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NO WARRANTY

Casa Software Ltd. does its best to ensure the accuracy and reliability of the Software and Related
Documentation. Nevertheless, the Software and Related Documentation may contain errors that
may affect its performance to a greater or lesdegree. Therefore no representation is made nor
warranty given that the Software and Related Documentation will be suitable for any particular
purpose, or that data or results produced by the Software and Related Documentation will be
suitable for use uner any specific conditions, or that the Software and Related Documentation will

not contain errors. Casa Software Ltd. shall not in any way be liable for any loss consequential, either
directly or indirectly, upon the existence of errors in the Softwaré Related Documentation. The
{2F06F NS YR wStlGSR 520d2zvSyiGliAz2yzs AyOf dzRAY 3
warranty of any kind. Casa Software Ltd. further disclaims all implied warranties including without
limitation any implied wamnties of merchantability or fithess for a particular purpose. CasaXPS
should not be relied on for solving a problem whose incorrect solution could result in injury to a
person or loss of property. The entire risk arising out of the use or performanbe &dftware and
Related Documentation remains with the Recipient. In no event shall Casa Software Ltd. be liable for
any damages whatsoever, including without limitation, damages for loss of business profit, business
interruption, loss of business informah or other pecuniary loss, arising out of the use or inability

to use the Software or written material, even if Casa Software Ltd. has been advised of the

possibility of such damages.
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Basics of Quantification by XPS

SCAA reterance m aterial

Al 2pi Al 2pyy

xinoli(l{nem
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—eeee An

S, = transmission X escape depth X cross section X angular distribution correction

Percentage atomic concentratid®) for an element is computed from peak areagA;: k = 1,n}
with corresponding total sensitivity factofs: k = 1, n} using the formula

n J

Jj=15;
An element library is a file containing information necessary when compABtiagd 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 sigriafter an inelastic scattered background signal is removed. 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. Nks or Cu 2,).

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.
The first two allow identificatin 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 sudbbiaXPS.
Photoemission peaks described by an idealised symmetric bell shaped 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 étea configuration result in photoemission spectral
shapes that do not follow 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 bgins and as such an element library based on these three sets of information 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 informatfon different materials when analysed by
XPS.
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Relative sensitivity factor is the name given to a scaling factor used to convert peak area into an
amount of substance. Historically the term RSF has at least two meanings, namely, empirical RSF or
theoreticalRSF.

Photoelectrons from a bulk solid state 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 ratectvini turn varies as a function of kinetic
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 atfee 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 material using specific XPS instrumerasuhdd relative

peak intensity RSFs represent empirical scaling factors that necessarily include instrumental factors
commonly referred to as transmission characteristics, instrument geometry relating to intensity
dependency on sampling direction with res to the xray 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 the material used as a standard must be homogeneous in both area ar(tbdepth

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

It is possible to process empiricédbIRs 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 knowledge of the transmission functiorstarrirents

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 other PHI instruments with angles of 46d 90 (two common arrangements for the

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

The alternative to empirical RSFs is theoretical RSFs in the form of photoionisatiosentisss
calculaed for specific photon energies. Scofield reported theoretical photoionisation-sexggns

for photon energies corresponding teray energies for anode materials aluminium (1486.6 eV) and
magnesium (1253.6 eV). These theoretical cigEsgions are effetively 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 RSFs for angular distribution, escape depth and instrumental response.

Escape Depth Correction
The discussion that follows assumes the measurement is performedawithstrument with a flat
transmission response to kinetic energy for photoemission intensity.
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The intensity emitted at the surfadefrom a layer of material between the depthsphndg is
proportional to the integral:

e e () e=aefew () oo ()|

An element library containing Scofield crestions,  (atomic numbeiZ, principal quantum

numbern and orbital angular momentum quantum numbgrrepresents a set of sensitivity factors
assumng photoemission 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 ityténs forming the basis

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

. . , . 1 .
atomic numberZ must be scaled using Scofield crssstionsS; , namely,SZ—"l, however if rather
Z

nl

than a lamina the raterial is of thicknesd, then the bulk equivalent amount of substance intensity
I7  is obtained as follows,

Iz,
[2] Iz, = l

szanA(Ean)x<1—eXp l—ﬁzm)])

The expressiovl(Ean) X <1 — exp [— ﬁ]) derives from the escape d#épcorrection assuming
Znl

an exponential decay dependent on the effective attenuation Iedg{@nl) due to inelastic
scattering of electrons within the sample prior to electrons emerging into the vacuum. If the
material is of thicknessg is greater thar8 x A(Eznl) for all photoemission electron energiésg,

then exp [— ﬁ] ~ ( therefore the corrected intensity used in an atomic concentration
Znl

calculation that accounts for escape depth is given by:

Iz
3 IB — nl
[ ] Znt SanXA(Ean)
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 @orisgectrons with similar kinetic
energy. Carbon and ruthenium measured using C 1s and Ru 3d emission peaks are two such
materials.
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Ru 3d and C 1s are emitted with the same kinetic energy. Assuming the same effective attenuation
length A(Eznl) for both materials (which is not necessarily true), applying the exponential
attenuation model then the following statements are true:

a) 95% of signal originates froi(E,,) depth.

b) 63% of signal originates froA{E;_,) depth.

c) 86.5% of signal origites from24(E;, ) depth.

d) Only 8.5% of the signal originates from betwes{E; ) and3A(E;,,) depths.

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

Scenaio 1: A layer of carbon of thickneﬁ;éEan) nm on top of a layer of ruthenium of depth
2A(Ez,,) nm measured using Al anoderays.

+

Given a model with ratio Ru:C = 2:1, XPS RSF corrected intensity ratio 32:63 approximately 1:2. Thus
the ratio isthe exact opposite of the true value for the amount of Ru to C.

Scenario 2: A layer of carbon of thicknaég,; ) nm below a layer of ruthenium of dep@n(E;,,)
nm measured using Al anodeays.

=i 3A

Given a model with Ru:C in the ratio 2:1 withie first3A(E;, ) nm, measured by XPS the RSF
corrected intensity ratio would be 86.5:8.5 approximately 10:1.
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The surface sensitivity of XPS provides remarkable information about the top 10 nm of material, but
unless a sample is prepared to be homogamem depth and without contamination, the atomic
concentration reported by XPS is not a representation of the sample composition in terms of
proportions of elements.

Angular Distribution Correction

Scofield crossections do not account for angular glibution variation in intensity as a

consequence of instruments detecting electrons in a specific direction relative to the photon source.
Angular distribution correction to RSFs based on a given instrument geometry are applied resulting
in total sensitiity values appropriate for a givenray source and the angle between theay

source and the direction defined by the electron energy analyser. Total sensitivity factors are

corrected for angular distribution using the factbr- %(3 cos? 6 — 1). Whered is the angle

between an xay source and the axis defined by the transfer lens system for an electron analyser
angle and the value fg# is computed for the element in question. Variation in intensity as a
consequence of an instrument withcos? 8 — 1 # 0 is performed at the time RSFs are extracted

from the element library. Corrections due to angular distribution are applied to RSF velaikdge to
s-orbital electron configurations which all respond identically in terms of direction, so RSFs are
modified dueto angular distribution correction for p, d and f photoemission lines only. These
corrections appear as adjustments to element library RSFs 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 maber of electrons recorded at the detector 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 prepareddh

operating mode for a given instrument. Differences in operating mode may include specific settings
for the pass energy, electron optical lens modes, aperture settings and detector settings.
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XPS Peak Fitting, Lineshapes and Quantification

Chemcal state by XPS relies on accurate determination of binding energy, peak area and peak shape
for photoemission signal. Electrons emitted from atoms in a specific chemical state are expected to
appear with kinetic energy characteristic of the chemicalesfat that atom, while intensity

measured by peak area allows stoichiometry for atoms to be assessed. Peak shape plays an
important role for materials where multiplet splitting results in complex shapes in photoemission
signal representing signatures faioes in different oxidation states. While complex spectra are
common with XPS, even complex spectral forms generate by XPS are attributed sequences of
underlying peak shapes characterised by modified Lorentzian component peaks. It is therefore
worth beinga study of fitting XPS data with curves by considering the basics of fitting Lorelikeian
lineshapes to some of the more basic spectral shapes encountered in XPS data.

The starting point for almost all single peak lineshapes is based on the Cauchiliisobansity
function which is referred to in XPS as a Lorentzian centre at the origin with height and FWHM equal
to unity.

Lorentzian: l(x) = TTa2
There are many examples of XPS photoemission peaks that clearly contain a strong Lorentzian
contribution. However, by virtue of measuring a photoemission peak, the instrument used to make
such a measurement alters the recorded photoemission lineshape from that of the underlying
photoemission shape. By considering the path of electrons emitted thee sample and before
arriving at the detector it is possible to support the concept of a convolution as the mathematical
tool used to modify a Lorentzian to model measured peak shapes (Figure 1). Approximating the
interaction of these electrons with thiestrument by a Gaussian through a convolution integral with
a Lorentzian, a Voigt function (Figure 2) replaces a pure Lorentzian as the basis for a mathematic
lineshape and once again there are many examples of photoemission peaks for which a Voigt
function provides a very good fit to data.

The importance of lineshape to XPS is rooted in nonlinear least squares optimisation used to fit
lineshapes to experimental data. The least squares criterion for selecting the best set of parameters
used to specify aet of component peaks with respect to a given set of data works remarkably well
provided the exact shapes for photoemission peaks are known precisely. However, if component
peak within a model use lineshapes different from the exact photoemission lineshtysn

optimisation without constraints performs less well and can result in-playsical outcomes.

Not only is it important from a mathematical perspective to use lineshapes that closely model the
actual photoemission signal, but it is also importanhtve reliable and understandable

guantification that offers input when assessing stoichiometry and therefore relative numbers of
expected component peaks when modelling chemical state signal. In the absence of such
information as number of and shape formmponent peaks, parameter constraints are required to
achieve satisfactory outcomes when modelling data with individual component peaks. Introducing of
number of peaks presupposes chemical knowledge with respect to the sample and user intervention
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via constaints to guide fitting of peaks to data also assumes prior sample knowledge. In an ideal
experiment data would guide interpretation of spectra rather than bias introduced by user
expectation.

|
1
W

Ideal Paraxial Detector ==

Electrons
EnterHsA . Energy-Dispersive

Direction /

Figurel: LA lineshape is a mathemiatl form that models the interaction of an input signal to an HSA with signal
sampled through an exit slit leading to an electron detector. The larger the Gaussian parametbe wider the exit slit
and the closer the lineshapes resembles a Gaussiarpsha

-8 -4 0 4 8
Kinetic Energy (eV)

10| Name
LA(1,1,400)
LA(1,1,300)
LA(1,1,200)
LA(1,1,100)
LA(1,1,0)

Figure2: Voigt lineshapes formed by a convolution integral between a Lorentzian and a Gaussian. The LA(1,1,n)
lineshape is a Lorentzian convoluted with a Gaussian of width controlled by the parameter n. The larger theofatue
the greater becomes the Gaussian contribution to the Voigt lineshape.

Basics of Peak Fitting

Peak models are constructed from component peaks and a background approximation. A
component peak is defined in terms of a lineshape and three optimisaticanpeters representing

a component position, full width at half maximuWHM)and arealUsing a simple case of a single
photoemission peak fromIPQ in the form of Al 2s (Figure 3), a single component peak represents
the entire peak model. A lineshaplefined by the expression LA(1,193p&ected to obtain the

best physically meaningful fit of a peak to data where the three optimisation parameters are
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adjusted to achieve the best fit to data a least squares senggiyen the lineshape and background
approximation

Aluminium Phosphate (AIPO4) : Al2s P2p PE5S

This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF)

a company established under the National Collaborative Research Infrastructure Strategy to provide nano

and microfabrication facilities for researchers in Australia, through the La Trobe University Centre for

Materials and Surface Science. Data are reproduced under a Creative Commons licence (CC BY-NC 4.0 International)
Barlow et al SIA (2018) DOI:10.1002/sia.6417

XPS  Spectrum Lens Mode:Feld of View 1: Survey Resolution:Pass energy 5  Iris(Aper):slot(SPECTRUM SLIT)
Acqn. Time(s): 5258 Sweeps: 30 Anode:Mono(Al (Mono))(150 W) Step(meV):100.0
Dwell Time(ms): 250 Charge Neutraliser :On Acquired On :17/06/30 21:38:02

55JResidual STD = 0.859495

50 A e AMA AR A\ pa A A A M
E R iRTiaBRTITE N L 'V\/"V\J WNT VOV W

451 Name FWHM  L.Sh. Al 2s

401 Al2s 21414 LA(1,193)

cpsx 1071

I I
120 116
Binding Energy (eV)

CasaxPS

Figure3: Example of fitting a Voigt lineshape plus a two parameter Tougaard universal esestion background to Al 2s
photoemission signal measured from aluminium phosphate.

Al 2s is a broad single peak with awerlapping peaks. The peak sits on a relatively flat background
of inelastically scattered electrons from other processes allowing a model based on an LA (Voigt)
lineshape which is a mathematically generated model that can be adjusted to match thedateeal
Features to observe from this example are:

1. The residual standard deviation is a measure for the goodness of fit encapsulated in a single
value while the residual plot represents data from which the residual standard deviation is
computed. The residal standard deviation for a well formed peak model fitted to pulse
counted data should be close to unity while the normaliseith respect to standard
deviation residual plotshould have the appearance whiform random differences from a
mean of zero.

2. The residudstandard deviation in Figurei8less than unity because, while these are pulse
counted data, the spectrum is formed by summing multiple data streams, the computation
of which involves interpolation which if perfoed correctly effectively snaih data
resulting in a figure of merit below the expected value of unity.

3. The lineshape is defined as LA (1, 193) representing a Voigt convolution integral between a
Lorentzian and a Gaussian. The Lorentzian nature of Al 2s owes much to the lifetime
broadening for these ®rbital states and a much less important contribution to the
observed shape from instrumental factors.
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4. Aluminium phosphate is an insulator and is such that few inelastic scattering exemts
close to the Al peak resulting in energydder Al 2s photoemissiahe consequence of
which isa flat background beneath the broad Al 2s peak.

5. The number of underlying peaks is known for such a simple peak ntemedamples of less
well known origin selecting the number of component peaks whedeling data is more of
a problem.

6. There is little ambiguity within the optimisation parameters and identifying initial values
used during optimisatiors trivial in this case

7. The relationship between lineshape and background is relatively easily uaddrst
compared to peak models involving multiple component peaks.

8. Optimisation of position, FWHM and area is achieved where both figure of merits, namely,
x? and root mean square yield almost identical results.

These points explain the successful fittingaahathematically defined lineshape and a calculated
background to a Al 2s peak. The background is in some sense equival¢hetselection of

lineshapes athe background shape is computed from a mathematically specified inelastic scattering
crosssectbn which is integrated with data to generate the background with little variation beneath
the Al 2s peak.

The lesson taken from this simple example is that for a well formed peak model optimisation yields
excellent results.

We now consider the nexttep-up in complexity for fitting of peaks to data, namely a spectral
feature corresponding to two related photoemission processes.

Al 2ps;» Al 2py;
Photoemission Photoemission
e e
Kinetic|Energy
4 _9'9'9'9_ Two Possible Final
g States of Al Atom
—— © p-Orbital with Energy
Photon e_e Difference ~0.52 eV

Energy
Binding Energy

f —00-0-0— Al2p;  nitial State of Al

t 9—9 Al2p;, Atom p-Orbital

Figure4: Mechanism by which gorbital photoionisation results in a pair of photoemission peakBhe initial ground state
is excited by photons via two possibilities specified by the j quantum number for an electron in an atom, where the
resulting final states with a missing electron are offset in energy. The number of electrons corresponding to the j
guantum number is 2j+1 and so the relative intensity, in a statistical sense, for these two peaks should be in the ratio
2:1.
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In simple terms, XPS peaks appear as either singlet or doublet peaks. Al 2s is an example of a singlet
peak where the initial anfinal states for the atom and the resulting ion are unighence for Al in a
single chemical state only one peak is obsen®p is an example of a doublet pair of peaks where

a mechanism illustrated in Figudeshows the origin for labelling these dolet peaks Al 2 and Al

2py» and the logic in terms of electronic configurations and energy levels for the existence of these
two physically relatedlioublet peaksorresponding to Al in a single chemical std&er the case of
doublet peaks it is antipated these peaks appear in a well defined intensity ratio, FWHM ratio and
binding energy offset. In terms of constructing a peak model for Al 2p the physics underlying doublet
peaks provides a clear connection between fitting parameters and such redhtjs can be used to
define two component peaks in terms of three fitting parameters rather than six parameters

required for two independent components within a peak model. Fiduigean Al 2p doublet

measured from the same aluminium phosphate as the Al 2s spectrum in Bigure

Aluminium Phosphate (AIPO4) : Al 2p PE5

This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF),

a company established under the National Collaborative Research Infrastructure Strategy to provide nano

and microfabrication facilities for researchers in Australia, through the La Trobe University Centre for

Materials and Surface Science. Data are reproduced under a Creative Commons licence (CC BY-NC 4.0 International).
Barlow et al SIA (2018) DOI:10.1002/sia.6417

XPS Spectrum Lens Mode:Feld of View 1: Survey Resolution:Pass energy 5 Iris(Aper):slot(SPECTRUM SLIT)
Acqn. Time(s): 3008 Sweeps: 30 Anode:Mono(Al (Mono))(150 W) Step(meV):100.0
Dwell Time(ms): 250 Charge Neutraliser :On Acquired On :17/06/30 21:38:02

JResidual STD =0.937021
60.] AAL TN AN AT AT ALTT T
E TV T PN TeN PEV e

50_: Name Pos Const FWHM Const Area Const ConstId.

A 1Al 2psp  77.3021 ,69.4476 0.34,8.5 0.0,156645.4 A
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» -
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@) 302 Al 2psp 73283 1.4913 LA(1,583) 452.73 1.00
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Figure5: Al 2p measured from aluminium phosphate fitted using two component peaks. The constraints table indicates
these two commnents are defined such that the area ratio is consistent with a pair ednpital peaks which should
appear with intensity ratio of 2:1.

Points to observabout the peak model in Figure 5

1. On first inspection this particular Al 2p spectrum appears to bimgle peak and indeed it is
possible to obtain a fit to these data by making use of a single peak. Nevertheless, Al 2p is a
doublet and should be fitted using twapmponents as shown in Figure 5
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2. The Al 2p doublet in Figurerpresents an example of whetwo highly correlated peaks

combine to form a spectral feature. Without prior knowledge about the nature of these
peaks it would be very difficult to establish the intensities for these two peaks simply by
guessing a lineshape and allowing optimisatioletermine these component peaks that
best fit the spectrum in Figure. 5

The lineshape forprbital Al photoemission is not the same agrbital Al photoemission.
The component tables in Figurarilicate the lineshape for these Al 2p peaks are narmowe
than Al 2s and have a greater Gaussian contribution to the lineshape codnioatiee
lineshape in Figure @sed to model Al 2s.

M Quantification Parameters g|§|®

Region: Components ] Data Edilor] Repart Spec. ] RPT Hepnrt]

|AI 2p PES [Chi Sq=68.4846; D. of F. = 73] [Eff. RSF = 0.600551] [Ef

Component

405
2
:

Comp Index
Agpmmetny [ndes
% Concentr. |

Create | Create & 2 |

Paste

" Simplex

Eopy Al Fit Components _F'asle Al
Copy [ UseRMS Monte Carlo

Cut | Fit Spline BG | Fit Step BG | Copy and Fit |

Congtrain Comps to Regions | Copy TaGs | Copy Names|

Figure6: Quantification Parameters dialog window with Components property page top most. The talomns shown
in the table correspond to two component peaks specified to reflect the nature of Al 2p doublet and illustrating how
parameter constraints are defined between two components in a peak model. These component peaks and constraints

correspond tothe Al 2p peak model in Figure 5

4. Parameter constraints are defined in terms of components in the order these components

appear on the Quantification Parameters dialog window, Components property page of
CasaxPS (Figuse The order for components is imdited by the heading labels to columns
of component parameters and these headings are alphabetic characters starting with the
character A. Thus Al gZpappears in the first column labelled A and Al,2appears in

column B. A constraint between the arparameter for these two components is entered in
the constraints field in column &nd specified as A*0.5 (Figurg 6
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5. While two components are used to model the Al 2p spectrum, linking all three fitting
parameters between these two components effectivedguces these two components to a
new lineshape constructed using the sum aégk two components in Figure The concept
of linking many components via optimisation parameters is applied to problems of
significant complexity such as various iron oxidefei2nt oxidation states can be defined
using many components but the number of optimisation parameters is small for each
ensemble of components. Different oxidation states are described using different
relationships between sets of components and sepagbxidation states is reduced to
fitting ensembles of component peaks all optimised as a unit by virtue of linked parameter
constraints.

Applications of Fitting Peaks to Data

Charge Correction and Chemical State: Cellulose

Cellulose is a polymer contamgi carbon and oxygen specific proportions (Figure.Hydrogen is

also part of cellulose but XPS based on core level electrons does not offer information about
hydrogen so an analysis of cellulose by XPS must focus on carbon and oxygen data only, Howeve
hydrogen features in the XPS analysis by indirect means. These indirect means are differences in
chemical state due to hydrogen implied by binding energy positions for component peaks within
these carbon and oxygen spectra. C 1s and O 1s spectravittedomponent peaks are shown in
Figure8 and Figure 9These spectra are plotted using a binding energy scale determined by the
charge compensation state for the sample at the time of acquisition and as such do not offer an
obvious connection betweecomponent peak position and chemical state for atoms within the
cellulose polymer. Once a peak model is prepare for C 1s, energy calibration based on these carbon
component peaks provides the means by which the binding energy for related carbon and oxygen
components provide insight in to the state of the sample when measured and composition thereof.

Figure7 Cellulose polymer gH;¢05

Observations about these peak models include:

1. Lineshapes for these C 1s and O 1s componentsighglglasymmetric. Physics dictates that
electrons ejected within the sample entering the vacuum chamber cannot gain energy
unless energy is input at some point between the sample and the detectors. Any interaction
with the instrument typically does not jiut energy so the most likely consequence for
energy is that energy is lost rather than gained. Further, HSA and electron trajectories also
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interact to provide other means for electrons of a given energy arriving at the detector in
ways that move signal tower energy, hence even for perfectly symmetrically shaped
photoemission signal the recorded spectra tend to show evidence of asymmetry towards
lower kinetic energy to the peak maximum. The exception to this rule is for samples
suffering from poor chargeompensation leading to a range of potentials at the sample
surface that potentially accelerate and decelerate electron with respect to the most likely
energy for a component peak. This caveat to the rule would imply analysis by modelling data
with comporents is of limited value so the assumption when constructing peak models is

that charge compensation is adequately performed.

Cellulose : C 1s/5
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Name Pos. FWHM L.Sh. Area %Area

CCHsz 281.88 1.0777 LA(1,1.09,340) 608.28 10.50
COH 283.62 1.0798 LA(1,1.09,340) 4180.58 71.94
OCO 28506 1.1831 LA(1,1.09,340) 990.09 17.00
C1ls 286.42 0.8545 LA(1,1.09,340) 32.80 0.56

CasaXPS

Figure8: C 1s spectrum measured from cellulose. Data are presented using the charge compensaael state for the
measurement, that is, the binding energy scale is yet to be calibrated.

2. Construction for the peak models for C 1s and O 1s from cellulose was an iterative process
coupled with comparison with spectra from a recognised database. Despite nraathese
spectra from samples believed to be cellulose the existence of a low binding energy peak in
Figure8is not consistent with the expected chemical environments for carbon. Figure
would suggest there should be two component peaks only, ha@@lgnd G3O. We must
therefore consider the possibility that these data are from a number of possible sources
such as a contaminated sample, contamination is occurring during the period over which the
sample is measured, cellulose degrades undetys or thesample may not have been pure
cellulose in the first place.

3. Since C 1s appears to include three significant component peaks an analysis based on charge
correction using different component peaks as the reference offers a means to investigate
the possibilies for interpreting these spectra in FigBand Figure. One scenario is to
assume the lower binding energy peak corresponds to adventitious carbon and assign the
right-most component a binding energy of 285.0 eV, after which other peaks withinise C

Pagel8of 152



Copyright © 2019 Casa Software Ltd

and O 1s spectra can be assessed by comparing binding energies to values reported in the
literature for cellulose. Another possibility is to assume the central most intense component
in FigureB is characteristic o0 and therefore charge correct compents using the binding
energy reported by Beamson and Briggs for the same component, for example, shifting all
components by aligning th@O component with binding energy 286.73 eV.

Cellulose : O 1s/3

CPS x 1072

I I I
531 528 525
Binding Energy (eV)

T
534

Name Pos. FWHM L.Sh. Area %Area
COH 52991 1.2896 LA(1,1.07,420) 7819.71 59.99
COC 530.22 1.4304 LA(1,1.07,420) 5215.74 40.01

CasaXPS

Figure9: O 1s spectrum measured froellulose. These O 1s components represent a challenge for optimisation and
without the use of constraints the fit shown here would not be possible.

4. Cellulose as depicted in Figutevhen measured using C 1s should yield two components in

the proportion of5:1 offset in energy due to chemical shifts duegXe and @O. Similarly, O
1s components should appear as two components with intensity in the ratio 3:2
corresponding to OH and ©C.

The chemical shift for O 1s photoemission betwe@H@nd ©C chemicastates is far less

than for the corresponding C 1s peaks and is an example of highly correlated photoemission
components where in the absence of parameter constraints a peak model fails to yield
meaningful intensities and binding energies due to lackeofgrtly defined lineshapes and
background shape coupled with noise within data.

The ratio of 5:1 between C 1s cellulose peaks aids the construction of a peak model. A ratio
of 3:2 with an energy offset of about 0.3 eV for O 1s components presents farahare
challenge to optimisation when fitting O 1s from cellulose.

Given an unexpected peak in the C 1s spectrum, these peak models inG-agar&igured

are simplifications of the true model. One would expect other peaks to exist at low levels for
both C 1s and O 1s. As a consequence uncertainty in binding energy assignments should be
seen as possible and allowed for when comparisons are made to the literature.
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8. FigurelOshows the same cellulose C 1s and O 1s spectra after calibration based on the
lowestbinding energy component is assigned the binding energy 285 eV. Note thabthe
component binding energy is almost exactly the energy report by Beamson and Briggs,
namely binding energy 286.73 eV.

Name  Pos. 35 C1s/5
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Figurel0: Cellulose C 1s an@ 1s spectra after calibration based on lowest binding energy C 1s component assigned
binding energy 285 eV.

Binding Energy and Kinetic Energy in XPS
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Figurell: Energy diagram illustrating the relationship between the binding e€gg assigned to photoemission from 4p
core level electrons in clean gold, recorded kinetic energy for photoelectrons, work function (WF) and excitation photon
energy due to an aluminium anode-bay gun.

XPS measures the kinetic eneijyfor the phoelectrons (Figurel). In the case of electrons
emitted from bound states of atoms in an ideal conducting sample, the kinetic energy, the binding
energyE,, and the photon energyv for an instrument with work functiowp is given by
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Exe =hv —Ep, — ¢

Energy from the perspective of XPS instrumentation is kinetic energy and for photoemission peaks
the energy for these peaks, from the perspective of the instrument, changes with photon energy.
Binding energy is a measure of potential energy with resfmean electron configuration within an
atom from which photoemission occurs.

O1ls
L; Relaxation KL.L
L 2k3
L? O/'Auger |
XPS Emission Emission KE Auger
K L; Emission
L, A
Core L
Excitation w - 2K 0 KLL
—seeo—L;
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/WV\/’ 8 K Kinetic Energy (eV)

Figurel2: Energy diagram illustrating the relationship between photoionisation of an atom by a photon resulting in
signal assigned to core level O &kectrons and Auger signal due to emission of electrons as the excited state relaxes to a
more stable excited state.

For the case of Auger emissi(ifigure 12)the relationship between the excitation source energy
and the kinetic energy for the emittedextron is lost. Auger emission due to photoionisation
generates electron emission with kinetic energy determined not by the photon energy, but by the
difference between two bound electron states of the ion resulting from photoemission. Following
the convantion in XPS to use positive values for binding energy, kinetic energy for Auger
photoemission measured by an XPS instrument is

Eye = —(Epe[Initial] — Epe[Final]) — ¢

BothE,,[Initial] andE,, [Final] are binding energy values corresponding to ions created by
photoionisation and are therefore absolute energies characteristic of these ions indepéndent
the ionizing radiation energy.

Binding energy implies a clear relationship between the energgragdito a photoemission peak

and the chemical state from which signal derives. While the relationship between measured kinetic
energy and binding energy is well defined for truly conducting materials connected to ground, for
many samples the kinetic enerfiyr photoelectrons depends on the actual potential between the
sample and the detection system.

Without charge compensatigrihe act of returning charged particle to the sample surface to
compensate for photoemission of electrons, a sample would becors#ipely charged. 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 &kee form of actively returning charge to the sample
via a cloud of low energglectrons and/or ions (Figure L3f charge compensation is not performed
electrons emitted by photons would be attracted by a constantly changing potential between the
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surfae and the analyser and therefore a photoemission peak would move in energy to lower kinetic
energy as a function of measurement tirfiéigure 14)The act of charge compensatistabilises the
potential at the sample and danetic energy for photoemissigmeaks is stable with time. Given

stability of peaks in terms of kinetic energy, the energy scale can be calibrated to provide binding
energy for peaks representing values of significance to identifying chemical state. The act of
calibrating the energy saain softwareis often referred to ascharge correction

Floating Sample with Charge Compensation

Photoemission of [
electrons

Ungrounded Sample Bar
/S L

Low energy charge

cloud returning to
“the sample

7/

Figurel3: Insulating sample illustrating how photoemission results in positive charge on the sample that attracts low
energy electrons from a charge compensation mechanigrat prevents a continuous builelp of positive charge at the

sample surface.
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Figurel4: PTFE is an insulating material and when measured without the active use of charge neutralisation the sample
potential increased withmeasurement time. These two spectra are measured from the same PTFE sample with (C/N On)
and without (C/N Off) charge neutralisation. Note how the photoemission peaks for F 1s and C 1s are recorded at lower
kinetic energies than is the case when charge qgensation is enabled which is a consequence of a buiftlof positive

charge at the sample surface.
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Figurel5: Alginic acid sodium salt C 1s measured over time using three different pass energy settings. Note how the
initial PE20C 1s spectral shape is significantly different from the one recorded using PE5. The evolution in C 1s
component peaks is similarly matched by an evolution of O 1s suggesting the relative intensities for these component
peaks are dependent on the sequencé measurements rather than the as received sample composition.

This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF), a company
established under the National Collaborative Research Infrastructure ®fggtto provide nano and microfabrication

facilities for researchers in Australia, through the La Trobe University Centre for Materials and Surface Science. Data are
reproduced under a Creative Commons licence (CENBYA.0 International).

Basic Approach to Fitting Data with Peaks : Alginic Acid Sodium Salt
In this section an apparently simple case for peak fitting is considered in detail.

A peak model is defined in terms of component peaks and a background algorithm. These
component peaks are in turn speeifl using lineshapes and fittingarameters to permit a

component peak to vary in position, FWHM and area. Sets of component peaks are summed then
added to a background shape to form an approximation to a data envelope.

The primary objective when fittingadla with peaks is to assign component peaks to photoemission
processes characteristic of elemental and/or chemical information. Optimisation algorithms help to
fit peaks to data, but without significant input from physics and chemistry optimisation basad o
single value figur@f-merit will not yield comprehensive scientifically meaningful results. Physical

and chemical information is added to a peak model through the selection for lineshapes, the number
of component peaks within a peak model and parameienstraints offering the means by which

known relationships are imposed on otherwise independent component peaks.

The example used to discuss fitting data with peaks is based on data downloaded from the La Trobe
XPS database (Barlow et al). These dagdtaerefore typical of results obtained by XPS performed
without access to or control of the experimental state during a sample analysis. These data are
necessarily made available with limited sample and analysis information, meaning, the sample is
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specifed as alginic acid sodium salt but sample state, sample preparation and sample measurement
are not under the control of the person wishing to understand this material by XPS. The real power
of XPS lies in iteration and feedback which is especially thendamgever peak fitting is involved.

That is, initial measurements after analysis provide insight stimulating later experiments focused on
optimising information gathered by XPS.

O 1s/Na KLL

Na KLL 2
— _/

Arbitrary Units

T T T T T T T T T T T
537 534 531 528 525
Binding Energy (eV)

Figurel6: Alginic acid sodium salt O 1s spectrai@sponding to C 1s spectra in Figuté.

There is no easy prescription for constructing a peak model when simply supplied with a single
spectrum such as the ones displayed in Fidi:eHappily, these C 1s spectra are accompanied by
survey and relevant meow scan spectr#o supplement these C 1s spectra. The C 1s spectra in
Figurel5would be amongst some of the easiest for which a peak model could be constructed, but
nevertheless, apart from providing an example of how some materials alter during messnutrtéhe
model offered in Figur&5is open to criticism for simply fitting obvious peaks within these data. In
favour of fitting four peaks to these data in Figli®is that the model demonstrates how

components attenuate relative to one another overegggence of measurements, and represents
gualitative information about the sample gained by virtue of repetition. Without additional
information about the sample, measurement and more systematic repetitions of identical
experiments it is difficult to conatict a truly meaningful model for these data. The model ignores
possible contamination issues. Contamination typically involves carbon and oxygen, so the peak
model in Figurd5is only presenting a partial story for these data as no explicit peaks tangstiye
adventitious carbon. One should also be aware that chamber history and cleanliness is a potential
source for evolution of C 1s spectra. Nevertheless, when coupled with O 1s spectra, XPS supports the
existence of carbon bonded to oxygen and that thaterial loses carbon bonded to oxygen as a
conseqguence of these measurements. The means by which this hypothesis is deduced is a similar
simple peak model for O 1s in Figu&(allowing for Na KLL interference) similarly suggests changes
in relative inensities in O 1s that correlate with C 1s attenuation. Thus even a limited peak model is
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capable of extracting evidence about a sample even if a full understanding for a material is not
necessarily possible.

At this point it is worth noting that any condaions from the experiment resulting in data shown in
Figurel5and Figurel6 require verification by repeating these measurements on equivalent samples
to confirm the observed changes are represented of the sample only.

Despite acknowledging the limited tuge of the peak model in Figudh, even for this basic peak
model there is value in describing how such a peak model might be justified.

The mechanics of creating these peak models in Figbieand Figurel6include considering the use

of other data suctas sodium chloride data (also within the La Trobe database) to confirm the Na KLL
contribution to data nominally assigned as O 1s. Basic information about alginic acid sodium salt
(NaGH;G;) correlated with elemental quantification from survey spectrayides context for these

C 1s spectra. In particular based on survey data, within the volume of material sampled by XPS the
amount of carbon compared to oxygen suggest an excess of carbon over oxygen. It is also worth
looking at other similar materials imattempt to gain understanding for what might be possible

within these data. For example a similar material is cellulose. Consulting Beamson and Briggs XPS of
Polymers Database suggests two C 1s peaks for a similar arrangement of carbon and oxygen in the
absence of sodium ions and double bonds. Ethyl cellulose also within Beamson and Briggs offers a
variation on cellulose where OgEH arrangements of carbon and oxygen introduce a third C 1s

peak at binding energy 285 eV. So, based on this limited litexatearch it is feasible that at least

four carbon peaks are offset in energy relating t&© OGO, GC=0 and then some other factor
responsible for a low binding energy peak.

Once the number of peaks is established, the next step is to consider gogaiaimeter constraints
and how these can be used to enhance information gathered from a peak model.

Owing to the evolution of these C 1s data envelopes (Fifjbrbetween measurements the relative
intensities for component intensity and therefore arearameters are not considered significant
with respect to this particular sample chemistry. The implication for this statement is area
parameter constraints linking the relative area for peaks are not appropriate in this instance.
Application of area constiats to component peaks is an example of input of chemical knowledge
when constructing a peaks model. However, since these C 1s peaks evolve with time it is not
possible to provide chemical input in terms of peak area to help guide optimisation towards a
scientifically meaningful result. For other samples, area constraints are used but should be
recognised as potentially introducing user bias into the model.

Area parameter constraints are particularly useful for doublet peaks originating from the same
electron configuration initial state where the final state electronic configuration is split between two
possible outcomes. Physics for the photoionisation of electrons dictates these double peaks appear
offset in energy, representing the difference in energyveen the final states and in a defined ratio

in terms of peak area. Scofield cresections were calculated for photons with energies

corresponding to xay gun anodes made of aluminium and magnesium and these-sea$i®ns

include relative intensity floboth peaks in a doublet pair. Thus the ratio for these peaks can be
readily fixed by making use of Scofield cresstions to estimate the relative area imposed by area
constraints within a peak model.
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Peak width represents another important constraiat peak models. The set of C 1s component
peaks in Figur@5when fitted to these different spectra measured using different pass energy
should result in better resolved peaks. However peak width for a photoemission line can be due to
factors other than tle underlying lineshape (vibrational broadening for example) or the underlying
lineshape is much broader than the instrumental broadening in which case reducing the pass energy
does not necessarily lead to improved energy resolution, but in theory redtleingass energy

does improve the purity of energy information and therefore lineshape. Obtaining the best possible
energy resolution (subject to signta-noise limitations) helps to establish lineshapes. These C 1s
spectra are broader than can be explaiigy instrument broadening, so component widths are

more related to sample. Monitoring component width is important in the sense that an element of
consistency might be expected for a set of C 1s peaks. Abnormally narrow or wide peaks are an
indication optmisation is resulting in a minimum for the figuo&merit but failing to model

physically meaningful signal. As a general rule, application of appropriate FWHM constraints guides
optimisation to superior outcomes than models without any limits appliedamponent widths.

In the case of these C 1s components in Figdrgass energy 20 and pass energy 5) there is a
concern the smallest component has a FWHM noticeably wider than the other components. Some
variation might be justified for these peaks, mutow intensity relatively broad component might
indicate the component is of limited physical significance. In the case of alginic acid sodium salt the

peak in question could be assigned to @3&ignal so this could be important information aimed at
characterising the sample by XPS.

Alginic acid sodium salt: C 1s PE10
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Figurel?: Pass energy 10 C 1s spectra shown in Fig&risplaying component tables displaying Monte Carlo error
estimates for the peak model subject to effectively no constraints applied to optimisation parameters used to fit these
data. A comparison to the constrained model in Figut®illustrates how introduction of two constraints aimed at

FHWM relationships significantly improves the ability of a peak model to measure intensity using component peaks.
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Component binding energy is a strong indicator for possible peak assignment. FWHM and position
tend to interact where the better defined FWHM the more significance can be attributed to
component position. Relative component positions are the principal source for chemical state
information. Beamson and Briggs when reporting results for cellulose assign bemgirgy of

286.73 eV to © bonds and 288.06 eV to@O bonds. The peak model in Figdfafter energy
calibration assuming the low binding energy component is located at 285.0 eV yield binding energy
for the remaining three components of 286.5 eV, 2882and 289.6 eV. These binding energy
values, although not conclusive, would be consistent with, @GO and GC=0, respectively for

these three component peaks. Position constraints represent a direct intervention to values of
significance to a samplend for the most part these positions represent information we hope to
extract from a peak model. For this reason it is more often the use of FWHM constraints and the
indirect constraints imposed by lineshape selection that allows position informatiomtsiate into
chemical state output from a peak model.

Assuming the lower binding energy peak is shifted to 285 eV is an assumption that results in the
assignments for these other C 1s components. It is not entirely clear from these data this assignment
istrue. Doubt regarding the origin for the peak used to calibrate the binding energy scale implies
uncertainty in the binding energy calibration, but experience of cellulose spectra lend support to the
possibility of such a peak of similarly unknown origifibile calibration based on a peak at 285 eV is
expedient for this discussion, it should be notedC80O can result inCH C1s intensity shifted to

higher binding energy so the peak used to calibrate the binding energy scale could easily be formed
from two peaks offset in energy by about 0.5 eV and of different proportions in intensity.

The single biggest factor in calculating these component paositions is the use of specific lineshapes
and the C 1s data offering peak like structures that can be identijezie. By way of contrast,

apart from the component peak representing Na KLL, the O 1s peak model is without merit other
than to illustrate at least one component peak resembles the attenuation seen in C 1s data. Fitting O
1s spectra, such as data in Fig6, with multiple overlapping component peaks without sample
knowledge based on optimisation alone is far less reliable than the information gathered from these
C 1s spectra in Figulé.

Stability with respect to optimisation for a peak model is anotin@portant consideration. Stability

for a peak model with respect to a single spectrum only is less informative than if a peak model
exhibits stability when applied to a number of equivalent measurements. In the absence of
equivalent spectra the next beapproach is to test a peak model using Monte Carlo methods to
simulate a set of equivalent spectra and estimate uncertainties in outcome for a peak model fitted
to these simulated data.

In terms of peak model stability, both peak models in Fiditrand 16 make no use of optimisation
parameter constraints but rather rely on lineshape specification to return an optimised solution for
the peak model to these data. While the resulting solution is stable with respect to these specific
measurements, the valuef &WHM parameter constraints is illustrated by considering how stable
these four component peaks are in terms of peak area with respect to the level of signal to noise
expected for these spectra. Figuré ibcludes the four component peak model used iruregL5

tested for stability with respect to noise using Monte Carlo error analysis. The component tables
plotted in Figure T show the error calculated for the %Area for the case where fitting parameters
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are allowed to adjust within intervals. These sanag¢adare fitted using a modified peak model
where the same relative FWHM are maintained via optimisation parameter constraints shown in
Figure B. Monte Carlo error analysis indicates the model in Fig@ris hoticeably more reliable at
measuring %Area timthe model in Figure7land these improvements are achieved by linking
FWHM constraints only.

A note of caution: if the goal is to understand chemical state information in spectra, adding
parameter constraints will improve stability of a peak model wéhpect to noise, however with

each new constraint the output from optimisation converges on the solution defined every more
closely by these constraints until the usefulness of fitting peaks to data is lost. If the goal is to
measure intensity and a peakatel is well formed, then a rigid peak model heavily constrained will
tend to return more consistent intensities for data with similar chemistry and experimental
conditions when measured. Somewhere in the middle of these two extremes is the domain for most
applications of constraints when fitting peaks to data.

Alginic acid sodium salt: C 1s PE10

40 Residual STD = 1.0222
: AA'/\/\A AN e A A Andag
351 V v Ve (5 lS VV
{Name Pos. FWHM L.Sh. %Area %StDev
JC1s 285.00 1.3137 LA(1.24,1.4,253) 55.63 0.82
30] 286.52 1.3298 LA(1.24,1.4,253) 22.91 0.63
] 288.20 1.4646 LA(1.24,1.4,253) 15.59 0.27
« 1C1s 289.61 1.3479 LA(1.24,1.4,253) 5.86 0.30
'c 25 Name Pos Const FWHM Const Area Const Const Id.
j ] C1ls 292.095, 281.02 0.3137, 2.314 0.0, 243139.8 A
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{C1s 292.095, 281.02 B*1.014 0.0, 243139.8 D
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Figurel8: Pass energy 10 C 1s spectra shown in Figdreisplaying component tables displaying Monte Carlo error
estimates for the peak model subject to constraints apgdito FWHM optimisation parameters used to fit these data. A
comparison to the unconstrained model in Figuié illustrates how introduction of two constraints aimed at FHWM
relationships significantly improves the ability of a peak model to measure inignssing component peaks.

Complex Peak Structure in XPS: Copper

The examples up to this point make use of the concept that to each chemicaistaile a peak

model there is a component peak that identifies said chemical state. While for many samples the
one-chemicalstate onesyntheticcomponent approach is adequate, there are many examples
where this model is of limited use. To illustrate this point, examples of copper oxide follow that
exhibit both simple and complex structure.

For an isolated coppeit@m the electron configuration can be viewed as
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1522522p®3s23p®3d1%4s = [Ar]3d'%4s

When in solid state, the XPS of copper results in spectroscopic features depending how compounds
make use of valence electroBg%4s with both significant and insignificant differences in core level
photoemission peaks depending on oxidation state. Only by comparing valence band and Auger
spectra is it possible to distinguish between metallic copper an®QQd"). Photoemission fronCu

2p and Cu 3p for these &and CU" are highly correlated in terms of binding energy and peak shape,
whereas there is a dramatic change to these photoemission peaks for copper in a 2+ oxidation state.
These Cti spectra demonstrate how photoemission pesado not necessarily conform to the

concept of well defined peaks that can easily be approximated by a single component within a peak
model representing a chemical state for said material. Rather thar@o®e correspondence

between component peaks arahemical states, copper provides examples of where XPS yields
spectral signatures for chemical state spread over many eV. Separation of chemical state signal
based on these types of data envelopes remains a goal for XPS, but assigning binding energy to
specific features with these extended structures is not as important as the intrinsic shape that
conveys the identity of oxidation state. Figure 20 displays Cu 2p doublet peaks that 1) spread over an
energy interval of more than 30 eV and 2) illustrates tharges possible for spectra where

incomplete electron shells results in complex structures not easily open to interpretation by
individual components within a peak model.
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Figurel9: Photoemission of a 2p core electron resultstimo peaks due to unpaired electrons in two possible final states
for the ion. In the case of Cu 2p photoemission these two doublet peaks appear at energies separated by about 20 eV.
Depending on bonding of copper to other elements, additional splittingesfergy levels is possible and these contribute

to the complexity for Cu 2p doublets observed for %fnompounds.

The concept of characteristic peak formations becomes more important for heavier elements.
Cerium oxide represents a further example of whendtiplet splitting creates shapes characteristic
of Cé*and Cé&". These and many other cases emphasis the need to consider lineshapes as more
than simply individual mathematical defined shapes capable of contributing to fitting of data, but
rather as comfex shapes extended over wide energy intervals which can be used within a peak
model to replace complex component arrangements.
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Figure20: Copper metal and oxide spectra illustrating a similarity between Cu 2p fotata Cd* (Qu,0)while Cu”
(CuO) takes a form dictated to by multiplet splitting for a material where both d and s orbitals contribute to the oxide
formation. Binding energy for Ctiand Cd" are not well defined as both where measured using charge compensation.

We row return to the concept of individual component peaks associated with specific chemical
state.

Asymmetry in Measured Photoemission Peaks

Measured photoemission peaks, particularly from metallic materials, exhibit asymmetric profiles.
These profiles are @esult of a number of factors. Nevertheless the objectives for modelling such
data remains the same, namely, identification of signal for use in quantification calculations and
assigning binding energy to component peaks as a means of separating chésbécalfermation in
spectra. In this section the origins of asymmetry in XPS peaks is discussed and agylnesiapes
are investigated.

Pt4f Scan PE10 Ag3d Scan PE10

Intensity (a.u.)
Intensity (a.u.)
M e
1

| | |
78 76 74 72 70 68 375 372 369
Binding Energy (eV) Binding Energy (eV)

|
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Figure21: Sputtered platinum and silver foil measured using a Thermélikha XP$hstrument under identical operating
conditions.
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Metallic photoemission peaks are a particular challenge for XPS as these are apparently well formed
peaks but are accompanied by a rise in background and often suggest asymmetry should be part of a

peakmodd. Platinum is shown twice, once measured using a Therilpka (Figure 21) and once
using a Kratos Axis Nova (Figure 22). The reason these Pt 4f doublet peaks are shown is to
demonstrate both instruments yield similarly asymmetric shapes but it shoutbtel there will be

an element of instrumental factors in these data hence lineshapes from the same material measured

using two different instruments will not necessarily be identical. It should also be noted these 4f
doublets in Figure 22 vary in asymmeand shape despite being measured using identical

instrument settings. Lineshapes from one material do not translate into a lineshape for other similar
photoemission signal from different materials.

4f from Au, Ptand Ir

' 'Int'e'n's'ity'('a.'u'.) _

Gold (Au) Foil
Platinum (Pt) Foll
Iridium (Ir) Foll

Ir5pi1/2

|
90 85 80 75 70 65 60
Binding Energy (eV)
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Figure22: 4f doubletphotoemission peaks from the La Trobe database. These data measured using a Kratos Axis Nova
using pass energy 5 FoV1 slot/slot aperture illustrate how asymmetry is a feature of metallic samples and the apparent
asymmetry changes for different metals. Ihsuld also be noted that Ir 4f overlaps with Ir 5p.

There are several points regarding metallic peaks worth noting:

1.

2.

The background of inelastic scattered photoemission signal is much more of a challenge for
metallic samples than for insulators. Energyd events for signal from metallic
photoemission peaks occur at energies characteristic of the-lpsgsignal. This implies
background and zertwss signal are highly correlated and therefore difficult to separate.

A rising background signal is one patial source for asymmetry in metallic photoemission
peaks.

Energy loss events include inelastic scattering where electrons moving through the solid
state to the vacuum lose energy en route, shalgeevents where excitation of bound states
occurs as partfahe photoionisation event leading to nominally zdoss signal appearing at
lower kinetic energy than the primary peak and shalkiewhich represents the equivalent to
shakeup but where the excitation is from bound states to the continuum.

Elastic scaéering altering apparent angles of emission and subsequent inelastic scattering
may also contribute to photoemission peak distortion.
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5. Instrumental artefacts play a role in peak shapes, where these influences progressively
become more important as underhgrpeak widths decrease. That is, narrow photoemission
peaks tend to show more distortion from instrumental factors than broad peaks.

Despite these influences as noted above, the splitting of energy levels resulting from unpaired
electrons in both initial ad final states for atoms within a solid create shapes within spectra difficult
to model using individual component peaks to reconstruct spectra from synthetic lineshapes.
Therefore asymmetric lineshapes are included more as tools for use when apprdpriatet as a
solution to all asymmetric forms seen within photoemission spectra.
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Doublet Peaks and Inelastic Backgrounds in XPS

Doublet Peaks and Quantum Numbers

Electrons within an atom are assigned quantum numbers as a means of ordering electranssin te

of the contribution from individual electrons to a specific energy level for a given electron
configuration for an atom. When a photon excites an atom by ejecting an electron, the label
assigned to the photoemission peak within a spectrum is the sgtiafitum numbers for the

emitted electron within the atom before photoionisation. For most elements and most
photoemission lines three quantum numbers are sufficient when describing photoemission spectra.
This statement breaks down for larger elements buén in these cases photoemission peaks can be
classified loosely by means of three quantum numbers.

A photon of a given energy sufficient to remove an electron from an atom results in an ion plus a so
called photoelectron. The energy imparted to the phelectron from the photon depends on from
which element and which bound state of the atom the electron is ejected. If the energy for electrons
within the atom and the energy for the remaining electrons within the ion are both unique then a
single photoemigsn peak may be expected. If either the initial electron configuration for the atom

or the final electron configuration for the ion are split by spibital interaction then more than one
photoemission peak is possible.

The origin for doublet peaks in XB®lue to multiplicity in electronic energy levels, a concept that
relates to total angular momentum for electrons within an atom. For certain combinations of
electrons, total angular momentum results in energy levels with several configurations obakectr
attaining identical energy, while other electron configurations result in multiple energy levels. If an
energy level for an atom can be achieved for a range of angular momentum (orbital, magnetic
moment and spin) then such an energy level is said tddgenerate and some form of perturbation
is required to make observable these range of electronic configurations. If an atom undergoes
ionization of an electron then the resulting ion with unpaired spin for electrons represents such a
perturbation and poéntially splits the set of electrons into two states with energy separation
observable by XPS. These peaks in XPS are referred to-astépaplit doublet peaks.

One way to describe the state for electrons within an atom is to list electrons usirgitiegpal and
orbital angular momentum quantum numbensand! expressing the number of equivalent
electrons or occupation numbex(2!l + 1) for an energy using a superscript. So for example, argon
in a ground state would be written as follows.

1522522p®3s23p°

Argon in the ground state is formed from eighteen electrons assigned individual quantum numbers
that can be listed as eighteen different states within the argon atom but as an ensemble these
eighteen electrons always appear to an external obseagea single energy level. Each subshell of
electrons is full meaning for each spip there is a spitlown for electrons with the same principal

and orbital quantum numbers. Such a configuration of electrons is a singlet state, making reference
to the adual number of observable energy levels for these electrons in an atom, namely one
observable energy level.
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After photoemission a hole is created within an electron configuration and as a result of unpaired
electrons in terms of spin within a subshell thaés a need to introduce a new quantum numlper
representing the coupling of orbital and spin for electrons. In the case of photoemission of an
electron from argon with 2p state the resulting configuration (only ugiwere necessary for
unpaired spin state) could be written as follows.

1s%25°2p3 ,2p3 ;,35%3p"
or
1s%25%2p3 /,2p3/,35%3p®

The missing electron alters the distribution of electrons in two possible ways resulting in two
possible energy levelsifthe ion. The subscript t2p electrons is thg quantum number formed

from the sum of the orbital angular momentum quantum numband the spin, namely- % Thus

for 2p electrons two possible values for the subscript are % and1 + % These twg quantum

numbers indicate different energy levels in the final state ion and when combined with a singlet for
the initial state for the atom results in two photoemission peaks in spectra from argon due to
emission oRp subshell electrons.
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The relative intensity for doublet peaks is related to the assignment of electrong goantum

number. For example, a subshell with orbital angular momentum quantum nuinbelr (p-orbital)
includes six electrons forming a closed subshell but thesdestkrons can be separated in to

j =3/2andj = 1/2 states. Thg quantum number is useful because the number of electrons in the
closed subshell with a given orbital angular momentum ground state for the atom is obtained via the
use ofj via the expressin (2j; + 1) + (2j, + 1) and for XPS a ratio formed from this expression

for two j quantum numbers for electrons with the same orbital quantum numbarovides the

relative intensity for photoemission for these two sgirbit split energy levels of the iof2j; + 1) :

(2j, + 1). Specifically, forqprbitals in an atom these occur in the raﬂt% + 1: 2% +1or4:2,so
when ionised by the emission of agpbital, assuming emission of all electrons from the same
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subshell is equally likely, the final state ion is creatéth distinct energies in the ratio 2:1. It should
be noted that the probability for excitation of electrons with differgrquantum numbers from the
same subshell is not necessarily equal and the computed ratio for doublet peaks, in the form of
Scofietl crosssections, for porbitals in different elements is not exactly in the ratio 2:1.

XPS is typically performed on solid state material and while introducing new challenges compared to
isolated atoms the same terminology for photoelectrons from solidesis used. For example the

ground state for titanium in TiKxan be considered to have an argon configuration of
1522s22p®3s23p® to which is added four electrons outside of the inner argon core, namely,

3d?4s?. These outer electrons are responsitibr chemical bonddn solid state the complexity
increases to the point only core level electrons can be considered discrete in energy, nevertheless,
non-core level electrons ionised byrays contribute to spectra as broad features close to the zero
binding energy.

Background Signal

The influence of all electrons in solid state to photoemission spectra goes beyond photoemission
peaks. In particular outer electrons and bonds formed by titanium with other elements have an
influence on cordevel spectrareating structure and shapes within XPS background intensity at or
close to photoemission lines. These outer electrons form various chemical arrangements that alter
energy loss processes for electrons moving through solid state resulting in backgrauaddcig
corelevel peaks that changes with chemical state. Outer electrons also alter the shape féevegre
peaks due to fine structure within energy levels which are easily observed in metal oxides such as
CuO or Fe oxides. There are situations whemr@émission peaks appear to be classically formed
from two components added to simple background signal, but even for these relatively simple cases
closer inspection reveals structure important to understanding of chemical state and also elemental
guantification by XPS. Ti@® a case in point where at first sight a basic two components doublet
might be assumed but careful inspection suggests background and photoemission shape requires
explanation beyond this simple model.

Doublet peaks pose a problem fdgarithms typically used to remove background signal. Two peaks
offset in energy often results in the background from the lower binding energy peak interfering with
photoemission signal from the higher binding energy peak. This issue is the case fepdct?2a

from TiQ where two Ti 2p photoemission peaks are associated with a rising background signal which
includes peak like structure within the background. It is therefore important to consider the
implications of background signal when attempting wlage Ti 2p photoemission signal.

When discussing background intensity it is worth pointing out that photoionisation occurs within the
sample at depths greater than photoelectrons can escape the surface without losing energy. Only
photoelectrons within atin layer (less than 10 nm for A, Xrays) at the interface between the

sample and vacuum emerge with initial energy unaltered and it is for this reason XPS is considered a
surface analysis technique.

The origin of background signal to photoemission peaks for solid state samples is the inelastic
scattering of electrons emitted from both the photoemission line of interest and also photoemission
of all electrons with kinetic energy greater than the enei@ythe photoemission peak of interest.
Photoelectrons move to the interface between the sample and vacuum with a kinetic energy
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characteristic of the photon energy forrdys and the core level energy for an atom. Inelastic
scattering of these electronsccurs with a probability that increases with increasing depth from

within the sample an atom emitting the electron is located. The term inelastically scattered
electrons means these electrons interact with electrons within atoms causing electron excitatio
within atoms and a corresponding energy loss for photoelectrons with respect to the initial energy at
time of photoemission. These inelastically scattered electrons appear as background to electrons

that escaped to the vacuum without losing energy.

Inelastic scattered background signal can vary in shape dramatically depending on the type of
material analysed. Before turning to TiDis worth considering background shapes observed for

other materials. The range and shapes for inelastic scattered signdiecsurprising. Magnesium,
aluminium or silicon without oxidation display sequences of narrow peaks associated with scattering
by delocalised electrons for these elements referred to as plasmon loss peaks.
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The shape and nature of plasmon peaks depemdexidation state for an element. Magnesium

oxide (MgO M#g) plasmon peaks are broad compared to plasmon loss peaks observed for metallic
magnesium foil. These magnesium examples also illustrate how background changes near to the
energy for a photoemissn peak also depend on material properties. Insulators where outer
electrons are localised tend to exhibit flat backgrounds close to photoemission peaks whereas
metallic or semiconductor materials are accompanied by a noticeable step in background at or ne
to the energy for a photoemission peak. These background characteristics are present for most
materials but are not necessarily as obvious as is the case for magnesium.

When constructing a peak model it is worth considering band gap information. Tliegagnfor TiQ

is approximately 3 eV and measured Ti 2p doublet component peaks are separated by about 5.75
eV. As a consequence changes in background should occur within the energy interval corresponding
to Ti 2p doublet photoemission signal. It coulsicalbe argued the background (due to the influence

of the photoemission peak itself) beneath a photoemission for a material with a band gap should
result in a flat background for intervals equivalent to the band gap. In essence, the background to
TiQ shoul include shapes of significance to a peak model.

Common background types will now be considered in the context of Ti 2p from TiO

Shirley Background
While it is common practice to remove inelastic scattered background using the approach describe

as a Shiey 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

Page36 of 152



Copyright © 2019 Casa Software Ltd

doubt as to whether a Shirley background is appropriate for maesuch as T§OOne merit of
Shirley backgrounds is that for isolated peaks the algorithm computes a background that is
systematic. A disadvantage for the Shirley background occurs when complex peak structures are
involved over extended energy intervalgh 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 knfiwia specific spectrurand given bys(E), then

each point within an energyterval follows the relationship in terms of area above background as
shown below. Essentially for any eneigyvithin the interval[E;, E, | the Shirley background is

computed from the photoemission peak area within the interval partitioned into the todhe left

and right of a given energy. The obvious problem is for a photoemission peak initially the area for
the photoemission peak is unknown and therefore a Shirley background is computed by means of an
iterative scheme where the initial guess for thackground might be a constant background. The
iterative scheme is as follows.

Iridium (Ir) Foil : Ir 4s PE10

This work incorporates data from the Victorian node of the Australian National Fabrication Facility (ANFF),
a company established under the National Collaborative Research Infrastructure Strategy to provide nano
and microfabrication facilities for researchers in Australia, through the La Trobe University Centre for
Materials and Surface Science. Data are reproduced under a Creative Commons licence (CC BY-NC 4.0 International).
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Given a spectruni(E) andaninterval [E;, E,]. Define background signal such thag;, (E;) = I,
Bgi, (E,) = I, then the Shirley background is calculated by iteration usiegféhmula

(h— ) EZ] (x) — Bgp, (x) dx
J21Gx) = By, (0) dx Je T

Bsp,,, (E) =1, +

Note that the zero loss photoemission peak shape is givgiix)y— Bs,_ (x). Thus, given a
component peak shape, it is possible to directly compute the curve correspptaia Shirley
backgroundlf signal above inelastic scatter background is Lorentzian then without iteration the
background equivalent to a Shirley background is given by:

_ (L —1) © 1 _ (L—L)m -1
BL(E) = I, +——— - L 1+x2dx-12+T(§—tan E)
—wT + 2
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U 4 Tougaard Background
An alternative approach to the Shirley background is computing background signal based on the
Tougaard method.

The background is computed from the measured spectf(f) generated by the photoemission
peak plus inelastic scatteringgaal due to the photoemission peak using the integral:

[ee]

Hm:f~ny—5ywmw'
E

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

Bx
F(x) =U(x:B,C,D,Ty) =1 (C — x2)2 + Dx?2 x>To
0 x< T,

One advantage of the Tougaard approach is the ugg td delay the onset of background signal.

The more powerful aspect of the Tougaard approach is the ®@stson, when available, provides
informed guidance for shapes within background signal. The following example illustrates how U 4
Tougaard calculatisfor elemental silicon representing bulk and surface plasmon shapes can be
combined to estimate a complex background shape not available to the Shirley approach.

Si 2p with Tougaard Background

x10°

Name BG Type

Si Bulk Plasmon U 4 T[49,300,19,0]
Si Surface Plasmon U + T[18,108,87,0]

CPS

112 108
Binding Energy (eV)

104

CasaXPS

Applying Shirley and Tougaard backgrounds to Ti 2p photoemission froypidid3 differenes in
background but peak area for these Ti 2p peaks can be made to be comparable. It is therefore not
obvious from quantification results one approach has merit over the other, but physical properties
of materials may be overlooked if the basic approatBlurley is simply adopted. It is clear Ti 2p

from TiQ includes shapes for which a Shirley background cannot provide a solution. These same
data modelled using U 4 Tougaard crgsstions suggest Ti®ackground is formed from two
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components analogous tihe surface and bulk plasmon behaviour visible in elemental silicon
spectra. A Tougaard approach demonstrates the need for these plasmon loss features and also
allows the positioning and strength of these loss features to be assessed. By contrastlée Shir
background generates a step the position of which is entirely dictated to by the photoemission peak
regardless of material properties for the sample.

102
407

1 Name L.Sh. RSF Area Ratio
351 Ti2p LA(1,213) 7.81 2638.69 1.00
1 TiZp LA(1,213) 7.81 5180.52 1.96
30
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CasaXPs
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Simplicity of application owes much to the continued use of Shirley backgrounds in XPS bliha wea
of sample information is gained by considering how Tougaard backgrounds might be created for a
given sample. Any analysis for which the desire exceeds basic eleroentpbsition should

consider the use of a Tougaard background. When constructinglkarpedel, the potential for

including spurious components and deformed lineshapes as a consequence of the simple approach
of Shirley coupled with additional understanding gained by considering background shapes suggests
Tougaard backgrounds should featurem in XPS studies.
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CasaXPS Overview
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CasaXPS is a multiple document interface. This means the main CasaxXPS window manages lists of
open VAMAS files as a parent window for separate child windows which in turn manage data in
VAMAS (1SO14976) format.
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Within CasaXPS these child windows are referred to as Experiment Windows since each child
window represents a view into a VAMAS file contain one or more spectra or images. Experiment
windows are divided into two panes. The right hand pane of an experimiaakow displays an array

of rectangles displaying the VAMAS block identifier string for each measurement saved as a VAMAS
block of data within a VAMAS file. Data are displayed in the left hand pane in display tiles.

Display tiles are arranged within a semce of display pages. Each display page is tiled with one or
more display tiles. Each display tile can display one or more spectra or images.
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Two display tiles per display page arranged in columns allows two VAMAS blocks to be displayed
next to eactother.
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The number of display tiles per display page is adjusted using the Page Tile Format dialog window
available from the Options menu or via a top toolbar button.
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The left hand pane can display more than one display page. If more than one display page
displayed then a scrollbar is added to the left hand pane anetligiting the mouse within the
background to the scrollbar steps up and down through a list of display pages.
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Display pages are added to the left hand pane by making a selection A AMcks using the right
hand pane before pressing a display toolbar button.
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Tile Display Parameters dialog window includes a set of property pages with display options for data
displayed in a display tile. Fonts, labels, colours, line widikplay ranges for kinetic or binding

energy and counts per second or counts per bin are changed using settings on these property pages.
Many display settings can be switched between using toolbar buttons on the second toolbar of

CasaxPsS.
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The active diplay tile is the tile with a highlighted title. The Quantifications Parameters dialog

window, Regions property page displays the VAMAS block identifier string for the VAMAS block
displayed in the active display tile. A peak model is created for spedtranwa VAMAS block using

the tables for parameters displayed on the Regions and Components property pages. Regions define
the background and components representing distinct signal in a peak model are added to the active
VAMAS block through the Regions &wmponents property pages.
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Both Regions and Components property pages include a text field in which a string is display that
indicates the VAMAS block identifier for the active VAMAS block as defined by the title for the set of
display tiles. Placindpe mouse over a display tile then pressing the-tafiuse button selects the
indicated display tile as the active tile. The active VAMAS block within the active tile is the source for
the string entered on the Quantification Parameters dialog window Regimd Components

property pages.

Peak models defined on the Quantification Parameters dialog window can be fitted to the active
VAMAS block via the Components property page.
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Component parameters defined on the Quantification Parameters Componentsyqmge
include a component name, relative sensitivity factor, initial fitting parameters (area, fwhm and
position), constraints for fitting parameters, a TAG string and a component index value.
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Spectrum Processing dialog window is invoked from théberoor the Options menu.
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Spectrum processing dialog window offers a similar logic to the Quantification Parameters dialog
window, namely, spectrum processing options are offered via a set of property pages where each
property page acts on data withinéhactive display tile. There are a few exceptions to this rule but

the vast majority of spectrum processing options act on the active VAMAS block displayed in the
active display tile.
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