DEVELOPMENT OF XPS DATA ANALYSIS
AND ITS APPLICATION TO
GAS SENSOR AND CATALYST SURFACE STUDIES

Mikko Aronniemi

Laboratory of Physics
Helsinki University of Technology
Espoo, Finland

Dissertation for the degree of Doctor of Science in Technology to be presented
with due permission of the Department of Engineering Physics and Mathematics
for public examination and debate in Auditorium K at Helsinki University of
Technology (Espoo, Finland) on the 14th of August, 2007, at 13 o’clock.



Dissertations of Laboratory of Physics, Helsinki University of Technology
ISSN 1455-1802

Dissertation 148 (2007):

Mikko Aronniemi: Development of XPS data analysis and its application to gas
sensor and catalyst surface studies

ISBN-978-951-22-8881-6 (print)

ISBN-978-951-22-8882-3 (electronic)

Picaset Oy
Helsinki 2007



A &

ABSTRACT OF DOCTORAL DISSERTATION | HELSINKI UNIVERSITY OF TECHNOLOGY
P. 0. BOX 1000, FI-02015 TKK
http://ww.tkk.fi

Author Mikko Aronniemi

Name of the dissertation
Development of XPS data analysis and its application to gas sensor and catalyst surface studies

Manuscript submitted 17.04.2007 Manuscript revised 03.07.2007

Date of the defence 14.08.2007

|:| Monograph Acrticle dissertation (summary + original articles)
Department Department of Engineering Physics and Mathematics

Laboratory Laboratory of Physics

Field of research Surface science

Opponent(s) ass. prof. Sven Tougaard, University of Southern Denmark

Supervisor prof. Pekka Hautojérvi, Helsinki University of Technology

Instructor doc. Jouko Lahtinen, Helsinki University of Technology

Abstract

In many applications of surface science, the key question is the chemical composition of the surface. X-ray
photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical analysis (ESCA), is an
experimental technique which is commonly used in these studies. In this method, the sample is irradiated with x-rays
of known energy, thus causing emission of electrons by the photoelectric effect. The binding energy spectrum of these
photoelectrons is recorded, and by analyzing the spectrum, the elements and their chemical states can be determined
within a few nanometers from the sample surface. The two main steps in the data analysis are subtracting the
background intensity caused by inelastically scattered photoelectrons and resolving the overlapping contributions of
different chemical species.

This work deals with development of methods for XPS data analysis. Decomposing spectra with overlapping states by
curve-fitting is illustrated with a case study of iron and chromium oxides. A lineshape suitable for fitting the core level
spectra is described and the differences between three background subtraction methods are investigated. When
studying typical sources of uncertainty, the choice of the background turns out to be significant. Factor analysis is
presented as an alternative method to determine the contributions of different chemical states in a set of XPS spectra.
Aspects affecting the accuracy of the analysis results are pointed out and modifications to a commonly used analysis
procedure are proposed. It is shown that in the case of two-component data, a simple scanning of a delta peak along the
binding energy axis is capable of generating acceptable component spectra.

The described analysis methods are utilized in two different applications, chromium oxide catalyst and iron oxide gas
sensor. In both of these, the functionality of the surface depends strongly on the chemical state of the metal ions. In the
catalyst study, XPS is used to analyze the chemical states of chromium in samples subjected to oxidation and reduction
treatments. In the case of the gas sensor, XPS provides insight into the sensing mechanism of an iron oxide thin film.

Keywords XPS, data analysis, factor analysis, iron oxide, chromium oxide, gas sensor, catalyst

ISBN (printed) 978-951-22-8881-6 ISSN (printed) 1455-1802
ISBN (pdf) 978-951-22-8882-3 ISSN (pdf)
Language English Number of pages 51 p. +app. 70 p.

Publisher Laboratory of Physics, Helsinki University of Technology

Print distribution Laboratory of Physics, Helsinki University of Technology

The dissertation can be read at http:/lib.tkk.fi/Diss/2007/isbn9789512288823/




A &

VAITOSKIRJAN THVISTELMA TEKNILLINEN KORKEAKOULU
PL 1000, 02015 TKK
http://iww.tkk.fi

Tekija Mikko Aronniemi

Vaitoskirjan nimi
XPS-menetelman data-analyysin kehittdminen ja soveltaminen kaasuantureiden ja katalyyttien pintatutkimukseen

Kasikirjoituksen paivamaara 17.04.2007 Korjatun kasikirjoituksen paivamaara 03.07.2007
Vaditostilaisuuden ajankohta 14.08.2007

|:| Monografia Yhdistelméavaitoskirja (yhteenveto + erillisartikkelit)
Osasto Teknillisen fysiikan ja matematiikan osasto

Laboratorio Fysiikan laboratorio

Tutkimusala Pintatutkimus

Vastavéittaja(t) ap.prof. Sven Tougaard, University of Southern Denmark

Tyon valvoja prof. Pekka Hautojérvi, Teknillinen korkeakoulu

Tyon ohjaaja dos. Jouko Lahtinen, Teknillinen korkeakoulu

Tiivistelma

Avainkysymys monissa pintatutkimuksen sovelluksissa on pinnan kemiallinen koostumus. Laajalti kéytetty
kokeellinen menetelméa tdman selvittdmiseen on rontgenheratteinen fotoelekronispektroskopia (XPS, ESCA). Siina
tutkittavaan pintaan kohdistetaan energialtaan tunnettua rontgensateilyd, joka irrottaa pinnasta elektroneja
valoséhkdisen ilmion kautta. N&iden ns. fotoelektronien sidosenergiaspektri mitataan, ja spektrid analysoimalla
voidaan maérittad alkuaineet ja niiden kemialliset tilat muutaman nanometrin syvyydelld pinnasta. XPS-spektrin
analysoinnin p&akohdat ovat epéelastisesti sironneiden fotoelektronien aiheuttaman taustan poistaminen ja spektrissa
osittain paallekkain olevien tilojen intensiteettien maarittdminen.

Vaitoskirjassa kasitelladn XPS-menetelmén data-analyysin kehittdmisté. Spektrissa paallekkéin olevien tilojen
erottamista k&yransovituksen avulla havainnollistetaan esimerkilld rauta- ja kromioksideista. Liséksi esitetddn funktio,
joka soveltuu hyvin ndiden materiaalien sisdkuorten spektrien sovittamiseen, ja tarkastellaan kolmen eri
taustavahennysmenetelman eroja. Tutkittaessa analyysiin liittyvia virhelahteita taustavahennysmenetelmén valinta
osoittautuu merkittavaksi. Toisena menetelména kemiallisten tilojen osuuksien selvittdmiseen véitoskirjassa
tarkastellaan faktorianalyysid. Tyossa kasitella&n sen tarkkuuteen vaikuttavia seikkoja ja esitetddn muunnos yleisesti
kaytettyyn analyysitapaan. Liséksi osoitetaan, etta spektrien selittyessé kahdella komponentilla niiden muoto on
16ydettévissa helposti liikuttelemalla delta-piikkid sidosenergia-akselilla.

Esitettyjd analyysimenetelmid sovelletaan vaitoskirjassa kahteen tutkimuskohteeseen: kromioksidikatalyyttiin ja
rautaoksidikaasuanturiin. Naiss& molemmissa pinnan toiminnallisuus riippuu voimakkaasti metalli-ionien
kemiallisesta tilasta. Tyon katalyyttia kasittelevassd osassa XPS-menetelméalld analysoidaan kemiallisia tiloja
kromindytteestd, joka on altistettu hapetus- ja pelkistyskasittelyille. Kaasuanturia tutkittaessa XPS-menetelmélla
selvitetddn rautaoksidiohutkalvon toimintaa kaasuherkk&n materiaalina.

Asiasanat XPS, data-analyysi, faktorianalyysi, rautaoksidi, kromioksidi, kaasuanturi, katalyytti

ISBN (painettu) 978-951-22-8881-6 ISSN (painettu) 1455-1802
ISBN (pdf) 978-951-22-8882-3 ISSN (pdf)
Kieli englanti Sivumaara 51s. + liitt. 70's.

Julkaisija Fysiikan laboratorio, Teknillinen korkeakoulu

Painetun vaitdskirjan jakelu Fysiikan laboratorio, Teknillinen korkeakoulu

Luettavissa verkossa osoitteessa http:/lib.tkk.fi/Diss/2007/isbn9789512288823/




Preface

This thesis has been prepared in the Surface Science Group of the Laboratory of
Physics at the Helsinki University of Technology (TKK) during the years 2002
2007. I am grateful to my supervisor Professor Pekka Hautojérvi for giving me
the opportunity to work in the Laboratory. I want to thank him also for his
encouragement and support; under his supervision I have always been able to
trust that my work will lead to dissertation.

I am indebted to my instructor Docent Jouko Lahtinen for his guidance and help.
His straightforward attitude to scientific as well as practical issues has helped me
get forward numerous times. To Dr. Eeva-Liisa Lakomaa from Vaisala Oyj I wish
to express my warmest thanks for interesting discussions and new aspects.

I want to thank the Surface Science Group for creating a pleasant and inspiring
working environment. In particular, I am grateful to Dr. Jani Sainio for enjoyable
co-operation throughout this work. He has always been willing to help me and his
scientific contribution has been crucial on many occasions. The invaluable help
of the technical and administrative staff of our Laboratory is greatly appreciated.
Very special thanks go to the members of our Lunch Group: Dr. Jukka Katainen,
Mr. Matti Paajanen, Dr. Lauri Salminen, and Dr. Jani Sainio. I will remember
with warmth our conversations during the lunch and coffee breaks.

The financial support from the Fortum Foundation, the National Graduate School
in Materials Physics, and Vaisala Oyj is gratefully acknowledged.

Finally, I would like to thank my parents and parents-in-law for their support and
care, my wife Johanna for her love and understanding, and our dear daughters
Alma, Elsa, and Helmi for all the joyful color and sound they bring to each day.

Vihti, July 2007

Mikko Aronniemi



Contents

Preface . . . . . . i
Contents .. . . . . . . o L e e ii
List of publications . . . . . . .. ... . L L o iii
1 Introduction 1
2 Experimental 3
2.1 X-ray photoelectron spectroscopy (XPS) . . . . ... .. ... ... 3
2.2 Other techniques used in thiswork . . . . . .. ... ... ... .. 5
3 XPS data analysis 7
3.1 Background subtraction . . . .. ... ... 00000 7
3.2 Curvefitting . . . . . . ... 10
3.3 Factor analysis . . . . .. . . ... 16
4 Chromium oxide catalyst 25
5 Iron oxide thin film for a gas sensor 28
5.1 Growth and characterization . . .. ... ... ... ... ..., 29
5.2 Gas-sensing properties . . . . . . ... ..o 33
6 Summary 41
Bibliography 43

ii



List of publications

This thesis consists of an overview and the following publications:

I

II

I11

v

VI

M. Aronniemi, J. Sainio, J. Lahtinen, Chemical state quantification of iron
and chromium ozides using XPS: the effect of the background subtraction
method, Surface Science 578, 108-123 (2005)

M. Aronniemi, J. Sainio, J. Lahtinen, Aspects of using the factor analysis
for XPS§ data interpretation, Surface Science 601, 479-489 (2007)

J. Sainio, M. Aronniemi, O. Pakarinen, K. Kauraala, S. Airaksinen, O.
Krause, J. Lahtinen, An XPS study of CrO, on a thin alumina film and in
alumina supported catalysts, Applied Surface Science 252, 1076-1083 (2005)

M. Aronniemi, J. Lahtinen, P. Hautojérvi, Characterization of iron ozide
thin films, Surface and Interface Analysis 36, 1004-1006 (2004)

M. Aronniemi, J. Sainio, J. Lahtinen, Characterization and gas-sensing
behavior of an iron ozide thin film prepared by atomic layer deposition,
Helsinki University of Technology, Publications in Engineering Physics A,
Report TKK-F-A850 (2007)

M. Aronniemi, J. Sainio, J. Lahtinen, XPS study on the correlation between
chemical state and oxygen-semsing properties of an iron ozide thin film,
Helsinki University of Technology, Publications in Engineering Physics A,
Report TKK-F-A851 (2007). Accepted for publication in Applied Surface
Science (2007).

The author has had an active role in all phases of the research reported in this
thesis. He has had the main responsibility of the development and implemen-
tation of the XPS analysis methods used in publications I-VI. The author has
planned the experiments of publications I, IT and IV-VI and done most of the
measurements of publications IV and V. He has analyzed the XPS data of iron
oxides of publications I and II, contributed to the XPS analysis of publication
III, and analyzed all data of publications IV-VI. The author has written and is
the corresponding author of publications I, IT, and IV-VI and has contributed to
writing of publication III.

iii



List of abbreviations

AFM
ALD
BE
ESCA
FA
FWHM
IC
IERF
ITTFA
v
REELS
SEM
SNR
STM
SVD
TFA
UHV
XPS
XRD

atomic force microscopy

atomic layer deposition

binding energy

electron spectroscopy for chemical analysis
factor analysis

full width at half maximum

integrated circuit

intensity /energy response function
iterative target transformation factor analysis
current as a function of the voltage
reflected electron energy loss spectroscopy
scanning electron microscopy
signal-to-noise ratio

scanning tunneling microscopy

singular value decomposition

target factor analysis

ultra high vacuum, < 10~2 mbar

x-ray photoelectron spectroscopy

x-ray diffraction

v



List of symbols

A

B
cT

N »®

state area

component prediction matrix

parameter in the Tougaard background
constant tail

parameter in the Tougaard background
matrix consisting of coefficients as rows
distance between lattice planes

data matrix

exponential slope of a tail

peak centroid energy

binding energy

kinetic energy

photon energy

Doniach-Sunji¢ function

Gaussian function

Gaussian—Lorentzian product function
Gaussian—Lorentzian product function with a tail
Lorentzian function

constant—exponential tail
background-corrected photoelectron spectrum
fit to a spectrum

recorded photoelectron spectrum

peak height

tail height

differential inelastic scattering cross-section
set of fitting parameters

Gauss—Lorentz mixing ratio

integer number

number of components in the data

number of free fitting parameters

recorded count number

number of data points in a spectrum
matrix consisting of components as columns
sensor resistance

number of spectra in a data matrix
eigenvalue matrix in SVD

energy loss in inelastic scattering
transformation matrix

temperature



Us

N =&

=

<, AT > > W

eigenvector matrix in SVD

bias voltage over the sensor
covariance matrix

eigenvector matrix in SVD
component vector, column of X
transformed R matrix
transformed C' matrix

singularity index of a peak

peak half width at half maximum
wavelength

inelastic electron mean free path
fitted values for a set of parameters
standard deviation

work function

diffraction angle

chi-square value of a fit

vi



Chapter 1

Introduction

Surface science is a discipline that deals with interactions between the surface
of a solid material and the surrounding environment. Catalysts, gas senors, and
various surface treatments are examples of applications in which surface is the
functional element. In order to characterize surfaces and understand phenomena
taking place on them, several experimental and computational techniques are
needed.

In many applications, the key question is the chemical composition of the surface.
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is an experimental technique which is commonly
used in these studies. In this method, the sample is irradiated with x-rays of
known energy, thus causing emission of electrons by the photoelectric effect. The
binding energy spectrum of these photoelectrons is recorded, and by analyzing the
spectrum, the elements present within a few nanometers from the sample surface
can be identified and their relative abundances can be determined. Moreover, in
many cases also the different chemical states of the elements can be distinguished.

The physical basis of XPS, the photoelectric effect, was discovered by Hertz in
1887 and explained by Einstein in 1905. The first XPS setups were constructed
for studies of electronic structure of atoms in the beginning of the 20th century.
The usefulness of XPS for chemical analysis of surfaces was discovered in the
1950s, especially due to the work of Siegbahn [1] leading to significantly higher
spectrometer resolution. Commercial XPS instruments have been available since
1969 and today XPS is an important tool for surface scientists around the world.
Einstein was awarded the Nobel Prize in 1921 for his discovery of the law of the
photoelectric effect and Siegbahn in 1981 for his contribution to the development
of high-resolution electron spectroscopy [2].

Characteristic of XPS is that the complexity of the analysis procedure depends



1 INTRODUCTION 2

strongly on the properties of the sample and, in particular, on the desired accu-
racy of the sought chemical information. For example, a routine identification of
elements and their abundances in a flat, homogeneous, and conductive sample is
typically straightforward. On the contrary, the analysis may be very demanding
for a rough, inhomogeneous, and insulating sample, especially if the amounts of
the elements and their chemical states need to be determined accurately. In such
a case, a reliable analysis requires detailed knowledge on the physics behind the
photoelectron spectrum, careful structural characterization of the surface, and
sophisticated mathematical methods for the data analysis.

This work contributes to the development of quantitative XPS analysis, in par-
ticular the quantification of chemical states of transition metal oxides in the case
of homogeneous in-depth distribution. The materials studied here are oxides of
iron and chromium in various forms of samples. These materials have industrial
applications, for example, in catalysis, gas detection, steel fabrication, pigments,
and magnetic storage media. In this work, Publications I and II deal with the
XPS data analysis and Publications III-VI are concerned with the use of XPS,
along with other surface analysis techniques, in catalyst and gas sensor studies.
Publication I presents a case study of iron oxide and chromium oxide samples and
focuses on the two major steps in the XPS data analysis: background subtrac-
tion and separating contributions of overlapping chemical states by curve-fitting.
Publication IT describes the use of factor analysis in quantification of chemical
states in XPS data. Factor analysis is a multivariate statistical method which
may allow a convenient analysis of a series of XPS spectra; interestingly, fac-
tor analysis provides a fundamentally different means to XPS analysis compared
with the curve-fitting addressed in Publication I. Publication III illustrates the
use of XPS in catalyst studies. The objective there is to compare the behav-
ior of a chromium oxide model catalyst to two industrial catalysts. Regarding
the properties of a chromium oxide catalyst, the analysis of the chemical states
is particularly important because only one of the five possible chemical states,
namely Cr3*t, is proposed to be catalytically active. Publications IV-VI deal
with the use of an iron oxide thin film as a gas sensitive material. The effect of
growth parameters on the film properties are considered in Publication IV, the
film characteristics and gas-sensing properties in Publication V, and finally the
correlation between the chemical state and sensing behavior in Publication VI. In
this application, too, one of the most critical material properties is the chemical
state of the active metal species on the surface.



Chapter 2

Experimental

2.1 X-ray photoelectron spectroscopy (XPS)

In XPS, the sample surface is irradiated with x-rays. If the interaction between an
x-ray photon, having energy E,,, and an electron of an atom in the sample leads to
photoionization, the electron leaves its parent atom and becomes a photoelectron
with kinetic energy

Ex=E,—E,— ¢ (2.1)

where E}, is the binding energy of the electron with respect to the Fermi level
and ¢ is the work function. Some of the photoelectrons are able to escape from
the sample, and by measuring their kinetic energy, a binding energy spectrum
of the photoelectrons is obtained through the equation above. The x-ray energy
E, is determined by the anode material; the most common are aluminum and
magnesium whose K, energies are 1486.6 €V and 1253.6 €V, respectively. The
exact value of the work function is usually unknown so the energy scale of the
spectrum has to be calibrated using a known reference.

A binding energy spectrum can be used to identify the elements in the sample.
Each element has a unique electronic structure and peaks are observed in the
spectrum at energies corresponding to the energy levels. The peaks are com-
monly denoted as nl; where n is the principal quantum number, [ is the orbital
quantum number (as a letter: s=0, p=1, d=2,...), and j = |l + s| is the total
angular momentum including the spin quantum number s = +1/2. The rela-
tive amounts of the elements in the sample can be determined by comparing the
intensities of the corresponding peaks. Here, however, factors affecting the sen-
sitivity of the elements in XPS, such as photoionization cross section, inelastic
mean free path, and elastic scattering properties, have to be taken into account.
The area of a given peak is also strongly affected by the in-depth distribution
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of the corresponding element: the longer the photoelectrons travel within the
sample, the larger is the fraction that loses energy and thereby contributes to
the inelastic background instead of the elastic peak. Thus, for reliable chemical
quantification, knowledge on the surface structure is essential. If the structure
cannot be assumed homogeneous, information on it can be obtained by analyzing
the inelastic background of the peaks, by varying the angle of the sample surface
(angle-resolved XPS), or by depth profiling (sputtering the sample with noble gas
ions).

Although each energy level of an isolated atom has a characteristic binding en-
ergy, the kinetic energies of photoelectrons originating from a given energy level
are not exactly equal when they leave the sample surface. Thus, broadening,
asymmetry, and shifting of the peaks are observed in the recorded spectrum.
The processes that affect the energy of a photoelectron can be classified in three
groups: initial state effects, final state effects, and extrinsic losses. Initial state
effects influence the binding energy (F, in Eq. (2.1)) of a given level before the
photoionization process. These effects include chemical shifts due to, e.g., bond-
ing and oxidation/reduction. In fact, it is just the ability to resolve these chemical
shifts which makes XPS a valuable tool in chemical analysis. For example, the
2p3/2 peak of the Fe?* state is shifted by 2.7 eV and the Fe®* state by 4.2 eV
from the metallic state; both of these can be easily distinguished with a typical
XPS system. Final state effects take place during the photoionization process.
They are caused by the relaxation of the electrons of the atom in response to
creation of the hole. As a result, the parent atom is left in an excited state and
the photoelectron is emitted with a lower kinetic energy Fy. The final state ef-
fects are in many cases characteristic for some chemical state and can thereby be
used as fingerprints when identifying the states. For example, the Fe? state has
a satellite peak 6 eV below the main 2p3/5 peak whereas this separation is 8 eV
for the Fe3t state. The final state effects are commonly referred to as intrinsic
losses, indicating that they take place within the parent atom. Eztrinsic losses,
on the contrary, are processes that reduce the kinetic energy of a photoelectron
after it has left the parent atom. These effects include inelastic scattering from
other electrons within the sample and interaction with plasmons. The extrinsic
losses produce a wide, even hundreds of eVs, background which usually needs to
be subtracted before determining the peak intensities. By analyzing the shape
of the background, information on the in-depth distribution of the elements can
be obtained. Generally, the higher the background, the deeper the element is
located. In addition to the processes affecting the binding or kinetic energy of a
photoelectron, broadening or shifting of the peaks may be caused by variations in
the work function ¢. This is commonly observed in the case of insulating samples
which tend to charge non-uniformly as a result of the photoelectron emission.

High surface-sensitivity, i.e. short information depth, of XPS results from the
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high interaction probability of photoelectrons within the sample. Only the pho-
toelectrons generated within a few nanometers from the surface may reach the
surface without losing their energy in inelastic scattering. The lateral resolution
of XPS is mainly determined by the x-ray spot size. Typical values are between
10 pm and 1 mm.

An XPS instrument includes an electron gun and anode for generating x-rays,
an energy analyzer and detector to record the spectrum, control electronics, and
a computer for control and data acquisition. The sample and a part of the
instrumentation are mounted in a vacuum chamber to reduce contamination of
the surface and to minimize collisions of the ejected photoelectrons with gas
molecules.

2.2 Other techniques used in this work

Although sensitive to the chemical environment of an atom, XPS is typically
unable to distinguish between two structures which have the same chemical com-
position but different ordering of the atoms. For example, iron oxide has a-Fex O3
and y-Fe3O3 phases, both of which have iron atoms only in the Fe3* state and
cannot thus be distinguished with XPS. X-ray diffraction (XRD) is a method
which is sensitive to the crystal structure of a sample. It is based on Bragg’s law
of diffraction which states that when a sample is irradiated with monoenergetic
radiation, intensity maxima are observed in angles 6 given by
. n

sinf = 20 (2.2)
where n is an integer, A is the wavelength of the x-rays, and d is the distance
between lattice planes. In practice, the intensity of diffracted x-rays is recorded as
a function of the angle, and the angles giving the intensity maxima are compared
with a database containing the diffraction patterns of several structures. It is to
be noted, however, that XRD cannot detect amorphous materials.

In order to study the topographical structure of a sample, such as the grain size,
atomic force microscopy (AFM) and scanning electron microscopy (SEM) are
commonly used. In AFM, measuring the distance between a sharp tip and the
sample surface is based on the short-range electrostatic forces, such as van der
Waals and dipole-dipole forces. The tip, placed in the end of a cantilever, is
brought close to the surface and the bending of the cantilever is measured using
a laser and photodiode. In this work, the images were recorded in the dynamic
mode in which the cantilever is made to oscillate close to its resonant frequency
and the distance between the tip and the surface is obtained from the modulation
of the amplitude. In SEM, an electron beam with a spot size of a few nanometers,
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is scanned over the sample. The image is constructed so that the intensity of a
given pixel is determined by the intensity of detected secondary and/or backscat-
tered electrons corresponding to that point on the surface. Compared to AFM,
imaging with SEM is faster and easier but the lateral resolution is typically lower;
in addition, SEM produces no direct height information of the surface structures
and is sometimes difficult to use with insulating samples.



Chapter 3

XPS data analysis

Reliable quantification of elements and their chemical state requires a detailed
analysis of the photoelectron spectrum and some information on the surface struc-
ture. The two main steps in the analysis are subtracting the background inten-
sity caused by inelastically scattered photoelectrons and resolving the overlapping
contributions of different chemical species. In addition, due to the high surface-
sensitivity of XPS, the in-depth distribution of the analyzed species needs to be
considered carefully. On one hand, the intensity of the elastic peak is strongly
affected by the excitation depth of the photoelectrons. On the other hand, the
shape of the inelastic background may provide information on the surface struc-
ture.

The main use of XPS in this work was quantification of the chemical states of
iron and chromium oxides. The samples were bulk-like powders and thin films,
so the in-depth distribution of the chemical states could be assumed homoge-
neous. In this chapter, the different background subtraction methods and details
of curve-fitting are first considered in a case study of iron and chromium oxides
(Publication I). Then, the use of factor analysis as an alternative method to de-
compose the chemical states is illustrated (Publication II). For factor analysis,
aspects affecting the accuracy of the results are also pointed out and modifications
to a commonly used analysis procedure are proposed.

3.1 Background subtraction

The Shirley background [3] is the conventional way to remove the contribution of
inelastic photoelectrons. It is subtracted from the recorded spectrum G iteratively
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as B
S Fu(By) dE,

E max
S B (By) dE,

Fri1(Ex) = G(Ex) — G(Fimin) (3.1)

where F), is the background-corrected spectrum after n iterations. The series
converges typically after a few iterations and then the background intensity at a
given energy is directly proportional to the background-subtracted intensity at
the high kinetic energy side. For the Shirley background, the only parameters
needed are the endpoints of the range over which it is calculated, i.e. Ey min
and FEi max- Although producing reasonable spectra in many cases, the Shirley
background is empirical in nature.

The Tougaard background is based on rigorous modeling of the inelastic scattering
of electrons within a solid [4]. According to it, the background correction for a
homogeneous and infinite depth distribution (i.e. bulk sample) is calculated as

F(B) =680~ [ B K(E, - B 45, (3:2)

where ) is the inelastic electron mean free path and K(FE| — E) is the differ-
ential inelastic scattering cross-section [4]. The cross-section can be determined
experimentally for the studied sample but Tougaard et al. have shown that for
most metals, their oxides and alloys, the product of the inelastic mean free path
and the inelastic scattering cross-section is only weakly dependent on Ej and can
be approximated with a so-called universal formula

BT

N K(T) = (5

(3.3)
where T is the energy loss in eV and B and C are parameters [4-6]. When con-
structing the background function, B is a fitting parameter which is adjusted so
that F(E) goes to zero in a wide energy range about 30-50 eV below the peak.
By fitting function (3.3) to the calculated dielectric response data, Tougaard has
obtained values B ~ 3000 (eV)? and C = 1643 (eV)? for homogeneous bulk sam-
ples. Although Eq. (3.2) was derived assuming homogeneous and infinite depth
distribution, it can be used for a wide range of depth profiles with reasonable
accuracy by scaling B [7]. However, for materials with a distinctive plasmon

structure, a three-parameter universal cross-section should be used instead of Eq.
(3.3) [8].

Compared to the calculated dielectric response data, a more direct way to deter-
mine the electron transport properties is to use reflected energy loss spectroscopy
(REELS) [8-10]. Seah has proposed a modified method to determine the values
of B and C parameters in which C' becomes element-specific and B can again
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be adjusted in fitting [11]. Based on REELS measurements of 59 elements, Seah
et al. have derived a new set of parameters which can be used in Tougaard’s
formalism for constructing an element-specific inelastic background [9,11]. For
example, the values of C for iron and chromium are 756 (eV)? and 806 (eV)?,
respectively [9].

N

" Shirley

Intensity [a.u.]

Seah

Tougaard

760 750 740 730 720 710 700
Binding energy [eV]

Figure 3.1: Ezxamples of the Shirley background, the universal Tougaard back-
ground, and Seah’s modification of the Tougaard background. The spectrum is
the Fe 2p region recorded from an iron ozide powder sample.

Figure 3.1 shows examples of the three background subtraction methods applied
to an Fe 2p spectrum. The advantage of using a Tougaard-type background is
that the background at a given energy is calculated using the measured spectrum
at higher kinetic energies and is therefore independent of the endpoint selection
as long as the spectrum is wide enough so that the correct value for B can
be determined. It should be noted that a Tougaard background can also be
calculated for a shorter spectrum if the values of B and C have been determined
earlier using a wider range spectrum or can be estimated. Végh has pointed out
that also the Shirley background can be expressed in the Tougaard formalism by
choosing an appropriate A\; K (7') function [12]. This facilitates the comparison
between these two background models.

The Tougaard method has previously been compared to the Shirley and linear
backgrounds in Ref. [13]. In that work, the peak intensities of polycrystalline
elemental solids were compared with the theoretical values and the compositions
of binary alloys were determined; in addition, the consistency of the results was
studied. In Ref. [14], the consistency and validity of these three background
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subtraction methods were studied as an interlaboratory comparison. In both of
these studies, the performance of the Tougaard method was found to be the best.
Thus, it could be stated that a Tougaard-type background should be used also
in the chemical state quantification if a compatible lineshape can be determined.

If the energy range to be analyzed is wide, the recorded spectrum should be cor-
rected for the energy-dependent efficiency of the analyzer before the background
subtraction. The intensity/energy response function (IERF) for this purpose can
be obtained through a calibration procedure. For the equipment used in this
work, however, the exact IERF was not available but an approximate formula
was used

G(Ey) = Go(Ey) - EX7 (3.4)

where G is the original recorded spectrum. The exponent value of 0.7 was
provided by the manufacturer [15].

3.2 Curve-fitting

Curve-fitting is a common way to separate the contributions of overlapping chem-
ical states in a photoelectron spectrum. When using this approach, the analyst
chooses a mathematical function to describe the spectrum of each state and fits
these functions to the data. Typically, some knowledge on the parameters of
the functions, such as the position of the intensity maximum, can be utilized in
the fitting. One of the objectives of this work was to find an analytical lineshape
which can reproduce the 2p spectra of the Fe?t, Fe3t, Cr3t, and Cr®t states, and
which can be used as a convenient fitting function in a curve-fitting algorithm.
Such a representation allows also replacing the experimental data with a set of
parameters that can be transferred and compared with other studies.

Lineshapes

After the photoemission the atom is left with a core hole that has a finite lifetime.
This makes the lineshape of the photoelectron peak corresponding to a given
energy state inherently Lorentzian [16]

FEo — Eb) ?
1+ (7
B
where Ejy is the centroid energy, h is the height, and (3 is the half width at half
maximum.

fu(Ep) =h (3.5)
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In practice, the peaks are broadened due to the energy distribution of the x-
ray photons, various interactions of the photoelectrons, e.g. with phonons, and
the finite spectrometer resolution. These effects can be taken into account by
convoluting the intrinsic lineshape with a Gaussian [17]

Ey— Ep\°
u) (3.6)

fa(Ey) = h exp [— In(2) ( 3

The convolution of a Lorentzian with a Gaussian is called a Voigt lineshape.

As mentioned above, the energy of a photoelectron may be influenced by several
final state effects. In the case of metals, there is a continuous distribution of final
states which are caused by the core hole interaction with valence band electrons.
As a result, the metallic core level peaks have a long, asymmetric tail. The core
level peaks of metal oxide states are wider and have shorter tails. A prominent
difference is also the presence of discrete satellite peaks. They are caused by
the configuration interaction due to relaxation of the valence electrons, which
involves also significant ligand—metal charge transfer [18]. Another characteristic
feature of the oxide states is the multiplet splitting. For the 2p states, it is caused
by the interaction between the 2p electrons and the unpaired 3d electrons, and
it results in a multitude of possible final states [19]. For most of these states,
however, the energy separation is so small that no discrete peaks will appear
with a typical spectrometer resolution. Consequently, the multiplet splitting is
seen in the spectrum as asymmetric broadening of the peaks.

Due to the various final state effects, an asymmetric lineshape may be necessary
to represent the core level peaks in a photoelectron spectrum. For metallic states,
the Doniach-Sunji¢ (D-S) function is commonly used

Beos |22 + (1 — a) arctan(Ep /)]
(B — B2+ 0

fos(Ep) =h (3.7)

where Ey, h and [ are as above, and « (> 0) is the singularity index describing
the asymmetry of the peak [20]. If « is set to zero, this lineshape is reduced
to a symmetric Lorentzian (Eq. (3.5)). It should be noted that in the case of
asymmetric peak, i.e. a > 0, parameters h, Fy, and 3 are not the exact height,
location, and width of the peak, respectively, but can be used to describe them.
However, a convolution of the D—S lineshape and a Gaussian broadening function
cannot be written in a closed form, which makes the fitting computationally
heavy. For this reason, approximative representations are commonly used as
a fitting function instead of the true convolution. In this work, a Gaussian—
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Lorentzian product function fgi, with a constant—exponential tail fr was used [17]

ey = { [+ B gy [0 an A BT

fr(Bu) = er by exp | (B~ Eo) G (3.9)
where M is the Gauss—Lorentz mixing ratio ranging from 0 for a pure Gaussian
to 1 for a pure Lorentzian peak, cr determines the height of the constant part of
the tail, h is the height and er is the slope of the exponential part of the tail.
The tail is combined with the peak at the high binding energy side to form the
total function fgrr:

=h {feL(Eb) + [l — far(Ep)| T} for By, > Ep
four(Ev) § = h for(Eb) for E}, < Ey (3.10)
>0 for all Fj,.

This lineshape was found to be well suited to represent, besides the metallic states,
the 2p peaks of iron and chromium oxides subject to strong multiplet splitting,
as long as the instrumental broadening makes the multiplet states unresolved. A
representation for a complete 2p region of a given chemical state was obtained
by summing a necessary amount, typically four, of these peaks. For the satellite
peaks, though, no tail was needed.

Uncertainty in curve-fitting

Figure 3.2 shows an example of chemical state quantification based on curve-
fitting with the lineshape described above by Eq. (3.10). It also illustrates the
differences between the three background subtraction methods presented above
in Sect. 3.1. When analyzing the data, the lineshape was first fitted to a reference
spectrum (Fig. 3.2a) recorded from a sample which could be assumed to contain
only the Fe3t state. The small peak observed at about 704 eV was ascribed to
In 3p;/; from the indium foil and was not included in the analysis. Then, the
spectrum to be analyzed (Fig. 3.2b) was fitted with two states corresponding
to Fe?t and Fe®t. In the fitting process, the parameters of the Fe? state were
fixed to the values obtained from the reference spectrum and the binding energy
separation between the Fe?T and Fe?t states was fixed to 1.4 eV.

The correspondence between the recorded data F and the fit ' can be described
with a reduced chi-square value defined as

N — i(ﬂ_ﬂ> (3.11)

D—"Nm i—0 g;
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Figure 3.2: a) Curve fits to the Fe 2p region of the iron ozide sample (Fez03)
containing only Fe3T; three different background subtraction methods have been
applied. The main peaks are drawn with a solid line, the satellites with a dotted
line, and the background with a dashed line. The shaded area indicates the sum of
the component peaks. b) Decomposition of the Fe 2p region of the analyzed sample
(Fe304) containing Fe*T and Fe3t states. The solid line presents the sum of the
two states.

where p is the number of points, ny, is the number of free fitting parameters,
and o; is the standard deviation of F;. Typically, Poissonian counting statistics
can be assumed for photoelectrons, i.e. o; = v/F;. It should be noted, however,
that although the number of recorded counts follows the Poisson distribution,
this is not in general true after the background subtraction which is typically
performed before the curve fitting. Thus, when calculating the chi-square, either
the background has to be added to the fit to allow the comparison to the recorded
data or o; has to be estimated in some other way.

Judging by the low chi-square values, the obtained fits in Fig. 3.2 are good.
However, the method used for the background subtraction was found to affect
the quantification result: for the "Tougaard” background the proportion of the
Fe?t state is 32 %, for "Seah” 41 %, and for ”Shirley” 36 %.

The choice of the background parameters should be considered carefully. For
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Tougaard-type backgrounds, the criterion for the B parameter may be inconve-
nient if there are interfering peaks in the region where the background should
follow the recorded spectrum. For the Shirley background, the choice of the end-
points affects the background shape, and this causes error in particular if the
statistical fluctuation in the spectrum is high (low intensity level). By construct-
ing backgrounds with several parameter values, it was observed that for the iron
oxide spectrum in Fig. 3.2, having the maximum intensity of about 500 000
counts/eV, this type of error in the Fe? proportion was less than £2 percentage
units for all the backgrounds.

Because of the statistical fluctuation (noise) of the counted photoelectrons, a fit to
a recorded spectrum, and thereby the proportion of each chemical state, is always
subject to random error. The random error of the quantification results can be
estimated in two ways: by error propagation or by Monte Carlo simulation. The
idea in the error propagation approach is to start from the errors in the fitting
parameters and estimate their effect on the state area. The covariance matrix V'
of the fitting parameters m is usually provided by the fitting algorithm. Then,
the standard deviation of the area of a given state o4 can be estimated as

TENDY [‘9‘4 %] Vij (3.12)
m=u

om; Om;
ij=1 """

where ny, is the number of the fitting parameters and p are their fitted values.
For most lineshapes, the area cannot be expressed in a closed form and so the
derivatives have to be calculated numerically. For the data shown in Fig. 3.2,
the standard deviation of the Fe?T proportion was 0.6 percentage units.

When the random error is estimated by the Monte Carlo simulation, a set of spec-
tra, typically several hundreds, with an equal noise distribution is first generated,
and then the chosen lineshape is fitted to each of the spectra. This produces
the distribution of the state area from which the standard deviation can be esti-
mated. In the case presented in Fig. 3.2, a noiseless spectrum was first produced
by fitting the lineshape to the data with all parameters free; an alternative way
would have been to smooth the recorded spectrum. The random noise was then
generated by assuming that for a given data point with N counts, the distribution
of noise is Gaussian with a mean of zero and variance of N. After generating
200 spectra with noise, the Fe?T and Fe3* states were fitted to them. The stan-
dard deviation of the obtained Fe?* proportions was 0.5 percentage units which
is practically equal to that obtained with the error propagation.

In addition to the background subtraction and the random error, the results of
the analysis may be affected by systematic errors in the lineshape and model used
in the fitting. These errors result when the chosen model would not represent the
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Figure 3.3: Fe?t proportion as a function of the chemical shift (binding energy
separation) between the Fe** and Fe3t states. The Fe 2ps /2 binding energy was
held at the value obtained from the reference spectrum.

data even if there were no random error. For example, due to the strong overlap
between the Fe?T and Fe?t states, the fitting is sensitive to the assumed binding
energy separation, i.e. the chemical shift, between these two states. If several
spectra need to be fitted, this parameter has to be fixed in order to obtain con-
sistent results. However, the values reported in the literature range from 1 eV to
about 2 eV, see e.g. Refs. [21-23]. Figure 3.3 illustrates the effect of the assumed
chemical shift on the proportion of Fe?* for the studied background subtraction
methods. It is observed that when the chemical shift increases from 1.0 eV to
1.6 eV, the Fe?T proportion decreases by 15 percentage units for "Tougaard”, 8
percentage units for “Seah”, and 21 percentage units for ”Shirley”. For a given
chemical shift value, the background-induced difference in the Fe?t proportion is
5—-11 percentage units.

To summarize, uncertainty in the results of XPS curve-fitting originates from
(i) the choice of the background subtraction method, (ii) determination of the
background parameters, (iii) statistical fluctuation of the recorded intensity, and
(iv) systematic errors of the fitting model. The contributions of these error sources
in the example case shown in Fig. 3.2 are collected in Table 3.1. It can be
concluded that the uncertainty originating from the choice of the background is
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Table 3.1: Estimates for the various sources of uncertainty for the proportion of
a given chemical state in Fig. 3.2. The uncertainties are expressed in percentage
units.

background method +5
background parameters +2
statistical fluctuation +1
fitting model +5

comparable to other sources of uncertainty. Thus, in order make comparisons
between XPS results of, e.g., different authors, the details of the background
subtraction and the assumed in-depth distribution need to be taken into account.

3.3 Factor analysis

Factor analysis is a fundamentally different, alternative method to differentiate
the contributions of the chemical states in a set of recorded photoelectron spectra.
It is a multivariate statistical method which applies to the case where all the
spectra of the set can be expressed as linear combinations of a few principal
components (factors). The advantages of factor analysis over curve-fitting are
that a complete set of spectra can be analyzed at once and that there is no need
for a mathematical function describing the lineshape. In addition, factor analysis
helps determine the number of chemical states present in the data. The main
drawbacks are that factor analysis cannot be used to a single spectrum and that
it does not allow shifting or broadening of the spectra.

The objectives of this work are to illustrate the applicability of factor analysis to
quantitative determination of chemical states in XPS data, to point out aspects
which affect the accuracy of the results, and to propose modifications to the com-
monly used iterative target transformation factor analysis (ITTFA) technique.
The analyzed data consist of simulated model spectra and experimental data on
2p regions of iron and chromium oxides.

Decomposition

In order to apply factor analysis to XPS data, the s measured spectra, each
having p points, are first arranged to columns of a data matrix D. The objective
of the analysis is to decompose the data matrix D (p X s) into a product of two
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matrices

D = RC. (3.13)

The columns of R (p x n) are called components or factors and the coefficients
for a given component are on the corresponding row of C' (n x s) [24]. In terms
of XPS this means that each measured spectrum will be expressed as a linear
combination of n component spectra, typically corresponding to various chemical
states, and the relative amount of each component can be calculated directly from
the corresponding column of C.

Decomposition of the data matrix is done by calculating the eigenvectors of the
covariance matrix DT D [24]. A common method for this is singular value decom-
position (SVD) which decomposes the data matrix D as

D=USV" (3.14)
so that R and C are obtained as

R = US (3.15)

c = V7L (3.16)

Now the columns of R are components that can be used to reproduce the measured
spectra, i.e., R forms a basis in which the columns of D can be expressed. Above,
S is a diagonal matrix having the square roots of the eigenvalues in decreasing
order on the diagonal. The columns of U are the eigenvectors of DD" and the
columns of V are the eigenvectors of DT D.

In an ideal case, R would have exactly as many columns as necessary to reproduce
D; thisis equal to the rank of D. Experimental data, however, contain noise which
increases the number of the columns of R equal to the number of the columns of
D. Tt turns out that only the components corresponding to the largest eigenvalues
present significant spectral features whereas those with smaller eigenvalues consist
mainly of noise. Thus, when determining the number of necessary components,
the analyst typically seeks a distinctive drop in the magnitude of the eigenvalues
and compares the structure of the components to the noise. In addition, several
mathematical functions have been introduced to assist in the determination of
the number of necessary components. One of the most commonly used is the
indicator function proposed by Malinowski [24].

With the chosen number of components, 7 < n, the data matrix is reproduced as
D=~ D=RC (3.17)

where R consists of the 7 first columns of R and C' of the 7 first rows of C. With
a proper number of components, the recorded spectra can be reproduced with
decreased noise.
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Physical interpretation

Although capable of reproducing the recorded spectra, the columns of R are in
general not physically meaningful and are thereby called abstract components. In
order to obtain a physically meaningful results, R and C need to be transformed
by multiplying them with an appropriate transformation matrix 7'

X = RT (3.18)
Yy = 7'C. (3.19)

Now the columns of X are the new, physically meaningful components, e.g. the
spectra of the different chemical states, and the rows of Y have the correspond-
ing coefficients, i.e. the relative abundances. Mathematically this means that a
new basis (columns of X) is formed as a linear combination of the original basis
(columns of R). Because there are infinitely many ways to form the linear combi-
nation, the components cannot be determined unambiguously, and the physically
meaningful ones are just one combination.

The transformation matrix 1" can be obtained by guessing the components and
expressing them in the basis formed by R; this method is called target transfor-
mation or target testing. It has been shown [24] that for a given test component
(vector) Z; a representation, called a predicted component z;, in the R basis is
obtained as

;= R(R"R)'R" 3. (3.20)

=A

This transformation minimizes in the least-squares sense the deviation between
the test component and the predicted component [24]. It is to be noted that
the matrix A is calculated using only the abstract component matrix R. Thus,
each component candidate is transformed independently. Typically, experimental
reference spectra or fits to them are used as test components. If xz; ~ z; within
a specified tolerance or the shape of z; is otherwise satisfactory, x; is accepted
for being used in the final data interpretation. When a necessary number (7) of
linearly independent components have been found, matrix X is formed by setting
the vectors z;, [ = 1...7n, as columns. The transformation matrix 7" is then
obtained through Eq. (3.18) as

T=R'X. (3.21)
Finally, the corresponding coefficients (matrix Y') are calculated with Eq. (3.19).

Component iteration

In reality, a reliable reference spectrum or even a reasonable guess may not be
available for the components. In such case an iterative approach can be used: A
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simple function, such as a delta peak, is taken as the test initial component and
the predicted component calculated using Eq. (3.20). In each iteration round,
the predicted component is refined by removing unphysical features and then
used as a new test component [25]. Typically, the refining is done by updating
points below a certain predetermined intensity level to some positive value. The
iteration scheme can be formulated as

Tli+1 = A w;ﬂ-. (3.22)

where wgz is the refined version of x; ;. The iteration is continued until no refining
is needed, i.e. x]; = x4, or if this cannot be achieved in reasonable time, until
Ty ip1 N T within a desired limit. The iteration is done separately for each of the
7 components. This method is called iterative target testing or iterative target
transformation factor analysis (ITTFA).

Although knowledge on the peak shape or exact position is not needed in IT-
TFA, the analyst has to set values of two parameters for each component: (i)
the position of the delta peak serving as the initial test component and (ii) the
minimum allowed value (minimum level) for the intensity of the predicted com-
ponent. When applying [TTFA to XPS data, it was observed that in many cases
the values of these parameters cannot be determined unambiguously.

The ambiguity of the minimum level results from the noise. The background
subtraction is usually performed so that the mean intensity is about zero in the
off-peak region, typically in both ends of the analyzed BE range. In the presence
of noise this means that the spectra inevitably contain negative values, and the
iteration will typically proceed too long if the minimum allowed intensity value
is set strictly to zero. Thus, a negative minimum level is needed but it seems to
be impossible to determine any correct value for it. Moreover, the value of the
level significantly affects the shape of the predicted component and thereby the
analysis results.

Because the delta peak positions and the minimum allowed intensity level cannot
be determined a priori, it is convenient to vary these parameters in order to
generate different representations for each principal component. With synthetic
model data we have observed that if the variation is done with a sufficiently small
step size, the set of generated components includes the correct representation for
each principal component. In the case of experimental data, there is no general
way to identify the correct representation, and thus the practical strategy is to
reject the unphysical ones based on the available information on the true shape
of the component. Here, at least two requirements for XPS spectra can be used:
(i) the component must not have features that go below the noise level and (ii)
the chosen set of components must be such that their coefficients (elements of Y)
are positive. Depending on the analyzed data, it may be possible to formulate
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additional criteria based, e.g., on the symmetry of the peaks. Typically, the
analyst ends up with a set of acceptable representations for each component
and this determines the uncertainty of the analysis. It should be noted that
different representations of the principal components cannot be compared by
observing the deviation between the measured and reconstructed data. This
deviation only shows how well the data can be expressed with the chosen number
(n) of components and is independent on the shape of the components as long as
the components are expressed in the R basis.

In this work it was found that if the data can be explained with two components,
the component iteration is not needed. It namely turns out that a position can
be found where only one multiplication by A (Eq. (3.20)) is enough to transform
a delta peak into a physically meaningful component. In practice, the optimal
shape for the predicted component can be found by scanning a delta peak through
the BE axis using a sufficiently small step size. By using a narrow Gaussian peak
as the test component instead of a delta peak, the scanning is not limited by
the step size of the recorded data; this usually facilitates finding the optimal
component shape.

If three or more components are needed to explain the data, a single multiplication
of the test component by A is not always able to generate the correct represen-
tation for every principal component, and the iteration is needed to remove the
unphysical features. In such case, different representations can be generated by
varying both the delta peak position and the minimum allowed intensity level
individually for each component.

Examples

Figure 3.4 shows a set of 11 synthetic model spectra generated using two Gaussian
peaks with height of 1, FWHM of 2 eV, and centers at 10.0 eV and 11.5 eV. The
proportion of the first component, defined here as A;/(A; + A2) where A; is the
area of component 7, increases from 10 % to 90 % through the set. The BE
range of the spectra is 20 eV with a step size of 0.1 eV. Gaussian noise with
standard deviation of 0.01 was added to the spectra producing a signal-to-noise
ratio (SNR) of ~ 95.

Figure 3.5a illustrates the idea of varying the position of the delta peak. At
each position, the delta peak is multiplied only once by A (see Eq. (3.20)) and
no iteration is performed. The figure clearly indicates that the optimal position
for the delta peak can be found around 10.4 eV: setting the delta peak below
the optimal position produces components with a negative dip above the peak
whereas delta peaks above the optimal position result in asymmetric components
with extra intensity on the high BE side. Figure 3.5b shows the optimal predicted
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Figure 3.4: Ezample of a model data set created using two Gaussian peaks and
noise. The component separation is 1.5 eV and the FWHM of the peaks is 2.

component, searched with a step size of 0.01 eV, for the lower BE component of
the model data in Fig. 3.4; also shown is the true component. It is observed that
the two spectra are practically identical and the difference is only noise. With
a similar procedure the higher BE component can be generated as well. It is to
be noted that the delta peak position which produced the optimal shape is not
equal to the position of the maximum intensity in the predicted component.

With experimental data the true component shape is not known so the next step
after generating a set of predicted components is to reject the unphysical ones.
In the example above (Fig. 3.5a), the predicted components with the negative
dip can obviously be rejected. On the other hand, the predicted components with
extra intensity on the high BE side have no negative features and thus cannot be
rejected unless they get negative coefficients (requirement (ii)). If the maximum
proportions of the true components in the analyzed set of spectra are less than
100 % (i-e. purely single-component spectra are not included in the set), some
non-negative mixed components will always get positive coefficients and have to
be accepted. This naturally brings uncertainty to the analysis results which can
be reduced only by applying some additional criteria for the component shape.
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Figure 3.5: a) Searching the lower BE component of the data in Fig. 3.4: pre-
dicted components corresponding to siz different delta peak positions with 0.1 eV
separation. The true component is shown for comparison. b) Comparison between
the optimal predicted component, generated setting a delta peak at 10.39 eV, and
the true lower BE component. The difference is shown below the spectra and the
optimal delta peak position is indicated with a dotted vertical line.

In addition to generated model data, factor analysis was also applied to ex-
perimental Fe 2p spectra recorded from an iron oxide powder sample sputtered
with argon ions. Figure 3.6 shows the spectra and an example of the Tougaard
background. The indicator function [24] minimized at 2 suggesting that it is rea-
sonable to represent the data with two components. Using two components is
also well justified from the chemical standpoint because oxidized iron is normally
encountered in the Fe?T and Fe3T states.

When predicted components were generated by varying the delta peak position
with a step size of 0.01 eV, delta peaks around 711.14 €V and 711.70 eV were
found to yield spectra that could be interpreted as the Fe?T and Fe?' states,
respectively. The 2p3/, maximum was at ~ 710.2 eV in the Fe?*-like spectra and
at ~ 711.4 eV in the Fe3T-like spectra. These positions as well as the shape of
the component spectra agree well with those reported in the literature.

Because the true shape of the component spectra was not known and the variation
step size was so small, a group of slightly different predicted components, each
with an acceptable shape and no negative features was obtained for both states.
Proportions of the Fe?t and Fe3* states were then evaluated corresponding to all
possible combinations of these predicted components and only the combinations
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Figure 3.6: Recorded Fe 2p photoelectron spectra and an example of the used
Tougaard background. The cumulative sputtering time increases with the spectrum
index. The small peak at ~ 704 eV comes from the indium foil used as the
substrate.

yielding positive proportions were accepted. Figure 3.7a shows an example of
a pair of such accepted components and a reproduction of one of the measured
spectra using them. The proportion of the Fe?t state through the analyzed set
of spectra is plotted in Fig. 3.7b. The two curves in the figure are the lowest and
highest proportions obtained with the accepted components; thus, they represent
the uncertainty that results from the lack of reference spectra or other exact
knowledge on the component shape. Here, the difference between the lowest and
highest Fe?T proportion for a given measured spectrum is about 6 percentage
units.

For the sake of comparison, the Fe 2p data was analyzed also with the Shirley
background subtracted. Also in this case the data could be explained with two
components. The obtained Fe?t proportion in the analyzed spectra deviated
0-20 % units from the results obtained with the Tougaard background (Fig.
3.7b). Thus, the difference in the state proportions caused by the choice of the
background subtraction method was in some spectra larger than that resulting
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Figure 3.7: Results of the factor analysis of experimental Fe 2p spectra. a) Spec-
trum number 5 reproduced using a pair of accepted component spectra. The dif-
ference between the measured and reproduced spectrum is shown at the bottom. b)
Proportion of the Fe*t state in the analyzed set of spectra. The two lines corre-

spond to the lowest and highest proportions obtained by combining the accepted
component spectra.

from the uncertainty in the component shape. As above, this emphasizes the
choice of the background.



Chapter 4

Chromium oxide catalyst

The first application for XPS-based chemical state quantification was a study
of chromium oxide catalysts (Publication III). Curve-fitting was chosen as the
analysis method instead of factor analysis because the spectra had been recorded
with two XPS setups with different settings and, thereby, were not directly com-
parable.

The amount of information on the catalyst structure and reaction pathways ob-
tainable from catalysts on porous supports is quite limited. Therefore, it is
reasonable to construct a model catalyst suited to studies in controlled UHV
environment. The insulating nature of common support materials has led to
the use of thin oxide films on metals, thus avoiding charging problems. The
use of single crystal surfaces with a well-defined oxide structure allows detailed
studies of the metal-oxide interface. The most critical requirement for a model
catalyst is that it exhibits the same oxidation and reduction properties as the cor-
responding supported catalysts. This information is most easily obtained with
XPS which is sensitive to the chemical state of surface atoms. It has been shown
that alumina-supported chromium oxide catalysts have two main oxidation states
after calcination in air, Cr3* and Cr%F [26-28]. The activity of the catalyst has
generally been assigned to coordinatively unsaturated Cr3* ions. Reduction of
the catalysts in, e.g., hydrogen leads mainly to the Cr3* state.

The objective here was to study a CrO,/AlyO3/NiAl(110) model system and
compare its behavior to two alumina-supported catalysts, one prepared by im-
pregnation and the other by atomic layer deposition (ALD). The model catalyst
was prepared by evaporating Cr on a thin alumina film formed on a NiAl(110)
single crystal sample. The thin and highly ordered alumina film is considered
suitable as a model substrate for catalyst studies, partially owing to its resem-
blance to the structure of v-AlyO3. The impregnated catalyst was prepared from
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Cr(NO3)3-9H20 on a y-alumina support. For the ALD catalyst, chromium(IIT)
acetylacetonate, Cr(acac)s, was used as the precursor and y-alumina as the sup-
port. After the chemisorption, excess precursor was flushed from the ALD reactor
with nitrogen and the acac ligands were removed by air. The preparation proce-
dure consisted of 12 chemisorption—ligand removal cycles.

Information on the chemical state of chromium ions was obtained by analyzing
the Cr 2p photoelectron spectra. Reference spectra were recorded for metallic
chromium (foil sample) and for the Cr3* state (CroO3 powder sample), and the
parameter values obtained from these fits were used later in the analysis of the
catalyst sample. No reference sample was measured for the Crf* state; instead,
the parameters were allowed to vary when fitting the first analyzed spectrum and
then fixed to these values for the rest of the spectra. A Shirley background was
subtracted form the spectra before the curve-fitting.

Calcined

Cr 2p XPS Intensity
|
|

| = ’T o
595 590 585 580 575 570
Binding energy [eV]

Figure 4.1: Chemical state analysis of the ALD catalyst sample after calcination
in air and after subsequent reduction in hydrogen.

First, all samples were calcined at 850 K in undried air to achieve an even oxida-
tion state distribution throughout the sample. Then, the samples were reduced in
several gases: Ho, CO, CHy4, and n-butane. Figure 4.1 shows two examples of the
Cr 2p spectra recorded after treatments. It is observed that after the calcination
both Cr3* and Cr®t states are present, whereas mainly Cr®t is found after the
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H, treatment. Signals that could be attributed to Cr?t, Cr*t or Cr®" could not
be identified after any treatments, indicating that their concentration was well
below 5 %.

Table 4.1 summarizes the analysis results for the three studied catalyst samples.
The impregnated and ALD catalysts are found to behave quite similarly in oxi-
dation and reduction treatments. The slightly higher amount of Crf* observed
in the ALD catalyst after oxidation could be explained with better dispersion re-
ported in literature [27]. The CrO,;/Al203/NiAl(110) model system was found to
behave in a similar way in oxidation and reduction as the alumina-supported cat-
alysts. This indicates that although the structures of the support materials differ
greatly, the model system is representative and can be used in further studies.
These chromium oxide catalysts have been considered in more detail in Ref. [29].

Table 4.1: Proportion of Cr%T of all chromium for the studied catalyst samples
after calcination and reduction. The estimated error for an individual amount is
+2 percentage units.

Catalyst Calcined [%] Reduced [%]
ALD 30-41 < 10
Impregnated 20-31 < 10
Model 19 <5




Chapter 5

Iron oxide thin film for a gas
sensor

The second application for XPS-based chemical analysis was a study of an iron
oxide thin film serving as a gas-sensitive material. Here, both curve-fitting and
factor analysis were utilized.

Semiconductive metal oxides, most commonly SnQO,, TiOs, and ZnO, are widely
studied in order to develop inexpensive and simple gas sensors. Their applications
are typically in monitoring combustible or toxic gases, such as Os, CO, Hy, NOo,
and CHy4. The metal oxide functions as a gas-sensitive material by changing its
resistance due to exposure to oxidizing or reducing gases. Typically, the target gas
affects the sensor resistance by (i) changing the density of adsorbed oxygen ions
generating localized surface states that trap conduction band electrons and/or
(ii) changing the concentration of oxygen vacancies acting as donors in an n-type
semiconductor [30].

The sensitivity of a given oxide is affected by its chemical and structural properties
which, in turn, depend on the characteristics of the preparation procedure. The
gas-sensitive material can be incorporated in the sensor as a thick film, thin film,
or compressed, and possibly sintered, powder. The advantage of using a thin
film, as in this study, is that it makes the sensor fabrication compatible with
IC manufacturing processes, thus allowing miniaturization and low production
costs. In addition, a thin sensing layer results typically in high sensitivity, rapid
response, and low power consumption.

In this work, the chosen film deposition technique was first studied by determining
the influence of the deposition parameters on the film characteristics (Publication
IV). Then, a sensor sample was constructed and its structural, chemical, electri-
cal, and gas-sensing properties were studied (Publication V). Finally, the relation
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between the chemical state of the surface and its oxygen-sensing properties was
investigated (Publication VI).

5.1 Growth and characterization

Iron oxide films were grown on a glass substrate with the ALD method using
FeCls and H5O as precursors. The deposition temperature was varied between
350 and 500 °C and the number of ALD cycles between 50 and 5000.

The deposition temperature was found to affect the crystal phase and the grain
size of the film. The recorded XRD spectra, shown in Fig. 5.1, indicate that the
phase changes from v-Fes O3 to a-FeaO3 between 350 °C and 400 °C. In addition
to y-FeaOg, the film deposited at 350 °C seems to contain a small amount of
~v-FeOOH, probably originating from the precursor. The effect of the deposition
temperature on the grain size is illustrated by the AFM images in Fig. 5.2.

XPS data confirmed that iron was in the Fe?t state which is in accordance with
the structures observed with XRD. However, when the number of ALD cycles
was reduced, a part of of iron was found to be in the Fe?t state.

a 110

a113
@024 allé .1, 4300 B

Intensity (a.u.)

y-OH 120 y-OH 011

y113 FOH 111 y-OH 022

y-OH 151

350 °C

20 30 40 50 60 70
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Figure 5.1: XRD spectra of the iron ozide films grown at 350-500 ° C with 5000
cycles. The change from ~y-Fea O3 to a-Fes O3 is observed to take place between
350 ° C and 400 ° C. The sample grown at 350 ° C consists of v-Fea O3 and a small
amount of y-FeOOH. The peaks have been identified according to Ref. [31].



5 IRON OXIDE THIN FILM FOR A GAS SENSOR 30

Figure 5.2: AFM micrographs of the iron ozide films grown at 350-500 ° C with
5000 cycles. The size of each image is 1 x 1 pum?.

A sensor sample was fabricated using a deposition temperature of 500 °C and
conducting 5000 cycles. A high temperature was chosen to ensure thermal sta-
bility of the oxide and a high number cycles was used in order to avoid influence
of the substrate material and assure a full substrate coverage. Before the film
deposition, platinum electrodes for resistance measurement and temperature con-
trol were evaporated on the top and bottom side of the glass wafer used as the
substrate. After the deposition, the wafer was sawed into 4 x 4 mm? sensor chips
which were bonded to TO cases. The results presented here were obtained with
an electrode structure, shown in Fig. 5.3, consisting of 22 pairs of interdigital
electrodes having a width of 20 ym, length of 0.5-2 mm, and spacing of 20 pm.

Figure 5.4 shows a SEM image of the sensor surface and Fig. 5.5 presents a typical
section line measured with AFM. Along with Fig. 5.2 these figures indicate the
surface consists of various shapes of agglomerates whose lateral diameter varies
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Figure 5.3: Optical microscope image of the electrode structure for measuring the
resistance of the sensor film.

Figure 5.4: SEM micrograph of the sensor surface. An edge of a platinum elec-
trode is seen on the right.

typically between 100 and 400 nm and height between 50 and 200 nm. The data
indicate also that the film has grown mainly on the glass substrate leaving the
platinum electrodes mostly uncovered; only separate grains of iron oxide could
be detected on the electrodes. The absence of iron oxide on the electrodes was
confirmed with XPS by monitoring the Fe 2p intensity while moving the x-ray
spot (150 pm) from the substrate onto the electrode.
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Figure 5.5: A typical AFM section across the electrode edge (bottom) and the
corresponding AFM image (10 x 10 um?) with the section indicated with a dashed

line (top).

Fe; O3 is an n-type semiconductor where the donor states are caused by oxygen
vacancies in the lattice [32-34]; the reported band gap values are between 2.0-2.7
eV [35,36]. The electrical properties of the sensor film were characterized by
measuring the Arrhenius curve (In(R) vs. 1/T") and the I-V curve. These were
recorded both in a vacuum of 1077 mbar and under oxygen exposure of 1073
mbar. The results are shown in Fig. 5.6. It is observed that the Arrhenius curves
are not completely linear in the studied temperature range (100-425 °C) but a
straight-line fit gives an activation energy of 0.3-0.5 eV, depending on the points
included in the fit. Several sources probably contribute to the activation energy:
ionization of donors, hopping of conduction electrons between polaron states, a
Schottky barrier at the electrode—semiconductor contact, and a barrier at grain
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Figure 5.6: a) Arrhenius curves with Ug = 2.0 V and b) I-V curves at 300 °C
(right) corresponding to two oxygen pressures. The curves have been drawn to
guide the eye.

boundaries caused by band bending due to localized surface states. However,
the Arrhenius plots indicate that although the oxygen exposure decreases the
resistance, it does not affect the activation energy. Thus, it seems likely that
the sensor response, described below, is not based on changes in the height of
the Schottky barrier or the grain boundary barriers. The I-V curves (Fig. 5.6b)
show that the sensor behavior is close to Ohmic, especially under the O exposure.
The slight upward curvature could be ascribed to, e.g., a Schottky barrier at the
electrode contact.

5.2 Gas-sensing properties

Response to O, and CO

In order to characterize the general gas-sensing behavior of the film, the chamber
was first evacuated to 1 x 1077 mbar and then the sensor at 300 °C was sub-
jected to a gas exposure sequence consisting of 30-min steps described in Table
5.1. O and CO were used as examples of an oxidizing and reducing target gas,
respectively.

The dynamic response, i.e. the sensor resistance as a function of time, is plotted
in Fig. 5.7. Due to the strong temperature dependency, the resistance has been
normalized with the initial resistance of the sensor in vacuum.
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Table 5.1: Steps of the gas exposure sequence corresponding to Fig. 5.7. Duration
of each step was 30 min and the sensor temperature was 300 °C.

Step Gas Pressure (mbar)
initial vacuum  ~ 107 mbar

a 0y 1 x 1073 mbar
b vacuum ~ 1077 mbar
c 09 1 x 1073 mbar
d CO 1 x 10~3 mbar
e vacuum ~ 10~7 mbar
f CO 1 x 10~3 mbar
g (O] 1 x 1073 mbar
h  0:+CO 2 x 1073 mbar
i 02 1 x 10~2 mbar

12)0, | b)- ()0, id)COi e)- iHCO ig O, ) O,
1.6 s s g s g g 10,+CO! .
1.4
o
x
X
1.2
1.0

Figure 5.7: Dynamic response to successive Oz and CO exposures at 300 °C. The
exposure steps are described in Table 5.1.

It can be seen that the resistance started to increase rapidly when Os was in-
troduced into the chamber (step a), and when the exposure was stopped, the
resistance started to decrease (b). According to the commonly used model for
the sensing mechanism, see e.g. Ref. [30], the adsorbing oxygen generates local-
ized surface states which trap conduction band electrons; this leads to increase
in the resistance. Another possibility is that the adsorbing oxygen enters into
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the lattice and fills there oxygen vacancies. This mechanism, too, decreases the
density of conduction electrons leading to increase in the resistance. Step b in
the dynamic response (Fig. 5.7) shows that when the O2 exposure was stopped,
the surface started to get restored. The effect of CO is observed to depend on
the preceding gas exposure: following an Os exposure CO made the resistance
decrease rapidly (d), whereas after a vacuum period (e) its effect was negligible
(f). The Oy response of the CO-exposed sensor (g) is almost similar to that of
an un-exposed sensor (a). This suggests that CO removed the adsorbed oxygen
rapidly (d), the surface became clean (e), and CO was not adsorbed on the clean
surface (f). These observations indicate that the sensing of CO occurs mainly via
a reaction with the adsorbed oxygen.

When CO was added to the Oz exposure (with an equal pressure), the resistance
decreased sharply (h). This decrease was, however, not as large as in the pure
CO exposure (d), and the resistance almost stabilized. Finally, stopping the
CO exposure caused the sensor to continue the preceding Oy response (i). The
observed behavior seems to reflect two competing reactions: oxygen adsorption
and CO removing the adsorbed oxygen.

Effect of the chemical state

After characterizing the general gas-sensing behavior of the iron oxide film, the
relation between the chemical state, determined with XPS, and the sensing prop-
erties was studied in more detail. For the sake of simplicity, only oxygen was
used here as the target gas.

The generic difficulty in the XPS analysis of gas sensors stems from the limited
operating pressure of a typical XPS system combined with the high operating
temperature of the sensor. In order to mimic the realistic operation conditions,
the gas exposures are typically conducted at an elevated temperature at the
atmospheric pressure. When the chamber is then evacuated to UHV for the
XPS measurement, the surface chemical state may change due to desorption
or diffusion, in particular if the sensor is kept at the operating temperature.
Consequently, the recorded photoelectron spectra may not be representative for
the sensor surface during the actual sensing. In this work, a setup was constructed
which allows simultaneous gas exposure, resistance measurement, temperature
control, and XPS data acquisition. By performing the gas exposures at the
highest operating pressure of the spectrometer (4 x 10~7 mbar), the XPS spectra
could be recorded during the exposure, and the observed chemical changes can
be directly correlated with the changes in the electrical and sensing properties.

The sensor surface was modified by argon ion sputtering and the changes induced
in the chemical state, resistance, and oxygen-sensitivity were investigated. Due
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to a higher sputtering yield of oxygen compared to iron, argon ion sputtering is
expected to extract oxygen from the oxide which can be detected with XPS. Fe;Og
being an n-type semiconductor with oxygen vacancies acting as donors [32-34],
such surface modification should cause significant changes to the sensing behavior
of the iron oxide film.

The sensor sample was subjected to a sequence of 17 sputtering and oxygen
exposure steps. Each step consisted of

e sputtering with 4-keV argon ions

e recording XPS spectra of Fe 2p (700-745 eV), O 1s (525-540 eV), Pt 4f
(68-85 eV), and a survey scan (0-1100 eV)

e recording a 50-min resistance response of the sensor to oxygen at 4 x 1077
mbar

e recording the same XPS spectra under the oxygen exposure

The sensor resistance was monitored continuously but the bias voltage was min-
imized when recording the spectra in order to avoid broadening of the peaks.
The temperature of the sensor was held at 300 °C throughout each step. A few
examples of the recorded Fe 2p and O 1s spectra are shown in Fig. 5.8.

For the quantitative analysis of the chemical state of iron, factor analysis was
performed for the Fe 2p spectra. Before that, the Tougaard background was
subtracted and the spectra were shifted using the O 1s main peak at 530.3 eV
as the reference. The indicator function [24] minimized at 3 suggesting that
the data contains three components, most likely Fe?, Fe?T, and Fe3t. However,
because the metallic state seemed to be present only in the last step, the analysis
was performed with two components. The obtained components as well as the
reproduction of one of the recorded spectra are shown in Fig. 5.9a. The agreement
between the reproduction and the data is good and the shape of the components
is well in accordance with those presented in Figs. 3.2 and 3.7 above as well as
those reported in the literature [21,37]. The agreement between the reproduction
and the data was practically equally good for all the recorded spectra.

The results of the factor analysis indicate that iron was initially almost completely
in the Fe3! state. This is also supported by the XRD results above (Fig. 5.1)
which indicate the a-Fe;O3 phase containing only Fe3*t cations. A small amount
of Fe?T was detected which could be attributed to the reducing effect of the
platinum electrodes. This was confirmed by recording the Fe 2p region with the
x-ray spot far from the electrodes; this produced a pure Fe?* spectrum.
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Figure 5.8: Examples of the recorded Fe 2p (a) and O 1s spectra (b). The index of
the step is indicated beside each spectrum, all recorded before the oxygen exposure.

The broadened shape of the O 1s spectra (Fig. 5.8b) suggests that the oxygen
is present in at least two states. Figure 5.9b shows a typical O 1s spectrum
fitted with two Gaussian components. The main peak is located at 530.3 eV
and has a FWHM of 1.5 eV. Most likely, this corresponds to O?~ in the iron
oxide lattice. The second component is shifted by about 1.5 eV to higher binding
energy and is clearly wider with a FWHM of 2.3 eV. This component could be
attributed to OH™~ [37—40] originating from HyO used as the oxygen precursor
in the film growth. The high FWHM value suggests that the second peak may
also contain an additional unresolved component, such as adsorbed oxygen O~ or
052~ observed typically at about 0.7 €V and 2 eV higher than the lattice oxygen,
respectively [39]. In the last step (Fig. 5.8b, step 17) a new component with a
larger separation from the main peak emerged. This could be ascribed to SiOq
of the substrate.

The results of the factor analysis showed that the argon ion sputtering caused
increase in the proportion of the Fe?T state, i.e., reduction of iron. This was
probably attributed to the preferential sputtering of oxygen over iron. In the
end of the sputtering sequence, iron was practically completely in the Fe?t state
and a small amount of metallic iron was detected (Fig. 5.8a, step 17). The
O/Fe intensity ratio was observed to decrease corresponding approximately to a
change in the stoichiometry from Fes O3 to FeO. This agrees well with the observed
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Figure 5.9: a) Component spectra, Fe’t (solid line) and Fet (dashed line), ob-
tained from the factor analysis, and a reproduction (thick solid line) of one of

the Fe 2p spectra (step 8). b) One of the O 1s spectra (step 8) fitted with two
Gaussian components.

change in the chemical state of iron: in FeO all iron is in the Fe?* state. Along
with the reduction of iron, the sensor resistance decreased over two decades and
saturated in the last few steps. This is illustrated in Fig. 5.10. As the iron oxide
was initially n-type FeoOjs, the decrease in the resistance can be first attributed
to generation of oxygen vacancies which act as donors and thereby increase the
density of conduction electrons. Another explanation could be change of the
conduction mechanism caused by the increase in the amount of Fe?* ions. When
the proportion of Fe?* has increased substantially, the conduction behavior can
be compared to FezO4 (33.3 % Fe?") and FeO (100 % Fe?") which are oxygen-
excess p-type semiconductors having typically very low resistivity compared to
F6203 [33,41].

In each step, the oxygen exposure was observed to oxidize iron, increase the O
1s intensity, shift the O 1s spectrum to higher binding energy (band bending),
and increase the sensor resistance. The factor analysis results showed that as
the sputtering proceeded and the iron became more reduced, the oxidation was
enhanced. This was seen as increase in the transfer from the Fe?t to Fe3T state
caused by the oxygen exposure. Based on the observation that the oxygen expo-
sure increased the intensity of the O 1s main component, it can be concluded that
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Figure 5.10: Dependency of the sensor resistance and orygen-sensitivity at 300 °C
on the chemical state of iron. The increase in the Fe’T proportion was generated
by argon ion sputtering. The curves have been drawn to guide the eye.

the gas phase oxygen reacted with the surface and became incorporated into the
iron oxide lattice filling there oxygen vacancies. This is consistent with the ob-
served oxidation of iron. The difference between the O 1s spectra recorded before
and during the oxygen exposure was about 0.2 €V. This could be interpreted as
band bending, as done by Maffeis et al. [42], although adsorbed oxygen species,
which would produce the localized surface states, could not be unambiguously
detected with XPS.

The oxygen-sensitivity of the iron oxide film was determined as R(50)/R(0) where
R(0) is the sensor resistance before the oxygen exposure and R(50) is the resis-
tance in 50 minutes of exposure, just before starting the XPS data acquisition.
Figure 5.10 represents the sensitivity as a function of the Fe?* proportion. It is
observed that the sputtering first increased the sensitivity significantly but in the
end the sensitivity collapsed back to its initial level. The behavior before the sen-
sitivity drop can be explained with changes in the oxygen vacancy concentration:
Sputtering generates vacancies, thereby increasing the amount of conduction elec-
trons and reducing the film resistance. The oxygen sensing takes place by oxygen
filling the vacancies. As the sputtering increases the vacancy concentration, the
sensitivity increases.
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The sensitivity drop could be explained so that some regions of the film adopted p-
type behavior. A p-type oxide has an oxygen excess which causes acceptor states
to the band gap [30]. Oxygen exposure increases the acceptor concentration which
in turn decreases the resistance. Hence, the response is the opposite compared
to the n-type conductivity. As mentioned above, the conduction mechanism in
those iron oxide phases that contain Fe?' is p-type [33] and their resistivity is
significantly lower than those containing only Fe3* [41]. From this point of view
it seems likely that by increasing the proportion of the Fe?t state, the sputtering
caused regions with p-type conductivity although the n-type behavior still dom-
inated the sensor response. In addition, the shape of the dynamic response was
observed to change with the sputtering time, which could also indicate a change
in the conduction mechanism. The n—p change in the response and conduction
mechanism of an iron oxide gas sensor has also been reported by Gurlo et al. [34],
although there the change resulted from an inversion layer on the surface. Consid-
ering other possible explanations for the sensitivity drop, the total Fe 2p intensity
was not observed to decrease in the course of sputtering. Any change was neither
detected in the effect of the oxygen exposure to the O 1s spectrum, i.e. in the
intensity increase and band bending. The film structures before and after the
sputtering sequence were compared using AFM but no significant changes in the
film morphology could be found.



Chapter 6

Summary

In this work, development of methods for XPS data analysis has been considered
with the emphasis on background subtraction, curve-fitting, and factor analysis.
The objective of the work is to improve quantitative XPS analysis, in particular
the quantification of chemical states of transition metal oxides in the case of
homogeneous in-depth distribution. The described analysis methods have been
utilized in two different applications, catalysts and gas sensors.

Publication I presents a case study of iron and chromium oxides. A lineshape
suitable for fitting their core level spectra is described and the differences between
three background subtraction methods are illustrated. When investigating typical
sources of uncertainty, the choice of the background turns out to be significant.

Publication IT describes factor analysis as an alternative method to decompose
the overlapping chemical states in a set of XPS spectra. Again, the samples are
iron and chromium oxides. The advantages of factor analysis over curve-fitting
are that a complete set of spectra can be analyzed at once and that there is no
need for a mathematical function describing the lineshape. On the other hand,
factor analysis cannot be used to a single spectrum and random variations in the
spectra, e.g. shifts or broadening, degrade the results. In the publication, aspects
affecting the accuracy of the analysis results are pointed out and modifications to
a commonly used analysis procedure are proposed. It is shown that in the case of
two-component data, a simple scanning of a delta peak along the binding energy
axis is capable of generating acceptable component spectra.

Publication III illustrates the use of XPS in catalyst studies. The objective there
is to compare the behavior of a chromium oxide model catalyst to two industrial
catalyst samples. XPS is used to analyze the chemical states of chromium in
different oxidation and reduction treatments. The results indicate that the model
system is representative and can be used in catalyst studies.
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Publications IV-VI deal with the ALD growth of an iron oxide thin film and its
use as the functional material of a resistive gas sensor. In Publication IV, the
effect of the ALD growth parameters on the film properties is considered. It is
found that the crystal phase, grain size, and chemical state can be controlled
with the deposition temperature and the number of reaction cycles. Publication
V describes the characteristics and general gas-sensing properties of the film as
incorporated into a sensor. The film is observed to respond to oxygen exposure by
increasing its resistance whereas the response to carbon monoxide is the opposite.
Finally, the relation between the chemical state of the film surface and the sensing
behavior is investigated in Publication VI. It turns out that the sensor resistance
and sensitivity to oxygen depend strongly on the chemical state of iron.
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