure.
When this is observed, the determination of chemical states
from these data should be avoided.
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outgassing, and biological samples. Most vendors do this by differ-
ential pumping of the extraction lenses. In this way, the pressure is
gradually reduced to ~10"®mbar as the electrons approach the
analyzer. Other vendors have created NAP-XPS systems by using a
capillary to deliver small amounts of gas to the area just in front of
the sample, increasing the pressure locally at the sample surface,
but keeping the overall pressure in the chamber low.

Another strategy is to build a thin sample cell that holds a
small amount of gas or liquid."”*™"*" However, fabricating a cell
with a window that is thin enough so electrons can escape is
extremely challenging. Window materials have included thin (5-
15nm) Si and SiN films, graphene oxide, and graphene sheets. 18 16 14 12 10 8 6 4 2 0o -2
Initial studies of liquids and the interior surface of the window
material have demonstrated proof of concept of these designs.
Major challenges include the low number of electrons that can
escape these cells, and the analysis of surfaces submerged in b
liquids. Some work with these environmental sample chambers has ( )
also been done on synchrotron systems, where x-ray flux is higher,
and x-ray energy is tunable."”' > Evacuum A

Intensity (cps)

Binding Energy (with respect to Fermi)

E. Valence XPS spectra and UPS

In the XPS spectrum, there are features at a low binding E .
energy (less than 30 eV) due to the ejection of valence shell elec- Fermi A
trons. This region of the XPS spectrum is often referred to as the
valence region, and it can lend additional information to an
analysis."”*~"*° For example, the C 1s spectra of polypropylene and
polyethylene are identical, but differences in their valence region
spectra allow for the two polymers to be distinguished by XPS.”’ Fi "ed
In addition, some XPS systems are also equipped with ultra-
violet sources, most commonly a He-I source with an energy of States
21.2eV to enable ultraviolet photoelectron spectroscopy (UPS)
experiments. This technique is the same as XPS but irradiates the
sample with a UV source instead of an x-ray source. Since the
energy of this source is low compared to x-ray sources, it can only
eject valence level electrons with very low binding energies. The
low energy of the UV source also makes this technique even more v
surface sensitive than XPS with only the top ~2-3 nm analyzed, ﬁ
and therefore, surface contamination can be even more
problematic.
Figure 14(a) shows the UPS spectrum of Au. UPS spectra are (D _ hV _ (E —E )
essentially density of states diagrams with a focus on the energy - cutoff Fermi
levels just below the Fermi level.””~'*” UPS data can be used to

hv (21.2eV)

determine the work function (energy between Fermi and vacuum) FIG. 14. (a) UPS spectrum for Au with the Fermi energy (Erems) and the sec-
of a material and also the ionization energy, the energy between the ondary electron cutoff (Ecyf) indicated. (b) An energy level diagram shows
vacuum level and the first valence level in a semiconductor (or the how the UPS spectrum is a density of states diagram and illustrates how to cal-

highest occupied molecular orbital, HOMO, in a molecule). culate the work function.

The binding energy on the x axis is typically reported with respect
to the Fermi energy (BE =0 eV = Fermi energy). The Au spectrum
in Fig. 14(a) shows a clear Fermi edge at 0 eV and occupied states Fig. 14(b). In Fig. 14(a), Ecuorr was measured as 15.95eV;
just below the Fermi edge in the range of 2-7 eV. At close to 16 €V, thus, the work function can be calculated as 5.25eV as shown
the intensity suddenly drops. Electrons in energy levels with higher in Eq. (9).
binding energies are not probed because the energy of the UV
source (21.2 eY) is unable to eject those electrons. This portion of ® = hv — (Eeutoft — Erermi)s (8)
the spectrum is often called the secondary electron cutoff (Eyofr)-

Equations (8) and (9) describe how to determine the work
function (®) of a material as described by the energy diagram in O =21.2eV —(1595eV —0eV) = 5.25¢eV. ©)
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Similarly, the ionization energy (IE) can be calculated by
substituting Eyajence 0T Efermis

IE =hv — (Ecutoff - Evalence)- (10)

There are a few ways to determine edges such as E.yofr A
commonly used method is to find the intercept of two lines: one
that is fit to the background on the high binding energy side, and a
second line fit to the more vertical portion of the cutoff. This
approach is not as accurate as calculating the first derivative of the
curve to determine E,f UPS data have been particularly useful
in the construction of energy diagrams, particularly, for organic
electrc;nic% devices such as light emitting diodes and photovoltaic
cells. 71

IX. SUMMARY: ADVANTAGES AND DISADVANTAGES

XPS is one of the most prominent and widely available
surface analysis techniques and applications of this method con-
tinue to expand. The two main advantages of the technique are its
surface sensitivity (~10nm) and its ability to distinguish differ-
ences in chemical environment, characteristics that have uniquely
positioned XPS to answer many research questions. XPS can
detect all elements except hydrogen and helium with detection
limits of approximately 0.1%-1%, is quantitative without stand-
ards and is relatively nondestructive. The lateral resolution of a
few micrometers to hundreds of micrometers can be informative
but is not as good as other techniques such as Auger electron
spectroscopy or energy dispersive spectroscopy (EDS) on a scan-
ning electron microscope. Since XPS is extremely surface sensi-
tive, care must be taken to avoid surface contamination. Charging
of insulating samples can cause problems, but charge neutralizers
help remedy the problem.

While XPS continues to be a very popular tool for surface
analysis, care and caution need to be used in interpreting the data.
This paper is intended to help clarify many aspects of XPS analysis.
However, the cautions noted throughout the paper indicate some
of the areas for which greater knowledge can be important.
Consultation with knowledgeable XPS analysts and consideration
of topics addressed in other guides in this series are recommended
to avoid misinterpretation of the data or misrepresentation of the
results. As noted throughout the paper, it is important to provide a
full description of the instrument, sample, data collection, and
analysis methods to enable others to trust and reproduce the
results.
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