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Introduction

CasaXPS is a data system primarily designed for the analyaiayd?hotoelectron Spectroscopy

(XPS) data. Data from other techniques are supported within CasaXPS however the core functionality
in CasaXPS is aimed at XPS. The topics covered in this manual are designed to aid an understanding
of both the XPS technique auddta treatment leading to scientifically meaningful results.
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CasaXPSs is designed around the VAMASLASI®B) file format, which was in turn designed to allow

the easy and complete sharing of experimental data between research scientists. Complete sharing
of data is significant because without experimental context, spectral or imaging data are simply lists
of numbers. Experimental design and acquisition parameters used to collect data are as imfmortant
a scientist as the measured signal. Establishing scientific meaning to these lists of counts is the
challenge fothose making use of XPS therefore the use of a-teflhed file format visualised

through the windows of CasaXPS is as important as the basic functionality expected of an XPS data
system such as curve fitting or chemical state quantification.

This manual therefore presents an introduction to the XPS technique as well as user interface
features aimed at providing experimental context for data. The core XPS data analysis features are
then presented through as selection of examplE®e primary purpose of the following text is to
expand on the software tools and tricks presented in video format on the internet. Videos found on
YouTube and the CasaXPS video channelsitebttps://www.casasoftware.com/follow paths

through an analysis that, due to time constraints, omit details about CasaXPS that are herein
described in detail. Similarly, published insight notes and practical guides do not permit the full
detail of how the results presented therein asehieved. It is therefore the objective for this book to

fill in the missing details from videos and papers to make possible the analysis of XPS data by the
wider XPS community.

Energy Spectra

When a material is exposed ¥6rays, electrons are emitted from the sample with a range of

energies. To create an energy spectrum from electrons leaving the sample these electrons must be
transferred from the point of emission to a point of detection via a lens system and energy filter
dedgned to allow detection of electrons with specific energies at any one-ititeeval. An energy
spectrum per se is the result of counting electrons for a given time interval (dmelj at a given

energy, then steppingnergyretarding lenses to a new energy. Repeating measurements over a
range of energies results in spectra, an example of which is shown in Figure 1.
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Figure 1. Energy spectrum spanning an energy interval appropriate for surveying photoelectron and
Auger peaks emitted from sodium chloridénen irradiated by an aluminiunéray source.
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XPS allows quantification of a sample in terms of chemical stétde the intensity of

photoelectron peakslepends on the amount of substance within the sampthe spectra are often
mixtures of information necessary for quantification of a sampleotoemission resonance peaks
originate from an atom. These resonance peaks are combined with electrons from other atoms and
electronic states of these atoms that have lost energy due to interactions with the sample prior to
escaping the sample surfadeurther, each different element generates multiple phetectron

resonance peaks shifted in energy by differing chemical bonding between atoms. As a consequence,
interpretation of energy spectra is seldom simple and requires a degree of knowledge regarding the
best use of instrumentation for a specific sample and mdthof analysis that are best used to

extract information from resulting data.

Collecting Energy Spectra

A typical XPS instrume(figure 2makes use of a hemispherical analyser (HSA) to limit the energy
of electrons detected to a narrow energy interval. A set of detectors, logical or otherwise, are
distributed in the energy dispersive direction with respect to the geometry of the HSA. These
individual detectors provide further partitioning of electrons into distinct energy bins, which
potentially offer additional energy filtering subject to appropriate dimensions for an entrance
aperture to the HSA and pasaergy (see below) for the HSA.
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Figure 2Aspects of a typical spectrometer that includesXaray source, a transfer lens column to
guide electrons from the sample to the entrance aperture of the hemispherical analyser that filters
in energy the electrons available to the detectors.

When the sample is irradiated witkrays of a specific energy, photoemission occurs with electron
kinetic energy ranging over an energy interval limited by the photon energy of-thgs. A
proportion of these electrons emitted from the sample are allowed to arrive at the detector by
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means of a constant potential difference applied between the inner and outer hemispheres of the
HSA(Figure 3) The constant potential difference applied between the inner and outer hemispheres

of the HSA creates a pass energy (PE), meaning only electrons with kinetic energy equal to the pass
energy travelling along the mean radius for the two hemispheres willeaat the same radial

position on the detector as the position within the entrance slit at which the electrons entered the
HSA. An instrument futioning with constant pass energy is said to be operating in Fixed Analyser
Transmission (FAT) mode or Constant Analyser Energy (CAE) mode. Since photoemission occurs over
a wide range of energies, to make use of FAT mode for the HSA the transfer tenssyst apply

a retarding voltage to electrons leaving the sample causing electroneengtyiesdifferent from

that of the pass energy to arrive at the entrance to the HSA with energy matching the pass energy of
the HSA. An energy spectrum is therefoadlected by scanning the retarding voltages applied via

the transfer lens system to electrons emitted from the sample and counting the number of electrons
arriving at detectors for these different retarding voltages.

When an energy spectrum is collected there are a number of choices that must be made in terms of
how the scan of these retarding voltages should be performed. The first choice is selecting the
appropriate pass energy, which determines the best choicesrfergy stepsizes during a scan and

the length of time required to collect signal with acceptable sigoaloise for the purposes of the
measurement.

Pass Energy = E, AD =27~
o
Figure 3. Schematic of a hemispherical analyser consatimgp concentric hemispherical
electrodes that in FAT mode are held at a constant potential difference between these two
electrodesduring the acquisition of spectr®nly electronsvith energies close to the pass energy
are available for detection.

Pass energy has an influence on the ability to distinguish between two photoemission peaks with
similar kinetic energy. Pass energy also influences count rate reported by the detectors. The role
played by pass energy is that of specifying the level okdéspn of electrons achieved by the HSA.
The greater the potential difference between the hemispheres in the HSA the lesser is the dispersion
of electrons with energies different from the pass energy selected. Udiinghar pass energy result

in more eletrons at one time arriving at the detectors compared to lower pass energies and
therefore signato-noise is improved by increasing the pass energy for a measurement. The cost of
increasing the pass energy is the blurring of peaks déles@ergy which impirs ability to resolve or
separate signal from different origins, e.g. different chemical states of an atom. The energy
resolution for an operating mode is typically characterised in terms of the full width at half
maximum (FWHM) for a photoemission peafen Ag 3d. measured from a clean silver foil.
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For an instrument with fixed size entrance and exit apertures to the HSA, pass energy is often
considered as synonymous with energy resolving power for an instrument mode. There are however
many instruments with the ability to change the width and lengthhe entrance aperture to the
HSA and when coupled with multiple detectors arranged at the exit aperture to the HSA, the energy
resolution for data collected using different aperture and detector arrangements differs for data
collected using the same passergy. The reason energy resolution depends on these apertures at
the entrance and exit to the HSA is, for electrons of a specific energy, an image of the entrance
aperture is formed at the exit aperture plaifgigure 4)If the image of the entrance aperture for
electrons of a given energy falls across multiple deteckannelsthen energy filtering by detector
channel is compromised limiting the separation of electrons with similar energies by means of these
multiple channel detectors. Hence energygoéution is also determined by widths of apertures and
also by the mean radius of the two hemispheres in the HSA, the latter for a specific instrument is of
fixed radius and therefore only passergy and aperture widths determine energy resolution for an
instrument properly tuned and calibrated.

r EA

F —— Spatial Detector Dimension

Exit Mono energetic paraxial electron image of entrance

signal of varying width W
Entrance to HSA

Figure 4. The width of the entrance aperture to the HSA is a factor in the energy resolution achieved
for a given pass energy and megdius of the HSA. The wider the entrance aperture, the more
detector channel$ocated at the exit aperturare potentially impacted by electrons of a specific
energy.

Energy resolution is important in the sense other acquisition parameters such agtidvesfier data

bin and energy stegize during a scan over an energy interval should match the energy resolution
defined by pass energy and entrance and exit apertureéhsgidf the energy resolution is too good

for the energy stegsize there is the danger of missing narrow photoemission peaks. Similarly for low
energy resolution mismatch with small stsfze results in unnecessarily large number of data bins
per spectrumwithout meaningful separation of signal by element and/or chemical state.

The preferencen lowering pass energy to improve energy resolution rather than reducing the

widths of aperturesis explained as followfegarding energy resolution for an instrument, there is a
difference between lowering pass energy compared to using a narrower entrance aperture, namely,
there is a time penalty associated with choosing high pass energies to acquire narrow scan spectra.
This time penalty is realised for data acquired for scanned mode spectra. When spectra are acquired
using a multichanne detector system signal is acquired in parallel over an energy interval

determined by the mean radius of the HSA, the dimension of the detector in the energy dispersive
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direction and the pass energy used to measure signal. For a given instrument the radius of the HSA is
fixed. The dimension for the detector has an upper limit, but it is possible for some instruments to
limit the set of detectors used to acquire data whallows the energy interval defined by the

detector to alter, but such options are seldom available to users of XPS instruments. The parameter
available to users is the pass energy. Doubling the pass energy, all else being equal, doubles the
energy intervaover which electrons are recorded. When a spectrum is acquired by scanning the
retarding lens voltages, to avoid relying on a valid detector calibration, the true energy interval
acquired for scanned mode spectra is equal to the requested energy intesvahy a C 1s narrow

scan, plus the energy interval defined by detector size, HSA and pass energy. A measurement
performed at pass energy 1&3/on an instrument with mean HSA radius 165 mm and the

dimension for the detector yields an energy intervall8f94 eFigure 5)which is of comparable

width to the interval over which a typical C 1s spectrum would be measured. Scanning the retarding
voltages avoids the need for precise intensity calibration of data streams by sampling signal from
each detector channel for each ergy-bin used to construct a spectrum. However, the retarding

lens voltages must scan over the requested interval for a spectrum plus the energy interval defined
by the pass energy. Hence there is a tradigbetween reduced signal fdower pass energies and

the decreased deatime due to ensuring each detector channel samples signal for equal time.

Narrow energy interval spectra acquired without scanning the retarding lens voltages are referred to
as snapshot spectra. These snapshot spectra require the calibration of intensities measured using
different data streams.

Snapshot C 1s Spectrum measured using PE 160

13.94 eV
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Figure 5. Snapshot spectrum of C 1s photoelectrons measured in parallel by means of a detector
array placed at the exit aperture of the H@Aean radius 165 mngperating at pass energy 160 eV.

Origin of Photoemission Peaks

Scattering of an electron by a photon creates a hole in a-law& electronic state of an atom

forming a singly charged ion. Raising the energy from the atomic ground state to the excited state
absorbs a quantum of energy representing the difference leetthe initial ground state of the

atom and the newly created ion in an excited state. This energy is referred to in XPS as the binding
energy associated with the creation of a hole in a particular shell. For example, a resonance peak
labelled Na 1s indates a photon excited an atom with the emission of an electron resulting in a
vacancy irthe Kshell of Na. lonisationf an atom by a photon of a specific energy results in the
recording of an electron with kinetic energy representing the difference between the photon energy
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and the quantum of energy required to overcome the binding energy for a given electronic
configuration, minus an energy referred to as the work function for an instrument. In practical terms
for XPS, the work function energy is the energy required forlectren ejected from a sample that
permits the recording of the electron by an instrument. Due to the instrumental work function,
there is a lower limit to the kinetic energy for photoemission above zero energy, below which only
noise is recorded by theetiectors.

The initial scattering of an electron by a photon creating a hole in alegsd has a secondary
conseguence, namely, the excited state for the system following the photmithoin may

subsequently relax in energy to a lower energy state with the emission of a photon (fluorescence) or
the emission of a further electron via the Auger procgsgure 6) The Auger process represents a
change in energy that only depends on the energy of the electronic configuration before and after
the Auger electron is emigd and so is independent of the photon energy that created the initial
core level hole. In terms of energy spectra, this means Auger peaks always appear with the same
kinetic energy regardless of the photon energy used as the source for emission. Mkisngast to
photoelectrons which are emitted with a kinetic energy that depends on the photon energy. The
binding energy for a corkevel is a constant for a given chemical state of an atom so changing the
photon energy alters the kinetic energy for pbetectrons.
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Figure 6. Photoionization ofsodiumatom creates a vacancy in the electron configuration of the
sodium atom. The resulting ion is created in an excited state with respect to the ground state of the
ion, which is unstable and therefore relaxes to a less energetic electron configuratidfiilshidie
vacancy. If the relaxation of the electron configuration of thelibarates energy, the Auger process
illustrated results in the emission of a, so called, Auger electron.

In X-ray sources high energy electrons emitted from a filament are accelerated towards the anode
which is coated with a specific material. The function of these electrons is to create holes-in core
levels of the anode material atoms and thereby stimulate fluorase¢Figure 7)n the form ofX-

rays with characteristic energy.
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Figure 7Xrayguns used in XPS are an example of the relaxation of amiibra corelevel vacancy
to a lower energtic state thatresultsin emission of energy in the form @ilorescenceFor an
aluminium anode material, the primadray emission energy is 1486.7 eV.

XPS may be performed using a variet)-ofly sources by making use of different anode materials
(Figure 8) A dual anodetray gun makes use of resonance peaks inXkay spectra of Al and Mg

to form an XPS energy spectrum. Thry spectra of Al and Mg also include less intense satédlite
ray resonances and extendegray intensities to energies greater than the primafyay lines that

are intended for use by XPS. Th&amy satellite-peaks induce photoemission by XPS too, so dual
anode XPS spectilaclude satellite photoemission peaks of lower intensity, offset from the main
photoelectron peaks. Auger emission inducedXdaay satellite peaks appear at the same kinetic
energy as Auger emission due to primXmay peaks, so satellite signal is present but not observed
as energy shifted signal for Auger peaks in XPS spectra. A further consequence of using a dual anode
X-ray source is the background to XPS energy spectra is more intense than wi@roahromatic
source is used owing to the fidiray spectrum from Al or Mg materials contributing the XPS

signal.

Quartz Crystal
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Figure 8. lllustration of a dual anodeay source (lefthand diagram) capable of generating photon
energies characteristic of aluminium and magnesium coting on a copper anode. The cathode
filaments are the source for electrons that are attracted to the anode with sufficient energy to
create vacaneis in the 1s orbitals of aluminium and magnesium. The righthand diagram illustrates
the use of a quartz crystal a monochromatoto create monoenergetic photons from a flux of
photons with a range of energies.
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The most commonly usedray source today is a monochromatic Al anogeay gun (Figure 8)
although a dual Al and Mg anodeay gun is commonly found on laboratebased instruments. A
mono X-ray source provides photon energies in a narrow band of energies determined by the
physics of-ray diffraction via a quartz crystal. An Al anode and an electron emitting cathode
filament pair accelerate electrons towards the anode genera¥mgys with a range of energies. Al

Ka resonancex-ray peak has a FWHM of abt 0.85 eV. The width of the photon energy distribution
has an impact on the FWHM achieved for XPS energy peaks. A geometric configuration for the
anode, the position of the quartz crystahd the location of the sample allows energy filtering of any
X-rays emitted from the anode. The quartz crystal diffra¥tsays with energies that are multiples of
1486.6 eV forming a monochromatic spotéfays on the sample with a distribution of energies
achieving a FWHM of approximately 0.26 eV. The FWHM fof-thgdistribution places a lower

limit on the FWHM that is possible for XPS pd#&lkgure 9) When using a dual anodéray source,
based on the FWHM for théray line shapes for Ald&kand Mg &, the lower limit for an electron
energy spectrum photoemission line width for an Al anode is about 0.85 eV and for Mg anode data
the lower limit is about 0.75 eV. In general, other factors involving instrumental, sample and the
physics of photoemission @vent achieving these FWHM limits dueXoay source for XPBeaks.

18 _ Mg X-ray Gun PE10 Mono Al X-ray Gun PE10
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Figure 9. Lefthand spectrum of Ags3ghotoelectrons measured usirige Mg anode of a dual
anodeX-ray gun. Note the FWHM for the Ag s30peak measured using pass energy 10 eV is 0.80 eV,
which compares less favourably to the FWHM for the same photoelectrons measured using pass
energy 10 eV excited by monochromaXcays, namely, FWHM 0.48 eV (righthand spectrum).

Transfer Lens System

Arguably the most critical part of an XPS instrument is the transfer lens syiSigone 10) The

function of the transfer lens system is to gather electrons emitted from the sample and guide these
electrons to the entrance slit of the HSA. Spectral shapes in terms of photoemission peak shapes and
overall variation in count rates as a functionkafietic energy for electrons emitted from the sample
depend on the design and tuning of lens and apertures within the transfer lens system.
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Figure 10. An example of a transfer lens column designed to guide electrons emitted from a sample
to the entrance aperture of the HSA. The transfer lens column for other spectrometers may vary, but
the essential features illustrated are found in all spenteters. That is, electrostatic and/or

magnetic lenses focus and magnify electron trajectories emanating from the sample and culminating
at the entrance to the HSA. En route, these electrons pass through slot or iris apertures, the location
and size may v§ depending on spectrometer design, but spectrometer performance is highly
dependent on tuning of tislens and aperture ensemble.

For ideal spectral shapes the transfer lens system would collimate the trajectories of electrons
emitted from the sample so that on entry to the HSA electrons are moving parallel to the axis of the
lens column. In practical terms this ideal mode limits mloenber of electrons entering the HSA
resulting in low count rates and measurement times of unacceptable durations. For this reason,
design for lens columns lies at the heart of instrument design, where different instruments and
operating modes select défent compromises to ideal electron trajectories so as to gain sensitivity
(enhanced count rates) without inflicting too much damage to spectral shapes.

There are three aspects to tuning a lens system of significance to data analysis, namely, optimising
count rates, minimising influences of lens mode on photoemission peak shapes and allowing the
characterisation of signal intensity for a wide range of gies used to measure spectra. Optimising
count rates is important because chemistry of samples may have a limited lifetime when exposed to
Xrays in a vacuum chamber. Peak shapes are important when designing peak models aimed at
separating signal into eleemtal and chemical state for complex data envelopes. Characterisation of
count rate to kinetic energy, referred to as instrument transmission, is essential for quantification of
samples by XPS. Hence the assertion that the transfer lens system is af ionipiortance to XPS.

The reason XPS instruments offer many operating modes is because optimising for count rate
necessarily damages peak shapes and transmission. It is therefore left to the user of XPS instruments
to select for a given sample the best goramise for these competing properties for data quality.

While tuning of lens systems is best left to experts, monitoring and verification of instrument
performance is theesponsibilityof the XPS user. Simple routine periodic measurements from clean
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gold and silver foils can be used to verify the performance of an instrument. Data analysis for
complex and not so complex samples is built on the foundation of repeatability, a necessary
condition for which is correctly functioning instrumentation. Hemeenitoring the performance of
an instrument is an essential part of any scientific investigation by XPS.

Charge Compensation for Photoemission

When electrons are scattered by photons positively charged ions are created within the sample. A
build-up of positive charge continues to occur during exposure of the sampledgs unless a
mechanism is available that returns negative charge to the sample. For this réd@&8nnstruments
typically include a means of delivering charged patrticles to the sample in doses that compensate for
photoemission. Historically the term charge neutralisation has been used to describe this process,
but in more recentimes the termcharge compensatiois used to describthe act of returning

charged particlsto the sample surfacthat compensag for photoemission. This change in

terminology reflects the fact that the sample is seldom in a neutral state with respggotond

(Figure 11put rather achieves a stable steady state potential between the sampleanahd

Floating Sample with Charge Compensation Mechanism: Negative Charge Steady State

Low energy charge
cloud returning to
—_ “the sample

Photoemission
electrons leaving
surface - =

Ungrounded Sample Bar

/ |
7 f ||'

Figure 11. A sample disconnected from ground allows the sample to enter a steady state between
the emission of electrons due to photoionization and the return of charged particles to the sample
via charge compensation apparatus. Depending on how chargpeusation is performed, it is
possible that the sample charges negatively before the steady state is achieved.

For conducting samples that permit the free movement of electrons to all parts of a sample, charge
compensation is a simple matter of electrically connecting the sample to ground. In the case of
insulating samples charge compensation takes the form ofelgtreturning charge to the sample

via a cloud of low energy electrons and/or iolixharge compensation is not performed electrons
emitted from the samplevould be attracted by a constantly changipgsitive chargéoack tothe
sampleandas a consequeare photoemission peakwould move in energy to lower kinetic energy as

a function of measurement time. The act of charge compgosdor an insulator stabilises a static
chargeon the sample and so the kinetic energy for photoemission peaks is stableasjtlct to

time. Raw data from insulating samples often exhibit photoemission peaks with apparent binding
energy lower than expected. This lower binding energy or, alternatively stated, higher kinetic energy
for peaks is due to the sample attaining a steady state thaggmive. Given stability of peaks in

terms of kinetic energy, the energy scale can be calibratieaving the assignment dfinding

energy for peaksThe act of calibrating the energy scale is referred to as charge correatibis
performed in software
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Since correlating binding energy with photoemission peaks is an indicator of chemical environment
for an atom, charge compensation is an essential part of any XPS measurement. Charge
compensation is also important for maintaining repeatable and correck gbapes and therefore
confidence in charge compensation is a key requirement for chemical state analysis by fitting of
curves to data.

Background Signal

A feature of XPS is background signal representing electrons recorded with kinetic energy different
from energies expected as a consequence of quantized photoemission from bound states of atoms
or ions. While the origin of these background counts is enguantized photoemission signal,

initially quantized signal is spread to lower kinetic energy due to scattering of electrons by electrons
bound to atoms within the sample. The shape and intensity of these inelastically scattered
backgrounds depends on maial and proximity of material within a sample, and represents

valuable information about a sample provided by XPS. A point worth highlighting is that background
structures in XPS, on occasion, have the appearance of quantized photoemission peaks. Most
notably sequences of loss peaks are evident in spectra from metallic Mg, Al and other materials.
Broader loss peaks are also a feature of materials such asvhich is an example of where
background signal must be accounted for when calculating peak itgdosiZr 3p(Figure 12)

Zr 3p PE20
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Residual STD = 0.8976

Name Y%Area
Zr3psz 66.39
Zr3py.  33.61

80|

70)
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Figure 12. The XPS of Zirconium provides and example of photoelectron signal that is split into two
peaks due to electrospin interaction with orbital angular momentum. Moreover, inelastic

scattering of thes&r 3pphotoelectron peaks creates electrons with lower kinetic energiesvhich
peaklike structures (that are correlated to the primary photoelectron signal) are a feature of the
spectra. Importantly to quantification by XPS, the background signal beneath,Zin8ludes a

peaklike structure dudo the Zr 3. photoelectron peak, the result of which is the theoretical ratio

of Zr 3piz to Zr 3ps2 is not achieved unless the contribution of the backgroadhat part of the
spectrum involving Zr 3p signa) is included in a peak model used to measure the ratio of these
doublet peaks

Accounting for background signal and separating primary unaltered photoemission signal from
background signal is one of the greatest sources for error in peak models and quantification by XPS.
This topic is best considered in the context of data treatmadrgpectra with differing backgrounds
and will be discussed later using specific examples to illustrate the influence of these inelastic
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scattered backgrounds on XPS quantification and chemical state analysis by modelling data with
component peaks.

Photoemission Peaks

Photoemission resonances are either photoelectron or Auger. Auger peaks are complex in nature
representing many paths by which an ion can relax into a doubly excited ion of lower energy. Auger
peaks are more difficult to interpret than peaks due to exdiatby a photon. As a consequence,

when interpreting XPS data there is generally a greater focus on photoelectron peaks.

Once a background signal is subtracted from XPS data what remains is signal marking kinetic
energies in a spectrum that can be assigned to holes within ions created by photoionisation. The
photon energy is fixed, and energy lost by electrons to the wamktfan is assumed fixed, therefore

the position of a photoelectron peak in an energy spectrum is determined by the amount of energy
required to create the hole in a specific electronic shell of an atom. The set of energy levels for
electron configurationsvithin atoms or ions depends on electron spin which, if unpaired electrons
are present, serves to split the energy for electron configurations that otherwise would have
identical energy. The interaction of spin and orbital angular momentum means thaugrgwm of
energy necessary to create a particular electron configuration in an ion may be numerous and
depends on chemical bonds between atoms. As a consequence photoemission varies in complexity
between simple individual singlet peaks associated withbitals to simple doublet peaks as well as
peaks with complex structures due to multiplicity of energy levels involved in the phataiimmi

process. In particular higher atomic number (Z) elements create photoemission shapes formed from
numerous distinct quanta of energy absorbed in creating ions from atoms. Cerium oxide is an
example of a material where the creation of a hole inarkital creates a sequence of doublet

peaks rather than a simple pair of doublet peaks. Simple doublet peaks can be olfeemped

orbitals in sulphur, although this is not always the case for all sulphur compd@Eigse 13)
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Figure 13. Lefthand spectrum is an example for the XPS of a heavier element in a chemical state
where photoionization results in split enertgvels (multiplicity) corresponding to Ce 3d céeeel
capable of generating peak structwreffset in the energy spectrum. By contrast, for lighter
elements, the spirorbit interactions of electrons within an atom and final state ion, are limited to
producing either a single peak, in the case-oflstals, ordoublet peaks for p, d and f orbitalBhe
righthand spectrum is an example @aflphide doublet peakcreated by photoionization. The XPS of
a sulphidas an example of a lighter element with wdifined energies for both initial state atom

and the final state iorreated with a vacancy ime 2p electrons

Pagel4 of 102



Copyright (208) Casa Software Ltd

The shape of measured photoemission peaks, even when simple in origin, is the result of
instrumental factors as well as the underlying shapes dictated by the physics of the photoemission
process. There are numerous examples of photoemission peaks frotatingumaterials,

sufficiently broad but still lying within an energy interval in which background intensity variation is
negligible, to assert that such peaks are modelled effectively by means of a Lorentzian line shape.
The measured shape differs fronpare Lorentzian for the following reasons. If Lorentzian shaped
peaks are measured by XPS the shape of the Lorentzian is altered by the integration of signal by a
finite width detector aperturgFigure 14)The finite width of an entrance aperture to the HSA
similarly alters the shape of signal recorded as too does imperfections in signal trajectories arriving
at the entrance aperture to the HSA. These instrumental factors are more obvious for intrinsically
narrow photoemission lines. Hence the observatiegarding Lorentzian profiles for photoemission

is made for sufficiently broad isolated peaks.

Detector ==

Ideal Paraxial :
Electrons :

Enter HsA | Energy-Dispersive
: Direction -

Figure 14. lllustration of how the HSA and exit apertures integrate signal for each energy bin within a
scannedspectrum. The width of the exit aperture and the FWHM of the underlying photoelectron
peak determines the line shape as it appears in a spectrum. For a harrow exit aperture compared to
the width of a peak, the output resembles more closely the line shapleecunderlying

photoelectron peak. If the photoelectron peak is narrow compared to the exit aperture, then
instrumental factors are more dormamt in the shapes seen in spectra.

Mathematically, modification of a Lorentzian/Cauchy shape in an attempt to match shapes observed
in measured photoemission peaks is performed by a convolution of a Lorentzian with a Gaussian
referred to as a Voigt function. The LA line shape in Cag&xfe®e 15)s a generalised Voigt

function offering the special case of LA(1,1,n) to compute a Voigt function with differing Gaussian
contribution altered via the parameter n.
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Figure 15. Lefthand spectrum fitted to a peak model consisting of a constant background and a
single Voigt line shap@he LA line shape in CasaXPS is polymorphic in the sense that the same Voigt
line shape can be obtained by usimge of three specificatios) namely one parameter, e.g. LA(50),

two parameters e.g. LA(1,701) or three parameters LA(1,1,701). LA(m) is intended to mirror the
specification parameter used by ttméstorical pseudé/oigt line shape GL(m), whereas the three
parameters LA(a,b,n) is the basis from which asymmetry can be introduced into the LA line shape.
The righthand line shapes are exangié how a Voigt line shape of equal intensity alters from a

pure Lorentzian (LA(1,1,0)) by increasing the width of the Gaussian in the convolution integral.

Detection Limit for XPS Photoemission Peaks

Underlying the concept of detection limit for XPS is the aggion that spectral intensitpbeys
Poisson statisticsvhich is equivalent to assuming for a data channel contaifiogunts, any data
bin containing counts in the range € can be considered to have identical countish a
confidence of 68.3% thahese two data bins represent identical intensities. An implication of this
statement is that ag increasesthe range of values we consider to be identical measurements
increases at a slower rate than the sigrithus neasuring for longetime favourssystematicsignal
such as a photoemission peak which increaseapared to noise at a rate proportional toe € .

For XPS the nature of Poisson behaviour has implications for photoemission peaks superimposed on
background signal resulting from inelastic scattering of photoemission witbémgple. During a

fixed period,photoemission from a core level contributessa data bin withirthe recorded

spectrumé countswhile the inelastic background contributés counts to the same data binh&

noise level we expect for the data bin containing & counts will be/€ & . However the counts

of interest aret so the uncertainty in thesé counts will beequal to¢ M€ @, thus the

background signailltersthe ability to detect photoemission peak& low intensity peak may be

available for detection if located in a spectrum where the background is low, but the same peak

intensity superimposed on an intense background may not be detectable.

Peak B
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Figure 16. lllustration diow background signal alters the detectability of a photoelectron peak. In
this example,wo synthetic line shapes defined widlgualintensityand FWHMbut placed on the
survey spectrum at different energi@sth different intensity of background signal are not equally as
detectable due to the increase in noise in the background as shown.
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To illustrate this point, consider twaynthetic component peak®eak A and PeakiBFigure 1§

with the same aredCPSeV) and FWHpPlaced on background signal resulting from the

accumulation of inelastic scattering of photoemission to higher kinetic en&tgse two peaks are
summed with a linear backgrourtgipe RegressionA second region is used to display one standard
deviation in signal variation plotted relative to the linear background. The backgtypedised for

these second regions lismit of Detection Note how Peak A, while exactly the same as Peak B in
CPSeV and FWHM, fails to rise above the line representing one standard deviation in intensity due to
Poisson noise. Peak B however, due to the lower background signal, is easily identified.

Basics of Quantification by XPS
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Figure 17. lllustration of the four (minimum) requirements for the correction ekeasrded
photoelectron peak intensity wheconvering peak intensity into atomic concentration at the
surface of a sample.

Percentage atomic concentratidn for an element is computed from peak areasd dQ phe
with corresponding total sensitivity factorsvdQ pre (Figure 17)sing the formula
0
" Y
0 pmm 5
B~y

An element library is a file containing information necessary when compd@tingd take different
forms depending on instrument and philosophy followed by a particular instrument manufacturer.

Element Library and Relative Sensitivity Factors

The element library in CasaXPS is an ASCII file containing information relating to the identification of
photoemission peaks and for use when quantification is performed based on computed
photoemission signal after an inelastic scattered background sign@noved. The essential

information within the element library for both these purposes is:

1. Element and photoelectron assignment for the emitted electron from a ground state
electron configuration (e.g. Na 1s or Cu,2p

2. Approximate energy for photoemission corresponding to each photoemission process and
each element in the periodic table.

3. Relative Sensitivity Factors (RSFs) for each photoemission process and each element.
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The first two allow identification while the third is the means by which quantification is performed.

Characterising photoemission by these three entities is an over simplification for both identification
of photoemission peaks within an XPS spectrum and for calculating amount of substance by XPS.
Photoemission peaks described by an idealised symmetiishaped peak at a fixed energy with

area proportional to sample composition is only possible for a small number of materials. Chemical
state and complex interactions in final state electron configuration result in photoemission spectral
shapes that do nafollow a simple peak model, and signal can be spread over many electron volts.
Nevertheless, these element library essentials are the starting points from which sample analysis by
XPS begins and as such an element library based on these three setsméiidn is a required part

of quantification by XPS. It is, however, important to understand how these values are compiled for
a given instrument and the limitations of such information for different materials when analysed by
XPS.

Relative sensitivity factor is the name given to a scaling factor used to convert peak area into an
amount of substance. Historically the term RS#& &aad still hast least two meanings, namely,
empirical RSF or theoretical RSF.

Photoelectrons from a bulk solstate material are scattered by inelastic interactions with the
sample material and so photoemission from a bulk material alters the relative intensity for
photoemission peaks as a function of the scattering rate, which in turn varies as a functiontiof kine
energy for photoelectrons. These influences are referred to as escape depth corrections. Relative
intensities for measured photoemission peaks will include the influence of inelastic scattering.

Empirical RSFs are the basis for element libraries used by the more established instrument
manufacturers. By way of example, a paper by Wagner et al reported a set of sensitivity factors that
were determined from a set of standard matesaking specific XPS instruments. Measured relative
peak intensity RSFs represent empirical scaling factors that necessarily include instrumental factors
commonly referred to as transmission characteristics, instrument geometry relating to intensity
dependancy on samplinglirection with respect to the¢ray source direction and also escape depth
differences for the materials used to calculate sensitivity factors. These empirical factors are
therefore specific to both instrument and material composition. One essential consideration for
empirical RSFs is theaterial used as a standard must be homogeneous in both area and (fepth

a depth significantlyrgater than the sampling depthybbXP$ Empirical RSFs therefore tend to be
obtained for bulk materials.

It is possible to process empirical RSFs to remove transmission and angular distribution contributions
to empirical RSFs resulting in RSFs that can be used for different instruments. The use of such RSFs
for a range of instruments relies on a good knowlkedd the transmission function for instruments

making use of these processed empirical RSFs. An example of processed empirical RSFs is Ulvac PHI
sensitivity factors that represent magic angle RSFs which can be applied, with appropriate

corrections, to othe PHI instruments with angles of 4&nd 90 (two common arrangements for the

angle between the direction foX-rays and sampling direction for photoemission on Ulvac PHI
instruments).

The alternative to empirical RSFs is theoretical RSFs in the form of phmtimmnirosssections
calculated for specific photon energies. Scofield reported theoretical phot@itioin crosssections

Pagel8of 102



Copyright (208) Casa Software Ltd

for photon energies corresponding ¥ray energies for anode materials aluminium (1486.6 eV) and
magnesium (1253.6 eV). These theoretical ciesgions are effectively relative sensitivity for
photoemission intensities from an infinitely thin layer of a given element measured using polarized
X-rays at the, so called, magic angle to the direction of the analyser. These Theoretical RSFs can
therefore be considexd a more fundamental entity and are related to empirical RSFs by adjusting
these theoretical RSFor angular distribution, escape depth and instrumental response.

Escape Depth Correction
The discussion that follows assumes the measurement is perfousiegan instrument with a flat
transmission response to kinetic energy for photoemission intensity.

Figure 18. Depth representation of a sample where 0 represents the interface of the sample with the
vacuum.

The intensity emitted at the surfa¢@rom a layer of material between the depthspfindr)
(Figure 18)s proportional to the integral:

[1] 0 AP — Qv _O0 Agb —— Aob ——

An element library containing Scofield cressstion™Y (atomic numbery, principal quantum

number¢ and orbital angular momentum quantum numb@mrepresents a set of sensitivity factors
assumingelectronemission occurs at the precise interface between a material and the vacuum
assuming photons arrive at the surface with the magic angle with respect to the direction for which
electrons are recorded by the analyser. The measured photoemission intédsitgrming the basis

for a measure of the amount of substance assuming a lamina associated with an element with

atomic numberdmust be scaled using Scofield creggtion™Y , namely—, however if rather

than a lamina the material is of thickné@sthen the bulk equivalent amount of substance intensity
‘O is obtained as follows,

(2] ©

The expression ‘O p A@D —— derives from the escape depth correction assuming

an exponential decay dependent on the effective attenuation lengi®  due to inelastic
scattering of electrons within the sample prior to electrons emerging into the vacuum. If the
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material is of thicknesQis greater tharo ‘O for all photoelectron energie® , then

A@Db ——  mtherefore the corrected intensity used in an atomic concentration calculation

that accounts for escape depth is given by:

[3] ‘0

Escape depth has a profound influence on quantification by XPS for sample of a heterogeneous
nature. The consequence of inhomogeneous depth distributions with very simple layer structure is
illustrated by two scenarios for two materials measured using emission electrons with similar kinetic
energy. Carbon and ruthenium measured using C 1s and Ru 3doenpesks are two such

materials.

Ru 3d and C 1s are emitted with the same kinetic energy. Assuming the same effective attenuation
length_ O  for both materials (which is not necessarily true), applying the exponential
attenuation model then the following statements are true:

a) 95% of signal originates from_. O  depth.

b) 63% of signal originates fromO  depth.

c) 86.5% of signal originates frogn. O  depth.

d) Only 8.5% of the signal originates from betwegn’®© ando_ O  depths.

The following two depth distributions for carbon and ruthenium would result in very different
atomic concentration values obtained by XPS.

Scenario 1: A layer of carbon of thicknes®  nm on top of a layer of ruthenium of depth
¢_ O nm measured using Al anoderays (Figure 19)

Figure 19. Layered structure of a sample contajearbon and ruthenium. C 1s and Ru 3d
photoelectron binding energies are very similar and therefore experience similar inelastic scattering
en route to the vacuum from within the sampdad therefore equivalent attenuation lengtkam.
Carbon forms a layer of thicknesam closest to the vacuum, while ruthenium is located below the
carbon layer and is of thickness 2m.

Given a model with ratio Ru:C = 2:1, XPS RSF corrected intensity ratics3p@®ximately 1:2.
Thus the ratio is the exact opposite of the true value for the amount of Ru to C.
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Scenario 2: A layer of carbon of thicknes®  nm below a layer of ruthenium of depth_ O
nm measured using Al anoderays (Figure 20).

= 33

Figure20. Layered structure of a sample contiaigicarbon and ruthenium. C 1s and Ru 3d
photoelectron binding energies are very similar and therefore experience similar inelastic scattering
en route to the vacuum from within the samped therefore equivalent attenuation lengtkam.
Carbon forms a layer of thicknessam furthest from the vacuum, while ruthenium is locatedbove

the carbon layer and is of thicknessrim.

Given a model with Ru:C in the ratio 2:1 within the filstO  nm, measured by XPS the RSF
corrected intensity ratio would be 86.5:8.5 approximately 10:1.

The surface sensitivity of XPS provides remarkable information about the top 10 nm of material, but
unless a sample is prepared to be homogeneous in depth and without contamination, the atomic
concentration reported by XPS is not a representation of timega composition in terms of

proportions of elements.

Angular Distribution Correction

L

- ¥z

v, =
&
-l ee—

Figure 21An XPS instrument design, where the red lines indicate the angle between the
monochromatic Xay source and the direction electrons emitted from the sample must travel to be
available for detection by the spectrometer.

Scofield crossections do not account for angular distribution variation in intensity as a
consequence of instruments detecting electrons in a specific direction relative to the photon source
(Figure 21)Angular distribution correction to RSFs based on a given instrument geometry are
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applied resulting in total sensitivity values appropriate for a giXeay source and the angle
between theX-ray source and the direction defined by the electron energy analyser. Total sensitivity

factors are corrected for angular distribution using the fagor— A1 &- p . Where—is the

angle between aix-ray source and the axis defined by the transfer lens system for an electron
analyser angle and the value foiis computed for the element in question. Variation in intensity as
a consequence of an instrumentwithbA I & p  Ttis performed at the time RSFs are extracted
from the element library. Corrections due to angular distribution are applied to RSF velaigge to
s-orbital electron configurations which all respond identically in terms of direction, so RSFs are
modified due to angular distribution correction for p, d and f photoemission lines only. These
corrections appear as adjustments to element ligr&SFs when extracted from the element library
and entered into quantification regions or component pe&&F fields.

Instrumental Transmission Correction

The number of electrons recorded by an instrument at a specific kinetic energy for the detected
electrons deviate from the number of electrons emitted from the sample. The ratio of electrons
leaving the sample to the number of electrons recorded at theeditr varies as a function of the
kinetic energy for the emitted electrons. To adjust for these variations in collection efficiency an
instrument transmission function is measured. A transmission function is prepared for each
operating mode for a givenstrument. Differences in operating mode may include specific settings
for the pass energy, electron optical lens modes, aperture settings and detector settings.

Relative Transmission Functions

The primary objective in computing transmission functions that correct spectra to allow for differing
intensity response to different kinetic energy of photoelectrons, is to remove in software all
instrumental artefacts from spectra. There is a secondapyivation for transmission correction,

namely, flexibility in the use of pass energy to select an appropriate sensitivity for each
photoelectron peak used during quantification KSIf the method used to calculate the

transmission correction is succegisfthen both primary and secondary objectives are achieved.
However, there is another school of thought that, rather than computing the true (absolute)
transmission response to kinetic energy of photoelectrons, quantification is achieved by constructing
tables ofRSF$or each photoelectron peak and then applying a method to convert all spectra as
measured, to processed spectra that allow the use of a common table of RSFs. Transmission
correction designed to allow quantification based on empirically debeech RSFs, is described

herein as relative transmission correction. Historically, transmission correction in an absolute sense
was seldom available. Consequentially, tables of RSFs were used to create percentage atomic
concentration of elements by XPS. $8dRSFs were a combination of multiple factors, which include
photoionization, instrumental and sample dependent factors. When used, transmission correction
seldom achieved the absolute adjustment to intensities that fully eliminates instrumental artefacts
from tables of RSFs. Thus, these table of RSFs were dependent on the choice made for the method
used to construct a relative transmission correction for an instrument.

The absolute transmission response of an instrument alters with lens mode and pass energy.
However, provided the transfer lens column and the hemispherical analyser operate with a
systematic response to the retard ratio, a single transmission curve ceorbputed for a lens

mode that is used to generate all the transmission functions for the lens mode operated at different
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pass energies. The caveat is that transfer lens columns include apertures and imperfections that may
prevent the computation of an absolute transmission response. Nevertheless, if the target for
transmission correction is to correct for variation in spaafue to pass energy by converting spectra

to a spectrum that allows for the use of tabulated empirical RSFs, then quantification may proceed
without the absolute transmission correction of spectra via calculating a single transmission curve
per lens mode.

The aim of computing a single transmission curve per lens mode, for most operating modes of
practical use, is a reasonable target. There are clear advantages to relaxing the requirement to
convert spectra from any spectrometer to a spectrum that is indeleen of spectrometer. Namely,

if spectra can be converted to spectra that are independent of pass energy, then the analyst may
choose higksensitivity modes for lovintensity peaks while reserving the lesensitivity, high
energyresolution modes for photelectrons with chemical state. Essentially, acquisitiores and
signatto-noise in spectra are best served if spectra are measured according to the need to
discriminate between photoelectrons chemically shifted in binding energy (that require peak models
to partition signal into chemical state) and photoelectrons that are of consequence to element
composition only.

The concept of relative transmission functions is the method used by Kratos Analytical Limited. The
element library containing the RSFs for use with Axis spectrometers (Axis 165, Axis Ultra, Axis Nova,
Axis Supra) were developed to yield acceptable quiaatibn for data measured using the initial

Axis Ultra spectrometers. The requirement to obtain the same quantification for all operating

modes, for all Axis spectrometers from the same sample motivated the introduction of relative
transmission functionsof each lens mode and pass energy, where the transmission function is
computed to align gold spectra measured from subsequent instruments with a gold spectrum
measured from a specific Axis Ultra. The specific Axis Ultra used to create the referencenspectru
returned quantification results correctly for bulk homogeneous materials by applying the Kratos RSF
tables to photoelectron peak intensity and no other means to correct for transmission or escape
depth. That is, the table of RSFs were empirically detegthio include these instrumental and

sample considerations. Hence, the relative transmission functions constructed for other instruments
do not attempt to remove instrument artefacts, but are designed to compensate for differences in
performance of instrments delivered to customers.

Thermo Fisher Scientific and Ulvac PHI provide transmission curves that are designed to calibrate
spectra to ensure for a given lens mode, spectra acquired using different pass energies return
corrected peak area that are equivalent. That is, quantificabecomes possible based on spectra
measured using different pass energies. The method used to compute these transmission curves per
lens mode have an added advantage to simply aligning spectra in intensity for different pass
energies, namely, if the speommeter is tuned well and is not limited within the transfer lens column

by apertures, and the internal scattering of photoelectrons within t#®Ais acceptable, then the
transmission curve is a class of transmission functions that includes the absolute transmission
function for the spectrometer. Thermo Fisher Scientific spectrometers include instruments capable
of measuring spectra at pass energiggler the control of the user. This design of spectrometer

allows data sets to be obtained that lend themaad to the construction of transmission curves. For
this reason, Thermo Fisher Scientific spectra are used to explore the transmission correction of XPS
instruments.
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Case Study: Thermo Fisher Scientific NEXSA G2 (Edinburgh University)
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Figure 22. a) Survey spectra measured from the NEXSA G2 internal gold standard using pass energy
ranging from 10 eV to 200 eV in steps of 10 eV. The regions labelled r a to r g indicate the intervals in
energy used to estimate the intensity of the backgrdudor a specific kinetic energy providing the

data used to compute transmission curves shown in Figdbe b) Transmission curves constructed

from the spectra in Figur22a plotted using the estimated intensity as a function of retard ratio

before alignments and normalisation is performed. ¢) Transmission curves shown inZ2gure

following alignment in intensity in preparation for computing the transmission curve for NEXSA G2
Standard lens mode.

The analysis of the transmission for the NEXSA G2 involves a comparison of spectra to spectra
collected from an ESCALAB 250Xi. Therefore, it is necessary to explain why the ESCALAB 250Xi
spectra are appropriate as a reference standard. If the same proedtat is described below for
computing transmission curves for the NEXSA G2 is applied to spectra from the ESCALAB 250Xi, the
results for the ESCALAB 250Xi are equivalent to the results obtained by using the NPL transmission
correction procedure. Therefer the assumption made herein is that the transmission corrected
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gold spectrum obtained for the ESCALAB 250Xi is a good estimate for an instrument with perfectly
flat transmission response to varying kinetic energy. Even if this assumption is false, a comparison
between these two instruments provides evidence for the o§relative transmission functions.

That is, the results presented in Fig@2 and Figure 28how that the transmission correction
procedure discussed below returns similar transmission corrected spectra between these two
instruments, but not exactly #thsame.

The procedure used to calculate relative transmission curves for the NEXSA G2 makes use of the
spectra inFigure 22alntegration regions, from which an intensity in counts per second (CPS)
electron Volts (eV) is computed, are marked on the spectfagare 22aEach region allows an

intensity to be identified with a kinetic energy for each spectrum acquired using pass energy for the
HSA between 10 eV and 200 eV. A set of transmission curves calculated from the spectra and regions
in Figure 22are plottedin Figure 22bThese transmission curves, in theory, should be identical

other than the obvious offset in intensity, which is a consequence of variation in the inelastic
background intensity. Therefore, the data set to which a cldseah is fitted is constructed from

these data irFigure 22kby normalising these transmission curve$igure 22kat a specific retard

ratio, namely the retard ratio of 8.3. The normalised set of transmission curves and the-fdosed

fitted to these data are shown iRigure22c. Once the transmission curve is available, it is possible to
construct spectra for which the transmission variation is remo¥egure 23as a set of survey

spectra measured from a standard silver sample using pass energies identical to the gold spectra in
Figure 22aTransmission corrected spectra displaye#igure 23all align in terms of background
signal, however, due to differences in energy resolution at these pass energies, these spectra differ
in terms of photoelectron peak shape. Neveritssd, the corrected area for these peaks should all be
equivalent.

An alternative to computing a single transmission curve per lens mode is computing transmission
functions for each lens mode and pass energy. The advantage of computing transmission functions
for each operating mode is that the closéatm fit to data foreach operating mode is performed as
independent calculationdzigure 23hs a set of normalised transmission functions calculated by

fitting a polynomial of degree nine to the selected intervals in energy extracted from the ratio of
NEXSA G2 spectrarigure 22aand the reference ESCALAB 250Xi gold spectrum. The transmission
functions correspond to the normalised curves-igure 23bwhen applied to the spectra Figure

22aare displayed ifrigure 23cThese corrected spectraliigure 23@re designed to be identical to

the reference ESCALAB 250Xi gold spectrum. While ideally, the transmission fundtigasar23b
should be equivalent to the transmission functions calculated fragure 22¢taking the ratio of

gold spectra irFigure 22a&orrected fortransmission based oRigure 22@nd the reference

ESCALAB 250Xi gold spectrum resulisgare 23dldeally, these ratio spectra Figure 23dvould

be flat. However, the ratio spectra all exhibit a positive gradient, thus demonstrating that
quantification based on the transmission curve approach will only yield identical atomic
concentrations for the identical sample if these differences ammanted for by different RSFs, say.
Hence, in the case of the NEXSA G2, the transmission curve approachinesuékative

transmission curve, whereas there is evidence (not shown here) to support the hypothesis that the
same transmission curve approach applied to ESCALAB 250Xi spectra yields absolute transmission
curves.
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Figure 23. a) An example of survey spectra corrected for transmission using the transmission curve in
Figure 22cNote that the alignment of these spectra is an indication that quantification is precise,

but not necessarily accurate. That is, the transmission curve in Ei8arie a relative transmission

curve rather than an absolute transmission cutveNormalised transmission functions calculated
relative to a reference gold spectrum measured on an ESCALAB 250Xi and corrected for the
transmission of te ESCALAB 250Xi. The variation in transmission of the NEXSA G2 relative to the
ESCALAB 250Xi required a fit of a polynomial of degree nine to the ratio of NEXSA G2 spectra and the
reference spectrum obtain from the ESCALAB 28DARpplication of the transmission functions in

Figure 23lo the spectra irFigure 22aThese NEXSA G2 spectra, after correction, all have the same
shape as the reference spectrum from the ESCALAB 250Xi, with the exception of the photoemission
peaks, which alter in FWHM and maximintensity depending on pass energy.Ratio of NEXSA

G2 gold spectra after transmission correction using the transmission culRigure 22¢o the

reference gold spectrum obtained for the ESCALAB 250Xi by correcting the ESCALAB 250Xi gold
spectrum for the transmission curve computed identically to the NEXSA G2 transmission curve in
Figure 22c
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Escape Depth and Layered Materials

Quantification by XPS assumes homogeneous sample composition. Hotheverare many

examples of materials with variation in composition as a function of depth for which XPS provides
useful information. While true atomic concentrations for elements in layered materials are not
always possible, changes in relative photoesiais peak intensities are an indication of sample
structure as well as chemistry. Burying silicon dioxide beneath a thin film layer of a hydrocarbon
changes the ratio of Si 2p photoema@s with respect to O 1s depending on thickness of the
hydrocarbon overlayeffFigure 24)

14} n

- . o D . b

o Name  At% Thick overlayer on Si0, ¢ Name At%
Si2p 33.25 Si2p 44.29
O1s 66.75 O1s 5571

C1is
Si2p
Si 2p

IIIIIIIIIIIIIIIIII 1
600 500 400 300 200 100 600 500 400 300 200 100
Binding Energy (eV) Binding Energy (eV)

Figure 24. Lefthandpectrum is measured from silicon dioxide. The C 1s peaked onthe silicon
dioxidespectrumis adventitious in origin and is unlikely to form a uniform film across the surface of
the SiQ. Consequentially, the relativeamountof Si 2p to O 1s wmbtained by XP&8ose to the

expected ratidor silicon dioxideThe righthand spectrum originates from a silicon dioxide sample
prepared with an overlayer of plasma polymerized hexgopHeX. The intensity of the C 1s peak is
consistent with a thick film coverage of the silicon dioxide substrate. Attempting to measure by XPS
without consideration that the silicon dioxide is covered by ppksults inthe proportions of

silicon and oxygen from the substrateat are incompatible with the sample true composition

The reason the percentage of Si to O changes with overlayer thickness is the overlayer attenuates
lower kinetic energy photoemission more than photoemission with higher kinetic energy. O 1s signal
is emitted with lower kinetic energy than Si 2p signal dretefore the ratio for these two

photoemission peaks from a substrate increases in favour of silicon with film thickness.

These changes in photoemission intensity are understood in terms of an exponential decay of signal
with respect to depth within a material from which electrons originate. This same exponential decay
of signal is the reason XPS is surface sensitive, arichplisations for quantification of materials

where electrons are emitted from a thin film rather than a bulk material. The relationship between

O 1s and Si 2p measured intensities fromy 8iQuld reverse for thin films of SiOThat is, for films of
materials of less than three EAL measured by XPS, assuming these films are uniform for more than
three EAL, that is correcting intensities as if the sample is a bulk material results in incorrect
guantification.

This point is now illustrated making use of data collected from a layer of Poly (vinyl ethyl ether) PVEE
on Poly (styrene) PS. PVEE contains oxygen whereas PS only contains C awmdhéefsence,
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oxygen signal originates from a film of PVEE at the surface only. XPS of these polymers results in
photoelectrons due to the creation of holes in theskell in the electronic configuration of oxygen. A
dominant path for these ions to relax to a lower eggievel filling the shell in the process is via

the O KLL Auger process. The number-8h#ll holes created by photoiaation and the number of
relaxation events leading to O KLL are proportional and these two photoemission events result in the
emisson of electrons with different kinetic energies. It is therefore possible to examine the
consequences for photoemission from thin films by considering the ratio of O 1s to O KLL signal
measured from PVEE on PS with different depths of PVEE.

P9 / é\

\l/ J TOA 10°
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5 e |
"‘ |
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Figure 25Schematiof a sample prepared with an overlayer of PVEE upon a PS subSiititeg the
sample to obtain two angles between the sample surface and the direction of the spectrometer
transfer lens syster{take-off angle (TOAXlters the proportions of the photoelectrons recorded by
the spectrometer from these two polymers.
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Two measurements from the same sample usingaff@ngle (TOA) 9@and 10 change the

effective film thickness for PVEE by a factor of 5.76. TOAdpd@sted assuming a bulk material over
compensates for escape depth thus O KLL is reported as a more intense signal compared to O 1s.
TOA 10by contrast, mostly due to sampling a factor of 5.76 more within the PVEE film, behaves as a
bulk PVEE material and therefore favours O KLL and O 1s equally.

1 drop R14 spin cast. TOA=90 deg.
1 drop R14 spin cast. TOA=10 deg.
Sample Identifier Name At%
1 drop R14 spin cast. TOA=90deg. O 1s 45.74
O KLL 54.26
1 drop R14 spin cast. TOA=10deg. O 1s 49.13
O KLL 50.87
/Lﬂﬁ’-"% g— ‘_“"\l
N
L
1 | 1 1 I L 1 | 1 1 | 1 L 1
1200 900 600 300 0

Binding Energy (eV)

Figure 26. Overlay of survey spectra measured from the sample and TOCs illustrated in Figure 25.

The total sensitivity factor for a photoemission line is the product of four factors. These four factors
are corrections for instrument transmission, photoigation crosssection, angular distribution and
escape depth. For a bulk material the escape depth correction is performed by use of the following
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factor defined in terms of the effective attenuation lengthO  calculated at a kinetic enerdy
using the depth of materidd Ho.

Q

Qi o@D T | QDG &6 £.10 p AP —
If the PVEE film measured at TOAisGssumed to be bulk PVEE tf@én 18 ¢ dawould align
guantification obtained for both TOA 1@nd TOA 90

A film thickness estimate is therefore possible by these means, but does require a sample to match
precisely the model proposed of an overlayer of uniform thickness entirely covering a substrate
without photoemission from the element in the overlayer ugedtalculate thickness. Any
contamination layer would attenuate O KLL relative to O 1s resulting in significant errors to a film
thickness estimate for PVEE by this means.

PVEE Film on PS Substrate: Hill Equation

The problem of estimating a film thickness is illustrated using data from a sample prepared with a
film of PVEE on as substrate of PS and making use of a C 1s spectrum only. The C 1s spectrum
includes signal deriving from both polymers and therefore a pra#lel is required that separates
these distinct sources for C 1s signal. Identifying PVEE and PS C 1s intensity is performed here by
fitting components computed from data and integrating intensity above a Tougaard polymer
background using quantificatioegions computed for each component spectr{iigure 27)

PVEE Overlayer
PS Substrate
Spectrum

w
w
=>
o

7]
=

288 285 282 279 276
Binding Energy (eV)

Figure 27. Separation of C 1s signal originating from PVEE and PS is performed by fitting to C 1s
spectra two spectral components derived from data. These two compesieeiira are illustrated in
proportions that when summed fit the agcorded spectrum foC 1s.

Afilm thickness estimate assumes the emission depth distribution function is exponential in form:

The parametebis the depth beneath the surface from whiphotoemission originateand the
constantis characteristic of the material from which the zdoss electrons must emergéhe
value used fowis the effective attenuation length (EAThe intensity of electrons emitted by the
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overlayerO of thicknes) © @ ¢ ifora measurement performed at an angl¢o the sample
normal is proportional to:

% -i.— -£

Similarly the intensity’O from the substrate is proportional to:
-_— 4
F ufimat

The constant of proportionality in either casghe signal intensity expected for infinitely thick
homogenous samples for the overlayer and substrate materials. Thus

<
IE H % ;+
5 < |
L mF
On solving fobthe equation becomes:
L
< L

PO

If the measurement is made at an angho the sample normal, the Hillggation for an overlayer of
thicknessQbecomes:

Hill Equation

TOA 90°

Sampling .- Units
depth for XPS i of EAL

PS

Figure 28. Schematic of sample showing the trajectory for photoelectrons contributing to the
spectrum illustrated in Figure 2The spectrum in Figure 27 is due to photoelectrons emerging from
the sample without loss of energy, which is probable for the top three EAL only.
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Applying the Hill equation to estimate the thickness for PVEE is obtained by computing the ratio

T T
brrEr IZIHI

PVEE and PS both include two carbon atoms in the polymer backbone differing only in the number of

carbon atoms attached to these backbones. For PVEE there are two additional carbon atoms while

for PS there are six additional carbon atoms in the form af@ The density for PVEE and PS are

similar therefore the estimate will be computed assumig 7O  tAycorresponding to the

number of carbon atoms for these two polymers. The effective attenuation length for PVEE is

computed from the Universal EAL formula defined by Martin Seah which estimates EAL equal to 3.8

nm. The take of angle is 9(Figure 28}herefore the angle with respect to the samgh@rmal in the

cosine term of the Hill equation imity. Applying the Hill equation based on these assumptions

estimatesthe thickness for PVEE to be 4m.

C1sPs 2
&
o
(]
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Figure 29. The componespectra used in Figure 27 are derived from spectra measured from the
sample in Figure 28. The componepiectrum for PS differs from the expected spectrum for PS,
however, the derivation of the componeispectrum for PS coupled the C 1s photoelectrons wit
some oxygen as shown. PS does not contain oxygen, therefore the derived comppeetitim is
thought to be closer to the sample chemistry than if a standard PS sample were used to obtain the
shape for C 1s signal.

A note regarding the spectral shape computed representative of PS is as follows. The component
spectrum computed from datéFigure 29fepresenting PS is not exactly the C 1s spectrum expected
for pure PS. Beamson and Briggs XPS of Polymer database includes spectra with characteristics
similar to these computed data where OH®@ECH isadded to the structure of P&igure 30)

® @
%g " £

° 06

® ®

Figure 30. Possible modifications to PS that might explain the existence of O 1s signal seen in Figure
29.
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The film estimate made using these computed spectra assumes these processed data are more
representative of sample chemistry than assuming spectral shapes measured from standard
materials for PVEE and PS as separate samples. Observing the peak struth@&edmputed

substrate, judging by the binding energy offset from the CH component for additional peaks to PS,
these deviations from pure PS are assumed to be predominantly a form with number of carbon
atoms also equal to eight. When computing specthages from data the outcomes are not unique

and it could also be argued the interface between PVEE and PS is formed by an arrangement with a
different number of carbon atoms from eight. These types of assumptions alter the computed film
thickness need cafal consideration and confirmation by other approaches to measuring film
thickness. Results from the Hill equation for other sample preparationshayen in Figure 31

PVEE Thickness : 4.66 nm PVEE Thickness : 5.71 nm PVEE Thickness : 5.62 nm PVEE Thickness : 9.76 nm

A A AN

292 290 288 286 284 292 290 288 286 284 292 290 288 286 284 292 290 288 286 284
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 31. Film thickness estimates for different sample preparations resulting in a PVEE overlayer
and PS substrate.

Quantification from Narrow Scan Spectra

A VAMAS file contains VAMAS blocks, where each VAMAS block holds data. When a VAMAS file is
opened in CasaXREgure 32)data are read and displayed in an experiment frame which is a

window divided into two panes. The teand-pane displays data such as spectra or images, while

the righthand-pane displays a logical arrangement of VAMAS blocks within the VAMAS file. Before
guantification is performed, a VAMAS file when displayed in CasaXPS must appear with a specific
format for VAMAS blocks when visualisgd the riglthand-pane of an experiment frame. The
arrangement of VAMAS blocks allows quantification information to be gathered from different
spectra all acquired as part of an experimental unit aimed at characterising a sample surface.

BB 20200226 etch profile 305 scalZo3_kr-fixed, vms
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Figure 32. An experiment window of CasaXPS displays data in the lefthand pane while the righthand
displays the logical structure of the VAMAS blocks within a VAMAS file. VAMAS blocks are arranged
in the righthand pane into rows and columns of selectable items labelled by the VAMAS block
identifier string.
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When a VAMAS file is loaded into CasaXPS, the rightbemel arranges VAMAS blocks making use
of the experimental variable VAMAS block field to align rows of VAMAS blocks. The experimental
variable is a value assigned to spectra acquired from a samplgivem state during the course of

an experiment. For example, a sample that is repeatedly etched using an ion beam followed by a
sequence of XPS measurements, the state of the sample surface following an etch cycle can be
defined by specifying the elapsiene for ion beam sputtering. Columns of VAMAS blocks are formed
based on a string constructed from two VAMAS block fields, namely, the element string and the
transition string which together specify the origin of spectra held within the VAMAS block.

For each VAMAS block within a VAMAS file that is intended for use in computing percentage atomic
concentration, quantification items must be defined, meaning regions defining an energy interval

and background and/or component peaks fitted to data are abéél to compute signal intensity for
photoemission peaks. VAMAS blocks organised into rows in thibaigthpane link together data

acquired at the same time from the same state of the sample surface. Selecting VAMAS blocks in the
righthand-pane in the sam row specifies a subset of spectra that are appropriate for computing
percentage atomic concentration for a specific measurement.

The example of a VAMAS file used here contains a sequence of XPS measurements interleaved by
sputter cycles designed to remove adventitious carbon. Each XPS measurement includes a survey
spectrum and four narrow scan spectra. The narrow scan spectra endhtd collected over energy
intervals corresponding to O 1s, C 1s, Al 2s and Al 2p. Two of these narrow scan spectra are acquired
using energy intervals recording signal from Al atoms. When quantification in terms of elemental
composition is performed oyllone of these Al spectra per row should be selected together with O

1s and C 1s spectra.

Survey spectra also include photoemission signal measured from O1s, C 1s, Al 2s and Al 2p.
However, these photoemission peaks are measured as part of survey spectra using different
acquisition conditions from the equivalent energy intervals measured u&En@w scan spectra

saved as separate VAMAS blocks. Therefbese survey spectra should not be used as part of an
atomic concentration calculation involving narrow scan spectra of different energy resolution. While
it is possible mixe@perating mode d&a can be used to quantify a sample, an instrument used in

this way would need careful characterisation to ensure the same analysis area and angular
acceptance at the sample are measured for all operating modes used to collect spectra assumed to
be equivaént.

In this example, quantification regions will be used to define photoemission for each narrow scan
spectrum. Peak models defined in terms of components representing chemical state signal could
equally well be used to measure photoemission intensity, busiimplicity in terms of discussing
guantification of narrow scan spectra, regions alone will be used in this discussion.
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Figure 33. CasaXPS toolbars are used to display in the leffzanredVAMAS blocks selected in the
righthandpane. Toolbar buttons are also used to process spectraaodided the VAMAS block

fields for the element and transition are assigned correctly, to create quantification regions on
narrow scan spectra populated with RSFs from the element library. The VAMAS file displayed is in a
state where four VAMAS blocksthe righthandpane are selected and displayed in the lefthand

pane. The selected VAMA®tks will be the VAMAS blocks affected by pressing a toolbar button.

Regions can be added to spectra for which the correct element/transition fields are used within the
VAMAS blocks representing narrow scan d&igure 33)Each of these four narrow scan data are
correctly assigned therefore selecting VAMAS blocks before pressing the toolbar imdlicated n

Figure 34&reates regions for each spectrum so indicated. The element/transition VAMAS block fields
allow the creation mechanism to extract appropriate RSFs from the current element library.
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Figure 34. Given the selection of VAMAS blocks and the state of the VAMAS file shown in Figure 33,
pressing the toolbar button indicated by the red box results in the creation of quantification regions
for each of the four selected VAMAS blodRsly the selected VAMAS blodksovided the

corresponding string to the elemefttansition strings appears in the element librawill have

newly created regions with RSFs extracted from the element library.

The same toolbar button would not work for survey data. Survey data, by definition, is not specific to
an element or transition therefore it is not possible to use element/transition VAMAS block field
information to link RSFs from the element library withwly created regions via the toolbar button.
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Options on the Element Library dialog window are used to manage the creation of regions on survey
data.

The background type used to create these regions is thauseti background type. In this example

a Tougaard background was the default background type specified in the ParameterFile.txt
configuration file found in the directory CasaXPS.DEF. The specifjaard background makes use

of crosssection parameters defined by Tougaard for polymer data. Since these data selected include
adventitious carbon, there is at least some consistency in adopting a hydrocarbon type background
approximation for these phatemission peaks. The Tougaard background is also used for the Al and
O photoemission peaks on the basis adventitious carbon is an overlayer and so O and Al
photoemission are attenuated by the hydrocarbon, coupled with assumiu@ B4s a sizeable band

gap.

These regions defined for the first row of VAMAS blocks need further adjustments to the energy
interval limits, after which these can be propagated via Browser Operations to VAMAS blocks with
identical element/transition fields.

Al2s  Al2p

r ci1s 720

500 450 400 350 300 250 200 150 100 D
Binding Energy {sV}

Figure 35. The state of the display in the lefthgrathe coupled with the selection of VAMAS blocks
in the righthandpane is established in preparation for using the indicated (red box) toolbar button.

The four VAMAS blocks with regions are overlaid in the activé-igerre 35)A selection of VAMAS
blocks in the rigthand pane provides the target VAMAS blocks for the Propagate and Match toolbar
button indicated in Figure 35
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Figure 8. Given the display state of the active disptdg in Figure 35 and the corresponding
selection of VAMAS blocks in the righthgmaehe, pressing the indicated toolbar button invokes the
Browser Operations dialog window in the state indicated by the rethreges as marked.

Following propagation each narrow scan VAMAS block includes a region appropriately defined
(Figure 37)o allow the computation of atomic concentration for oxygen, carbon and aluminium.
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Figure 37. CasaXPS experiment window where each column of selected VAMAS Bispks/ed
overlaid in four display tiles, one display tile for each column of selected VAMAS blocks.

A text report generated from these regions is defined in terms of the region names fields, peak areas
calculated from integrated signal after background subtraction from raw data and adjustments to
integrated peak areas to allow amount of substance to mguted. These corrections involve

relative sensitivity for different photoemission using RSFs, instrumental response via transmission
functions included in VAMAS blocks and escape depth correction to account for sampling depth
variation with energy. Thastrument in question is designed using the magic angle for angular
distribution correction.

The Standard Report option Regions makes use of a configuration file to create a report from regions
defined on selected VAMAS blocksgure 38)

Configuration File for Standard Report
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Figure 38. The Report Spec property page of the Quantification Parameters dialog window allows the
creation of configurable report tables via the buttons within the Standard Report section. Each row

of the report is specified using keywords listed in afiguration file. When the Regiaibutton

indicated by the red box is pressed, a report is constructed from regions defined on the selected
VAMAS blocks.
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Figure 39. For each row of VAMAS blocks selected in Figure 38, the information defined by the
configuration file shown in Figure 38 is gather from the quantification regions prepared as shown in
Figure 37. A window in CasaXPS is created and a summagyafdhtification is displayed.

After a text report is create¢Figure 39)the Copy toolbar button is used to place text reports onto

the clipboard so that results can be pasted via €¥linto a spreadsheet or other prograrfiigure

40). While a summary of the report is shown in CasaXPS, the clipboard is populated by the
information shown in CasaXPS using a variety of table formats. Pressing the Copy All button shown
in Figure 40 will place all the different formatted tables on the clgrbdcand therefore made

available to a spreadsképrogram(Figure 41)

Clipboard Selection [‘S_<|
Report Copied on: Monday, April 13, 2020, 15:22:27 ~
chdocuments and gettingzhnealsmy documentstwwarkingdircustomerdat ahswanseatklaudiat 20200226 etch profile 30z scal: —
Etchtime Hame %At Conc Uncorected RSF - Library RSF Total RSF Transmission MFP P

01z 1.1 2493 2493 243827 1 0.821143529.00 1.40 497985
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E0 0= 555 2493 2493 243445 1 0.83087 52940 1.37 E3385
Cls 251 1 1.0 1.0009€ 1 1.00096 28360 219 1114.43
&l 2p 895 05371 05371 061484 1 1.14474 7300 1.28 10637.8
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Al 2p 3964 0537 05371 061484 1 114474 7300 126 108327
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Cls 1.13 1 1.0 1.00063 1 1.00069 284.00 182 513579 w
< ¥
Save . | Copy Selection ta Clipboard | Copy All ta Clipboard |

Figure 40. Clipboard selection dialog window that appears once the Copy toolbar buttonQLisl|
invoked. The report seen in CasaXPS is one of many formats listed on this dialog window as TAB
spaced tables. The full range of tables is best viewed within a spreadsheet program.
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Figure 41. The state of Microsoft Excel following Ctrl + V places the full set of table formats placed on
the clipboard by the dialog window shown in Figure 40.
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Data Analysis by Example

The first step in understanding samples of scientific interest is to develop strategies for the
measurement and analysis of these samples using samples with known composition similar in
character to the samples of interest. The objective when measuringlesndg lesser interest but of
known substance is to evaluate different measuremgritocolsanddata treatmentoptions that
will be of use when considering samples of greater scientific interest.

The data set considered he(Eigure 42)s part of a preliminary study considering chemistry related
to aluminium oxide. A sequence of measurements was performed using a sample prepargg.as Al
Each measuremergonsists of a survey spectruméaning data are acquired over an energy
interval equivalent to photoemission peaks accessible by mona Xhidy source)and a set of

spectra measured overarrow energy intervalfocused on photoelectron peaks of significance to
ALG;. The function of a survey spectrum is to monitor photoemission not included in narrow scan
spectra and just as importantly provides information about trends in background signal. Shapes
within the background can indicate changesnfdepth distribution of material and irhis case
supporisthe assumption the material remains, despite repeated sputtering with an ion beam,
essentially homogeneous in depth. Narrow scan spectra form the basis for chemical state analysis
and are collected using smaller energy steps and increased-tinvelcompaed to the survey
measuremento improve quality of curve shapes in data and signatoise
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Figure 42. CasaXPS experiment window illustrating the first row of spectra in a sputtespdeiilth
experiment. Thenainphotoelectron and Auger peaksgthin the survey spectrunare annotated

using the Peak Labptoperty pageon the Annotation dialog window of CasaXPS. The format for the
page of display tiles is specified using the Page Tile Format dialog window. Each of the five display
tiles may be independently designed using the Tile Display Parameters dialog windowdialese
windows are availaklfrom the Options menu on the top menu bar of the CasaXPS main window.
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The data set measured from the same location on the same sample@figacquired by

measuring spectra followed by sputtering the sample with relatively low energy argon ions. The
purpose of sputtering the surface with an ion beam is to gently remove contamination from the
ALQO; surface. Evidence of iorem sputtering includeshanges to C 1s narrow scan spe¢Emure

43). Also, harge state alters with ion beam etch time which further indicates changes have occurred
to the surface measured by XPSaasonsequence of sputtering with the ion glinese changes in
charge state with etch time requires the use of charge correction to align spectra throughout the
data file.

B¥ 20200226 etch profile 30s scal2o3_kr-fixed.vms =13

Ekch tirne ~

T T T T T T T
288 284
Binding Energy (eV)

Figure 43. The display tile visible in the scrolled list of displayidildisplaying C 1s narrow scan

spectra overlaid. The colours used to plot each spectrum is used to mark the VAMAS blocks in the
righthandpane to indicate the source for the spectra that appear overlaid in the leftieme:.

Each row of the VAMAS blocksresponds to the etch time the sample has been exposed to an ion
beam. The spectra, as displayed, are stacked with an offset that is adjusted using the Y Axis property
page of the Tile Display Parameter dialog window. The etch time is added to the disipigyan

option also on the Y Axis property page. The use of energydesgayed for each spectrumhen
overlaying stack spectra is controlled by options on the X Axis property page of the Tile Display
Parameter dialog window.

Charge Correction

Data recorded from an insulating material such a®Alequires the use of charge compensation,
the mechanism by which a steady state charge distribution is established by retafteatgpns to

the sample to compensate for the emission of electrons from the sample due to irradiatién by
rays. For an experiment involving sputtering with an ion beam or even simply small changes in
analysis conditions and/or sample chemistry wattposure toX-rays may result ithanges to the
steady state charge on the sahe for each XPS measurement. As a consequeaod

measurement in the AD; data set represents a different charge compensation state and requires
calibration in terms of binding energy scale to align signal with respect to energy.

Page40o0f 102



Copyright (208) Casa Software Ltd

B 20200226 etch profile 30s scalZo3_kr-fixed.vms:2 =13

I P, | Cchime | wide -
i} wide
Al 25 [0] e
Al 2s [30]

Al 25 [2460] 3:32

wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
wide
i

Binding Energy (eV)

Figure 44. An experiment window displaying three Al 2s narrow scan spectra overlaid in the
lefthand-pane. The asecorded spectra do not appear with peaks aligned in binding energy. The
assumption used herein is that these Al 2s peaks are shifted in apgaireling energy due to
differing potential of the sample with respect to ground for different cycles in the sputter profile
The spectra used in this illustration arelicated by thekey (lefthandpane display tile) and the
coloured VAMAS blocks in thighthandpane. A legend or key is added to the display of spectra
using options on the Display property page of the Tile Display Parameters dialog window.

Binding energy is calibrated by applying a shift in energy to each spectrum considered to be acquired
under identicacharge compensation conditions. An appropriate shift is calculated using a peak of
known binding energy and shifting the measured spectra to position the peak maximum at the
known energy. The common practice of calibrating spectra using C 1s as thecefpeak has in

recent times been called into question. Traditionally spectra are aligned to place the lowest binding
energy C 1s componepetak, established by fitting a model to adventitious C 1s data, at a binding
energy of 285 eV. Such an approach has merit in providing improved precision for aligning
photoemission peaks with binding energy tatks accuracy due to carbon potentially being part of
the sample chemistry and the assumption that adventitious carbon is a uniform layer over the
sample surface. The latter point is relevant for samples with islands of contamination, in which case
chargecompensation state for such islands may hetthe same as for fully exposed substrate.
Charge compensation in the case of sputteregDAlls a particular problem for binding energy
calibration based on adventitious carbon since the cleaning action of the ion beam is intended to
remove adventitious carborkor this reason charge correction for each row in th®©Adlata set will

be calibrated using the Al 2s to align spectra in binding energy rather than making use(&iglirks

44).

Al 2s is a broad peak with Lorentzian character. Both these charactecastidbe exploited to

provide a precise systematic tool for identifying the maximum intensity for photoemission from Al
2s. While aluminium chemistry is the reason for making these XPS measurements, the chemical
differences within these spectra result inadvely minor changes to Al 2s and Al 2p compared to
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changes in C 1s and O 1s spedttance the use of Al 2s to calibrate binding energy for each
measurement is seen as preferable to the use of C 1s data for charge corrétigoapproach
adoptedhere is to use a synthetic component representative of Al 2s fitbetie Al 2s spectrum in

each row of VAMAS blocks within the VAMAS file and shift each row of VAMAS blocks representing
spectra acquired under identical charge compensation conditions by aligning these Al 2s synthetic
components throughout the spter sequence.

Al 2s Al 2s Al 2s

50
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Figure 45. Application of the peak model making use of the asymmetric line shape ST(1) LA(1,143) to
model the Al 2s photoelectron peak and TP(1,1,0) to model inelastic background signal beneath the
Al 2s peak. The residual plot showing the variation betwixe peak modelitted to each spectrum

and the spectrum is enabled for display using options on the Display property page of the Tile
Display Parameters dialog window. Plotting data using symbols is similarly enabled and disabled on
the Display propertypage. Options used to colour spectral data and the shape of symbols used to
mark spectral intensities are adjusted using the Colours property page on the Tile Display
Parameters dialog window. The tables constructed from components to the peak modelig use

added to the display using the Components property page on the Annotation dialog window.

These Al 2s pealisclude extended tails that can be modelled using the line shape LA(1,143)
modified by asymmetry using the prefix ST(1) to the LA line shape. The objective is to fit each Al 2s
spectrum with a precision consistent with a residual standard deviation sé ¢tw0.YFigure 45and
Figure 46. A value for the residual standard deviation of 0.9 is expected for pulse counted data
combined from multiple detector streams to form data fitted by the line shape ST(1)LA(1,143). The
Test Peak Model djpn on the Quantification Parameters, Components property pddgure 47)s

used to obtain the line shape selected for use with the Al 2s spectra. The moekltfithese Al 2s

data includes the use of TP(1,1,0) line shape representing a trapezium (TP) of equal height to both
sides, that is, in this case a rectangle. The TP(1,1,0) provides a confgahtmthe ST(1)LA(1,143)
bell-shaped curve with Lorentzian character that is determined as part of the optimisation steps for
each spectrum. Owing ta significant band gap for 8% the background trengdan bemodelled

using a constant background set to zero. Thus TP(1,1,0) is the means by which background signal is
accounted for when fitting Al 2s photoemission.
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Figure 46. The different aspects of the peak model used to fit spectra in Figure 45 are illustrated
using annotation tables created via the Regions and Components property pages of the Annotation
dialog window. Annotation tables are repositioned on theptiy by adjusting the position of marker
boxes that appear on the display of spectra whenever the Annotation History property page is
topmost of the property pages on the Annotation dialog winddWwese tables are constructed from
information gathered fromguantification regions and components to peak models that are defined
using the Quantification Parameters dialog wind®&®&gions defined on a VAMAS block and similarly
components to a peak model are edited on the corresponding property pages of the Quantification
Parameters dialog window (Figure 47).

Charge correction for a data set arranged so #eth measurement cycle is organised as a row of
VAMAS blocks is performed by creating a peak mfmiled specific column of VAMAS blocks
corresponding to particular spectra. In the current example theespeusedior calibrating the data
file are the Al 2s spectra. The peak model for Al 2s is arranged sudhdéhaimponent defined in
Column A in the list of components on the Component proppéagecorresponds to the energy
entered on the Spectrum Procesg, Calibration propertpagein the textfield labelled True.
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Apply Range Calib Al Files by Huw| Apply 13t Comp Calib &l Files by How|
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Figure 47. Dialog windovirsvoked from the Options menu on the CasaXPS main window used to
specify quantification regions and components (Quantification Parameters dialog window, lefthand
dialog) and the Spectrum Processing dialog window (righthand dialog). Property pages @szisele
using the tabs at the top of each dialog window. These two dialog windows are prepared in
anticipation for charge correcting the spectra in Figure 48. The red boxes highlight the information
used by theApply by Row (I Comp)button on the Calibration property page of the Spectrum
Processing dialog window to calibrate the energy scale for the spectra in Figure 48.
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Calibration of all VAMAS blocks in the VAMAS file is performed by selecting the column of VAMAS
blocks for which the peak model is defined and only that column of VAMAS [ffiglise 48)then
pressing the button on the Spectrum Processing, Calibration property page lahpiédby Row

(1t Comp)(Figure 47) The action of thé\pply by Row (¥ Comp)button causes an offset to be
calculated using the Al 2s peak modatthe value enteredn the True texffield of the Calibration
property page. The off$eso computed is designed tignthe component in Column A of the
Components property page so that the energy for components in Column A matches the value in the
True textfield in each row of VAMAS blocks. For each row of VAMAS blocks the offset calculated
using the Al 2s spectrum isgfed to these spectra in the same row of VAMAS blocks.

Before calibration is performed, an overlay of each column of VAMAS blocks in separate display tiles,
one for each column of spectra with the same element/transition labels clearly demonstrates offset
peaks for O 1s, C 1s, Al 2s and AlRigure 48)
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Figure 48. CasaXPS experiment window illustrating the selection of Al 2s spectra, all of which are
prepared with the peak model shown in Figure 46 in preparation for charge correction. The
selection of Al 2s VAMAS blocks indicates the source for therpedklfor each row that will be

used to compute the apparent binding energy for the Al 2s component. The desired binding energy
for Al 2s photoelectrons is specified on the Calibration property page of the Spectrum Processing
dialog window via the True téfield illustrated in Figure 47.he result of preparing the selection of

Al 2s spectra, the peak model fitted to these selected Al 2s spectra and applying the options
indicated on the Calibration property page in Figure 47 is shown in Figure 49.

After calibration has been performed, these same display tiles illustrate the action afiblg by
Row (F' Comp)button (Figure 49)Each set of overlaid spectra are aligned and any misalignment in
spectra other than Al 2s is assumed to be chemical shifts of significance to sample chemistry.
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Figure 49. The energy calibrated spectra are displayed in the lefibame, demonstrating the
results obtained by the processing steps discussed in Figure 48 caption.

Motivation for Charge Correction
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Figure 50The calibration of the energy scale performed using the input parameters defined on the
dialog windows shown in Figure 47 assumes that the initial measurement of spectra (before the
surface is sputtered with an ion guyields C 1s spectra for which theHJpeak can be identified and
appears at binding energy 285 eV. The binding energy forudetsto calibrate the entire set of
spectrais chosen to achieve the binding energy 285 eV for CH C 1s signal.

The normal motivation for charge correcting XPS data is a desire to identify chemical state by
comparing binding energy assignments for peaks in ftata asamplewith unknown chemistry to
binding energy fronsamples of known chemistry. The problem encountered in calibrétiag

binding energy scale for an insulating material is there is no absolute reference other than assuming
a peakcan be identified corresponding to photoemission of a known binding energy. For many
samples the best we can do is assuangeakin C 1spectracan be identified corresponding tekC

type carbon chemistrand assign this peak binding energy to 285Egure 50)The source for C 1s
signal is assumed to be adventitious carbon. When presenting energy calibrated data, the
importance of stating the calibration assumption should not be underestimated since all
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assumptions about assignments of other peaks reported in a paper will be dependent on this initial
assumption.Indeed the energy calibration performed here makes use of a binding energy for Al 2s,
the value for which was determined from the initial measurement before sputtering with aguon
making use of adventitious carbpawvailable at this point in the experimend calculate the binding
energy for Al 2s that wouldlignthe GH component within the corresponding C 1s spectruith

binding energy 5.0 eVt is not certain that the precisioachieved when fitting a peak model to C

1s spectra used tmlentify the component in C 1s assigned to 285 eV or the accuracy in terms of the
energy assigned to the component is sufficient to support Al 2s assigned to 119.19 &é but

common practice of calibrating to C 1s is achieved, even when carbon became unavailable following
sputtering the surface with an ion gun

A secondary motivation is to align spectra in binding energy throughout the experiment so that data
can be manipulated in the sense of vector analysis. This vector analysis could be as simple as
summation of spectra to improve signal to noise or analysensns of data into principal

components through an application of singular valued decomposfMDJollowed by noise

reduction based on principal component analysis (PCA). The objective in performing these types of
vector analysis is to check for consizy in these measurements and by creating signal enhanced
data identify subtle changes within these data.

Verification by Vector Analysis

When presented with a data set in which multiple measurements from the same sample have been
performed the option is available to make use of the total acquisition time to improve signal to noise
in each measurement via PCA. Before PCA can be appliethtthdanergy scale must be

calibrated to remove variation due to charge compensation state. Once energy calibration is
performed, the next step is to copy the set of VAMAS blocks to a new VAMAS file extracting
processed data. The reason data needs todygad is energy calibration is performed by shifting

the energy scale rather than moving intensity between data bins. PCA or any vector operation
requires the movement of intensities between data bins so that data bins correlate with binding
energy. Corrglting data bins with binding energy is performed by first copying the processed data
then an option on the Spectrum Processing, Calculator property page is useditointensities so

that data bins correspond to biimty energy directly.

The following steps create a new VAMAS file containing spectra from the original data set with
intensities moved between data bins so that data bins correlate with binding energy.

1. Select all VAMAS blocks in the original VAMAS filenidnee previously been calibrateal
terms of binding energgFigure 51)

Page46 of 102



Copyright (208) Casa Software Ltd

B2 20200226 eich profile 30s scal203_kr-fixed-b.vms:2 =] %
Al 2s ]
s Alzp

Name Pos.
[11A125 119.19

[ ~ AlRs

Name Pos.
€ 1s C-H 285.00
L C1s 285.41
C1s 286.67
288.13
Ci1s 289.59

Xy

]
Xy
=

=)
o
: 2
Intensity x 10
@

o
=
"
z
i
5
E

PN S NN Sriera srsr saal i ) sl
294 291 288 285 282 128 124 120 116 112 108
Binding Energy (eV) Binding Energy (eV)

Figure 51. Experiment window showing in the righthgache all VAMAS blocks selected.

2. Using the top toolbar button or the Nefile menu optior(Figure 52)create an empty
experiment frame windovinto which processed data can be copied

CasaXPS Licensed to:H926 UA Site License
File Yiew Window Options Select Help

[0 [ i B | i | i B | 5 | 2 |2 | O o 7 [ ] (0| ) 6] @l |
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Figure 52. The toolbar button indicated by the #eak creates an empty experiment window. The

File menu of CasaXPS also includes a AtenulabelledNew, that similarly creates a new empty
experiment window. Note that the Window menu includes a méem labelled New Window,

which creates a new window that is associated with the currently selected experiment window data.
That is, the Window menu via theelW Window mentitem creates an additional window that

allows the display and selection of VAMAS bldok® a VAMAS file already open in CasaXPS.

r Energy

3. The empty frame window should be given focus before pressing the Copy VAMAS blocks
toolbar button (Figure 53)Select the tickbox labelledProcess Dat®nlyon the Copy
VAMAS blocks dialog window thpress the OK button.
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Figure 53. Té Copy/Paste VAMAS blocks toolbar button indicated by thébcedcopies from all
experiment windows with selected VAMAS blqdhke selected VAMAS blocks into the experiment
window with focus.

4. Select all the VAMAS blocks in the newly populated experiment frame before invoking the

Spectrum Processing dialog window and selecting the Calculator propertyfiggee 54)
The set of selected VAMAS blocks are acted upon bRéten Selected VAMASIocks
button to create a new experiment frame containing datebiened so that data bins align
with binding energy.
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Figure 54. Spectrum Processing dialog window via the Calculator property page offers an option to
re-bin spectra arranged in the righthafmhne as columns of VAMAS blocks. Interpolation is used to

convert each selected VAMAS block in a column to the séanie increment and number of data
bins used by the first VAMAS bock in a column.

The resulting experiment frame contains data in a format suitable for vector analysis steps including

PCA calculations aimed at suppressing noise in each speffigore 55)
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Figure 55. The result of applying to the VAMAS file shown in Figure Rethia Selected VAMAS
Blocksbutton is a new experiment window containing a new VAMAS file in which each spectrum in a
column contains the same number of data bins that span the same energy interval as the first
VAMAS block in each column of VAMAS blocks selected in the righplhaerih the original VAMAS

file.

The spectra of most interestathe O 1s and C 1Both of these photoemission lines potentially
respond to chemical state and despite low signal to noise in C 1s spectra, these C 1s data are of
interest and so enhancing these C 1s spectra is an objective for the following PCA calculations.

Principal Component Analysis for C 1s Spectra

While the asreceived surface provides a C 1s spectrum with adventitious carbon, following cleaning
cycles of sputtering with an ion beam the nature for C 1s signal changes, reducing in intensity leading
to spectra with low signab-noise. The shapes withC 1s signal from these sputtered surfaces are
potentially of interest with respect to the chemistry of the sample, so there is a need to improve

signal to noise for these C 1s data to allow an analysis in terms of a model involving peaks
representativeof chemical state for carboffigure 56 and Figure 57)
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Figure 56. Examples of C 1s speb#&fore PCA is used to reduce the noise in individual spectra.
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One way to investigate these C 1s spectra is to perform a PCA using all C 1s spectra.

The underlying concept of PCA is that a set of spectra can be partitioned into spectral shapes that
are important to the analysis and a set of shapes that are unimportant and can be attributed to
random noise. If we can determine a small number of shapsggaificance and a large number of
shapes representing noise, then if we fit each spectrum in a data using shapes with significance only,
in a least squares sense, then the result is a set of spectra with reduced noise. The problem is
therefore to firstidentify the number of shapes that can be considered of significance and then
replace the spectra by linear least squares approximations to each spedthersuccess of such an
approach depends on making use of the total acquisition time in the same sense that signal to noise
in a spectrum formedysumming all spectra resultsdiata with much improved signal to noise, but

by virtue of the PCA calculation retaining individual spectral information for each measurenent

the cost ofincludinga proportionof noise.
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Figure 57. C 1s spectra corresponding to the spectra illustrated in Figure 56 following PCA noise
reduction.

Background to SVD and PCA

Singular Valued Decompositioreates a set of orthogonal eigenvectors that can be ranked

according to corresponding eigenvalue magnituBer thisreason the results ofSVDare often

referred to asPrincipal Component Analysighe terminology PCA encapsulates two concepts,

namely, the analysis involves component shapes in an analogous way to a peak model is constructed
from bell shaped components and secondly these components can be identified as principal

meaning we are ablt® order these components so identified as some beingenmportant than

others. SVD is a mathematical procedure for computing eigenvectors and eigenvalues of real
symmetric matrices. PCA is the interpretation of these mathematical results in terms of data
description.

In essence, from the perspective of SVD a set of spectra are treated as vectors in a multidimensional
vector space. The act of performing SVD generates a set of orthogonal vectors that form a natural
coordinate system for the data set as a whole. The djematural applied to an4dimensional

coordinate system conveys the meaning that one can order the basis vectors by magnitude of
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associated eigenvalueand thebasis vector with largest eigenvalue points in the direction of the
greatest variance within the original data set.

Sy Residual STD = 0.7775

’

’ .

PI’D]E!/:(I{DH ontoS,/S, Plan¢
-

- - -~~~ 7'PCaAF,

—— e S, PCA Enhanced Spectrum
—————

Intensity x 10°1

Given two linearlyindependent vectors (spectra) S, andS,, a planeis defined by these two

vectors. SVD computes from these two vectors S; and S; two new vectors PCA AF; and PCA

Binding Energy (eV)

AF,thatare orthogonalandalsoliein the same planeasS; andS,. A third vector S; is
approximated by the projection of S; on to the plane P. The projection can be defined in
terms of P = oS, + S, or P = YPCA AF, + NPCA AF, with the only difference between these
two ways of specify P is the PCA vectors can be ordered in terms of significance.

Figure 58. Vectors in a 3D space are used to illustrate the concept of projecting a 3D vector onto a
2D subspace. The projection of vectors onto a lower dimension subspace is the means by which PCA
abstract factors are used to construct signal enhancedtspe

The ordering of vectors by eigenvalues is very useful because the eigenvector with smallest
eigenvalue contains the smallest variatiorsignal and this is noteworthy because such a
characteristic would be a typical goal for fitting of data with curves. That is, a necessary condition
for a peak model constructed from bell shaped curves fitted to data in an acceptable form is the
difference between the sum of all curves and the spectrum should exhibit a uniform shape without
structure. For a peak mod#ie removal of intensity deemed to be of least significance is precisely
the outcome of an optimisation procedure that fits components to data. This same logic applied to
curve fitting using bell shaped curves can also be applied to SVD results, namedyaitat is
projected(Figure 58pnto the nl eigenvectors with largest eigenvalues the result is a data set with
less variation than the original data set. If the vector with smallest eigenvalue contains no significant
variation or put another way, simphas the appearance of noise, then SVD provides a means of
reducing the influence of noise within each of the original data vectors through the act of projecting
onto the subspace spanned by the eigenvectors with the largdstigenvalues. The same

reduction in dimension can be repeated for each eigenvector starting with the smallest eigenvalue
and continuing until it is deemed an eigenvector contains shape information of significance to the
interpretation ofspectra The process of removing eigenvectitsm the original data in order of

least significance transforms the dimension for the original data set into a subspace of dimension
defined by the number of eigenvectors of significance onto which the original data set is projected.
The outcome to such a procedure is spectra with the influence of noise minimised and hence spectra
width enhanced spectral shapes measure of success for SVD/PCA noise reduction is the residual
standard deviation should be close to but below unity, and the appearance oé#idual is uniform

for the entire energy interval.

The first step is to inspect the abstract factors (AF) for a PCA calculation. Abstractdeetor
computed as part of SVD and are a set of abstract spectral forms with the property that each
abstract factor is orthogonal to all abstract factors computed for a set of spectra. The most
significant result of the SVD algorithm is these abstract facoe not simply mutually orthogonal
but are also determined by SVD such that the first abstract factor points in the direction of the
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greatest variance for the spectra involve by virtue of a least squares critditi@iterative SVD
(iISVDplgorithmused in CasaXR8mputes for n initial spectra the first abstract factor by dividing

the processed data into the first abstract factor and a set of processed vectors with the property
that all vectordn the n1 set of processed vectors are orthogonal to the first abstract factor but not
necessarily mutually orthogonal. The procedure is then applied to the sel gfrocessed vectors to
creae the second abstract factor for PCA leavirg processed vectors in a state suitable for
computing subsequent abstract factorhe user interface for PCA in CasaXPS reflects the sequential
determination of abstract factors.

PCA Options and the PCA Property Page
The Spectrum Processing dialog window, PCA property (fagere 59)ncdudes options that
performtwo steps leading to signal enhanced spectra.

The first step is to compute a number of abstract factors based on a set of VAMAS blocks. Select the
column of C 1s VAMAS blocks and displagelxls spectra overlaid in the active tile. The PCA
property pageGenerate Factorbutton performs an iSVD calculation using data displayed in the
active display tile computing the number of abstract factors specified ifrdoeorstext-field. The

tick-box labelledCalc Specified Factofsrces the calculation of the specified number of factors
indicated in theFactorstext-field. If Calc Specified Factorsnot ticked iSVD will terminate once

abstract factorgsequentially determinefiresemble Pason distributed noise.
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Figure 59. Spectrum Processing dialog window with the PCA property page tab selected. The options
indicated are used to perform the steps necessary when constructing by PCA signal enhanced
spectra.

Abstract factors and partially computed abstract factors are saved in the processed form for data in
a VAMAS block. Pressing tReset Processinigutton on the PCA property page returns each
VAMAS block to the data before iSVD was applied to data displayed overlaid in the active tile.

Displaying the selected C 1s VAMAS blocks one per tile allows the inspection of abstract factors
(Figure 60)For the case of C 1s spectra processed to form 20 abstract factors, the results show two
very significant spectral shapes followed by potentially a third with some spectral shape
accompanied by a sizable noise contribution but following the first threstrsignificant abstract

factors the remaining factors have the appearance of noise. As a consequence of these observations
these raw data may be oenstructed using the three most significant abstract factors.
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Figure 60. Display tiles arranged six per page. Each page of tiles is vieweetlgkiafi the mouse
with the cursor over the background area of the scrollbar for the lefthpade. The abstract factors
are plotted using a change of colour in each digglle. An option on the Colours property page
(Change Colour for each Tilwhen enabled results in a different colour for each display tile when
the selected VAMAS blocks are redisplayed.

The term reconstruction means these first three most significant abstract factors form a three
dimensional subspace of the vector space containing all C 1s spectra used in the iSVD calculation.
Reconstruction is the act of projecting each spectrum onto the 3D subspace defined by these three
abstract factors. The vectors formed by this projectionrapien contain linear combinations of only
these three abstract factors and since we assume all other abstract factors formed by a full SVD
applied to C 1s spee represent noise the reconstructed also referred to as predicted spectra
suppress noise.

The second step in creating noise reduced spectra makes use of the first step involving computation
of abstract factors by selecting to use three abstract factors in the prediction step. Data as seen in
the display tiles must be returned to the original €spectra before iS\Milas appliedFigure 61)

The steps are therefore as follows.

1. Overlay the set of C 1s VAMAS blocks in the active tile before pressiRgskéProcessing
button on the PCA property page.
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Figure 61. VAMAS blocks previously processed are returned to the original data by pressing the
Reset Processing button on the PCA property page indicated by tHsored
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2. Enter the number of abstract factors intended for use in the reconstruction of C 1s spectra
using abstract factors in theéactorstext-field (Figure 62)
3. Press thePredict using Factorbutton on the PCA property page.
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Figure 62. The Predict using Factors button and the number of abstract factors entered into the
Factors texffield act onthe set of VAMAS blocks with spectra overlaid in the active display tile.

Once signal is enhanced relative to noise the character of C 1s spectra can be seen to alter as a
conseqguence of cleaning the surface with an ion béaigure 63)A spectrum typical of

adventitious carbon is replaced progressively by spectral forms containing information relating to
carbon chemistry no longer dominated byHbonded C 1s. Further, after sputtering C 1s peaks are
superimposed on a declining backgrml, which is an important consideration when constructing a
peak model to analyse carbon chistny for these types of samples.
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Figure 63. PCA signal enhanced C 1s spectra.

The challenge is then to establish component peaks within these C 1s spectra and correlate
component peaks with carbon chemistry.
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Figure 64An example of a peak model that fits the C 1s date very well, but which is unlikely to have
physical meaning.

Fitting a set of component peaks to a data envelope with good reproduction as indicated by the
residual standard deviation and uniformity of residual gleigure 64)s no guarantee of physically
meaningful component binding energies or relative intensities. At the very least, a peak model
should be consistent with results from other sour¢Egure 65)In the current case study, the

existence of C 1s component peaks assigned to bonds with oxygen or aluminium must correlate with
signal within O 1s and 2p spectraHowever it is not always possible to uniquely determine such
correlations, for example Al 2p in this case study lacks any features that would allow meaningful
separation of hemical state by means of Al 2p.the absence of such supporting evidence

conclusions drawn from fitting C 1s in isolation should be treated as circumstantial evidence rather
than eviderceto support ahypothesis.
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Figure 65. Data relevant to the analysis of carbon chemistry. Correlating information from different
photoelectron sources is an important part of doing science by XPS.
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Peak Models and Curve Fitting

Energy Resolution and Line Shapes

Energy resolution for XPS is determined by a number of instrumental design factors. For instruments
based on hemisphericahergyanalysers, the size of the HSA defined by the mean radius for two
concentric hemispherical electrodes is one factor influencing energy resolution. A second factor is
the Voltages applied to these two hemispherical electrodes. These hemispherical elecireatesa
spherically symmetrical electrostatic field through which electrons travel and varying the potential
difference altes the energy resolution of an instrument.

For electrons entering the HSA perpendicular to these electrostatic field lines, the force acting on an
electron due to a charged particle moving in the spherically symmetrical field maintains the
trajectory of an electron along the mean radius for the H&#vided the energy for the electron is a
precise value. This precise energy is determined by the potential difference between the
hemispherical electrodes. Positioning a detector at the opposite end of a trajectory for an electron
following the mean radis allows the counting of electrons with a specific energy. Given a specific
pair of Voltages applied to the HSA electrodes the energy for electrons following the mean radius is
called the pass energy for the HSA. XPS instruments typically offer a sssanergies.

The width of apertures located at the entrance and exit to the HSA alter energy resolution.

During the measurement of a spectrum, electrons are emitted from a sample with energies spanning
a wide range of energies. At any one time only electrons with energies close to the pass energy of
the HSA will be detected. If it is assumed all electrors fitte sample enter the electrostatic field of

the HSA perpendicular to the field lines and act as a point source, electrons with energies higher
than the pass energy follow trajectories resulting in an exit from the electrostatic field with greater
radialdistance from the centre of the HSA. Similaglgctrons with energies lower than the pass
energy, exit the electrostatic field with radial distances less than the mean radius. An aperture of
finite width in the radial direction placed at the exit in front of a detector will allow a narrow range

of erergies for electrons to be counted by the detector. The width of the exit aperture therefore is a
factor in energy resolution.

Energy resolution is also determined by the width of the entrance aperture to the HSA, but for a
different reason to the width of the exit aperture. An HSA moves electrons from the entrance to the
exit, as described above, dispersing electrons with diffeemergies thus acts as an energy filter.
However, if all electrons arriving at the entrance have the same energy, and if the entrance is an
aperture of a given width in the radial directicthen the trajectories of electrons passing through

the entranceaperture perpendicular to the electrostatic field lines follow paths forming an image of
the entrance aperture at the exit aperture with a magnification of minus one. If the entrance
aperture width is equal to the exit aperture width, the energy resolutimitation is defined in

terms of the common width. If the entrance aperture is wider than the exit aperture then spatial
information and energy information is mixed resulting in energy resolution limited by the entrance
aperture width. When the detectiosystem is an array of detectors arranged in the radial direction
at the exit of electrons from the HSA then the width for each detector defines the effective exit
width aperture size. Multiple detectors facilitate the scenario of an entrance aperturenhan the
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exit aperture per detector channel. Under these conditions the entrance aperture width is an
important parameter that contributes to energy resolution of an operating mode.

Au 4f

AE « o2

Geometric Aberration

Binding Energy (eV)

Figure 66. lllustration showing the consequences of geometric aberration for line shapes measured
by XPS.

Up to this point electrons entering the HSA are stipulated to follow ideal trajectories, namely,
trajectories perpendicular to the electrostatic field lines at the point of entry to the HSA. If electrons
enter the HSA with an angular spre@édgure 66at the point of entry to the electrostatic field, a
well-formed image of the entrance aperture is compromised and electrons systematically move
towards the centre for the HSA as a function of angle with respect to the normal to the electrostatic
field. The casequences for angular spread in the radial direction for the HSA is deformation to peak
shapes notable for introducing asymmetry imghotoelectronpeaks that otherwise would be
symmetrical. This too influences energy resolution for energy spectra. The transfer lens system is
responsible for moving electrons from the sample to the entrance aperture of the HSA and therefore
these transfer lenses andéhtuning of these transfer lenses is influential in energy resolution.

Xray guns generate photons of a specific energy, butaility, photons are emitted with a
distribution of energies centred about the specific energy typically described as the source excitation
energy. As a resylthe excitation source is yet another factor influencing energy resolution.

The most commonly usedray source makes use of Aakphotons resulting from relaxation of

energy for electrons in an excited state of aluminium ions. Generatidfrays is performed by

exciting aluminium atoms in an anode paired to an electron emitting cathode which together
accelerates electrons towards aluminium atoms with energy sufficient to create holes in the K shell
forming aluminium ions. A resonance peak in ¥agy spectrum is available for exciting
photoemission, but without the use o¢ray diffraction by a quartz crystal, the width for AA K

radiation places a limitation of about 0.85 eV for the FWHMaiftoelectronpeaks. Introducing a
monochromator reduces the FWHM fifirays to about 0.26 eV. It is not possible to observe
photoelectronpeaks with FWHM less than these limits imposeddsty energy distributions.

Whenphotoelectronpeaks are measured, both the instrument and the photoemission praadéss

the shapes observed. A brogtotoelectronline can dominate the peak shape recorded which
means broaghotoelectronpeaks tend to offer insight in to the true line shape created by
photoemission. As a consequence of desiring chemical state information reliant on binding energy
shifts, narrow photoelectron lines are the features of choice for XPS, but narrow peakshsoiféer
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than broad peaks from instrumental factors. Establishing the optimum instrumental modes aimed at
narrow photoelectronlines is an important part of designing a measurement protocol.

Fitting of data with synthetic curves is enhanced by the use of curves that are representative of the
true photoelectronpeak shape as recorded by an instrument. It is therefore important to
understand the types of shapes a particular phdémtron peak might take as a consequence of
choices made at the time of data acquisition. The two most influential choices made for collecting
XPS data are pass energy and transfer lens mode. One might think there should be one mode for
general use, but this isohthe case for the simple reason photoemissiohelectronsvaries in

intensity and shape depending on material. There are traffie between acquisition time, signal to
noise and instrumental deformation to line shapes. Flexibility for acquisition conditions is also
required because some materials degrade over pleriod of analysis so maximising sensitivity at the
expense of spectral quality is necessary at times.

With the understanding that XPS of samples of scientific interest is rarely simple, the discussion will
now focus on simple materials with a narrow underlying peak width.

The first example is photoemissioffielectronsfrom silver resulting in the creation of a hole

assigned to a-orbital in the M shell. In XPS notation this phetectronprocess is assigned the label

Ag 3d. Sphorbit interactions for dorbitals with a hole or missing electron means there are two

distinct energy levels for Ag ions, therefore a doublet peak is formed by Ag 3d photoemission. Each
peak in the doublet paisiassigned different j guantum numbers to distinguish these two electron
configuratiors with different energies, namely, Ags3dnd Ag 3é.

The objective in measuring Ag 3d data is to characterise an instrument with respect to a material
that is both readily available and can be cleaned using an ion gun to sputter the surface before
measurement by XPS. Instrumental specification for perforraamoften described in terms of Ag
3ds2 peak characteristics. Therefgmmeasuring the Ag 3d doublet is a good starting point from
which to understand the potential energy resolution available for analysis of other materials.

It is difficult to separate the possible factors influencing energy resolution, so measuring Ag 3d using
a range of operating modes is a method for verifying the performance of an instrument and also
observing the changes in peak shape as a consequerpeniting mode. The example presented

here is a set of measurements from a Thermalgha XPS instrume(iEigure 67)Two variables are
assessed within these measurements. Each row of Ag 3d spectra is measured using the same pass
energy. Each column of sptea is measured using different pass energies using the samagspot

size.

=21 kalpha_ag3d_all_nanoanalytic-b.wms
Pass Energy Ag 3d 030um | Ag 3d 050um | Ag 3d 100um Ag 3d 200um Ag 3d 300um | Ag 3d 400um

10 Ag3d Ep 10 Ag3d Ep 10 A03d Ep 10 Ag3d Ep 10 Ag3d Ep 10 Ag3d Ep 10
20 Ag3d Ep 20 Ag3d Ep 20 Ag3d Ep 20 Ag3dEp 20 Ag3d Ep 20 Ag3d Ep 20
30 Ag3d Ep 30 Ag3d Ep 30 Ag3d Ep 30 Ag3d Ep 30 Ag3d Ep 30 Ag3d Ep 30
S0 Ag3d Ep 50 Ag3d Ep S0 Ag3d Ep S0 Ag3d Ep S0 Ag3d Ep S0 Ag3d Ep 50
&0 Agad Ep &0 Agid Ep 80 Ag3d Ep 80 Ag3d Ep 80 Ag3d Ep 80 Agad Ep 80
100 Ag3d Ep 100 | Ag3d Ep 100 Ag3d Ep 100 Ag3d Ep 100 Ag3d Ep 100 | Ag3d Ep 100
130 Ag3d Ep 130 | Ag3d Ep 130 B Ag3d Ep 130 Agad Ep 130 Ag3dEp 130 | Ag3dEp
150 Ag3d Ep 150 | Ag3d Ep 150 | Ag3d Ep 150 Agsd Ep 150 Ag3d Ep 150 | Ag3d Ep 150
200 Ag3d Ep 200 | Ag3dEp 200 | Ag3d Ep 200 Agad Ep 200 AQ3dEp 200 | Ag3dEp

Figure 67. VAMAS file viewed in the righthgrathe of CasaXPS, where each column of VAMAS
blocks includes measurements of Ag 3d narrow scan spectra using a range of pass éregies.

Pageb8of 102



Copyright (208) Casa Software Ltd

rows of VAMAS blocks corresponding to the same pass energy are formed by including in the
element/transition VAMAS block field therXy spotsize used to acquire the Ag 3d spectra.

100um 100um
Ag3d Ep 10
Ag3d Ep 20
Ag3d Ep 30
Ag3d Ep 50
Ag3d Ep 80
Ag3d Ep 100
Ag3d Ep 130
Ag3d Ep 150

Ag3d Ep 10
Ag3d Ep 20
Ag3d Ep 30
Ag3d Ep 50
Ag3d Ep 80
Ag3d Ep 100
Ag3d Ep 130
Ag3d Ep 150

CPS x 10

[Min to Max Normalised] x 1072

| TR | - M B I B 1 L 1 1
380 376 372 368 364 372 368
Binding Energy (eV) Binding Energy (eV)

L f
364

Figure 68. Displayed overlaid are Ag 3d spectra corresponding to the 108ayspotsize and the

set of pass energies shown in Figure 67. The leftlspedtra are plotted using with counates
consequential of pass energy. The righthand spectra are identical to the lefthand spectra plotted
using scaling of spectra to the maximum and minimum intensity of spectra measured at each pass
energy.

These Ag 3d spectra illustratén Figure 68 includa number of points worthypf-mention. Firstly,
progression of spectra for a giveéray spot size varying pass energy demonstrates how the line
shape for a given photoemission process is determined by instrumental factors to a greateeor less
extent depending on the energy dispersive mode of the HSA. The key point to notice is that any
distortion in recorded peak shape is amplified by increasing pass energy. The second point of
interest is the FWHM foAg 3d, is not significantly altered by changing tkeay spot size which
ranges between 30um and 400pfRigure69). The implication for this observation is the entrance
aperture to the HSA is filled with electrons independently of the analysis area defined Kydke

gun. A third observation is counates change withX-ray spot size. Such a statement is not
unexpected since collecting electrons from a larger area should increase the potential for collecting
photoemission. However, a third variable is at play within these data, namelytiiwgpower

changes witlX-ray spot size and signal count rate in these daiarelates more withX-ray power

than analysis area. These observations demonstrate the difficulty in determining line shapes for
photoelectronpeakswithout full disclosure of instrument design.

Ag3d Ep 100 o5 Ag3d Ep 100

30pm
50pum

30pm 30F

25:‘ 50pm :gg:’l:‘:
F 100um W 25p -
20t 200pm 2 300pm
E 300pm ; 20F 400pm

400pm o f
O 15F

-
=]

[Min to Max Normalised] x 1074
@ @

e b by by MR
380 376 372 368 364 380 376 372 368 364
Binding Energy (eV) Binding Energy (eV)

Figure ®. Displayed overlaid are Ag 3d spectra correspondinEags energst00eVand the set of
X-ray spotsizes shown in Figure 67.
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As a further example of instrumental influences on line shapes a set of Pt 4f spectra acquired for
sputter cleaned platinum foil using a Therm@\kha demonstrate how peaks exhibiting asymmetry
respond to pass enerdyigure 70)
| Ptdf 10PE

Pt4f 20PE
I~ Ptdf 30PE

Ptdf 10PE
70f Ptaf 20PE
Ptdf 30PE

-
=

Ptdf S50PE
|- Ptaf 6OPE
Pt4f T0PE
[ Ptaf 80PE

Ptaf 50PE
Ptaf 60PE
SOL ptaf 70PE

Pt4f 80PE

@

[Min to Max Normalised] x 107
N

[

o

nnflnnnllnnnllnnnllnnn /lArns T | | | v
34 30 76 72 68 34 80 76 72 68
Binding Energy (eV) Binding Energy (V)

Figure 70. Platinum 4f spectra measured from a clean foil using a range of pass energies. The loss of
energy resolution when measuring Pt 4f spectra with higher pass energies creates peak shapes for Pt
4f that appear more asymmetric than is apparent foesfpa measured using lower pass energies.

Pass energy is one tool for suppressing the influence of the instrument on line shapes. Assuming a
smaller width for the exit aperture than the entrance aperture, an alternative way of performing the
same task of limiting the influence of the measuremerdagess on line shapes is by reducing the size
of the entrance aperture to the HSA. Some instruments are configured with a range of entrance
aperture widths that can be selected as one of the parameters defining the experimental mode used
to acquire spectraAn alternative to physically changing the size for the entrance aperture is to use
the properties of the transfer lens system. Apertures within the lens column select an area of the
sample for analysis. An image of this aperture used to select thesamalga at the sample is

projected by lenses into the entrance slot aperture to the HSA. The size and shape of the selected
area aperture image within the entrance to the HSA can result in changes to energy resolution. If the
image of the selected area agpure projected into the entrance aperture is of smaller dimensions

than the entrance aperture width, the result is a narrow beam of electrons entering the HSA
compared to the physical entrance aperture width and so energy resolution is enhanced by use of
selected area apertures.

T T T B L T Eo e e e S R e e
Regions: FWHM
Pass Energy 15um 27um 55um 110um Slot
80 0.65 0.68 0.87 1.06 1.1

"
@

Au 4f 15um
Pass Energy Slot Au 4f 27um
10 0.65 Au 4f 55um J

w
=]

20 0.68
40 0.80 Au 4f Slot 1

N
@

o

=

[Min to Max Normalised] x 102
e

o

P
83.5 83 82.5 82

n PR R R R R
85 84.5 84
Binding Energy (eV)

Figure 71. Au 4% photoelectron peak measured using pass energy 80 eV for a rarjmensiors
for the selectedareaaperture. Note how the FWHM measured from spectra increases as the
aperture size increases.
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Au 4f spectra measured using the same pass energy and FoV2 lens mode change in shape depending
on the size selected for the selected area aperture on a Kratos Axi(Nguee 71)Pass energy 80

making use of a 15um selected area aperture results in a FWHM of 0.65 eV fop paak, which is
identical to the same peak when measured using pass energy 10 combined with the full slot to

define electrons entering the HSA. Pass energy 80 using the full slot entrance aperture results in a
FWHM for Au 4, of 1.11 eV. The cost of using smaller selected area apertures is lower count rates.

A benefit of using narrower widths for electrons entering the HSA is obtaining line shapes closer to

the underlying line shape due to photoemission.

The importance of establishing the correct line shapes for data resides in both chemical state
determination and quantification by XPS. The example of single crygiglilAistrates(Figure 72)
how line shapes appropriate for both Al 2s and Al 2p facilitate the use of Scofielesentigms to
yield the expected relationship between these three photoemission peaks. The use of a strongly
Lorentzian line shape for Al 2s is essential for botm{jta single component to Al 2s data and
obtaining the correcpeak area for comparison with the corresponding Al 2p doublet peaks.

Al 2s Al 2p

90
a0 A\_/\*\ VA\/\N/‘ _V/\ Fa¥ A A_A V/\‘
E Vi v \P o \W V V7 N/

70f Residual STD = 0.9416 Residual STD = 1.245 o

Name L.sh. RSF  At%
60L Al2s  ST(0.7)LA(1,200) 0.753 33.82
Al2ps;  ST(1.7)LA(1,400) 0.356 33.04
50F Al 2p;  ST(1.7)LA(1,400) 0.4811 33.14

cPs x 1072

Pt e S T
128 124 120 116
Binding Energy (eV) Binding Energy (eV)

Figure 72. Aluminium photoelectron peaks measured from a single crygtalsample. Note that

the line shape for the Al 2s is more Lorentzian than the line shape used forAbBantitative
comparison between the three component peaks used in the quantification table is made based on
assigning the individual Scofield cresstions for the Al 2 and Al 2p2 to these components that
model doublet intensity.

Synthetic Line Shapes

Synthetic line shapes are approximations to pledetronpeak shapes based on mathemalic

formulae. The basis for most synthetic line shapes is a Cauchy/Lorentzian function which is modified
by various adjustments to allow for asymmetry before convolution with a Gaussian to simulate
instrumental broadening.

Voigt Based Line shapes

Del Q¢ daQ :
P Tw

Owo i dguge Q

"0Q¢ Qi GNEQI WEQRIAGRE £

Page6lof 102



Copyright (208) Casa Software Ltd

0 QE@MND 6cg H O 0 a tg i Qo td Qt

8OO QO VDD DEFAN 6, F O dad, A F

P - OAlcowo —E * mQ m

bi wa a Qbd b D@Lt — c

0 QEMANKYD g FO 6 Y H Qo f Qf

Generalised TLA Asymmetric Line shape:

Rather tharusing a Lorentzian arine shapecan be used to generalise the TLA foliaél shaps

"Ow in CasaXPS. The specification for the ST modification is described below in terms dirthe LA
shapebut the same applies to dlhe shaps used to define component peaks in a model.
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Doniach Sunijic
Doniach Sunjic profilé with asymmetry parameter is defined by
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A line shape is derived from the Doniach Sunjic profile by convolution with a Gai@sfiavidth
characterised by the parameter.

oh ke 0ch z°0O¢

A Shirley background response for a Doniach Sunjic profile is defined as follows.
YO ch 0 ah Qe

The definition for &oniach Sunjic Shirley profile as follows.

0 ¢h REhx sl an eyT o

WhereQis determined such that
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Pseudo Voigt Line shapes

Product form of thegpseudoVoigtline shapds formed from a product of a Lorentzian and Gaussian
functions where the FWHM for each function varies with the parameter
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The sum form for @seudcVoigtfunction combines a Lorentzian and a Gaussian of unit FWHM by
varying the relative height for these two functions before summation.
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Both sum and product forms are computationally expedient tools for creditirgshaps, but do
not simulate the response of an analyser as well as the Voigt fomrmalis

Generalised Pseudo Voigt Line Shapes
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Shirley Background Profile
For any synthetic line shap@w a Shirley profile line shape is computed as follows.

Y8TL'OG  Os Qe

Trapezium Profile
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Background Signal
The influence of all electrons in solid state on photoemission spectra goes beyond photoemission
peaks. In particular outer electrons and bonds formed with other elements have an influence on
corelevel spectra creating structures and shapes within XP&gbaend intensity at or close to
photoemission lines. There are situations where photoemission peaks appear to be classically
formed from two components added to simple background signal, but even for these relatively
simple cases closer inspection revestlsicture important to understanding of chemical state and
also elemental quantification by XPS.

Background Specification and the Regions Property Page

A particular background definition is specified using the Quantification Parameters dialog window,
Regions property page. A list of background types is available for selection via a dialog window
invoked by selecting a BG Type field followed bydkéking the label field for the BG Type row on
the Regions property pagé&igure 73)

BT r————— - [o]x]
)

0 | e 1 0 B 5 ) o

o) | | {E CES Je7oa] ml@)sen s b ] ]S
T T e e e e T s e T T

Figure 73. The toolbar button indicated by the #ieal invokes the Quantification Parameters dialog
window. The Regions property page displays each quantification region defined on the active
VAMAS block (first selected VAMAS block before being displayke active display tile). A list of
available background types is invoked by selecting the BG type field for a region, then placing the
cursor over the label BG Type indicated by theled before leftclicking the mouse.

Other fields entered on the Regions property page of significance to background specification are Av
Width, St. Offset, End Offset and Cr&extion. The Cros3ection fields are part of defining a

Tougaard background, but these four parameters are alsd s specify other backgrounds within
CasaxPsS.
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The Av Width region parameter allows the intensity at which a background approaches spectral data
to be determined by averaging data bins at either limit to a region. The purpose of the Av Width
parameter is to reduce the influence of noise on how a bamkgd curve connects with spectral

data bins.

For many backgrounds, the Start Offset and End Offset parameters are a percentage offset to the
intensity computed for the background at the start and end energies for a region. These Start Offset
and End Offset parameters can be entered on the Regionzepnopage or when the Components
property page is topnost, pointing the cursor at either the start or end of a region and dragging

with the leftmouse button held down will allow the Start Offset and End Offseameters to be
adjusted under mouse cort.

Shirley Background

While it is common practice to remove inelastic scattered background using the approach discribe
as a Shirley background, the background shape represents a step in signal centred on peak maxima
and does not include the option to offset the onset of inelastic scattering. There is therefore some
doubt as to whether a Shirley background is appropriateniaterials such as TiG0One merit of

Shirley backgrounds is that for isolated peaks the algorithm computes a background that is
systematic. A disadvantagerfthe Shirley background occurs when complex peak structures are
involved over extended energy intervals with rising count rates, an example of which is Ce 3d, at
which point the systematic nature of a Shirley background breaks down.

Assuming the Shirley background is already knfiwm specific spectrurand given byYO , then

each point within an energy interval follows the relationship in terms of area above background as
shownin Figure 74Essentially for any ener@ywithin the interval O HO the Shirley background is
computed from the photelectronpeak area within the interval partitioned into the area to the left
and right of a given energy. The obvious problem for computing a backgrotirad,ifor a
photoelectronpeak initially the area for thgphotoelectronpeak is unknown. For this reasan

Shirley background is computed by means of an iterative scheme where the initial guess for the
background might be a constant background. The iterative scheme is as follows.

Ay(E)
Ay () + A,(E)

SE)=hL+ L —-1)

SE) wBue

Figure 74. The Shirley background S(E) is calculated from the afEasd AE). However, before
S(E) is known,. ) and AE) are unknown.

Given a spectrum ‘O andaninterval ‘O RO . Define background signal such thét: ‘O ‘0O
6 O “Othen the Shirley background is calculated by iteration using the formula
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Note that the zerdossphotoelectronpeak shape is given liyow 6 . Thus, given a
component peak shape, it is possible to directly compute the curve corresponding to a Shirley
backgroundIf signal above inelastic scatter background is Lorentzian then without iteration the
background equivalent to a Shirley background is given by:
y o 0 0 P v .y O 0
0 O © —Qw 0 ——— - OAIO
P _qp P @
P W

U 4 Tougaard Background
An alternative approach to the Shirley background is computing background signal based on the
Tougaard method.

The background@Y'O is computed from the measured spectrunO , representing the
photoelectronpeak plus gnal due tanelastic scatterin@f these photoelectrondy electrons
within the samplepsing the integral:

YO "00 0Ouvo W

The integral is formed with additional information in the form of the Tougaard Universal-Cross
Sectionthat provides a means of modifying background signal in response to material properties of a
sample. These material properties are input via a ceexgion defined as follows.

0w
Ow Yo RoRY O o ‘00
T W

One advantage of the Tougaard approach is the us¥ td delay the onset of background signal.
The more powerful aspect of the Tougaard approach is the @estson, when available, provides
informed guidance for shapes within background sigh@ure 75s an example of poly (styrene)
(PS) where the crossection parametersvere determined by Tougaard for general polymer
materials. The offséety is adjusted to allow for a flat response beneath the primary photoemission
peaks.

A A
« AAA A M . An M AL/ Lae M AN N A\
\AVARY Vs WO TwW WY UV W T W M AWA

Residual STD = 0.9537
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Figure 75An application of a Tougaard background to poly(styrene).
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Linear Background Types
There are a number of backgrounds based on straight lines.

The simplest of these backgrounds are horizontal straight lines where, as normal, the start and end
are determined by the energy limits to the region and located with respect to the data using the
intensity of data at these region limits.

There are two scenarios where a horizontal background is useful. The first is for materials with a
significant band gap compared photoelectron peakkWHM. That is, no change in background
occurs beneath the peak envelope. The other scenario is where a curve is added to a peak model as
a component representing background signal. The first example of(Eigdse 76)nakes use of

two component curves used to model background signal. One of these components makes use of
the SB prefix to convert a bedhapel curve to a Shirley background shape. The other is a trapezium
line shape used to account for a sloping background modelling background signal from
photoelectronswith kinetic energy greater than the Zr 3s peak. The background upon which these
backgroundcomponents sit is a Min Limits background type. A horizontal line is defined by the
intensity computed for the start or end of the region that is the minimum of these two intensities.
Depending on which end of the region defines the minimum the Start Qifshe End Offset
parameters are usgto shift the horizontal line away from the data.

Zr 3s PE20

Residual STD = 0.8511

Name L.Sh. Name BG Type
Zr3s LA(1,74) Zr 3s Region Min Limits
Zr 3s BG SB(0)LA(1,43)
Zr3s BG TP(1,15,0)

Zr 3s Loss LA(1,43)
Zr 3s Loss LA(1,43)

470 o "
Binding Energy (eV)

Figure 76. Zr 3shotoelectron peak modelled using a Voigt line shape (LA(lwHighis
predominantly Lorentzian in shape. The response in the backgrduaedothe Zr 3s peak is offset in
energy, and in this example is modelled using a component in the peak model SB(0)LA(1,43)
representing a Shirley background that is determined by optimisation.

The peak modéh Figure 76nakes use of LA(1,74) to create a Voigt synthetic line shape used to fit

the primary Zr 3photoelectronpeak. A LA(1,43) Voigt line shapaised tanodel two loss

structures for these data. The role of the two components in the peak model with line shapes
SB(0)LA(#43) and TP(1,15,0) is to allow optimisation to fit background shapes at the same time as

the photoelectronpeaks.The component with the line shape TP(1,15,0) allows for a linear
approximation with a gradient to repsent a trend in background as a consequence of Zr 3p
photoelectronsand otherphotoelectronswith initially more kinetic energy than Zr 3s signal. Added

to the TP(1,15,0) component is a Shirley shape calculated using the SB prefix applied to the same line
shape as the Zr 3s component. The motivation for using a component to compute a Shirley
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background is the Shirley component can be offset in energy frorphibéoelectroncomponent
which allows for a delay in enerdyss events for a material with a band g#jgure 77)

Nylon-6

Offset
O 1s Peak 0.00 SGL(70,440)T(0.69)
0 1s BG 5.40 SB(0)SGL(70,440)T(0.69)

530
Binding Energy (eV)

Figure 77. Nylon is a material with sufficientligle band gap and narrow photoelectron peaks to
illustrate where the step ibbackgroundntensity due to the photoelectron peak occlas a
consequence of the band gap.

While a direct calculation of a Shirley background allows a comparable fit tqZig8se 78)a
background calculated from data necessarily follows the peak shape and therefore the rise in
background occurs centred on the peak maximum. It is difficult to justify the location for a step in
background computed by the Shirley algorithm for a matesiech as Zr&¥or which a band gap of
between 5 and 7 eV is expected.

Zr 3s PE20

Residual STD = 0.9052

Name L.Sh. Name BG Type
Zr 3s LA(1,74) Zr 3s Region Shirley
Zr 3s Loss  LA(1,43)
Zr 3s Loss  LA(1,43)

Binding Energy (eV)

Figure 78. The spectrum in Figure 76 where the peak model is designed relative to a Shirley
background calculated directly from data. Note that the step in the Shirley background is centred on
the Zr 3s peak rather than offset in energy (Figure 76).

Goodness of Fit for a Peak Model
A peak model is constructed from one or more synthetic component curves. The sum of all synthetic
components for a peak model yields a synthetic envelope intended as an approximation to spectral

Page68of 102



Copyright (208) Casa Software Ltd

data. During optimisation component parameters are adjusted until the synthetic envelope matches
closely with spectral data. The final synthetic envelope determined by optimisation algorithms is
selected as the best approximation to spectral data based figure of merit. The figure of merit is
calculated from differences between spectral intensity and synthetic envelope at each data bin in a
spectrum. The outcome for a sequence of optimisations steps may differ depending on the figure of
merit used duriig optimisation, but regardless of outcome a unifying statistic for all figii@erits

is the computation of the residual standard deviation supported by visual inspection via a residual
plot.

Raw Residual Normalised Residual

Residual STD = 0.9476 Residual STD = 0.9476
I_Res:idual RMS = 186.1

-
o
-
o

—

-
=]
T
-
=]
T

Intensity x 1072
Intensity x 1072

o
T

o
—

\. .

0| | T WU RS S RS R N 0| | T ST S NN T SR T T SR ST NN A SR S
456 452 448 444 456 452 448 444
Binding Energy (eV) Binding Energy (eV)

Figure 79The residual for a peak model fitted to a spectrum is displayed either with or without
normalisation tothe standard deviation expected for pulse counted data. For pulse counted data,
the noise scales as the square root of the counts per data bin. Therefore, the raw residual plot
appears to vary more in the vicinity the peak maximum than compared to the normalised
residual.

The residual is the difference between a synthetic envelope and signal for each data bin. The
residual may be plotted in a raw state without any scaling or alternatively is plotted in a, so called,
normalised form where the expected standard deviationifiensity in each data bin is used to

scale raw residual differencéBigure 79) The objective in plotting a normalised residual is to
remove, from the residual, variations that result from amplification due to noise characteristics in
data. If performeccorrectly, a normalised residual when plotted has the appearance of uniformly
distributed variations about zero. Without normalisation, pulse counted data typical of XPS would
result in a residual with variations that increase in amplitude in the proxiafilgtense signal, such

as for peak maxima, compared to low intensity intervals, such as background signal near to a peak.
These variations in the residual are well defined for data recorded using a pulse counting detector,
provided data are not modifiedy smoothing or other processing prior to fitting with a synthetic
envelope.

For pulse counted data the residual standard deviation is close to (iFigure 80)The caveat to

relying on a single statistic to measure goodretét is not all XPS data are presented as spectra
without processing. Data collected from a single data detector are more likely to be raw counts, but
data recorded using multiple detect®to acquire signal in parallel when presented as a single
spectrum represents processed data rather than raw counts per bin. For this reason, most modern
instruments geneaite spectra with noise suppressed and the target for optimisation is a residual
standard deviation less than unity.
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It is also possible data are scaled as part of acquisition processing steps resulting in standard
deviation significantly greater than unity. It is therefore advisable to determine the target residual
standard deviation for a particular instrument and #oparticular mode used to collect data. A
simple test can be performed for spectra that include an energy interval representative of
background signal. Placing a region on an energy interval typical of background signal using the
background type Regressieomputes a straighline approximation to data fitted in a least squares

senseg(Figure 81)Observing the residual standard deviation for the region provides the target value
when synthetic components are fitted to data.

Intensity x 102

Binding Energy (eV)

Figure 80A peak model fitted to pulse counted data returning the expected residual standard
deviation and a normalised residygalot which confirms that the fit to data is consistent over the
entire interval used t@ptimise the parameters available to the peak modeting fitting
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Figure 81The Regression background type is used to estimate the expected residual standard
deviation for these specific data. A linear approximation fitted to background signal results in a

residual statistic that suggests the target statistic for fitting of tealpmodel in Figure 80 to these
data.
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Examples of Peak Models using Synthetic Line Shapes

Germanium Oxide Film on Germanium

L L | 1 i i 1
300 600 900 1200
Kinetic Energy (eV)

Figure 82Survey spectrum in which photoelectron peaks are labelled for germanium and oxygen.
The use of kinetic energy for the abscissa is to illustrate the wide range in energy between Ge 2p and
Ge 3d The rate of inelastic scattering of photoelectrons is influenced by the kinetic energy of
electrons.

Germanium oxide films on germanium provide a vivid illustration of the effects of inelastic scattering
on escape depth for photoelectrons and how escape depth changes as a function of energy. Two
photoemission peaks due to AhBrays appear in the energy spectrum at opposite ends of the
energy rangd€Figure 82)Chemical shifts between elemental and oxide peaks allows separation of
signal for Ge 3d and Ge 2p doublets, however for films of germanium oxide with thickness
sufficiently thin, the relative intesity for elemental and oxide peaks when measured using Ge 2p

and Ge 3d data varies as a function of film thickness due to sampling depth differences for electrons
with kinetic energy corresponding to these two binding energies for core level photoem{Esipme

83). Ge 2p is more surface sensitive due to the low kinetic energy for these photoelectrons. An oxide
film at the surface means photoelectrons from the oxide are only scattered by oxide atoms.
Elemental signal is scattered by the oxide overlayet the bulk elemental germanium, thus

elemental signal is attenuated differently from the oxide. The relative proportions of signal from
oxide and elemental germanium measur@tgure 84 and Figure 863ing Ge 2p is greater than the
same ratio measured using Ge 3d sigiré@gure 86)The greater sampling depth available to Ge 3d
allows a greater proportion of elemental signal without energy loss.

Gezp Ge3d

Y §

264 266 .88 o 72 ma 1454 1456 1458 1480
uuuuuuuu ray (s Kinetic Energy (eV)
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Figure 83Ge 2p and Ge 3d spectra measured from a sample of germanium with a thin film of
germanium oxide. The ratio of oxide to elemental germanium altemtensity due to the influence
of kinetic energy on escape depth for Ge 2p and Ggpédtra
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