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Kurzfassung:

Oxidische Komplexverbindungen konnen eine Vielzahl an funktionellen Eigenschaften, wie z.B.
Ferroelastizitat, Ferroelektrizitdt, Ferro- und Antiferromagnetismus sowie kompliziertere mag-
netische Ordnungen, die Kombination und Interaktion solcher ferroischer Eigenschaften (Multi-
ferroizitét), hohe Spinpolarisation oder Hochtemperatursupraleitung aufweisen und gelten daher
als aussichtsreiche Materialien fiir die zukiinftige Mikroelektronik. Entscheidend fiir die Funk-
tionsfahigkeit oxidischer Bauelemente sind deren elektronische Transporteigenschaften, die in
auflerst sensibler Weise von der Verteilung und Dichte von ex- oder intrinsischen elektronischen
Defektzustanden an Grenz- und Oberflachen innerhalb der Bauelementstruktur abhéngen.

Die vorliegende Arbeit beschéftigt sich mit der Spektroskopie solcher elektronischer Eigen-
schaften mittels photonenbasierter Methoden. Im Fokus stehen dabei perowskitische Oxide
(Oxide mit ABOg3-Struktur), speziell das Modellperowskit Strontiumtitanat (SrTiOgs) als Sub-
strat und darauf mittels gepulster Laserdeposition (PLD) abgeschiedene diinne Filme (10-15 nm
Dicke) dotierter Lanthanmanganate (Lag 7Srg.3MnOs, Lag 7Cag3MnOs, Lag7Ce3MnO3).

Im Rahmen einer halbleiterphysikalischen Interpretation widmet sich der erste Teil der Iden-
tifikation elektronischer Ober- und Grenzflichenzustidnde an der SrTiOz-Oberflaiche sowie an
verschiedenen Lanthanmanganat/SrTiOs-Grenzflachen mittels dreier unterschiedlicher experi-
menteller Methoden zur Vermessung der Oberflachenphotospannung: der Photoelektronenspek-
troskopie unter zuséatzlicher optischer Anregung, einer kapazitiven Detektionsmethode in Plat-
tenkondensatorgeometrie unter modulierter optischer Anregung und der optischen Kelvin-Sonde.
Neben einem auf die bei oxidischen Ober- und Grenzflichen auftretenden besonderen Heraus-
forderungen zugeschnittenen Methodenvergleich werden Grenzflachenzustdnde beziiglich ihrer
energetischen Position in der Bandliicke des SrTiO3 und ihres Relaxationsverhaltens analysiert,
als substrat- oder filminduziert klassifiziert, und die Verringerung ihrer Dichte nach geeigneter
Ausheilprozedur wird nachgewiesen.

Der zweite Teil der Arbeit befasst sich mit der in der Literatur bisher kontrovers diskutierten
Frage, ob sich die isolierende Stammverbindung LaMnOj3 durch Dotierung mit tetravalenten
Kationen, wie z.B. Ce*T, in einen elektronendotierten Halbleiter verwandeln lisst - analog
zur Herstellung lochdotierter Lanthanmanganate durch Dotierung mit divalenten Kationen,
wie z.B. Sr?t oder Ca?*. Die Frage ist dquivalent zur Betrachtung, ob unter Beibehaltung
der Stabilitit des Kristallgitters ein Teil der Manganionen vom Mn?*-Zustand in den Mn?*-
Zustand iibergehen kann. Um einen Beitrag zur Klirung dieses Problems zu leisten, wur-
den als elektronisch sensitive Methoden die Rontgen- und UV-Photoelektronenspektroskopie
(XPS/UPS) gewahlt. Die oben genannten Lanthanmanganatfilme wurden dazu hinsichtlich der
Austauschaufspaltung der Mangan-3s-Linie im XP-Spektrum, die in linearer Weise von der Man-
ganvalenz abhéngt, und der anhand der Breite des UP-Spektrums ermittelten Austrittsarbeit
jeweils nach Reinigung der Oberflache im Ultrahochvakuum (UHV) vergleichend untersucht. Die
Messungen wurden nach unterschiedlich starker Desoxidation durch Heizen im UHV und Reox-
idierung durch Heizen in Sauerstoffatmosphére durchgefiihrt. Es konnte nachgewiesen werden,
dass eine Elektronendotierung des Lag 7CegsMnOgs-Films bei geeigneter Einstellung des Sauer-
stoffgehalts tatsidchlich mdglich ist. Auflerdem wurde gezeigt, dass sich sowohl in di- als auch in
tetravalent dotierten Lanthanmanganatfilmen die Manganvalenz und damit der Dotierungstyp
reversibel durchstimmen lasst.






Abstract:

Complex oxides are an intriguing field of solid-state research, as they can exhibit a wide variety of
functional properties, such as ferroelasticity, ferroelectricity, ferro- and antiferromagnetism or an
even more complicated type of magnetic ordering, the combination or interaction of those ferroic
properties (multiferroicity), high spin polarization, or high-temperature superconductivity. Thus
they are prospective candidates for future materials in microelectronics. It is a matter of fact
that the performance of such oxide-based devices depends mainly on transport properties, which
in turn depend on the distribution and density of intrinsic or extrinsic electronic interface states
across the device structure.

The present thesis focuses on the identification and characterization of such electronic properties
by two different photoassisted spectroscopy techniques: surface photovoltage spectroscopy and
photoelectron spectroscopy. This work especially deals with perovskite oxides, namely with
the model perovskite strontium titanate (SrTiOs) as a substrate and three differently doped
lanthanum manganite thin films (10-15 nm thickness) grown by pulsed laser deposition (PLD)
on the SrTiOg substrate (La0.7Sr0,3Mn03, Lag 7Cag.3MnOg, La0,7Ceo,3Mn03).

The first part aims at the identification of electronic surface and interface states at the free
SrTiO3 surface as well as at the three different lanthanum manganite/SrTiO3 interfaces. For
that purpose three different experimental realizations of the surface photovoltage spectroscopy
technique were implemented and employed: photoelectron spectroscopy under additional optical
excitation, the capacitive detection of the photoinduced displacement current in a parallel-plate
capacitor geometry under modulated optical excitation, and the classical Kelvin probe technique.
The methods are evaluated comparatively with respect to their suitability to analyze the given
oxidic interfaces. The main result of this first part is a map of the energetic positions and
relaxation time constants of the surface states at the SrTiO3 surface as well as of the interface
states at the lanthanum manganite/SrTiOj3 interfaces within the SrTiO3z bandgap. The interface
states were classified into film- and substrate-induced states and it could be demonstrated that
an appropriate annealing procedure can dramatically decrease their densities.

The second part tackles the problem of the manganese valence and the doping type of di- and
tetravalent-ion-doped LaMnQOgs. The question whether the insulating parent compound LaMnOj;
becomes an electron-doped semiconductor after doping with tetravalent cations such as Ce?t -
which would be in analogy to the well-established hole doping after partial substitution of La?*
by divalent cations such as Sr>* or CaT - has been discussed controversially in the literature so
far. Due to the physics of the manganite crystal lattice the question can also be formulated in a
different way: Can part of the manganese ions be driven from the Mn3* state towards the Mn?*
state without any crystal instabilities or phase separation phenomena? In order to contribute
to the clarification of this question, an extensive X-ray- and UV-photoelectron spectroscopy
(XPS/UPS) investigation was performed. The three differently doped lanthanum manganite
thin films were comparatively studied considering the exchange splitting of the Mn 3s core level
line, which is a linear function of the Mn valence, as measured by XPS and the work function
as extracted from UPS. All measurements were performed at different states of deoxygenation
after heating in ultrahigh vacuum and reoxidation after heating in a pure oxygen atmosphere.
Strong evidence for electron doping of the Lag7Ceyp3MnOs film after deoxygenation was found.
Furthermore, the reversible tunability of the Mn valence by variation of the oxygen content could
be demonstrated for both tetravalent- and divalent-ion-doped lanthanum manganite films.
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1 Introduction

This introductory chapter explains the scope and the historical background of the
present thesis. The more specific scientific introductions to both the materials and
methods that were under investigation within the thesis will be given throughout the

subsequent chapters 2, 3, and 4.

First of all, let me comment on the overall frame into which my work was integrated.
When 1 joined the group of Prof. Lukas Eng at the Institute of Applied Photophysics in
October 2003, the financial support of the Research Group 520: Ferroic functional ele-
ments - physical principles and concepts', which can be described as an interdisciplinary
compound of interlinked projects, had just recently been approved by the German Re-
search Foundation for a period of three years. In this first period the Research Group
covered eight different projects with contributions from the departments of physics, chem-
istry, and engineering at Dresden University of Technology, as well as from the Leibniz
Institute for Solid State and Materials Research (IFW). It would be beyond the scope of
this introductory chapter to comment on the whole topical frame of all those projects.
Thus I focus only on the project that finally became my project and which had the
working title: Identification of electronic defect states at inner interfaces of perovskite
heterostructures. What was behind this title?

Concerning materials, this project was focused the interface beween lanthanum stron-
tium manganite (La;_,Sr,MnQOs3) films?and strontium titanate (SrTiO3) substrates. Why
the La;_,Sr,MnOj3 system and, more generally, doped lanthanum manganites of the struc-
ture La;_,A,MnQO3, with A being a nontrivalent metal cation, on the one hand and stron-
tium titanate on the other hand are worth being investigated, what intriguing physical
properties those two systems show, and how puzzling their properties are — all those
points will be explained in chapter 2. Before those two quite different types of complex
oxides are illuminated in detail, a short general discussion of the fast-growing field of ox-

ide research, especially oxide electronics, and the motivation behind it will open chapter 2.

Concerning experimental methods, the focus of the project was intended to be the

thttp://www.for520.de
2The films were fabricated at the IFW Dresden. Further comments on film preparation, which,
however, is not in the focus of this thesis, will be given in chapters 3 and 4.
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utilization of surface photovoltage (SPV) phenomena as a probe for the analysis of the
electronic properties of the buried manganite/strontium titanate interface. Here, it must
be stressed that the main challenge of this project is the fact that a nonstandard experi-
mental method®, which only in a few cases is straightforward in the interpretation of the
experimental data?, is applied to a nontrivial object, namely the manganite/strontium
titanate interface. This statement is intensified when we realize that, on the one hand,
SPV phenomena are commonly explained in terms of classical semiconductor physics, but
on the other hand materials with correlated electrons, such as lanthanum manganites,
cannot be fully described in those terms. The heretical reader could ask now why this
experimental method is chosen at all? The first answer is that there are almost no alter-
natives, because standard interface-state-sensitive analysis methods from semiconductor
physics, such as deep-level transient spectroscopy (DLTS), fail for wide-gap semiconduc-
tors such as SrTiOs. Thus optical methods, e.g. surface photovoltage methods, are the
only alternatives. For a second answer let me cite M. COEY, author of one of the most

comprehensive review articles [Coe99] on manganites [Coe04]:

The stock response that everything is more complicated than we first thought
is never much help. [...] simple ideas have the power to guide us even when

they are only half-truths.

After all, it could be shown within the present thesis that we can indeed gain information
on the interface of interest and that the chosen experimental approach is — within distinct
borders — a promising tool for characterizing and evaluating oxidic interfaces with respect
to the distribution of their electronic states. How this can be achieved will be illustrated
in chapter 3, which starts with a short introduction into the physics of surface photovolt-
age phenomena and their application in surface and interface analysis. Subsequently, the
manganite/strontium titanate interface will be described within the paradigm of semi-
conductor physics and a literature review on related approaches will be given. The main
part of chapter 3 will be dedicated to the several experimental realizations of spectral and

time-resolved SPV measurements that were developed and applied within this work, the

30f course, this classification is subjective but supported by the experience that the common solid-
state physicist has a certain imagination on what standard methods such as photoelectron spectroscopy
or electron diffraction are about, but not what surface photovoltage exactly means. On the other hand,
it has to be noted that SPV techniques are being applied industrially — but exclusively for the analysis
of classical semiconductors, especially silicon.

4In their extensive review article on Surface photovoltage phenomena: theory, experiment, and ap-
plications [Kro99] KRONIK and SHAPIRA write: The sensitivity of SPV measurements to a plethora of
physical phenomena is a double-edged sword because it requires very careful experiment design and data
interpretation for the (qualitative or quantitative) extraction of specific properties.
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Electronic structure of the surface: photoelectron spectroscopy -> doping type

/

10...15 nm Lag A, 5Mn0O; A= Sr, Ca, Ce
SI"TiO3( 100) Electronic structure of the interface:
surface photovoltage measurements

Figure 1.1: Scope of the thesis. The work focuses on thin films of differently doped lanthanum
manganites on strontium titanate substrates. The surface electronic properties of the films, esp. the
managnese valence as an indicator of the doping type, of the films were studied by photoelectron
spectroscopy. The interface electronic properties, esp. the energetic distribution of trap states within
the band gap of the strontium titanate substrate, were studied by surface photovoltage spectroscopy.

results of those measurements, and their interpretation.

The thesis covers also a second branch of research, which focuses on lanthanum man-
ganites as well, especially on the surfaces of Lag ;Cag 3sMnO3 (LCMO) and Lag 7Cep 3MnO3
(LCeMO) thin films. In that part, which will be described in chapter 4, a comparative
x-ray and ultraviolet photoelectron spectroscopy investigation was performed on the two
differently doped lanthanum manganite films named above. The study must be seen as
a contribution to the ongoing scientific debate (which is itself reviewed within chapter 4)
on whether electron doping of LaMnQOg by substitution of part of the trivalent lanthanum
ions by tetravalent cations, such as Ce**, is possible or not and which analysis method
gives reliable information on the doping type of a given sample. The whole study was
originally not scheduled - it is an example of how the interaction of different groups within
a project network such as the Research Group 520 can spread fruitful ideas for scientifi-

cally interesting explorations.
Figure 1.1 summarizes the scope of this thesis in a compact way.
It is a well-known phenomenon that, the deeper one dives into a field of research, the

more unsolved questions come to one’s mind. Thus much work remains to be carried out,

and a summary of both reached goals and open problems will be given in chapter 5.






2 Oxides - an intriguing class of materials

The purpose of this chapter is to give an introduction into a fast-growing and fasci-
nating field of condensed-matter physics and materials science - the field of complex
oxides'. It is explained why those materials are worth being investigated from the
viewpoints of both fundamental physics and applications in microelectronics. After
some general considerations, which clearly cannot be complete due to the immense
diversity of the field, two subsections are dedicated to the two members of the per-
ouvskite oxide family that were investigated within the present work: strontium ti-
tanate and lanthanum manganites. Their importance as model systems and their
basic physical properties are reviewed. The last subsection describes the concrete

samples that were studied within the thesis.

Oxidic compounds exhibit a wide variety of so-called functional properties, such as fer-
roic? behavior and high-temperature superconductivity®. This variety is even broadened
by the fast-developing field of thin-film technology, which provides high-quality oxidic
thin films, tailor-made multilayer structures, as well as superlattices [Oht02]. Oxides

crystallize in a wide range of structures. Among those structures are

e the outstanding perovskite structure (see figure 2.2), as found in BaTiOgz, which

itself is one of the most-investigated ferroelectric crystals,

o perovskite-related structures as in YBayCuzOy7, the prototype of a high-temperature

superconducting oxide,

e the rutile structure (CrOg, TiOs),

'The term complex oxide is widely used in materials science, but to find a clear definition is not easy.
It might stem from inorganic chemistry, where a complexr compound is a compound with a central atom,
in most cases a metal atom with a nonclosed outer electron shell, being surrounded (coordinated) by a
certain number of anions (oxygen in our case). Another definition is given by the simple statement that
a simple oxide has the formula A,,O,,, while a complez oxide contains more than one cation according to
A,.B,, ...0O,. However, concerning the physics of oxidic crystals, the term complex has also been used in
the sense of complicated and polymorphic [Nog04, Dag05, Mor06] — and this may apply also to a simple
oxide.

2The term ferroic is a generic term for the terms ferro-, ferri-, and antiferromagnetic, ferro- and
antiferroelastic, ferro- and antiferroelectric, and their simultaneous occurrence. For clear definitions, see
e.g. [Eer06].

3For an overview see for example [Ore00], the pioneering work can be found in [Bed86].

13
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e the spinel structure, as in FesO,4, the prototype of a charge-ordered oxide 4,

e or even more complex structures, such as modulated intergrowth structures as dis-

cussed in [Dav99.

This diversity of crystallographic structures, the tendency of oxygen ions to form tetra-
or octahedra with the d electrons of the metal ions, the possibility to vary the oxygen
stoichiometry, as well as the possibilty of doping are reflected by complex electronic prop-
erties [Man05]. In the easiest case, oxides are band insulators® with an energy gap of
several electron volts. The much more complicated physics is shown by those oxides that
have correlated electron systems, in most cases transition metal oxides and rare-earth
oxides. Those compounds can show a complicated interplay between different degrees of
freedom. In other words, lattice, spin, orbital [Tok00], or charge order may be sensitively
interconnected, leading to extremely rich phase diagrams, with the possibility that several

phases coexist in a chemically homogeneous specimen [Dag01, Mil05].

The above facts should make clear that the study of oxide physics was initially mo-
tivated by the desire to understand very fundamental phenomena of condensed-matter
physics, such as phase transitions. Another strong motivation has its origin in the limits
of today’s silicon-based semiconductor technology. To insure the continuous downscaling
of the metal-oxide-semiconductor field effect transistor (MOSFET), the workhorse in mi-
croelectronics (explained in figure 2.1), the Si-SiOy-poly-Si triad has to be replaced by an
alternative Si-dielectric-metal system. The drawback of silicon dioxide (SiOs) is its low
dielectric constant £ = 3.9. This means that, to maintain a sufficient field effect while
reducing the gate voltage®, one has to shrink the thickness of the SiO, layer. At thick-
nesses around 1 nm, which have been reached now, tunneling becomes a severe problem.
Consequently, a dielectric with a higher dielectric constant is needed. Such a material
provides the same field effect at a greater thickness in comparison to SiO5. The research

on so-called high-k dielectrics has attracted the attention of semiconductor physicists for

4Charge ordering means the long-range ordering of two different transition metal charge states (oxi-
dation states) [Att06]. An experimental visualization is given e.g. in [Mor98] or [Ren02]. However, there
are also serious doubts about the validity of the purely ionic picture, which commonly is used to explain
the charge ordering [Coe04].

5The term band insulator appears when we consider a solid in BLOCH’S picture of independent elec-
trons. There, a solid with completely filled bands is an insulator and a solid with one partially filled band
is a metal. However, this picture fails as soon as there are strong correlations between the electrons, in
the simplest case by COULOMB interactions. Then a solid expected to be metallic in the independent-
electron picture might be insulating, a so-called MOTT insulator. This case can be described e.g. within
HUBBARD models of different stages of sophistication [Sac03, Hag05].

6In view of an increasing integration density, the gate voltage of one single FET should be as low as
possible to prevent serious overheating problems.
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many years, since a sufficiently high k& value is not the only requirement the alternative
gate dielectric has to fulfill. Furthermore the material of choice must (i) show a low den-
sity of electrically active defects at the interface to silicon, (ii) have a band gap of at least
4-5 eV to minimize leakage currents, (iii) be thermally stable up to 1200 K, and (iv) show
sizable band offsets at the heterojunction to silicon”. For the time being, hafnium-based
oxides seem to be the candidates of choice and are at the threshold to being applied in-

dustrially.

Vgate

SiO;
/ channel \

source
+
n

ey

p-Si

Figure 2.1: Metal-oxide-semiconductor field effect transistor (MOSFET). The figure shows a two-
dimensional sketch of an n-channel MOSFET. In this case, p-type silicon serves as the substrate,
which contains two highly n-doped regions: source and drain. Both regions are separated from each
other. The region in-between source and drain is covered by the gate oxide (SiO2) of thickness d,
which itself is covered by a poly-silicon gate electrode. When no voltage V4. is applied to the gate,
the source-to-drain electrodes correspond to two p — n junctions connected back to back. The only
current that can flow from source to drain is the reverse leakage current. When a sufficiently large
positive voltage is applied to the gate, an inversion layer (also called channel) is formed between the
two n regions. This means that a large current can flow between source and drain. The conductance
of the channel can be modulated by variation of Vgq. Further details, such as the function of a
substrate contact or different nonequilibrium regimes, are omitted here. They are comprehensively
discussed for instance in [Sze81]. How the overall FET principle, namely the modulation of a certain
quantity via an electrical field, might be adopted within all-oxide structures is explained in the text.

As one can guess from the previous text, there are more functional properties of oxides
besides the dielectric ones. A number of those striking phenomena are listed and shortly

explained below:

e Let us continue with another example which has already reached its readiness for

marketing: ferroelectric oxides as part of nonvolatile random-access memories. A

TA clear and systematic theoretical treatment of the band alignment problem at the high-k-
dielectric/silicon interface, exemplarily calculated for the SrTiOs/Si case, is for example presented in
[Zha03].
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ferroelectric material exhibits a stable and switchable electrical polarization result-
ing from cooperative atomic displacements. This functional property is used within
so-called FeRAMSs (ferroelectric random-access memories) in the way that a ferro-
electric layer (typically PbZrg 3Tig 703 (PZT) or SrBisTagOg) is polarized via a gate
electrode [Auc98]. This polarization process is equivalent to the writing of one bit.
The functionality is the same as in conventional flash RAMs, but shorter writing cy-
cles are possible: some tens of nanoseconds compared to a few microseconds. Up to
now, the lower achievable integration density has been a drawback of FeRAMs, but
the implementation of a scanning-probe-based approach for reading/writing might

overcome certain limitations [Par06].

e Another type of long-range order in a solid than the above-mentioned order of elec-
tric dipoles is the order of magnetic moments. Such a ferromagnetic or otherwise
magnetically ordered material is characterized by a stable and switchable magnetiza-
tion, which can be explained by the quantum mechanical phenomenon of exchange.
Oxides, esp. the transition metal or rare-earth oxides, can show extraordinary mag-
netic properties. Closely linked to ferro-, ferri-, or antiferromagnetic order, also spin
polarization®, which means that the charge carriers have the same spin direction,
is observed. At least at low temperatures the degree of spin-polarization can be
nearly 100 %, e.g. in Lag7Srg3MnO3z and CrO,. Unfortunately, the degree of spin
polarization decreases dramatically with increasing temperature. However, there are
exceptions, such as the already mentioned FezO,4, which shows a spin polarization
of —80% at room temperature. Consequently this material is potentially attractive
as a source of or a detector for spin-polarized electrons. Other key words that must
be mentioned in the context of magnetic properties of oxides are the colossal mag-
netoresistance effect (CMR) in certain rare-earth manganites and dilute magnetic
semiconductors such as Co-doped TiOy or Mn- or Co-doped ZnO. Some comments
on the CMR effect will be given in the section 2.2 on doped lanthanum mangan-
ites. Dilute magnetic semiconductors, which combine semiconducting properties
with potentially high spin polarization, are candidates for magnetic tunnel contacts

in nonvolatile magnetic random-access memories (MRAMs); for a short review see

[Pea04].

e After the discussion of ferroelectric and ferromagnetic (or other magnetic) phe-

nomena in oxides, it is straightforward to shed light on multiferroicity, one of the

8The spin of the electron is the key quantity that is utilized as the information-carrying unit in the
field of spintronics. Possible device concepts of spintronics can be found e.g. in [Pea05].
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upstarts among materials science topics during recent years. A multiferroic mate-
rial exhibits both ferroelectricity and ferromagnetism within the same phase. For
several reasons (among them symmetry considerations), there are only very few
single-phase materials that show this property [Hil00]. One of the most widely
investigated multiferroic oxides is BiFeOs (BFO), which is ferroelectric and anti-
ferromagnetic at room temperature. In general, it has been suggested that both
magnetization and electrical polarization could independently encode information
in a single multiferroic bit. In practice, however, it is more likely that the two order
parameters are not independent but coupled, which would be also attractive in that,
in an appropriate device, data could be written electrically and read magnetically.
This concept would combine the best aspects of the FeRAM concept and magnetic
data storage. From the term coupling of order parameters it is not far to the term
magnetoelectric coupling, which is often cited in one breath with multiferroicity or
even mixed up with it. However, magnetoelectric coupling is a more widespread
phenomenon and describes the influence of a magnetic (electric) field on the polar-
ization (magnetization) of a material. There are several review articles dealing with
multiferroicity and magnetoelectric coupling; two of the most recent ones are the
articles by EERENSTEIN et al. [Eer06], who try to explain the tortuous taxonomy
of the field in a clear manner and discuss the most promising single-phase oxides
or oxide heterostructures showing those phenomena, and by RAMESH and SPALDIN
[Ram07], who focus especially on thin-film multiferroics, where the epitaxial strain

provides an additional degree of freedom to tune the film properties.

e There are several other facts that should be mentioned in an introductory chapter on
oxides, without however being directly related to this thesis. Among them are the
cuprates as high-T s superconductors, self-cleaning TiOs surfaces, ZnO as a material
for blue light-emitting diodes, or the application of oxides as catalysts for a wide

variety of chemical reactions.

Before we finish this general introduction into oxides and oxide electronics, we come
back to the concept of the electric field effect transistor once more. As said before,
the classical semiconductor FET is based on the principle that the conductivity of a
semiconductor channel is tuned by a gate voltage via the field effect. This principle can
be universalized, since it is concievable to modulate or switch also a property different
from the conductivity, such as a certain phase transition in an oxide channel, via the
field effect [Ahn03]. Such FETs could be all-ozide structures, devices made of epitaxial

heterostructures of oxides beyond any silicon-based technology. The family of perovskite
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http://en.wikipedia.org/wiki/Perovskite_structure (a ) www.crystalmaker.com ( b )

Figure 2.2: Perovskite structure. Originally, the name perovskite was exclusively used for the compound
CaTiOgz. Later on, the term perovskite became common for a whole class of crystals of the general
chemical formula ABO3 (A, B are metal cations, O stands for an anion, in most cases oxygen), which
all show the same general crystallographic structure. There are several approaches to explain this
structure: As shown in (a), one can imagine a cube with the larger A ion in the center, the smaller
B ions at the corners, and the anions (the smallest of all three ions) in the centers of the edges.
Consequently, the B ion is sixfold coordinated and the A ion twelvefold. Alternatively, as shown
in (b), the oxygen ions can be considered to form octrahedra with the B ions in the center (BOg
octahedra). Eight of those octahedra include one A ion in their center. Depending on the ratio
of the ionic radii of the two cations, the structure might be distorted. The undistorted perovskite
structure is found in SrTiO3. However, the distortions are in many cases the very origin of functional
properties, e.g. the cooperative displacement of the B ions, as indicated by the arrows in figure (b) for
BaTiOg, leads to ferroelectricity. For a readable review on the basics, the history, and the versatility
of perovskite structures see for example [Bha00].

oxides (figure 2.2) is most promising as the material class of choice for those all-oxide
devices, since its diverse members show only small structural differences and are therefore
capable of being grown on each other with sharp atomic interfaces®. Here we close the cycle
and continue with a more detailed view on two quite different but outstanding members
of the perovskite family and, later in chapter 3, with the experimental inspection of their

interface.

2.1 Strontium titanate (SrTiOj;)

Strontium titanate has been the subject of a vast amount of experimental and theoretical
studies with currently around three hundred publications per year. Some of the most

important properties concerning crystal structure, surfaces, band structure, as well as

9As to the structure and transport along and across perovskite interfaces, further remarkable phe-
nomena have been predicted theoretically and observed experimentally, for example, the occurrence of a
two-dimensional electron gas (2DEG) at the interface between two insulating perovskites [Oht04, Oka04].
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optical, transport and electronic properties are summarized in the following text. We
consider exclusively single crystals and omit thin films, ceramics, bicrystals, or nano-

structures.

There are mainly two reasons for the immense interest in Sr'TiOs. First, as already
mentioned, it is the model perovskite with undistorted cubic symmetry at room tempera-
ture. At the same time, the properties of Sr'TiO3 may show dramatic changes depending
on several parameters, such as oxygen stoichiometry, doping, annealing procedures, me-
chanical stress, or external electric fields. Thus, it is the perfect subject for fundamental
studies. Second, SrTiOj is a widely used substrate for thin-film epitaxy of many other
perovskites. It is completely clear that the first prerequisite for the understanding of such

heterostructures is the understanding of each single component, including the substrate.

2.1.1 Basic properties within the perovskite family

Stoichiometric SrTiOs single crystals'® are transparent, paramagnetic across the whole
temperature range, dielectric with a dielectric constant ¢ = 310, and insulating with a
band gap of approximately 3.2 eV at room temperature. They show a cubic perovskite
structure with a lattice parameter a = 3.905 A. The space group is Pm3m. At 105 K
Sr'TiO3 undergoes a cubic-to-tetragonal phase transition, which is also referred to as an-
tiferrodistortive (AFD) phase transition. Concerning ferroelectricity, different statements
can be found in the literature. There is a general agreement that SrTiOj3 is paraelectric
at room temperature. While WEAVER [Wea59| observed that SrTiO3 shows ferroelectric
hysteresis below 45 K, MULLER and coworkers [Miil79] claim SrTiO3 to be a quantum
paraelectric that never becomes ferroelectric. In summary, it is the message of the ma-
jority of publications that the phase transitions and almost all other physical properties

are strongly influenced by the real structure of a given sample.

2.1.2 Doping

Another route to changing the properties, first of all the conductivity, of the ideal stoi-
chiometric Sr'TiO3 crystal is doping, for example with Nb, Fe, La, Y, In, Sc, or by oxygen
vacancies after reduction by heating in a hydrogen atmosphere or in ultrahigh vacuum.
The most common doping ion is Nb®+ which occupies part of the Ti sites, resulting in

n doping. Also La®T, Fe3™, Y3 on the Sr site and oxygen vacancies lead to n-type SrTiOs.

19Commercially available single crystals are typically grown by the VERNEUIL flame fusion process
[Bed77], for references on alternative methods see e.g. [Nas88, Nab03].
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Codoping with iron and molybdenum leads to photochromism: In equilibrium the
doping ions are in their Fe3™ and Mo®" states, and the crystal is transparent. Upon illu-
mination at a wavelength of 430 nm a charge transfer between the two different dopants
takes place, leading to a Fel™ /Mot state, which is accompanied by a coloring of the
crystal. Erasure of this state happens by diffusion over time and can be accelerated by il-
lumination with red light [Wil71]. The effect is also observed with the nickel/molybdenum
system and under single nickel, iron, and cobalt doping [Fau71]. It was proposed as a
possible basis for new ozide memory concepts in the 1970s [Sta75] but later disappeared
from research interest.

In3* or Sc3* on the Ti site provoke p doping, which seems to have been less investigated
so far. An all-oxide pn junction based on Nb- and In-doped SrTiO3 was reported recently
[Zho05]. Furthermore it is noteworthy that doped SrTiO3 becomes superconductive below
0.3 K [Sch64, Amb66].

Within the field of diluted magnetic semiconductors, it has been shown that doping
of SrTiO3 with Co or Mn ions by ion implantation leads to ferromagnetism at room tem-

perature [Lee03].

2.1.3 Surfaces

Let us continue our survey with an as important as difficult topic — the physics of the
SrTiO3 surface. Concerning experimental studies of the SrTiO3 surface, the most serious
problem lies in the fact that pure strontium titanate is insulating. Thus, the most powerful
analysis methods in surface science, such as scanning tunneling microscopy (STM), low-
energy electron diffraction (LEED), or ultraviolet and x-ray photoelectron spectroscopy
(UPS/XPS), which urgently need a sufficient conductivity of the specimen under investi-
gation, fail. As a consequence, most surface investigations have been performed on doped
Sr'Ti0O3, which, according to our previous statement, is a quite different material. Never-
theless, concerning the surface structure, i.e., possible surface reconstructions, much work
has been done on the SrTiO3(100) surface, which has been shown to be more stable and
easier to prepare than the (110) and (111) surfaces [Zeg82]. A comparative combined
LEED/STM study of all three surface orientations was presented by ZEGENHAGEN et al.
[Zeg82], who showed that the ¢(6 x 2) reconstruction of the (100) surface, which had been
prepared by annealing in pure oxygen, is stable in air. Other reconstructions, namely
(2x 1), (2x2), and ¢(v/5 x v/5) were found to be unstable due to their oxygen deficiency.
Another extensive STM/LEED investigation of the (100) surface is that by CASTELL
[Cas02a] on Nb-doped SrTiOs, where additionally ¢(4 x 2) and ¢(4 x 4) reconstructions
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are presented, structure models are proposed, and an overview on previous literature on
surface reconstructions is given. Another reconstruction, ¢(v/13 x v/13) was found by
KUuBO et al. within a combined STM /first-principles study. In the theory branch, there
are several first-principles studies showing that the surface structure is a sensitive func-
tion of oxygen partial pressure and temperature [Joh04] and that the TiO,-terminated
surface behaves very differently from the SrO-terminated one [Li98, Hei02]. The TiOq
termination is considered to be stable and the recipe by KAWASAKI et al. [Kaw94] how to
prepare TiOs-terminated SrTiO3 samples by etching in NH4F-buffered hydrofluoric acid
solution with a pH value between 4.4 and 4.6 has become very popular. Other publica-
tions report on the formation of islands with electronic properties different from those of
the bulk [Lia94] or nanostructures [Szo00, Cas02b] after certain treatments, which again
shows the diversity of the field.

The same tendency, namely that general statements are not possible, becomes obvious
when we look at the variety of investigations on the electronic surface properties, which
are, of course, inherently interlinked with the atomic structure. There are indications for
the existence of shallow as well as midgap surface states [Wol73, Pow76, Hen78, Hei02],
depending on the history of sample treatment in experimental studies or on the model
assumed in theoretical works.

The statement that the most common surface analysis techniques need conductive
surfaces is not true for one powerful technique: atomic force microscopy (AFM), which is
able to image also undoped SrTiOj3 surfaces. An elaborate AFM investigation of reduced,
oxidized, and also original stoichiometric (as-grown) SrTiOjz surfaces was published by
SzOT and SPEIER [Sz099]. The authors presented both an excellent introduction to the
diverse and often contradictory findings within SrTiO3 surface physics and a systematic

study of the surface structure after many different treatment procedures.

2.1.4 Band structure and optical response

Shortly after the establishment of the flame fusion growth method of SrTiO3, first optical
investigations showed that the optical band gap of the new material is 3.2 eV and that
no birefringence occurs at room temperature [Nol54, Lev55]. First values of the refractive
index were published and SrTiO3 was proposed as a material for optical windows, prisms,
or lenses. The strong dependence of the optical constants on doping were shown by

GANDY [Gan59] and later by several other groups, e.g. [Bae66, Zol00, Fry03]'.

HFor optical data of only n-doped SrTiOj3 see [Lee75, Cra99].
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The probably first theoretical band structure calculation was performed by KAHN and
LEYENDECKER, who used the method of linear combination of atomic orbitals (LCAO)
and adjusted the ionic charges to match the previously measured band gap, which was
treated as a direct band gap. They showed that the uppermost valence band has oxy-
gen 2p character and the lowest conduction band has titanium 3d character [Kah64].
This work was followed by a fundamental and frequently cited UV reflectance study
by CARDONA [Car65], which partially reproduced the theoretical findings and provided
data of the complex dielectric function in a wide wavelength range. Later, a comple-
mentary study using the same technique was published by BAUERLE [Bau78|. Other
band structure investigations are those by REIHL [Rei84] and HicucHI [Hig00] by x-ray
absorption spectroscopy, which were, however, performed on doped SrTiOs. In the mean-
time, further band structure calculations applying a different model have been carried
out for undoped [Sou72, Mat72, Sah00] and n-doped SrTiOs [Sha98, Guo03|. There, it
was stressed that Nb-doped SrTiO3 (SrTi;_,Nb,O3) and oxygen-vacancy-doped (reduced)
SrTiO3 (SrTiO3_s) cannot be described within a rigid band model. On the contrary, La-
doped SrTiOjs (Sr;_,La,TiO3) fits into such a band model. The explanation for this
peculiarity is that the electronic properties of the titanates are mainly dictated by the
electrons of the TiOg octahedra, which are strongly influenced by oxygen vacancies and
dopants on the Ti site.

The question whether the band gap of Sr'TiOj3 is of direct or indirect nature turned
out to be a challenge. COHEN found from comparative absorption, reflectivity, and elec-
troreflectance measurements around the fundamental absorption edge that the absorp-
tion coefficient as a function of the incident photon energy shows an exponential behavior
(URBACH behavior) and can consequently not be fitted by a power law [Coh68]. Thus
he was not able to decide on the nature of this fundamental transition. Furthermore he
claimed that there were no excitons due to the large dielectric constant, which results in
a very small binding energy of WANNIER excitons, and he also excluded the existence
of a FRANZ-KELDYSH effect. However, after an investigation of the fine structure of the
absorption edge of several samples with different degrees of purity, CAP1ZZzI et al. found
the band gap to be an indirect one at 3.27 eV, which is followed by the first direct tran-
sition at 3.46 eV [Cap70]. The indirect transition goes from I';5 to X3, mediated by a
LO phonon with an energy of 51 meV, whereas the direct transition takes place at the X
point of the BRILLOUIN zone. The indirect nature of the band gap was later confirmed
by several groups [Red72, Yac73, Wea74]. The latter two used the alternative techniques
of electroabsorption and wavelength modulation spectroscopy to improve the resolution

of the fine-structure data. Surveys of the history of the understanding of the optical
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properties of SrTiO3 can be found e.g. in [Wea75], where another unusual fact, namely
the relative temperature independence of the band gap, is discussed, or in [Gol87].

A similar puzzling situation shows up if we focus on the photoluminescence (PL)
of SrTiO3. In his extensive PL and photoconductivity (PC) study SIHVONEN [Sih67]
reports on a broad green luminescence band with a peak at 500 nm and several bands
in the infrared region. Concerning photoconductivity, long-term relaxation behavior is
found. Recombination is proposed to happen via multiple defects. Both phenomena, PL
and PC were observed to be sensitive to the cubic-tetragonal phase transition at 105 K
and the para-to-ferroelectric transition at 45 K. Up to now, divergent explanations for
the green luminescence have appeared in the literature. While LEONELLI et al. [Leo86]
explain it as an intrinsic effect due to self-trapped excitons resulting from strong lattice
relaxation, MOCHIZUKI et al. [Moc05] question the intrinsic nature of this process on the
basis of their observation that the green PL disappears when the sample is treated by
a continuous oxygen flow. Thus, they argue that the effect must be extrinsic, namely
due to oxygen defects. Recently, an additional blue luminescence band was observed and
discussed by several groups, which is without doubt of extrinsic nature (different kinds of
doping) [Kan05, Moc05, Kan06]. Coming back to photoconductivity once more, we note
that recent findings do not confirm the strong sensitivity of the photocurrent to phase

transitions [Ros07].

2.1.5 Charge transport

Since undoped high-quality SrTiOjz single crystals exhibit high specific resistances greater
than 107 Qm at room temperature [Mit81]'2, it is not surprising that the majority of
transport investigations have been performed on doped crystals.

From a combined HALL, SEEBECK, and conductivity investigation on reduced and
doped SrTiOj crystals FREDERIKSE and coworkers derived an effective electron mass
m* = 16m, at 300 K [Fre64], which was in good agreement with the first band structure
calculations [Kah64]. Later on, the explanation of the temperature dependences of the
HALL mobility and the conductivity by possible scattering mechanisms turned out to be
not fully straightforward. Within a common picture of classical semiconductor physics,
the low-temperature carrier mobility is limited by scattering at ionized impurities, whereas
the high-temperature mobility is governed by phonon scattering. From HALL mobility
measurements it was concluded that for SrTiO3 this prediction is not completely fullfilled,

since the temperature dependence of the mobility does not fit theoretical curves, neither

2Depending on the actual defect concentration of the crystal under investigation, much higher resis-
tivities have been reported, for example 10* Qm in an early conductivity study by LINZ [Lin53].
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for Nb-doped nor for oxygen-vacancy-doped SrTiO3 [Tuf67].

An even more complicated situation exists for highly resistive undoped SrTiO3, which
was examined by transient-charge measurements [Ker84]'3. In this study, the carriers were
assumed to be holes and it was shown that the transport mechanism changes from band-
type transport, controlled by longitudinal-optical (LO) phonon or impurity scattering, at
high temperatures to a hopping mechanism (small-polaron transport) at low temperatures
with a transition temperature of 180 K. In a subsequent work [Kho88] the picture was
refined by preparing only weakly reduced SrTiO3 samples and demonstrating that the
low-temperature transport mechanism changes from small-polaron transport to impurity
scattering with increasing reduction level and thus rising carrier concentration.

The FERMI level position of undoped SrTiOj crystals was estimated by DEDYK et
al. [Ded93] from conductivity measurements and the mobility data of [Ker84]. At room
temperature, the authors find the FERMI level be located at 0.71 eV above the valence
band edge. In the same paper also the electron affinity is given: y = 3.2 eV.

On the basis of those statements we consider the undoped SrTiO3 substrates that were
under investigation within the present thesis to be p-type wide-bandgap semiconductors
with a work function of 5.7 eV.1

Here we close our brief survey on strontium titanate and continue with some facts on

lanthanum manganites.

2.2 Lanthanum manganites (La; ,A,MnOQO;)

In the run-up of writing some introductory sections on a certain class of materials, as
needed in a thesis such as the present one, one naturally starts with an extensive study

of the literature. After finishing this phase, we can draw the following conclusions:

e Going through all the literature is quite hopeless, since the number of publications

on manganites!® exceeds eight hundred per year.

13Here [Ker84], the authors give a value of p = 3x 10'%m =3 for the carrier concentration of an undoped
crystal. For comparison, n-doped crystals typically show carrier concentrations n > 10'8cm=3.

14This value follows directly from the above-given positions of the FERMI level and the electron affinity,
in so far as the electron affinity is defined as the difference in energy of a free electron (represented by
the so-called vacuum level in an energy level diagram) and the bottom of the conduction band on the
one hand and the work function as the difference between the vacuum level and the FERMI level on the
other hand.

15The term manganites refers to manganese oxides of the general formula R;_,A,MnO3 (R= La, Y,
Bi or a rare-earth metal; A= nontrivalent doping element). Depending on the special context, one also
finds the terms rare-earth manganites, CMR manganites, or mized-valence manganites.
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e On the other hand, there are a couple of review articles on manganites which finally
served as the basis for the following text [Ram97, Coe99, Sal0l, Edw02, HGO3,
Gor04, Dor06]. Consequently, individual original articles are cited only in a few
cases, for further references we refer to the voluminous bibliographies of each of the

review articles.

e However, upon going through each of those articles, it becomes more and more clear
that a description of manganite physics being simultaneously complete, coherent,
and well understandable is obviously hard to realize. Rather, it seems to be common
practice to simply itemize the most important issues of manganite physics. Those
issues, which clearly happen or are apparent at the same time in a crystal, cannot be
linked into a unified phenomenological picture. Not only once authors use phrases

such as puzzle or complex interplay.

e Several reasons for this somewhat confusing situation can be established. First, and
to this point all review authors agree, there is a complex interplay between different
interactions and degrees of freedom that determines the physics of manganites.
There is no complete model describing all relevant interactions at once, at least not
on a phenomenological level. Among those interactions are in all cases magnetic
interactions. The fact that they, in general, can be only fully explained within
quantum mechanics does not contribute to a simple intuitive understanding. Second,
mixed-valence manganites show very rich electronic and magnetic phase diagrams.
Their properties strongly depend on intrinsic parameters, such as the doping level
x, type of dopant, or oxygen stoichiometry, and on extrinsic parameters, such as
temperature. Consequently, it is often not appropriate to speak of the manganites,
but each single compound in a certain temperature range must, strictly speaking,
be considered separately, which leads to a substantial inflation and complexity of
published data on manganites. The other way around, it has to be admitted that
the systematic observation of certain physical properties, such as conductivity or
magnetization as a function of the above-mentioned parameters, has contributed a
lot to our current understanding of manganites. Third, it seems that an in-depth
clarification of the behavior of manganites (and other correlated-electron materials)
is only possible within the framework of modern solid-state theoretical calculations,

which are unfortunately not so transparent to the average experimentalist.

e To illustrate the immense intellectual challenge we are confronted with if we try
to understand the manganites without any theoretical calculations, let me pose the

following question: Is it possible to imagine a solid by simultaneously taking care of
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— the crystallographic structure including distortions and possible charge order,

— both itinerant and localized 3d electrons of the manganese ions with their spins,

which are subject to quantum mechanic exchange interactions,

— the coupling of the itinerant electrons to the crystallographic lattice (to phonons)

or to the spin lattice, leading to polaron formation,

— the exact geometry /symmetry of the 3d orbitals surrounding the Mn ions with

their consequences to transport and spin alignment

and finally to derive predictions concerning, e.g., transport and magnetic properties

or even whole phase diagrams?

The aim of the above text is not to be discouraging but rather to explain why the
following summary of the most important facts on doped lanthanum manganites cannot
provide a complete picture. After some historical remarks, I will first comment on the
undoped parent compound LaMnQOg3 and, second, specify some of the key characteristics
of the electronic and magnetic structure of doped LaMnO3. The subsection will be closed
with a listing of the above-mentioned review articles, including comments on their very

different individual approaches to the topic.

2.2.1 Review on manganite research

Early work on polycrystalline La;_,A,MnOj3 (A=Sr, Ca, Pb, Ba) was published by
JONKER, VAN SANTEN, and VOLGER in the 1950s [Jon50, Vol54]. They reported on
ferromagnetism and metallic conductivity as well as negative magnetoresistance (MR) in
a certain composition range. The question as to which type of magnetic exchange mech-
anism was responsible for the ferromagnetism resulted in the development of the concept
of double exchange (DE) by ZENER [Zen51]| and later by ANDERSON and HASAGEWA
[And55] and DE GENNES [Gen60], with the latter two refining the respectively previous
DE model. In this model the ferromagnetic interaction of the localized Mn 3d electrons is
mediated by spin-polarized itinerant 3d electrons. Another important theoretical concept
that was developed within the course of manganite research is the JAHN-TELLER polaron,
see e.g. [Opib7, Pol82].

There was not much activity in the 1970s and 1980s before a revival of the interest oc-
curred in the 1990s. This renewed activity in manganite research was strongly correlated
to the desire of a basic understanding of the structurally similar high-T superconduct-
ing cuprates and to the accompanying expanded possibilities of sample preparation by

newly developed thin-film deposition technologies. Large magnetoresistance [Hel93], later
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referred to as colossal magnetoresistance (CMR) by JIN et al. [Jin94], was found in man-
ganite thin films, and consequently manganites were discussed as potential materials for
the arising spintronics technology. To illustrate this outstanding property of a number of
manganite compounds, figure 2.3 shows results on the magnetoresistance effect from both
periods of intensive manganite research.

To finish this short historical survey, it must be admitted that in the case of the CMR
effect the transfer into device technology turned out to be not as straightforward as in
the case of the giant magnetoresistance (GMR) of metallic multilayers. The main reason
lies in the fact that for manganites the Curie temperature T is intrinsically inversely
proportional to the strength of the MR effect and moreover the highest T, as observed for
Lag 7Sr9.3MnQO3, is only around 370 K, which is very low for magnetic device applications.
On the other hand, the field of manganites is not yet exhausted and still offers new

phenomena and unsolved questions.

2.2.2 The parent compound LaMnOs

Before we make the attempt to outline some key features of doped lanthanum manganites,
we should focus on the physical properties of the parent compound LaMnOs3, which is in
some sense even more complex than its La-substituted relatives. LaMnQOj3 is commonly
characterized as being an antiferromagnetic insulator in its ground state. The crystallo-
graphic structure is heavily distorted, which means that the MnOg octahedra are tilted
and elongated due to both the mismatch of the ionic radii and a local JAHN-TELLER ef-
fect. As a result, the Mn-O-Mn bond angle is much smaller than 180°, namely 155°-164°,
depending upon the exact oxygen stoichiometry. The compound tends to overoxygena-
tion: LaMnQO3,s. Under oxygen excess, part of the Mn ions, which have a valence of 3+
in the stoichiometric case, are forced to the 4+ valence state to preserve charge neutrality
of the crystal. Thus, already the parent compound can show a mized Mn valence, which
is the starting point for ferromagnetic ordering and magnetoresistance. Both properties,
however, are achieved in a much more effective way by extrinsic doping as described in
the next paragraph. Indeed, for 6 > 0.03 LaMnOg3s orders ferromagnetically.

The question which type of insulator LaMnOg is has been under debate as well, since

the compound is a MOTT insulator on the verge of being a charge transfer insulator!®.

16 As discussed in an earlier footnote, a transition-metal oxide might be insulating due to strong electron
correlation by COULOMB interaction even when the 3d band is only partially filled. This phenomenon is
called MOTT insulation and the criterion for its occurrence is that the d bandwidth W is smaller than
the correlation energy U, which is also referred to as MOTT-HUBBARD gap. However, especially from
optical spectroscopy, it has been found that in certain compounds strong optical absorption occurs below
the MOTT-HUBBARD gap [Hiif85]. These absorption peaks are attributed to the bridging of another gap,
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Figure 2.3: Magnetoresistance of manganites.

(A) Reproduction of experimental results on a sintered ceramic Lag gSrpoMnQO3z sample from the early
work of VOLGER [Vol54], which already includes the main features of perovskite manganites. Part
¢), which is a plot of the saturation magnetization o against temperature, shows the sample to be
ferromagnetic up to the Curie point slightly below 300 K. Intriguingly, as shown in part a), which is a
plot of the sample resistivity p against temperature, there is also a metal-insulator transition near the
magnetic Curie point. Below T the sample shows metallic conductivity in the sense of dp/dT > 0,
above T¢ it behaves insulating (dp/dT < 0). Part b) depicts the magnetoresistance at constant magnetic
field. The MR value is calculated as the difference between the resistivity at zero field and at a certain
magnetic field divided by the zero field resistivity: MR=[R(0)-R(H)]/R(0). As a further striking fact,
the MR peaks at T¢.

(B) Reproduction of data from the work of VON HELMHOLT et al. [Hel93] on pulsed-laser deposition-made
epitaxial thin films of Lag/3Ba; ;3MnO,. This work triggered the new interest in manganite research. The
data demonstrate again that (i) the samples show a metal-insulator transition, (ii) the MR effect is highest
around the transition temperature, and (iii) the MR is negative in the sense that the resistivity drops in
response to a magnetic field. Furthermore the strong dependence of the temperature and sharpness of
the transition on the degree of disorder and the oxygen stoichiometry can be seen from the comparison
of an as-deposited film (a) with a film annealed in air (b). For the latter, one assumes less disorder and
a higher oxygen content which decisively raises T and decreases the resistivity.

Band structure calculations [Sat96] find LaMnOj3 to have an indirect band gap smaller
than 0.5 eV, which agrees with conductivity data (activation energies between 0.1 and
0.36 eV) but is small compared with the charge transfer gap of 1.0 eV or 1.3 eV from
optical and photoelectron spectroscopy, respectively.

In summary, the parent compound LaMnQOj is already a challenging research subject,
which is admittedly much more of fundamental than of technological interest and therefore

has been much less considered in the literature than the doped lanthanum manganites.

the charge transfer gap A, which arises from transitions between the d band and the oxygen 2p band
(hybridization). For a detailed discussion of the nature and optical analysis of the different energy scales
and energy gaps in strongly correlated systems, such as manganites, see e.g. [Rau06].
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2.2.3 Electronic and magnetic structure upon doping

For LaMnOs the ion valences are La®™, Mn3*, and O?~ in the stoichiometric case and

chemical substitution is possible on all lattice sites:

e La’t can be partially replaced by

trivalent cations such as rare-earth ions as well as Y3t or Bi**, where the
latter has recently been shown to act as a multiferroic tunnel barrier in the

composition Lag¢Bip;MnO3 [Gajo7],

— divalent cations such as Sr?*, Ca?*, Ba?*, Pb**, which, to preserve charge
neutrality, forces part of the Mn3* ions to go into the 4+ state, resulting in a

mixed Mn valence accompanied by hole doping,
— monovalent cations such as Na™ and K¥,

— or, as shown by the research activities of the last decade, tetravalent cations
such as Ce**t, Te*t, Sn*t, Zr**, which force part of the Mn®** ions into the
2+ state. This type of substitution results in a mixed Mn valence, too, but is

accompanied by electron doping.

e Mn might be replaced by most 3d (e.g. Ti) and some 4d (e.g. Ru) elements, which
in most cases suppresses ferromagnetic ordering. This case is not considered further

here.

e The oxygen content can be enhanced or decreased, the first case being equivalent
to metal vacancies, the latter to oxygen vacancies, since no interstitial sites are

available in the lattice.

From the above listing it becomes clear that a wide variety of compounds arise by
doping of LaMnQs3. In the present work we focus on divalent-cation substitution of La®*
by Sr?* and Ca?* as well as tetravalent-cation substitution by Ce**. The latter case poses
special challenges and is still under debate. We come back to this issue in chapter 4. Here,
we limit our considerations to the classical case of divalent-cation substitution, which was
already explored in the first period of manganite research. The explanations below follow
the train of thoughts from the review article by DORR [Do6r06].

The physics of manganites is mainly determined by the behavior of the manganese
ions. A first valuable step in understanding the mixed-valence manganites is to imagine
a simple ionic scheme as depicted in figure 2.4. Mn?*, Mn?*", and Mn** valence states,

which can all occur in manganites depending on the composition, have 5, 4, or 3 electrons
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Figure 2.4: Basic properties of the Mn ion in manganites in a simplified single-electron term scheme.
While in the isolated Mn ion five degenerate 3d levels exist, the crystal field of the oxygen octahedron
in the perovskite structure causes a level splitting into three levels with f3, orbital symmetry and
two levels with e, symmetry. The energy difference is denoted as crystal field splitting energy A.r
(Aq¢ =1.8 eV for undoped LaMnO3 [Coe99]). Due to the JAHN-TELLER effect around the Mn3* ion
the e, degeneracy is also lifted. The corresponding JAHN-TELLER splitting energy ¢ ;7 is typically
in the range 1.0...1.5 eV for manganites. The dashed arrow indicates the spin-conservative elec-
tron transfer between Mn3*t and Mn**t, whereas the intermediate oxygen 2p orbital is omitted here.
(Reproduced after [D6r06, Thi06].)

in the 3d shell. According to HUND’s first rule their spins align parallel with a quite large
coupling energy Uy =2.0 eV. The crystal field of the surrounding oxygen octahedron splits
those five 3d levels into three lower-lying ¢,, levels and two higher-lying e, levels (the no-
tation derives from group theory). The ty, electrons are localized and form a magnetic
core moment of 3 1p. The remaining electrons occupy the e, levels and are more or less
delocalized. In the case of delocalization, the electron movement takes place by hopping
via oxygen 2p orbitals, with the hopping probability being highest for a Mn-O-Mn bond
angle of 180°and decreasing for smaller angles. This hopping mechanism is inherently
interweaved with the magnetic exchange interaction: The delocalized e, electrons cou-

ple with their spins parallel to the Mn core moments and thus mediate a ferromagnetic
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exchange interaction when moving with conserved spins. As already mentioned within
the historical remarks, ZENER worked out a theoretical model for this process [Zen51]:
the double-exchange model, in which he assumed two simultaneous electron hopping pro-
cesses. One electron is transferred from Mn3" to a neighbouring oxygen 2p orbital, and
a second electron from this oxygen 2p orbital to an adjacent Mn** ion, with the initial
and final states being degenerate and consequently coexisting and coupling the Mn spins
ferromagnetically. In general one could say that double exchange means the magnetic
interaction mediated by itinerant spin-polarized d electrons which couple to the localized
core moments according to HUND’s rule. A full understanding of this model is only pos-
sible on the basis of corresponding theoretical calculations, which aim at minimizing the
total energy of the system.

The above explications provide a phenomenological understanding of the ferromag-
netic and conductive ground state of the mixed-valence manganites (at least in a certain
composition range), but the origin of the magnetoresistance effect needs further consid-
erations. In a semiclassical approach the double-exchange model yields a certain relation
between the electron transfer probability between the two Mn ions and the angle © be-
tween their magnetic moments. The transfer probability is proportional to cos(©/2). If
an external magnetic field is strong enough to align the Mn moments parallel to each other
(© =0°), the transfer probability becomes unity and the resistance drops dramatically.

Furthermore it is noteworthy that, apart from from double exchange, superexchange
interactions of both Mn ¢y, and e, orbitals via O 2p orbitals are present. Those inter-
actions can be ferro- or antiferromagnetic depending on the orbital orientation, which
demonstrates the importance of the orbital degree of freedom. Since the present work is
not related to magnetic properties, we omit an in-depth discussion of this phenomenon.

Besides the strong interconnection between spin and orbital degrees of freedom, as in-
dicated above electron-lattice coupling plays a crucial role in manganite physics. There are
two different sources of electron-lattice coupling. First, as already noted, the Mn-O-Mn
bond angle varies depending on the misfit of the anion radii. The reduction of this bond
angle goes along with a decrease of the conduction bandwidth due to a smaller orbital

overlap. The second source of electron-lattice coupling is the JAHN-TELLER effect!”,

1"The JAHN-TELLER effect in its simplest form is an effect in molecular physics and was described by
JAHN and TELLER in the 1930s. It assumes a vibrating molecule where a multiplicity of electronic states
interact with one or more modes of vibration. The theorem says that for almost any set of degenerate
electronic states associated with a (geometrical) molecular configuration there will exist some symmetry-
breaking interaction in which in turn the molecular distortion is created simultaneously with the removal
of the electronic degeneracy. The proof is given by a group theoretical argumentation. The effect is
observed also in solids, where the electrons interact with lattice vibrational modes (phonons). For a
review see e.g. [O’B93].
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which can be either static or dynamic depending on the composition and temperature
regime. Basically, the Mn®* ion deforms its surrounding oxygen octahedron. This distor-
tion goes along with the lifting of the degeneracy of the e, states. The motion of such
eq electrons leads to the formation of polarons, the JAHN-TELLER polarons. Again, a
detailed understanding is not possible without entering solid-state theory.

Regarding the subtle interplay between different degrees of freedom that we have
tried to introduce so far, it is not surprising that lanthanum manganite systems show
rich phase diagrams with respect to their electronic and magnetic structure. For two
of the most investigated systems, which were also under inspection in the present work,
namely La;_,Sr,MnO3 (LSMO) and La;_,Ca,MnO3 (LCMO), such phase diagrams are
depicted in figure 2.5. The technologically interesting ferromagnetism occurs in a limited
composition range with a maximum CURIE temperature T for = 0.3. For this com-
position, both compounds exhibit a ferromagnetic metallic low-temperature phase, which
appears logical from the point of view that electronic conduction and ferromagnetism
are inherently coupled within the double-exchange mechanism. The ferromagnetic-to-
paramagnetic phase transition is accompanied by a metal-to-insulator transition in the
case of LCMO, while LSMO, which has the highest T among the doped lanthanum man-
ganites, stays metallic (however with a reduced slope of the resistivity-versus-temperature
characteristics). We have to note that, according to latest publications, those phase dia-
grams are still simplified. It has been proven that manganites tend to phase coexistence
within a chemically homogeneous state. To be complete, figure 2.6 shows the phase di-
agram of La;_,Ce,MnOj3 (LCeMO), which was also under investigation in this thesis.
In contrast to LSMO and LCMO, LCeMO is nominally electron-doped due to its mixed
Mn?* /Mn?* valence resulting from tetravalent-ion doping. The phase diagram is valid
only for epitaxial thin films, since single-phase bulk samples seem to be impossible to syn-
thesize, as will be discussed in detail in chapter 4. The CURIE temperatures are similar
to those of the hole-doped LCMO system.

2.2.4 Additional physics of manganites

Since the above introduction to the physics of doped lanthanum manganites is far from
being complete, the section will be closed by a chronological listing of some review articles
on the field. The very different approaches of the authors are just another indicator of

the extreme complexity of the topic.

e The article of RAMIREZ [Ram97] is entitled Colossal magnetoresistance and con-

siders not only the mixed-valence manganites, but also other compounds that show
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Figure 2.5: Phase diagrams of the hole-doped systems La;_,Sr,MnOs (LSMO) and La;_,Ca,MnOs
(LCMO). The abbreviations are to be interpreted as follows: F - ferromagnetic, AF - antiferromag-
netic, P - paramagnetic, C - canted magnetic order, T - CURIE temperature, T - NEEL temperature,
I - insulating, M - metallic. (Reproduced from [Ram97].)
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Figure 2.6: Phase diagram of the electron-doped system La;_,Ce,MnO3 (LCeMO). FM stands for

ferromagnetic. Note that a single-phase preparation is only possible for thin films in a limited com-
position range. (Reproduced from [Ray03].)

the CMR effect, such as certain spinels and pyrochlores. The article is a collection
of experimental results, aiming at a phenomenological understanding of CMR, com-
pounds. The validity of a simple band picture is questioned for the manganites,
because HALL and thermopower results do not correspond to the nominal conduc-
tion type. Especially for the lanthanum manganites the different dopings (Sr, Ca,
Ba) leading to quite different physical properties are discussed individually and in
detail.

e One of the most complete compilations of knowledge on mixed-valence manganites
can be found in the paper by COEY et al. [Coe99]. The authors tackle the topic

from the materials science point of view. A profound base of knowledge concerning
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the historical results on manganites, fundamental magnetic interactions in solids,
magnetic semiconductors in general, as well as bulk and thin-film preparation is
given. The electronic structure is discussed in the ionic picture as well as in the band
picture, and the most important results from measurements of magnetic properties,

electronic and thermal transport, and of the optical response are summarized.

e In contrast to [Coe99] MOREO et al. [Mor99] strongly stress the importance of phase
separation scenarios in theory and experiment. Refined phase diagrams for LSMO
and LCMO are presented.

e The article by SALAMON et al. [Sal01] points out the significance of the manganites
as a model system for modern solid-state theory due to the many degrees of freedom,
and emphasizes the role of theory for a complete understanding of those compounds.
The key feature of the paper is that listings of the most important phenomenolog-
ical facts in manganite physics are given for different temperature regimes, since

manganite behavior is very different above and below 7.

e In the mainly theoretically oriented paper by EDWARDS [Edw02] the author limits
his considerations to doped manganites in the ferromagnetic regime (x=0.2...0.4)
and highlights the role of electron-phonon coupling. The different behaviors of
LCMO and LSMO above Ty are explained as a result of diverse degrees of local-
ization of the e, electrons. The role of disorder is stressed. The author prefers the
band rather than the ionic picture. For instance, photoemission spectra of LCMO,
in which a FERMI edge becomes visible below T are discussed as evidence that,

within certain limits, the manganites can be described within the terminology of a
band model.

e Another theoretical work is that by GOR’KOV et al. [Gor04], where the main features
of mixed-valence manganites are explained by analytical calculations. It is explained
which interactions play a role and how they contribute to the Hamiltonian of the
whole system. The authors deal separately with low- and high-doping regimes and
with metallic and insulating phases. Special attention is drawn to percolation (phase

separation) phenomena and to interface and tunneling phenomena.

e The review papers of HAGHIRI-GOSNET et al. [HG03] and DORR [D6r06] lay a spe-
cial focus on manganite thin films and possible device structures. Besides summaries
of general manganite physics, the role of epitaxial strain in thin films is discussed

as an additional and controllable degree of freedom.



CHAPTER 2. OXIDES - AN INTRIGUING CLASS OF MATERIALS 35

2.3 Oxide samples of the present study

As sample preparation was performed at the IFW Dresden and thus was not part of
this thesis, only the most important information will be given here. For an in-depth
description of the deposition technique and the film growth conditions, refer to the thesis
of C. THIELE [Thi06].

Epitaxial thin films of 10 nm Lag;Cag3MnOgz, 10 nm Lag7Ceq3MnO3, and 15 nm
Lag7Sro3MnO; were deposited on undoped SrTiO3(100) single-crystal substrates'® of
10x10x0.5 mm?® by pulsed-laser deposition in off-axis geometry. For comparison, one
15-nm-thick Lag 7Srg3MnOj film was also grown on Nb-doped SrTiOs (0.5 wt%). Stoi-
chiometric targets were ablated with a KrF excimer laser at a wavelength of 248 nm.

X-ray diffraction (XRD) measurements were employed to ensure single-phase and epi-
taxial growth.

All films were additionally characterized by atomic force microscopy in the contact
mode in air. The AFM measurements revealed a root-mean-square roughness of 1 nm,
2 nm, and 7 nm for LCeMO, LCMO, and LSMO, respectively.

The samples were cut into halves. One half of each sample was loaded into an
ultrahigh-vacuum environment for the photoelectron-spectroscopy-based investigations
(chapter 4), the other halves were kept in air for surface photovoltage investigations
(chapter 3). After completion of the photoelectron spectroscopy study, those sample

halves were moved back into air and also studied by surface photovoltage measurements.

Now we finish our view on oxide physics, being aware of not having considered all
points of importance. Some special issues that are directly related to the experimental
studies of the present thesis, such as the formation of the manganite/strontium titanate
interface including its photoresponse and the challenge of electron doping of manganites,

are reviewed in chapters 3 and 4, respectively.

18The supplier was Crystec GmbH, Berlin. The substrates were polished to a root-mean-square (rms)
roughness smaller than 0.5 nm.






3 Surface photovoltage investigations

of the manganite/SrTiO; interface

In the following we introduce the technique of surface photovoltage (SPV) spec-
troscopy as a unique tool to identify and classify electronic defect states at oxi-
dic interfaces, especially the manganite/ strontium titanate interface. After some
considerations on SPV in general and with respect to oxides in particular, a com-
parative study of the electronic interface state distribution at three different per-
ovskite ozide interfaces, formed by epitazial thin films of Lag7Sro3MnOs (LSMO),
Lay7Cap3MnOs (LCMO), and Lag7Cey3sMnOs (LCeMO) on SrTiOs substrates,
is presented. The information content and applicability of different experimental

approaches are discussed critically.

3.1 Fundamental considerations

3.1.1 The physics of surface photovoltage phenomena

The subsequent overview, which is based on the comprehensive review articles by KRONIK
and SHAPIRA [Kro99, Kro01], of the physical background of surface photovoltage has
been kept as phenomenological and intuitive as possible, since the presentation of all
formal and mathematical details! would clearly go beyond the scope of the present work.
Depending on the case (i.e. the concrete material or device structure) SPV is; in principle,
capable of providing information on a variety of quantities, e.g., the carrier diffusion
length, surface band bending, surface charge, and surface dipole, as well as surface and
bulk recombination rates, distribution and properties (time constants and optical cross
sections) of surface states, distinction between surface and bulk states, conduction type,

or construction of band diagrams.

I Typically, mathematical descriptions of SPV phenomena are not general but start from rigid assump-
tions, e.g. constant recombination rates throughout the space charge region (SCR), the existence of only
one surface state, the existence of a depletion regime, a certain signal level (small- and large-signal SPV),
unipolar carrier excitation, a certain quantum efficiency, certain doping and temperature regimes, a dif-
fusion length larger than the SCR, the existence of an ohmic back contact, and the neglect of bulk states
and intra-conduction-band transitions. Especially for a material with a quite low carrier concentration,
such as undoped SrTiOg3, at least the condition that the SCR has to be smaller than the diffusion length
is violated with the result that a quantitative analysis is not straightforward.

37
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Historically, SPV phenomena were already known during the pioneering period of
semiconductor physics, i.e., back in the 1940s and 1950s (see e.g. [Joh58]). SPV in
classical semiconductors such as Si and Ge is well understood and industrially employed
for the contamination analysis of wafers [Lag92, Sch06]. For wide-bandgap materials,
where purely electrical characterization methods fail due to low carrier concentrations —
and this applies to our study — SPV has been found to be a valuable tool for surface gap
state spectroscopy since the 1970s [Gat73, Lag94].

3.1.1.1 Electronic structure of semiconductor surfaces

An indispensable prerequisite for a later understanding of SPV phenomena is the exam-
ination of the basic electronic properties of semiconductor surfaces. We note here that
the terms surface and interface mean the same thing, namely the boundary between two
media with different physical properties. Commonly, the term surface is used for the
boundary between a solid and a gas or vacuum and the term interface is used for the
solid-solid boundary. The first case is also called free surface and will be considered here
first.

The periodic structure of an ideal crystalline semiconductor results in the occurrence
of allowed energy bands separated by forbidden gaps. The termination of such a periodic
structure at a free surface leads to a number of effects which are subject to an own area
of solid-state physics: surface physics. Roughly speaking, this termination involves not
only symmetry breaking but also more complex processes, e.g. lattice relaxation, the
formation of dangling bonds, steps, and kinks, or adsorption of impurity atoms. In the
band picture, those structural changes are inevitably connected with the formation of
surface-localized electronic states within the semiconductor band gap and/or a double
layer of charge, known as surface dipole.

In order to establish thermal equilibrium between bulk and surface, characterized by
a constant FERMI level throughout the crystal, a charge redistribution between the two
must take place. Consequently the surface carries a charge that is balanced by the same
amount of an opposite space charge in the bulk, which depletes? the subsurface layer of
majority carriers. According to POISSON’s equation, such a charge distribution results
in an electric field, also named built-in field, accompanied by a band bending. Further-
more, the band bending can be interpreted as an energy barrier, the so-called SCHOTTKY
barrier, for majority carriers moving towards the surface. The term SCHOTTKY barrier

originally stems from the theory of rectifying metal-semiconductor junctions, also known

2In most reports on this topic only the case of depletion is discussed. Of course, also accumulation or
inversion might occur.
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Figure 3.1: Bands in the subsurface region of a depleted p-type semiconductor having surface states
within the band gap, shown without and with super-bandgap illumination. Ugpy denotes the surface
photovoltage, Vi, the band bending, and ¢ the SCHOTTKY barrier.

as SCHOTTKY contacts, which show a pretty similar physical behavior, see e.g. [Bri82].

3.1.1.2 The surface photovoltaic effect

When a semiconductor surface with a built-in field is illuminated by light with a photon
energy greater than the band gap, electron-hole pairs are generated and separated by the
built-in field. Thus, again a charge redistribution takes place along with a change of the
band bending. The shift of the band bending compared to the equilibrium value is called
surface photovoltage. The situation is visualized in figure 3.1.

A SPV is also observed when the surface is illuminated with photon energies smaller
than the band gap, due to the photostimulated population and depopulation of distinct
and energetically localized trap states within the band gap (figure 3.2). The effect is
also called sub-bandgap SPV and has been realized to be the key to a nondestructive
versatile tool for analyzing the distribution of gap states: surface photovoltage spectroscopy
(SPS). The principle is as follows: The wavelength of the incident photons is swept and
the corresponding SPV is recorded. Population or depopulation of a distinct trap state
will become visible in the SPV-vs.-wavelength plot as a point of slope change. Thus a
mapping of trap energies E; across the band gap can be performed and the trap levels can
be classified into those which communicate with the conduction band and those which

exchange carriers with the valence band. Figure 3.3 depicts a SPV spectrum and the
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Figure 3.2: Under sub-bandgap illumination, a surface photovoltage can be generated by direct charge

exchange between gap states and one of the bands. Part (a) shows the excitation of an electron
from a surface state to the conduction band. The SPV is lowered in this case provided that there is
significant recombination between the bands or (not shown in the picture) significant diffusion into
the bulk. Part (b) illustrates how an electron is excited from the valence band into a surface state,
leading to an increase of the SPV. Note that also more complex scenarios, such as transfer between
gap states, are possible.
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Figure 3.3: Reproduction of an early SPV spectrum from a n-type CdS surface from [Bal71]. Part (a)
depicts both the SPV and the photoconductivity spectrum, where the first is interpreted in terms of
slope changes, which are indicated by arrows. The energetic (or wavelength) positions are assigned to
carrier transitions between localized surface states and one of the two bands [part (b)]. Unfortunately,
up to now no generally accepted method has been established concerning the exact analysis of SPV
spectra. Thus, questions, such as why the slope changes at around 1.0 eV or 1.2 eV are not assigned
to a transition, but also similar inconsistencies in other SPS publications, remain unanswered or
uncommented.

assignment of the slope changes to gap states from an early SPS publication about the
CdS surface [Bal71].
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Figure 3.4: Assumed band alignment at the manganite/SrTiOg3 interface (A in the chemical formula
stands for either Sr, Ca, or Ce). Here, ¢ denotes the work function of the manganite film, ¢5 the
SCHOTTKY barrier, and Vp, the band bending. The ¢ values were determined by an ultraviolet
photoemission (UPS) experiment (for details see chapter 4) and evaluated to be 5.2 eV for LSMO,
4.8 eV for LCMO, and 5.1 eV for LCeMO. The values of the FERMI level position and the work
function of undoped SrTiOs have been taken from [Ded93]. Note that the depicted case is, strictly
speaking, only valid for LSMO, see text. In this case we get a total band bending of 0.5 eV. We
further note that for the above scheme the so-called SCHOTTKY limit (no Fermi level pinning) was
assumed, which is, according to certain literature results [Sch78], not the case for SrTiOs, so that the
true band alignment cannot be fully reconstructed from only the difference of the electron affinities.

3.1.1.3 Sensitivity to buried interfaces

Naively one could think that interfaces that are buried deep enough into a sample are
unable to contribute to the SPV signal, due to screening by a thick-enough quasi-neutral
region. However, this statement is wrong. To explain why, we assume a simple het-
erostructure: a thin semiconductor film on a semiconductor substrate, both with different
material parameters. In such a structure we expect two different space charge regions
(excluding the back contact, which is assumed to be ohmic): one at the junction (buried)
and one at the free surface of the film. Since the energy bands of both materials are
connected in series, the potential of the free surface (where the SPV is finally probed, see
the following sections) is linked to any other illuminated region inside the whole structure.
Thus the optical absorption in any non-neutral region of the sample might contribute to
the SPV signal. In other words, any interface that produces a space charge region and
is optically accessible can potentially be characterized by surface photovoltage measure-
ments. Albeit the separation of different SPV contributions in heterostructures is quite
a challenge, SPV techniques have been extensively employed in the characterization of
buried interfaces, mainly within the research on III-V semiconductor heterostructures.
In the case of the manganite/SrTiO3 interfaces investigated here, we expect a SCHOTT-
KY contact in the case of Lag 751g.3MnQgs, since this manganite shows metallic conductivity

at room temperature and SrTiO; may be modeled as a wide-bandgap semiconductor.
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For the two other manganites considered here, Lag7Cag3MnO3 and Lag7Ceg3MnO3 we
expect semiconductor heterojunctions, because both materials have band gaps at room
temperature, which are, however, smaller than 1 eV (see section 2.2). Nevertheless, for
all three cases we expect the essential preconditions for a measurable SPV signal, namely
space charge regions and optical accessibility at/of the interface, to be fulfilled, which
justifies our experimental approach. Further details on the assumed band alignment are

given in figure 3.4.

3.1.2 Electronic interface states of SrTiO3 and ferroic systems -

a literature review

For a better consolidation of the experiments presented below, we summarize the current
state of research with respect to the investigation of the electronic properties® of ferroic,
or more generally, perovskite interfaces by techniques based on optical excitation. Since
the examination of an interface needs the familiarization with either of the participating
materials, we first give an overview of the knowledge on electronic states at pure SrTiO3
surfaces and conventional metal/SrTiOs interfaces. We will close the subsection with a
description of some promising nonoptical, solely electrical investigations on perovskite

interfaces.

3.1.2.1 Electronic properties of SrTiO; surfaces and interfaces

According to the statements of section 2.1, it is almost self-explaining that the inspec-
tion of inner and outer SrTiOj3 interfaces has constituted a challenge for several decades
and is still in progress. The main reason for this elaborateness is again the dramatic
change of the electronic properties even by small changes of the oxygen stoichiometry, as
was demonstrated e.g. by photoelectron spectroscopy [Pow76, Hen78]. Furthermore, the
treatment within the framework of the common semiconductor band diagrams turns out
to be partially critical, since at least undoped SrTiO3 has a such a very low carrier concen-
tration that a strict consideration within the terms of classical semiconductor physics is
highly questionable*. However, most of the studies mentioned below used doped SrTiOs;

(the reasons were discussed in section 2.1), where the band diagram should be applicable.

3We do not discuss structural interface investigations with cross-sectional transmission electron mi-
croscopy (TEM) and with TEM-derived techniques such as electron energy-loss spectroscopy (EELS) or
electron energy-loss near-edge spectroscopy (ELNES), despite the fact that EELS and ELNES are sen-
sitive to the electronic structure in the sense of spatially resolved valence sensitivity. Results on LSMO
and the LSMO/SrTiO3 interface can be found in [Rie07] and [Mau06], respectively.

4Let us illustrate this statement with an example: We consider the LSMO/SrTiO3 interface as a
SCHOTTKY contact and calculate the depletion width W in SrTiO3 according to the well-known formula
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Especially the fundamental question whether SrTiO3 tends to intrinsic surface states
and subsequent strong FERMI level pinning (BARDEEN limit) or not (SCHOTTKY limit)
was discussed controversially [Kur69, Sch78]. While the first work mentioned assumes
the SCHOTTKY limit, the latter one - after the evaluation of a comparative study of
different metal/SrTiO3 junctions - considers SrTiO3 as an intermediate case [Nev72]. The
SCHOTTKY barrier heights were determined by I-V measurements® and photoresponse
techniques.

In an earlier work, electrical characterization techniques (I-V, C-V measurements) were
applied as well, in order to investigate the rectifying behavior of several metal/SrTiO;
contacts [Car67].

Anomalous C-V characteristics of metal/SrTiO3 junctions were found within another
study [Nev75] and interpreted in terms of the formation of a heavily doped SrTiOs layer
at the interface during the metal evaporation process. This highlights how difficult it is to
prepare a high-quality Sr'TiO3 surface and to keep this quality during further processing.

In recent times, within the framework of the search for alternative gate oxides, further
activities aiming at an understanding of the band alignment at interfaces of SrTiO3, espe-
cially its interface with silicon, were reported [Zha03, Dem04]. There, a good agreement
between experiment and theory (density functional theory, DFT) was found.

Similarly to one of the early works on the topic [Nev75], a recent investigation of
the relation between the diode behavior of a Au/SrTiO3:Nb junction and the crystallo-
graphic orientation of the SrTiOj substrate found that an interlayer having a different
dielectric constant forms [Shi00]. The same problem of unintentional interlayer growth
was discussed for a SrTiO3/p-Si heterojunction [Hun06].

So far, only few interface studies employing photovoltaic effects® have been reported,
e.g. the studies of ZHAO and coworkers, who reported on a strong photovoltaic effect in a
SrTiO3/Si junction [Zha05] and a high open-circuit photovoltage of SrTiOj3 single crystals
[Zha06]. In both cases ultraviolet and thus super-bandgap illumination was applied with

no attention paid to possible gap states. One real surface photovoltage study employing

[Sze81] W = 2;]%“ ( bi — k%) We use € =310 as the static dielectric constant for SrTiOs, Vy; =0.7 eV

as the built-in potential (which corresponds to the band bending in figure 3.4) and N =5x10'3 m~3 as
the acceptor concentration (which corresponds to the hole concentration in insulating SrTiOjz crystals
as determined in [Ded93] from transport measurements). Then, the an extremely large value results for
W, namely around 14 cm, which is much larger than the sample thickness. Obviously, several of the
assumptions that lead to the above formula, such as complete ionization of all acceptors and the validity
of the already discussed SCHOTTKY limit, are not true in our case.

STwo very common interface-sensitive methods to characterize semiconductor device structures are
current-voltage (I-V) and capacitance-voltage (C-V) measurements, see e.g. [Sch06].

6We omit all studies dedicated to SrTiOsz within solar cell structures and within manganite het-
erostructures, since the latter are reviewed in the next subsection.
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both sub- and super-bandgap illumination described two distinct energetically localized
surface states near midgap with different response time constants as derived from SPV
transients [Mav78].

Finally, it must be stressed that at least the interlayer problem seems not to be rele-
vant for manganite/SrTiO3 interfaces as proven by numerous cross-sectional transmission
electron microscopy investigations, which show sharp atomic interfaces (primarily due to

the relatively small lattice misfit within the perovskite family).

3.1.2.2 Photon-assisted spectroscopy for the investigation of

ferroic interfaces

The application of spectroscopic techniques based on optical excitation of the surface or
interface of interest to the manganite/SrTiO3 system has taken place only rudimentarily
so far. Thus we include in our survey also (i) other ferroic interfaces, such as interfaces
with the widely studied, highly interesting lead zirconate titanate (PbZr;_,Ti, O3, PZT)
system, and (ii) spectral measurements not only of the SPV but also of photocurrents,
which are also sensitive to gap states:

A photovoltaic effect under ultraviolet illumination has been shown to occur in het-
erojunctions of e.g. LaggSrgoMnO3/SrTiOz:Nb [Mur04], Lag7Cey3MnO3_5/ SrTiO3:Nb
[Sun04], and PZT/SrTiO3 [Wat04], but those experiments were not spectroscopic in the
sense of a wavelength-dependent mapping of photoinduced quantities, and the works were
not dedicated to the detection of electronic states within the Sr'TiO3 band gap.

Thin PZT films with Pt electrodes were investigated by measuring the transient pho-
tocurrent, which was recorded as a function of the ferroelectric polarization, with the
incident photon energy corresponding to the PZT band gap (3.5 eV) [Kho98]. The pos-
sibility to read the polarization state of the material in a nondestructive manner by this
method was discussed. Photocurrents in a decisively larger spectral range (4.5...2.6 eV)
were investigated by YANG et al., again for PZT films [Yan99]. The deviation of the
photocurrent spectrum from a LORENTZIAN fit curve was taken as a hint to the exis-
tence of oxygen and Pb3" centers within the PZT bandgap. Furthermore, significant
features at wavelengths corresponding to the indirect and first direct bandgaps of PZT
confirmed that the method maps the electronic band structure. Moreover, the spectrum
was taken after different numbers of switching cycles and fatigue was demonstrated. De-
tailed information on modulation frequencies, photon flux, and on assumptions made on
the band alignment are, however, missing. The same group acquired I-V characteris-
tics of a Pt/PZT /Pt capacitor structure with and without UV illumination, but without
varying the wavelength [Yan00]. The wavelength-dependent photoconductivity across a
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PZT:Nb/Pt junction [Boe04] and a Au/PZT/Pt structure [Boe03| was investigated and
significant contributions within the PZT bandgap were found, but the fine structure of

the spectra was not discussed.

3.1.2.3 Interface investigations of perovskite heterostructures

without optical excitation

There are several examples in the literature of ferroic interfaces being treated as a SCHOTT-
KY diode whose properties are accessible by I-V measurements. That way, BLOM et al.
[Blo94] modeled the Au/PbTiOj3 junction within the SCHOTTKY model, taking the vari-
able polarization of the ferroelectric into account, and interpreted experimental results
within this frame, but neglegted the problem of discrete interface states.

In the more recent literature, further work on I-V characterization of perovskite
SCHOTTKY contacts has appeared. For instance, interfaces of StRuOj3/SrTiO3:Nb [Fuj05]
or the manganite/SrTiO3 contacts Prg7Srg3MnO3/SrTiOs:Nb and Lag7Srg3MnO3/
SrTiO3:Nb [Saw05] were investigated, with the latter paper also presenting suggestions
concerning the band alignment.

Only very few examples of the measurement of energetically localized electronic in-
terface states with concrete values of their energetic positions and the density of states
within the bandgap on perovskite structures exist, among them the DLTS (deep-level
transient spectroscopy) analysis of TiOy/SrTiO3:Nb [Miy01], Pt/PZT/Ir [Del05], and
Au/PZT/ZrOy [Fuj03].

3.1.2.4 Conclusions drawn from the literature results

In summary, we notice that a systematic, comparative and — with respect to interface
quality — evaluative application of surface photovoltage spectroscopy to perovskite and/or
ferroic inner and outer interfaces, especially the manganite/SrTiO3 interface, has not been
realized so far. This is the strong motivation behind the present study, since the progress
in the field of oxide electronics seems to be decisively determined by the quality of the
interfaces, because the functional properties have been shown to be crucially influenced by
the distribution of intrinsic and defect-related electronic interface states. Not for nothing
is the outstanding success of silicon mainly based on the high achievable quality of the
Si/Si0 interface.
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3.2 Experimental approaches and results

Many elaborate techniques - all of them show specific advantages and drawbacks - have
been developed to measure the surface photovoltage. They include all methods that are
able to measure the surface work function, since, if we reexamine figure 3.1, we find
that the SPV is nothing else than the surface work function difference between the dark
and the illuminated state. The two most common methods are the KELVIN probe and
the capacitive SPV detection under modulated illumination. Other, less used, methods
are based on photoelectron spectroscopy and electron beam analysis. Furthermore two
scanning probe techniques, namely scanning tunneling microscopy (STM) and KELVIN
probe force microscopy (KPFM), under additional optical excitation can be employed to
measure the (spatially resolved) SPV.

In the present study, three different experimental approaches were chosen to acquire
SPV spectra of the manganite/SrTiOj3 interface and, for comparison, of the SrTiO3 sur-
face: x-ray photoelectron spectroscopy under additional optical excitation (in the fol-
lowing denoted by X-SPS), the capacitive SPV detection under modulated illumination
(C-SPS), and the KELVIN probe technique (K-SPS). In what follows, the implementation
of those methods is described and the respective results are presented and critically dis-
cussed (in historical order), after some details on sample illumination have been pointed
out.

The experimental details on sample preparation and structural characterization were

already given in section 2.3.

3.2.1 Sample illumination

The illumination setup (see figure 3.5) used in this study is, apart from slight modifi-
cations, the same for all SPV detection methods. A 1000-W xenon arc lamp’ serves as
a white-light source, offering a usable spectrum between 280 nm and 780 nm. The hot
spot of the light arc is focused on the entrance slit of a grating monochromator® by a

pair of fused-silica lenses. The light exiting the monochromator passes an edge filter?

"The Xe arc lamp from Oriel Instruments was operated with the appropriate lamp housing and
power supply from the same manufacturer. In the meantime the product line is distributed by Newport
Instruments.

8Cornerstone 260 by Oriel Instruments: grating monochromator in asymmetric CERNY-TURNER con-
figuration, equipped with two interchangeable diffraction gratings with blaze wavelenths of A, = 400 nm
and \p = 750 nm.

9Depending on the scanned wavelength range, filters with cut-off wavelengths of 550 nm, 395 nm, and
310 nm were used. The filters were changed manually while the beam path was completely blocked, since
already a small amount of high-order diffraction photons would create a super-bandgap SPV, which is
orders of magnitude higher than the sub-bandgap SPV and decays only over hours.
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Figure 3.5: Illumination setup for surface photovoltage spectroscopy. Note that for X-SPS the sample
is not in a shielding box in air as shown here, but in an ultrahigh-vacuum chamber with a fused silica
viewport. The remote connections of monochromator, the translation stage, the powermeter, and
the SPV signal are, for convenience, not shown here. A complete signal flux diagram, showing all
connections between the instrumental setup and the control computer, can be found in appendix B.3
for the case of K-SPS.

and a second pair of fused-silica lenses, which produce a focus into which a mechanical
chopper!® can be placed. This is optional for the XPS-based technique and the KELVIN
probe, but essential for the capacitive approach. At a short distance before this focus,
a fused-silica beam splitter reflects 10% of the incident power onto a power meter'!. A
software feedback loop'? controls and varies the position of a motorized linear translation
stage'® that carries a variable neutral density filter'* to keep the photon flux constant
across the whole spectrum. The light spot is imaged onto the sample surface by a third
pair of lenses. The sample is located either in an ultrahigh-vacuum chamber in the XPS
approach or in a metal box (for electric shielding) in the capacitive approach as well
as in the KELVIN probe measurement. In the first two cases, the whole sample surface
(5x10 mm?) is illuminated, in the last case only an area of the size of the semitransparent
probe, which has a diameter of 5 mm, is illuminated.

In order to obtain a realistic photon flux value at the manganite/SrTiOj3 interface, also
the transmission and reflection characteristics of all optical elements in the beam path
are taken into account. Moreover, the manganite/SrTiO3 samples must be considered as

a layered system with multiple reflections resulting in interference effects. The details on

0T horlabs MC1000 with 5-slot wheel.

"UNewport 1835-C optical meter with detector UV-818.

120wn development, based on National Instruments LabVIEW.
13Pollux VT 80 by Edmund Optics.

14 Thorlabs NDL-25C-4.
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the calculation of the electric-field intensity at the interface are given in appendix A.1.

The above-mentioned feedback loop serving to stabilize the photon flux while a certain
wavelength range is scanned works as follows:

In general, the photon flux density ® is defined as the ratio between intensity I and
photon energy hv: & = I/hv. With the relation \v = ¢, it follows that the photon flux
density @ is proportional to AI. In our experiment, we measure 10% of the light intensity
that is incident on the beam splitter; we call this value I,,,, while Is denotes the desired
setpoint value, which corresponds to a certain desired photon flux density. Before we
perform a wavelength scan, we define a photon flux density setpoint value (which is only

proportional but not equal to the real photon flux density) ®g:
Gy = Ig(N)K (M)A = const (3.1)

where K(\) is a correction factor, being composed of the product of the transmissivities
and/or reflectivities of all optical elements in the beam path between beam splitter and
sample, and the electric-field intensity at the manganite/SrTiO3 interface. After having
set a new wavelength at the monochromator, the control software calculates a new setpoint
value Ig according to equation (3.1) (note that the spectral dependences of the relevant
quantities that constitute K are tabulated and accessible to the scan program). The
computer-controlled translation stage, which carries the neutral density filter, is allocated

to move until 7, equals Ig within a certain tolerance range.

3.2.2 X-ray photoelectron spectroscopy under
additional optical illumination (X-SPS)

Photoelectron-spectroscopy-based SPV investigations are relatively rare in the literature,
even though they offer several advantages compared with other SPV detection methods.
These are high temporal resolution down to the ps range [Wid03] and, at least under
modulated illumination, high energy resolution better than 1 meV [Tei04]. Here, the
method, which was already available in the group when the present thesis started, was
used as a first test to check whether a surface photovoltaic effect is measurable at all in

the manganite/SrTiO3 system.

3.2.2.1 Principle and realization

The basic principle of XPS is the creation of photoelectrons from inner core levels of

atoms by the excitation of the sample surface with monochromatic x-rays. This results
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in a certain kinetic-energy distribution of the emitted photoelectrons, which reflects the
binding energies of the respective core levels. XPS thus provides information on the
chemical composition and binding conditions of the outermost few nanometers of the
sample (typically approx. 3 nm). The XP spectrum is a plot of the number of electrons
counted by an energy analyzer during a certain period of time against the kinetic or
binding energy of the electrons. For more details on photoelectron spectroscopy, see
chapter 4, where XPS is the main topic.

In an SPV measurement, the sample is additionally illuminated by near-ultraviolet
(UV) or visible (VIS) photons from the illumination setup (figure 3.5) during XPS data
acquisition. Provided that the UV /VIS photons reach the interface of interest and that
there is a space charge region at this interface, an SPV will be created. This results in a
shift of the XP spectrum along the energy axis by the amount of the SPV.

Here, part of the LSMO XP spectrum was recorded, namely the oxygen 1s core level
peak, in the dark as well as under illumination at various wavelengths to determine
the light-induced energy shift of the peak. The monochromator exit slit was fully open
(4 mm in width), which corresponds to a spectral width of approximately 20 nm, and the
experiment was performed in the wavelength range between 280 and 780 nm at intervals
of 10 nm. The power of the incident light at the sample surface was 10 mW at 450 nm,

with the spot area being 5x10 mm?.

3.2.2.2 Results

The left diagram of figure 3.6 shows the O 1s core level line of the LSMO/STO sample
in the dark and under continuous illumination at 385 nm. This wavelength corresponds
to a photon energy of 3.2 eV and activates electrons across the indirect band gap £, in
STO. The predicted shift along the energy axis is clearly visible. The sign is in agreement
with the downward band bending in the STO substrate (figure 3.4). The left part of
figure 3.6 depicts the O 1s peak shift, as compared to the O 1s line measured in the
dark, as a function of wavelength in the spectral range between 280 and 780 nm. In the
super-bandgap range, this surface photovoltage spectrum corresponds to the absorption
characteristics of the STO substrate with peaks at 385 nm and 330 nm, which can be
attributed to the indirect and the first direct bandgap [Yac73]. In the sub-bandgap range,
we observe a continuous decrease of the SPV towards lower photon energies. Since the
measurement was limited in spectral resolution (10 nm), this part of the spectrum cannot
be used to determine possible slope changes. The relation between SPV and illumination
intensity turned out to be logarithmic (figure 3.7), as expected from theory.

In principle, the spectral resolution could be improved by using a more monochro-
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Figure 3.6: (Left) XPS O 1s core level signal of LSMO in the dark and under continuous UV illumination
with a light power of 10 mW at 385 nm. The shift along the energy axis corresponds to the surface
photovoltage created at the LSMO/STO interface. (Right) Spectral dependence of the SPV as detected
by X-SPS under continuous illumination.
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Figure 3.7: Surface photovoltage as a function of illumination intensity, as determined from the light-
induced O 1s core level shifts by XPS. The expected logarithmic behavior is observable until saturation
is reached. Note that these data were acquired under chopped illumination.
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matic incident photon beam. This would result in a lower excitation intensity and thus
a lower SPV. Under continuous illumination, the method is capable of resolving SPV
values down to 10 mV. To achieve a better SPV resolution, one would have to work with
modulated excitation and phase-sensitive detection [Tei04]. However, the observable SPV
dramatically decreases under chopped excitation because of the slow response of STO.

Another fundamental problem of the XPS-based method is that the photons of the
x-ray source themselves generate a SPV, as e.g. reported in [Hec90]. The effect becomes
more pronounced, the larger the gap and thus the SCHOTTKY barrier of the material
under investigation is. For conventional semiconductors, such as Si or Ge, the effect
does not disturb SPV measurements. In the case of STO, however, a mixture of SPV
contributions from the two different types of exciting photons arises, which cannot be
easily deconvoluted!®.

In summary, X-SPS showed that the manganite/SrTiO3 interface is photovoltaically
active, but with regard to quantitation of the results other SPV methods seemed to be

more promising, as described in the next subsections.

3.2.3 Parallel-plate capacitor under modulated optical
excitation (C-SPS)

This experimental approach is - from the instrumental point of view - very easy to imple-
ment. It is also referred to as metal-insulator-semiconductor (MIS) approach, since for
the SPV measurement of a conventional semiconductor surface the setup is as follows:
a semitransparent metal grid (M) is placed in proximity to the semiconductor surface
(S) with a small gap of air or vacuum (1) in between. The result is a MIS capacitor
structure, which is illuminated through the grid by a chopped photon beam. The SPV
is measured as a voltage between the two capacitor terminals. In the present study this

classical constellation was slightly modified as described in the next subsection.

3.2.3.1 Principle and realization

Within our experiment, the sample is also included in a parallel-plate capacitor geometry:
The back plane of the STO substrate, which is covered with conductive silver paint and
connected to ground, forms the rear plate; the manganite layer is contacted by a small

dot of silver paint and forms the other plate, which is connected to ground via the current

15Experimentally, this mixture of x-ray- and visible-light-induced SPV contributions was found by the
following test: Different output power settings of the x-ray source resulted in different SPV values at a
fized excitation power from the illumination setup.
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input of a lock-in amplifier'. The STO substrate including the space charge region
at the interface to the manganite film represents a dielectric spacer layer. When the
sample, placed in a metal box for electrical shielding, is illuminated by chopped light,
the oscillating SPV created at the photovoltaically active interface causes a displacement
current to flow between the capacitor plates. This current, which is measured by the
lock-in amplifier (referenced to the chopping frequency of 20 Hz), is proportional to the
SPV. The energy of the exciting photons was varied from 1.6 eV (780 nm) to 3.0 eV
(410 nm) in steps of 1 nm with a measurement window of 30 seconds. All spectral
scans were performed starting from the low-energy end, proceeding from sub-bandgap
towards super-bandgap excitation. By this, one avoids initially exciting the pronounced
photovoltaic effect produced by super-bandgap illumination. This signal surpasses the
trap-related signal by several orders of magnitude and has a very long relaxation time in
the range of several minutes (see also [Mav78| and subsection 3.2.4). If initially excited,
it would completely distort the sub-bandgap spectrum.

For this experiment, the width of the exit slit of the monochromator was set to
0.1 mm resulting in a spectral width of approximately 1 nm. The light power at the
manganite/STO interface was 0.1 mW at 780 nm, which corresponds to a photon flux of
4x10% s~

In contrast to the previously described X-SPS experiments, where only the LSMO
sample was investigated, now, with C-XPS, a real comparative study of LSMO, LCMO,

LCeMO (the latter two before and after an annealing procedure) was performed.

3.2.3.2 Results

Figure 3.9 shows the spectral dependence of the SPV as measured with the capacitive
method for the LSMO/STO interface. The marked wavelength positions (and thus en-
ergies) at which the slope of the SPV spectrum changes were determined by considering
both the original SPV-vs.-wavelength plot (figures 3.9(a),(c)) and its second derivative
(figures 3.9(b),(d)). This approach is justified by the following considerations: If we as-
sume the SPV-vs.-wavelength plot to consist of linear regions with different slopes, the
first derivative will be a step function with step edges appearing at positions where the
slope of the original curve changes. Then, the second derivative consists of delta peaks
at those very positions. However, the second derivative of the measured SPV spectrum is
very noisy and had to be smoothed to get the shape shown in figures 3.9(b),(d). Thus one
has to be very careful in evaluating the peaks of the second derivative, as some of them

originate from the smoothing procedure, especially at the low-energy end. However, the

16SR830 by Stanford Research.
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Figure 3.8: Setup for surface photovoltage measurements in parallel-plate capacitor geometry.

positions of the real slope changes can readily be derived by the comparative analysis of
both the original curve and its second derivative.

The energies at which the slope of the SPV spectrum changes can be attributed to
trap levels within the STO band gap. A decrease of the slope towards higher excitation
energies is caused by a transition of carriers from the trap into the conduction band,
followed by recombination with a hole in the valence band. This results in a decrease of
the majority carrier density (holes for the case of undoped STO, see figure 3.4) and thus a
decrease of the SPV signal. On the other hand, an increase of the slope can be attributed
to a transition of electrons from the valence band into a trap, which increases the number
of free carriers (holes) in the valence band.

The same analysis was made for the SPV spectra of the LCMO/ STO and the LCeMO/
STO interfaces for the as-prepared state as well as after heating at temperatures up
to 670 °C in ultrahigh vacuum. For a detailed description of the annealing procedure,
which was applied within the framework of our XPS investigations of the same samples,
see chapter 4 and [Bey06]. In order to prevent the inflation of the main text by too
many graphics, the SPV spectra of the LCMO and LCeMO films including their second
derivatives and the trap level assignments were transferred to appendix B.1. Finally, all

results are listed in table 3.1. In the following, we discuss the origin of the 17 detected
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Figure 3.9: Spectral dependence of the SPV at the LSMO/STO interface as measured by C-SPS,
plotted in the ranges 410-600 nm [(a), (b)] and 550-780 nm [(c), (d)]. The vertical arrows indicate
slope changes which can be attributed to various interface states. For a clearer determination of the
position of the slope changes, the second derivative [(b), (d)] was also considered. Solid and dashed
arrows indicate positive and negative slope changes, respectively (positive and negative peaks in the
224 derivative). The arrow indices correspond to the indexing in table 3.1. The oscillations of the
2nd derivative at the low-energy end are artificially induced by the smoothing procedure and originate
from noise, so no further trap positions can be identified in this region. Note that the numbers at
the SPV axis refer to the measured amplitude of the displacement current in pA. The corresponding
spectra for LCMO/STO and LCeMO/STO can be found in appendix B.1.

trap levels in detail.

First, it is noted that there is clear evidence for a number of trap levels being related
to the STO substrate: Level (0) can be attributed to the excitation across the STO band
gap, as it is a well known phenomenon that the band gap appears smeared-out in SPV
spectra. Levels (7) and (10) are probably caused by STO surface states (already present
before deposition of the manganite film), which can show a distribution between 2.3 and
2.6 €V depending on the history of the sample according to the UPS measurements of
[Hen78]. Also levels (12) and (13) appear in all samples and thus might also be attributed
to the substrate; however, we find no correlation to levels reported in the literature. So, it

is also possible that those levels are related to the manganite film without being specific
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to its chemical composition. Level (14) is, with certainty, substrate-related, as it can be
seen in the optical transmission spectra of both the samples as well as the pure substrate.
Finally, level (15) is related to STO oxygen vacancies [Wol73]. Here, we have to point
out one fundamental problem: Due to the high work function of undoped STO (approx.
5.7 eV, see also section 2.1), also the back contact is expected to constitute a SCHOTTKY
contact. This means that we cannot totally exclude SPV contributions from the space
charge region of the STO back. However, the light intensity reaching the rear surface
is much weaker than at the interface of interest. Second, we find trap levels which only
occur for one distinct manganite type: (3), (9), (15) in LSMO; (4), (6), (8) in LCMO, and
(5) and (11) in LCeMO. Those levels disappear after annealing (except for LSMO, for
which no annealing experiment was performed). Level (1) is observed for both LSMO and
LCeMO. Last, there is level (2), which is observed in as-prepared LCMO and annealed
LCeMO. It is very likely that this level is also present in LCeMO before annealing but
overlaps with SPV contributions from levels at lower energies that are present before the
annealing procedure, as discussed above.

The statements derived from table 3.1 are reflected in figure 3.10 in a more illustrative
way. The most striking fact is that, for the LCMO/STO and the LCeMO/STO interface,
the annealing dramatically changes the surface photovoltage spectra. Especially at lower
excitation energies, the surface photovoltage is decisively smaller in the annealed cases,
most probably caused by a lower density of interface states. Close to 3 eV excitation
energy, the spectra of the annealed and as-prepared samples are similar in the LCMO/STO
case; in the LCeMO/STO case the SPV is even higher for the annealed sample above
2.95 eV. This might be due to a competitive process, such as the decrease of the SPV
by trap level (5) in the unannealed sample, which suppresses the SPV increase towards
the super-bandgap range. Comparing the three unannealed samples, we conclude that
the LCMO/STO curve is clearly different from the two others, whereas the LSMO/STO
and the LCeMO/STO curves are similar in their shape, but with the the LCeMO/STO
sample exhibiting a higher SPV in the high-energy range of the spectrum.

As shown in table 3.1, the different behaviors of the three interfaces compared are
also reflected by the fact that the number of individual states is specific to each interface.
Only one interface state can be attributed to LCeMO/STO but three to LSMO/STO and
LCMO/STO, respectively.

We close the discussion with some summarizing but also critical remarks:

e The key result of this C-SPS study is the map of gap states, as shown in table 3.1.
Those levels were classified with respect to their possible origin and to the band

with which they exchange carriers. The spectra of the different manganite films
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Figure 3.10: Spectral dependence of the SPV at the LSMO/STO, LCMO/STO, and LCeMO/STO
interfaces, as measured by C-SPS. The LCMO/STO interface exhibits more trap levels than observed
for LSMO/STO and LCeMO/STO. Annealing clearly reduces the number and density of interface
trap states. Note that some distinct spectral features occur in all five curves, which suggests that they
originate from the STO substrate. Also note that the SPV axis is displayed in logarithmic units.

show clear differences, which proves that the method is capable of serving as a tool

for interface quality analysis.

e The question whether those levels appearing in all spectra can all be attributed to
the surface of the Sr'TiO3 substrate, cannot be answered within the C-SPS approach.
Sr'TiO3 shows very long photorelaxation times and thus belongs to the group of ma-
terials for which the KELVIN probe method, which does not need chopped illumina-
tion but can be operated under continuous illumination, is exclusively recommended
for SPV measurements [Kro99]. The following subsection describes the development
of such a KELVIN probe and its application for the SPV spectroscopy of the pure

SrTiO3 surface and finally answers the above question.

e [t must be admitted that in many cases the determination of the exact energy
position of a trap level is not possible. This is not a problem specific to the material
systems investigated here, but a common problem of SPV spectroscopy of slowly
relaxing materials. For example II-IV semiconductors such as CdS or CdSe, which

were intensively studied during the early years of SPV spectroscopy, also often
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showed wunsharp slope changes. To overcome this problem, full SPV transients for
each wavelength with sufficient dark periods in between would have to be recorded.
It is clear that such a measurement scenario needs a high level of automation and

is extremely time consuming.

e A last critical annotation concerns our description of the basic measurement prin-
ciple of the capacitive SPV detection method. Our measurement setup corresponds
to the classical MIS setup only as long as the Sr'TiOj is really dielectric. However,
SrTiO3 shows, as independent own measurements and literature data indicate, pho-
toconductivity, to some extend even under sub-bandgap illumination. Thus, strictly
speaking, we do not measure a pure displacement current but rather a photocur-
rent in the capacitor structure. This could be seen from the fact that also under
continuous rather than chopped illumination a current was observed. On the other
hand this does not contradict the fact that the measured signal is sensitive to the

interface electronic structure.

3.2.4 The optical Kelvin probe (K-SPS)

Dating back to a work of LORD KELVIN in 1898 [Kel98], the capacitive probe, later called
KELVIN probe, is one of the oldest techniques to measure surface potentials and hence
work functions in a contactless manner. Concerning surface photovoltage studies, this
method is, according to [Kro99], the preferred one for high-resistive and slowly relaxing
samples. Within the present work it was thus straightforward to study the SrTiO3 surface
by SPV spectroscopy with a KELVIN probe (called as K-SPS in the following).

Below, the physical principle behind the technique is explained in detail first. After-
wards, the design of the KELVIN probe that was developed within the thesis especially for
optical applications, such as SPV spectroscopy, is described. Finally, the SPV spectrum of
the surface of an undoped SrTiOj3 single crystal is discussed in general and in connection
with the C-SPS results on the manganite/SrTiO3 heterostructures that were presented in

the previous section.

3.2.4.1 Principle

In order to understand the operation principle of a capacitive probe, we first imagine
the simple case of two parallel metal plates made of different materials and consequently
having different work functions [figure 3.11(a)]. We also remember that (i) the work
function is the energetic difference between the FERMI level and the vacuum level and

that (ii) those two plates represent nothing else but a parallel-plate capacitor. If we now
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electrically connect the two plates together (by a wire for example), the FERMI levels
will be equilibrated, which means that, in terms of an energy band scheme, a potential
drop in the vacuum level is generated [figure 3.11(b)]. This potential drop is referred to
as contact potential difference (CPD) and is equal to the difference of the work functions
of the two metals. For a complete understanding we may add that the equilibration of
the FERMI levels is reached by a current of electrons from the metal with the lower work
function to the metal with the higher work function. This finally results in the charging
of the capacitor and, as a consequence of the potential drop, an electrical field in the gap
between the metal plates.

The key idea of LORD KELVIN was to nullify the CPD by biasing one plate with an
external voltage of the same magnitude as the CPD but of opposite sign [figure 3.11(c)].
In other words, the external bias voltage should be adjusted such that the capacitor gets

discharged.
(a) (b) (c)
Evac r Y r Y Evac Evac ry v‘:-t-C-PD E Evac ry ry Evac
Er, J ¢2 ‘ Er,
EF1 A EF1 \ i EFz EF1 \J CPD
I\Ib=-CPD
L

Figure 3.11: Energy level diagrams of two different metals with work functions ¢; and ¢9: In case (a)
both metals, which are assumed to be plates and form a capacitor, are isolated. If they are connected,
as in part (b), the FERMI levels Er, and Ep, align with the consequence that a potential drop, the
so-called contact potential difference (CPD), in the local vacuum level E,,. is generated. The vacuum
level is flattened by a bias voltage V}, opposite to the CPD, as shown in part (c).

How can this idea be transferred to a practical measurement method, i.e., how can
we detect that the capacitor is in the discharged state? The solution to this problem was
first proposed by ZISMAN [Zis32] and, still being the basis of modern KELVIN probes,
consists of a periodical vibration of one of the two capacitor plates perpendicularly to the
surface of the other plate!”. Typically, one plate is made of a material of known work
function (also called reference electrode) and the other one is formed by the material
under investigation, with the first being vibrated and the latter remaining fixed. For a
further understanding of the method, we have to review the basic equations describing

the parallel-plate capacitor.

1"Tn modern KELVIN probes the vibration is either performed by piezoelectric excitation (e.g. [Mal72,
Dix73, Bes76, Ger87, Ger89, Had95, Sch97]) or by electromagnetic excitation (voice coil, see e.g. [H6174,
Har84, Bai89, Sur96]). Apart from that, within the development of scanning probe microscopy, the
method of KELVIN probe force microscopy (KPFM) has spread. There, one plate is replaced by a tip on
a cantilever, which makes work function measurements with high spatial resolution possible [Zer(05].
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If the general relation between capacitance C, stored charge (), and voltage drop U

Q
C== 3.2
- (32)

is combined with the equation )
C = EEOE s (3?))

which is valid only for the parallel-plate geometry with A being the plate area, d the dis-
tance between the two plates, ¢, the permittivity of vacuum, and e the dielectric constant

of the dielectric between the two plates, we get the following relation for the charge Q:

AU

Q= o - (3.4)

If the distance d is changed periodically, for instance in a sinusoidal way:
d=dy+dysin(wt) (3.5)

the charge () becomes:
AU

@=ca dy + dy sin(wt)

(3.6)

To keep the voltage U, which is the sum of the external voltage U.,; and the contact
potential difference Ugpp, constant while the distance d changes over time, a certain
amount of charge d() must be transferred between the plates. Thus we expect the following

alternating (but not purely sinusoidal) current I to flow:

dQ _ eeAUdw cos(wt)
dt — [dy + dysin(wt)]?

From this relation we can learn the following: Being aware of the fact that the voltage

I =

(3.7)

U is, in a real KELVIN probe experiment, the sum of the CPD (between reference electrode
and unknown sample surface) and the (nullifying) bias voltage, we realize that establishing
a feedback loop that measures the current I and adjusts the external bias voltage U,
in such a way that I becomes zero is an appropriate method to reach the goal of the
discharged capacitor where U.,; = —Ucpp.

We close this theoretical discussion of the KELVIN probe technique with some further

comments:

e In the experiment not the total current is typically measured but rather the am-
plitude of its first or second harmonic (by a lock-in amplifier). Expanding the

denominator of equation (3.7) into a power series and performing several rearrange-



CHAPTER 3. SURFACE PHOTOVOLTAGE INVESTIGATIONS 61

ments, one ends up with the following terms for the first and second harmonic I,

and Iy, of I:
dl > 1 dl an (2?7, + 1)'
I, = —ecgAUw— t —— - .
w €€o deg cos(w );(2%) Al 1) (3.8)
di . = (1d O\ 2n+2))
IZw = QEEOAde—% an(?wt)% (§d_0) m 3 (39)

for the whole calculation see appendix B.2.1. Both harmonics are proportional to U
and thus can be used as the input to an integrating controller, which is the essential
part of the above-mentioned feedback loop. Using the second harmonic as the input
to the control loop offers the advantage that the circuit becomes less sensitive to
parasitic pick-up of signals that originate from the vibration excitation source (e.g.,
from a shaker piezo). Such incoupling can heavily disturb an experiment if the first
harmonic is used. On the other hand, in most experimental cases the first harmonic

provides the higher signal amplitude compared with the second harmonic.

e Putting in realistic numbers into equations (3.7), (3.8), and (3.9) shows that the
current [ is very small, typically in the pico- or even femtoampere range (see ap-
pendix B.2.2). This makes the current measurement vulnerable to several sources
of noise and error signals. Careful coaxial wiring, shielding, and current-to-voltage

conversion as close to the probe as possible are thus essential.

e Measurements of the absolute value of the work function are complicated, since for
that purpose the work function of the reference electrode has to be known exactly,
which can be practically achieved only in ultrahigh vacuum. Furthermore stray
capacitance is a serious problem for exact work function measurements. Theoretical

descriptions and correction algorithms have been proposed: [Sur70, Had95].

e Fortunately, surface photovoltage measurements are differential measurements, so
that various error sources do not play any role. Since the SPV is the difference of
the work functions of a material in the dark and under illumination, it is also equal
to the CPD difference between the two cases (provided that the probe does not show

any photovoltaic activity, which is certainly true for a pure metal).
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3.2.4.2 Realization

Within the thesis a home-built KELVIN probe setup for operation in air was planned,

constructed, and finally used. The main demands to the setup were the following:

e easy optical access to the sample surface, since SPV measurements would be the

main application of the setup,

e high stability and therefore suitability for long-term operation, since the acquisition

of SPV spectra or transients takes several hours,

e inexpensive.

The whole mechanical construction is placed in a grounded metal box, which serves
for both electrical shielding and stray light protection. The box has one entrance slit for
coupling light from the illumination setup onto the sample surface, and is mounted on two
posts that fit in commercial post holders, which allows easy height adjustment. The probe
and sample holders are attached to the base plate of the box (figure 3.12). The sample
holder consists of two parts: (i) a linear translation stage for sample approach towards
the probe and (ii) an insulating polyvinylchloride block, to which the sample is glued by
conductive silver paste (at the same time this makes the electrical back contact). The
probe holder is a more sophisticated construction: A circular piezoelectric multimorph
disk with a center hole'® is clamped inside a metal housing in order to prevent cross
coupling of the piezo excitation voltage. The piezo disk carries an aluminum hollow
cylinder, whose outer diameter is slightly tapered. The probe, which consists of a round
quartz window!? with a semitransparent metal layer evaporated onto it, is glued to the
narrow end of the cylinder. The metal layer consists of a 2-nm-thick chromium film and a
8-nm-thick gold film, which serves as the inert reference electrode. In the experiment the
sample thus can be illuminated through the probe. Furthermore, the whole unit carrying
the piezo and the probe can be tilted around two orthogonal axes by micrometer screws

to achieve a parallel alignment of the probe and the sample surfaces?.

8Piezoelectric disk bender with center bore, model CBM 100/50-10/120M, by Piezomechanik GmbH.
The maximal center displacement is 250 pm at an applied voltage of 100 V. The resonance frequency is
3 kHz.

YUV window, model 45463, by Edmund Optics (5 mm diameter, 1 mm thickness).

20For the alignment procedure, a HeNe laser beam hits the sample surface at near-normal incidence.
The reflections from both the probe and the sample are monitored on a screen at a large distance. As long
as the two surfaces are not parallel, several reflection spots are visible. By adjusting the two micrometer
screws of the probe mount, the spots can be superimposed on each other and consequently made to
interfere. As soon as interference is observed, one can be certain that the probe and the sample are
aligned parallel.
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Figure 3.12: Mechanical parts of the KELVIN probe: (A) base plate; (B) sample fixed on a (C) block
with several (E) bores for optional heating cartridges and temperature sensors; (D) translation stage
for sample movement; parts (F) and (G) represent the probe mount, with (F) being fixed and (G)
tiltable in two directions; (H) piezoelectric multimorph being clamped between (J) rubber rings within
the metallic housing (G) for efficient decoupling of the piezo excitation signal from the probe current;
(K) hollow cylinder glued to the piezo, carrying the (L) quartz window with the (M) metal film that
serves as the probe. Note that the sketch, which is mainly a cross section, is not to scale. In a true
cross section only one of the two probe adjustment screws would be visible since they are placed at
diagonal corners of part (F).

The electrical signal flow can be described as follows: For piezo excitation the internal
sine generator of a lock-in amplifier?! delivers a voltage with an rms amplitude of 1 V and
a frequency of 175 Hz, which is amplified by a home-built high-voltage amplifier (gain=10)
and fed to the inner contact of the piezo disk. The current I generated in the vibrating
capacitor structure (see section 3.2.4.1) is sent from the probe to a home-built current-to-
voltage converter (preamplifier) having a transimpedance of 100 M€). The output voltage
of the preamplifier is fed into the lock-in amplifier, which extracts the in-phase signal
amplitude (”X”) of the first harmonic (denoted by I, in section 3.2.4.1). This "X signal”
is fed back to the sample back contact via a home-built integrator ("I controller”) in order
to nullify the current I. The integrator output voltage then equals —Ugpp. This so-called
KELVIN signal is recorded by the control computer after analog-to-digital conversion by
a multifunction data acquisition board. Figure 3.13 depicts the main features of the
electrical configuration of the KELVIN probe, while the complete signal flow diagram of

the experiment can be found in appendix B.3.

21SR830 by Stanford Research, the same model as used in C-SPS.
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Figure 3.13: Overview of the electric circuitry for KELVIN probe measurements: The piezoelectric

disk bender is excited by a sinusoidal high voltage, while the first harmonic of the preamplified probe
current is analyzed by a lock-in amplifier. The in-phase part of this first harmonic serves as input
signal for the integrating controller, whose output is fed back to the sample back contact in order
to nullify the probe current. This voltage then corresponds to the opposite of the contact potential
difference between probe and sample surface. A more complete signal flow diagram can be found
in appendix B.3. For SPV studies the photons from the illumination setup are coupled through the

probe onto the sample.

Before continuing with the report on SPV measurements performed with this instru-

ment, we list some further comments and details on the construction and operation of the

setup:

e The typical probe-to-sample spacing (dy) was around 100 pum, whereas the oscilla-

tion amplitude (d;) was 25 pum. For the piezoelectric multimorph used here, this

displacement could be realized by a relatively low excitation voltage of approxi-

mately 10 V, which is favorable in terms of as little disturbance of the probe current

measurement as possible. Another advantage of the large elongation of the piezo

disk is that it can be operated off resonance. Resonant operation typically suffers

from long-term stability problems, which need further sophisticated electronic cir-

cuitry to be overcome [Dix73, Sch97]. In our case the excitation is stable over several

days.
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e The time constants of the lock-in amplifier and of the integrator were set to 30 ms

and 1 ms, respectively.

e The polyvinylchloride sample holder can be replaced by a heatable copper sample
holder for temperature-dependent SPV measurements, especially SPV-DLTS (deep
level transient spectroscopy) [L&g99]. This option was not used within the frame-
work of the present investigations, but is ready for operation for later users. The
additional electronic components necessary for temperature control are also included

in the complete signal flow diagram in appendix B.3.

e The surface photovoltage spectrum of the pure SrTiOs surface was acquired with
the same illumination and wavelength scan parameters as described for the C-SPS
method in section 3.2.3.1 with a few changes: First, the illumination is now contin-
uous and not modulated; second, the illuminated area corresponds not to the whole
sample area but only to the probe area; and third, the spectral transmission of
the semitransparent probe is additionally accounted for by the photon flux control

procedure.

3.2.4.3 Results

Figure 3.14 shows the SPV spectrum of a pure undoped SrTiO3 sample as it is assumed
to be before the deposition of a manganite film. Slope changes are found at five spectral
positions. As those positions appear sharper than in C-SPS, it was not necessary to use
the second derivative as an additional indicator for the slope change positions. Table 3.2
summarizes the energies of the trap states, their possible origins, and their relation to
trap states found with C-SPS (table 3.1).

Let us discuss the five detected energy levels in detail: Level (0) is clearly related
to excitation across the band gap. As already observed in C-SPS, the SPV rises already
below the very gap energy (3.2 eV), which is a common phenomenon in SPV experiments.
Levels (3) and (4) coincide with former levels (14) and (16) found in the C-SPS analysis,
which there were assumed to stem from the SrTiO5 substrate.

However, not all levels from C-SPS that were tentatively assigned to the Sr'TiO3 surface
can be directly found in the K-SPS analysis of the pure SrTiO3 surface. One possible
reason is that those levels may have been induced by the manganite film independently
of the type of the doping ion and thus appear in each of the spectra.

On the other hand, the K-SPS analysis reveals also two levels that are missing in the
C-SPS spectra, namely levels (1) and (2). Level (1), located 2.45 eV below the conduc-

tion band, can be assigned to oxygen vacancies (see section 2.1.4, esp. the comments on
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Figure 3.14: SPV spectrum of the pure undoped SrTiOj3 surface acquired with the KELVIN probe
under continuous illumination. For better visability, the spectrum was divided into two (overlapping)
parts. Points of slope change are identified with the crossings of straight lines fitted to sections of
the spectrum having constant slopes. Solid and dashed arrows indicate positive and negative slope
changes, respectively. Five different trap states were detected, for further details see table 3.2.

Trap level | Type of Corresponding | Classification
Transition | Level from C-SPS
(0) E, + 2.85 eV + (0) absorption across the indirect gap
(1) E. — 2.45 eV - not present oxXygen vacancies
(2) E, + 2.20 eV + (13) (?7) surface state (7)
(3) E. — 2.05 eV — (14) bulk absorption
(4) E, + 1.85 eV + (16) surface vacancies

Table 3.2: Trap levels of a SrTiO3 sample, as extracted from the SPV spectra acquired with the KELVIN
probe. The transitions can either mean the depopulation (—) or the population (+) of a trap level.
FE, and E. denote the upper valence band edge and the lower conduction band edge, respectively.
Levels that appear as positive slope changes in the SPV spectrum are referred to F,, since these traps
become populated by excitation from the valence band. Similarly, levels corresponding to negative
slope changes become depopulated by excitation to the conduction band and are therefore referred
to E.. For levels (1) and (2) no corresponding levels from the C-SPS measurements can be found.
Possible reasons for the discrepancy are discussed in the text.
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Figure 3.15: Surface photovoltage transients of SrTiO3 for sub-bandgap illumination at 700 nm (a) and
500 nm (b) and for super-bandgap illumination at 380 nm (c). The light is switched on approximately
3 minutes after the acquisition has started and switched off after approximately 30 minutes. For the
sub-bandgap cases, the transients consist of two different contributions due to at least two trap states
within the band gap, with one state relaxing faster than the other. The different signs of the two
contributions indicate that one of the two trap states exchanges carriers with the conduction band,
while the other trap state ”communicates” with the valence band. Differently from the illumination
parameters for the previously described spectral SPV measurements, the illumination intensity for
these transient measurements was higher: around 1 mW for the two sub-bandgap cases and around
0.5 mW for the super-bandgap case.

the ”green luminescence” of SrTiO3) and is [similar to levels (3) and (4)] a bulk effect.
The question why this level, which is the result of a well-known effect in SrTiO3, is not
observed in C-SPS spectra might be answered by the fact that C-SPS uses modulated
illumination. This in turn means that contributions of trap states with large time con-
stants are suppressed. The assignment of level (2) is not that straightforward. It might
correspond to the C-SPS level (13) if we take into account that the determination of the

energy positions are subject to an uncertainty of around 0.1 eV.
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After the discussion of the trap states that could be extracted from the K-SPS mea-
surement of the Sr'TiO3 surface, some further important considerations should be pointed

out:

o [f we reexamine figure 3.14, we notice that the CPD values are less than the dark
value below approximately 1.9 eV but larger than the dark value above 1.9 eV. In
other words, the SPV, which is the difference between the CPD values in the dark
and under illumination, changes its sign. This can be understood by studying the
transient behavior of the SPV, as shown in figure 3.15. There, the SPV is plotted
against time, with the sample being in the dark for around the first 3 minutes until
light of a fixed wavelength is switched on (and kept on) for around 30 minutes and
finally switched off again. Considering the transients in the sub-bandgap range (here
exemplarily shown for 700 nm and 500 nm), it is obvious that the curves contain
two different SPV contributions of opposite sign with different time constants. With
the knowledge about this individual shape of the sub-bandgap transients we must
review the SPV spectra from figure 3.14 critically. First, the sign change of the
SPV at 1.9 eV can be explained by the presence of two components in the transient.
Second, the whole spectrum must be seen as kind of a convolution between real
spectral changes and the shape of the transient. Thus the information content of

the simple SPV spectrum appears rather limited.

e In addition, the SPV transients taken with super-bandgap excitation verify the
assumption that undoped SrTiOsz behaves as a p-type semiconductor. Transients
that were taken on Nb-doped SrTiOg3, which is definitely n-type, show similar super-
bandgap behavior but with the opposite sign (graphs not shown here).

e Moreover, it is noted that the super-bandgap transients for neither undoped nor
Nb-doped SrTiO3 can be fit by a single exponential curve. Thus a quantitative
evaluation of the transients in order to extract time constants or activation energies
is not straightforward. The same statement is, even more obviously, true for the

sub-bandgap transients.

e The problem of the very slow photorelaxation that distorts the SPV spectrum, can
be overcome by means of a highly automated long-term experiment in which the
SPV is recorded as a function of both wavelength and time. In other words, it
would be necessary to acquire full transients in the relevant wavelength range with
sufficient wavelength resolution and appropriate periods of darkness between the

illumination cycles.
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e A second key problem, apart from the slow relaxation, is the impossibility to fabri-
cate an ohmic back contact due to the high work function of undoped SrTiOj3. For
such a case the capacitor model must be extended to include two capacitors with
different dielectrics in their gaps, acting in series. Mathematically, this would imply
that in equations (3.6)-(3.9) dy has to be substituted by £ds + do with € and d;
being the dielectric constant and the thickness of the SrTiog sample. However, in
our case the SrTiO3 capacitor changes its dielectric behavior upon illumination due
to photoinduced carrier generation. Hence, also such a refined model fails, but for

the determination of spectral variations in the SPV the method is still applicable.

e While the pure existence of a rectifying back contact may appear tolerable, the
fact that this contact is also illuminated is more problematic. Thus defect-related
trapping specific to this back interface, which in our case is the interface between
unpolished (and thus probably even more defective) SrTiO3 and conductive silver
paste, might also become visible in the SPV spectrum. On the other hand, in C-SPS
the back contact is also illuminated. Thus, within the framework of a comparative
investigation, illuminating also the back contact is in fact a necessary prerequisite.
Furthermore, as already mentioned, SPV transients of opaque Nb-doped Sr'TiO3, in
which case the strong absorption prevents the back contact from being illuminated,
show a similar behavior without any specific differences. In particular, the same

two-component structure in the sub-bandgap transients is observed.

3.3 Summary and discussion

Chapter 3 reported on the investigation of the distribution of electronic trap states
at three different lanthanum manganite/SrTiO3 interfaces (LSMO/STO, LCMO/STO,
LCeMO/STO) and at the pure SrTiOg3 surface. The interfaces were studied by three dif-
ferent implementations of the surface photovoltage spectroscopy (SPS) technique: x-ray
photoelectron spectroscopy under additional optical excitation (X-SPS), the capacitive
detection of the surface photovoltage (C-SPS), and the KELVIN probe technique under

illumination (K-SPS). The SPS technique was chosen for three reasons:
1. It is a contactless and thus nondestructive method.

2. Classical electrical semiconductor characterization methods fail for high-resistance

samples such as SrTiOs.
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3. Systematic studies of complex-oxide interfaces with this method seem to be rare so

far.

Let us first comparatively evaluate the three different implementations of SPS: In the
present work, X-SPS served for a first test of the photovoltaic response of the LSMO/STO
interface. For in-depth studies this method is not suitable, because the photons both from
the x-ray source and from the illumination setup contribute to the SPV signal. Conse-
quently, real sub-bandgap SPV studies are not possible. With C-SPS the distribution of
gap states at the three different manganite/SrTiO3 interfaces could be analyzed. The ex-
periment is easy to implement, but suffers from the drawback that one can only work with
modulated optical excitation, which means that SPV contributions from slowly relaxing
electronic states are inevitably suppressed and might be lost in the spectrum. Further-
more, a photocurrent rather than the true SPV value is measured. Those problems were
partially overcome in the KELVIN probe SPS experiment (K-SPS), which was, within the
present thesis, used to examine the electronic structure of the Sr'TiO3 surface before film
deposition. This technique needs more sophisticated construction work but is advanta-
geous in that it provides absolute SPV values and allows the monitoring of slow states,
as it can be operated under continuous illumination.

Second, we discuss the results on the different material systems under study: A variety
of electronic states localized within the band gap of the Sr'TiO3 substrate were found for all
three manganite/SrTiOj3 interfaces. Part of the states could be definitely assigned to the
SrTiO3 substrate, either to its surface or to its bulk. Other states are clearly specific to the
individual manganite compound, with the LCMO spectrum being the most distinct one.
It exhibits one trap state producing a comparatively high SPV signal. It was also shown
that annealing dramatically reduces the sub-bandgap SPV, which can be interpreted in
terms of a reduction in the number and density of interface states. However, also the
modified optical properties of the substrate resulting from annealing might be a reason
for the lower SPV signal.

For a further establishment of the SPS method for the interface analysis of complex
oxides, the author would like to make two important recommendations: First, a compara-
tive study of a broader set of slightly differently prepared manganite samples is absolutely
necessary in order to collect more experience in the interpretation of the SPV spectra.
Especially, it would be extremely useful to have a real reference substrate, i.e., a substrate
which is subjected to the same temperatures and oxygen partial pressures as the PLD-
grown film during its preparation. Second, the long-term acquisition of the SPV as a
function of both wavelength and time by means of the K-SPS technique appears to be

the most promising approach for obtaining a maximum of information on the — without
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doubt — rich but also very complex dynamics of the photoresponse behavior of the system.
However this would need also a maximum of measurement time and is thus not useful as
a quick check of interface quality.

Finally, the SPV studies reported in this work can be seen as preliminary investigations
that have established the experimental preconditions and collected experiences for more
extended future studies of oxidic interfaces by surface photovoltage spectroscopy and
possibly by other photo-assisted techniques, e.g. photoconductivity investigations, or by
locally resolved SPV studies with KELVIN probe force microscopy. The latter method
appears to be very promising within the context of exploring possible intrinsic phase

separation phenomena in the manganites.






4 Photoelectron spectroscopy of

lanthanum manganite thin-film surfaces

This chapter reports on a systematic photoelectron spectroscopy study of the man-
ganese valence and doping type of a hole-doped Lag 7 CagsMnOs (LCMO) thin film
and a nominally electron-doped Lag 7 Cey.3sMnOs (LCeMO) thin film under reversible
variation of the oxygen content. This investigation was performed as a clarifying
contribution to the ongoing debate whether electron doping of LaMnQOs is possible at
all. It is shown that through exact tuning of the oxygen content the electron-doped
state can indeed be achieved. The as-prepared state of LCeMO is characterized
by overoxygenation and shows the behavior of a hole-doped compound. The chapter
starts with a short general introduction to the technique of photoelectron spectroscopy

followed by a description of the setup used in this work.

4.1 Fundamentals

Since photoelectron spectroscopy (PES), also referred to as photoemission spectroscopy, is a
widely used technique for analyzing the electronic structure of solids (especially surfaces)
and many review books and articles on the topic exist, only the most important facts
are summarized below. The text is based on several comprehensive publications: [Vic97,
Liit98, Bri03, Hif05).

4.1.1 The principle of photoelectron spectroscopy
4.1.1.1 The photoelectric effect and its physical information content

The basic physical principle behind all photoemission experiments is known as photoelec-
tric effect: When a surface of a solid is illuminated by photons of sufficiently high energy
hv, it will emit electrons, so-called photoelectrons. These electrons are released from either
a core level or the valence band by complete energy transfer from the incident photons®.

The kinetic energy FEy;, of the photoelectron bears information on the binding energy

Tt has to be noted that after the actual photoemission process the atom might reorganize. An electron
can relax from a higher energy state to the vacant core hole. The excess energy which then accumulates
can be transferred to an outer electron, which is also ejected (AUGER electron), or to a photon (x-ray
fluorescence).

73
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Ep (referred to the FERMI level) of the respective core level according to the following

relation:

EB = hI/ — Ekm — ¢s 3 (41)

where ¢4 is the work function of the sample material, i.e., the energetic difference between
the FERMI level and the vacuum level. In a realistic photoemission experiment one ob-
tains photoelectrons with a certain distribution of kinetic energies and, after conversion
according to equation (4.1), of binding energies. In other words, a photoelectron spectrum
is a plot of the number of counted electrons versus the electron energy. Discrete peaks
reflect core level binding energies, which are specific to each chemical element. The exact
core level binding energy for a certain element additionally slightly varies according to
the valence state, the binding conditions, exchange interactions, screening, or some other
effects, because, strictly speaking, photoemission is a complicated many-body process.
Thus, after careful spectral evaluation of photoemission data with respect to peak posi-
tions and spectral features not only a simple chemical analysis may be performed but a
refined picture of the electronic structure of the solid can be gained. The discrete peaks
are furthermore overlaid by the signals of inelastically scattered electrons, the so-called
inelastic background, which has to be subtracted before any spectrum is interpreted? (see
also figure 4.5).

Another source of information is the angular distribution of the emitted electrons,
which allows the reconstruction of the bulk and surface electronic band structure due to
considerations on momentum conservation and is known as angle-resolved photoelectron
spectroscopy (ARPES). Moreover, depth profiling of the chemical composition is possible.
The experiments within the present thesis were performed at a fixed electron collection
angle; thus we refrain from further treating ARPES here.

Another important point to be mentioned is that, due to the limited ineleastic mean
free path (IMFP) of electrons in solids, the information depth of PES is limited. For
inorganic solids as investigated here, the detected photoelectrons stem from the approx-
imately outermost 3 nm of the sample. Thus, PES is a surface-sensitive technique and

one has to be cautious in generalizing the results with respect to the bulk.

2There are several background correction algorithms available, among them the simple linear correction
or the more refined algorithms according to SHIRLEY [Shi72], which is mainly used in this work, and
TOUGAARD [Tou96].
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Figure 4.1: Basic setup for a photoelectron spectroscopy experiment: Photons from a source hit the sur-
face of the sample under investigation. The kinetic energy of the emitted photoelectrons is determined
by an energy analyzer combined with an electron detector. (Reproduced after [Hiif05].)

4.1.1.2 Setup

To realize a photoemission experiment, we need, besides the sample under investigation,
a photon source on the one hand and an analyzer system (in the following also called
the spectrometer) that detects the number and energy of the emitted photoelectrons on
the other hand (figure 4.1). Furthermore a PES experiment requires ultrahigh vacuum
(UHV) conditions to ensure clean sample surfaces, since contaminations would strongly
diminish the rate of electrons emitted by the underlying sample and the spectrum would
become dominated by electrons stemming from the contamination layer.

According to the type of excitation light source used one divides the field of PES into
ultraviolet photoelectron spectroscopy (UPS) and z-ray photoelectron spectroscopy (XPS),
where the first technique is sensitive to the valence band structure and the latter is applied
to excite and analyze core levels.

Laboratory sources for UPS are differentially pumped gas discharge lamps, which are
in most cases operated with helium (photon energy of the He I line: 21.22 eV). For
XPS x-ray tubes are used. Their emission lines are defined by the characteristic x-ray
fluorescence lines of the anode material. The most popular materials are aluminum and
magnesium. The strongest emission lines are Al Koy o and Mg Ka; o with x-ray photon

energies of 1486.6 eV and 1253.6 eV, respectively®. For a table of other line sources and

30ne has to be aware of the fact that without an x-ray monochromator also weaker emission lines are
present, which are also capable of generating photoelectrons and lead to additional peaks in the spectrum
(x-ray satellites). This fact has to considered for the assignment and interpretation of spectral features.
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their characteristic energies as well as technical drawings of gas discharge lamps and x-ray
tubes see e.g. [Liit98]. The modern alternative to those classical sources is synchrotron
radiation, which yields a continuous spectrum of photon energies.

The analyzer system typically consists of three elements: the collection lens system,
the energy analyzer, and the detector. The most common energy analyzer today is the
electrostatic hemispherical analyzer operated at a constant pass energy. It consists of two
concentric hemispheres, between which a certain potential AV is applied. An electron
whose kinetic energy equals a certain pass energy E,,ss, which is defined by AV, is able
to traverse the analyzer along a circular orbit in the middle between the two hemispheres
to finally reach the detector. To count only electrons of a kinetic energy FEj, the voltages
at the lens system are adjusted such that electrons with the energy FE; are retarded
to the pass energy E,qss. The other task of the lens system is, of course, to focus the
photoelectrons to the entrance slit of the hemispheres. One can show mathematically that
the hemispheres deflect and guide only electrons with the correct energy, namely FE,qs;s,
to the exit slit of the hemispheres. There the electrons hit a secondary-electron multiplier
and the resulting electron pulses are transformed to electric standard pulses, which are
finally counted. One may ask now how an energy scan, in other words, the variation of
E4, becomes possible. For that purpose a control voltage (typically delivered by the data
acquisition computer via a digital-to-analog converter) is amplified and converted to the
suitable potentials at the lens system and the hemispheres by a voltage divider. For an
in-depth discussion of resolution issues, alternative analyzer architectures, and operation
modes see e.g. [Bri03].

To be complete, we itemize the individual components of the PES system used within

this thesis, as follows:

e x-ray source: Leybold RQ 63-10, equipped with a Mg anode, not monochromatized,

operated at a voltage of 11 kV and an emission current of 14 mA;
e UV source: Fisons UVL-HI, operated with He;

e hemispherical energy analyzer: Leybold EA 10, operated at constant pass energy,

transmission function varies with 1/FEy;,;
e ultrahigh-vacuum chamber, base pressure 1071 mbar;

e data acquisition and control: multipurpose computer board National Instruments
PCI-MIO-16XE-10, home-built software based on National Instruments LabVIEW.
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Figure 4.2: Energy level diagram for an electrically conductive sample that is grounded to the spec-
trometer. The FERMI levels Er are aligned, which leads to the creation of a contact potential between
sample and spectrometer. The binding energy Epg is referred to Er. It can easily be seen that the
value of Ep is defined by the values of the incident photon energy hv, the measured kinetic energy
Ein, and the work function of the spectrometer ¢, but is independent of the sample work function
¢s. The spectrometer work function has to be determined within a calibration measurement, see text.

4.1.2 Calibration

As indicated above [equation (4.1)], binding energies in PES are calculated from the mea-
sured kinetic energies of the photoelectrons. It is common practice to refer all binding
energies to the FERMI level. For exact measurements the spectrometer has to be cali-
brated. To understand the deeper meaning of the calibration procedure, we must modify
equation (4.1). The reason is that in a realistic PES experiment, the sample (if suffi-
ciently conductive!) and the spectrometer are electrically connected to each other. In
other words, their FERMI levels are at the same energy level (figure 4.2). Thus not the
work function of the sample but of the spectrometer appears in equation (4.1) for true
experimental conditions. Consequently, calibration means the determination of ¢g,. For
that purpose the XP or UP spectrum of a clean surface of an elemental (noble) metal is
measured. For UPS calibration the FERMI edge is determined. It defines the zero position
of the binding energy scale (figure 4.3). For XPS calibration the binding energy scale is
defined by some of the most intense core level lines in the spectrum of the calibration
sample (figure 4.4).

In the present work, a Au(110) single crystal was cleaned by repeated cycles of Ar™
sputtering and heating and subsequently used for calibration (see figures 4.3, 4.4).

4Photoemission of insulating samples is much more problematic, because the samples get charged
over time, which leads to an artificial shift of the spectrum along the energy axis. The problem can be
overcome by active charge compensation by flooding the sample with low-energy electrons.
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Figure 4.3: Reference ultraviolet photoelectron spectrum of a freshly cleaned Au(110) surface, acquired
under He I excitation (hv = 21.22 €V) for the sake of calibration of the spectrometer. The inset shows
the FERMI edge, which defines the zero position of the binding energy scale and thus the work function
of the spectrometer (here: ¢, = 4.5 €V). In general, the UP spectrum reflects the density of valence
states of the material under investigation. The width of the spectrum, i.e. the energy difference
between the FERMI level and the onset on the high-binding-energy side (inelastic onset), additionally
bears information on the work function of the sample (here: 5.37 V). The analyzer pass energy was
set to 2 eV.

4.1.3 Quantification

As discussed previously, an XP spectrum contains peaks that can be associated with the
presence of various elements. But also the area below those peaks contains information:
it can be associated with the amount of each element present. The evaluation of the
absolute percentage of a certain element is difficult, because the peak area has to be
corrected for several instrumental factors. Some of them are unknown in most cases. It
is easier to determine the atomic ratios between two elements, since the unknown factors
are eliminated then. Nevertheless the peak areas of elements A and B cannot simply be
divided by each other. The reason lies in the fact that (i) the transmission of the analyzer

is not constant over the whole kinetic-energy range, (ii) the photoionization cross sections
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Figure 4.4: Reference x-ray photoelectron spectrum of a freshly cleaned Au(110) surface acquired
under excitation by the Mg Kaj o line (hv = 1253.6 €V) and with a pass energy of 30 eV. The
energy axis reflects the raw data, i.e., the kinetic energy. To convert the kinetic energies correctly
into binding energies, a high-resolution scan of the strongest core level signal, the Au 4f doublet,
was taken (see inset). After peak fitting (for details on line shapes and other fitting parameters,
see [Bri03, Vic97]), the peak positions, which are known and tabulated for elemental metals such as
Au, define the spectrometer work function according to Ep = hv — Egin, — ¢sp.

for different elements are not equal, and (iii) different orbital symmetries imply different
escape probabilities. Those effects are subsumed in empirically derived atomic sensitivity
factors (ASFs), which have been tabulated for several analyzer architectures. For the

correct formula to obtain atomic ratios, see equation (4.2) in the following section.
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4.2 Deducing the manganese valence in hole- and

electron-doped lanthanum manganite thin films

Here, we employ UPS and mainly XPS to comparatively study epitaxial LCMO and
LCeMO thin films with regard to their Mn valence and the closely related doping type.
A compact version of the results has been published in [Bey06].

4.2.1 Motivation and state of the scientific discussion

Concerning the physics of lanthanum manganites, the majority of the reported research
activities have so far been dedicated to hole-doped manganites in which part of the triva-
lent La ions of the parent compound LaMnOj have been replaced by divalent cations
such as Sr?t, Ca?t, Ba?", Pb?*, etc. Formally, this results in the chemical composition
(La™ A2+)(Mn?' Mn?*)Os. To preserve charge neutrality, part of the Mn ions are driven
into the 44 state which leads to an effective hole doping, where the conduction mechanism
is based on electron hopping between the Mn®* and Mn** ions via an oxygen ion, known
as double exchange (see again section 2.2).

In analogy, from the aspect of possible manganite-based electronic devices, it is logical
to ask whether a partial substitution of the La ions by tetravalent cations such as Ce
or, so far less studied, Sn [Li99, Guo00, Gao03], Te [Tan03a, Tan03b, Yan04c, Yan05b],
Zr [Roy01], or Th [Jos02] would lead to an electron-doped compound. Straightforward,
one then expects the nominal composition (Laj™ A*)(Mnjt Mn2t)Os, where part of
the Mn ions have been driven to the Mn?* state. However, as the Mn?t ion has a
large ionic radius and the tetravalent ions have, compared with La3*, a small radius,
the question was raised whether such a crystal can be chemically stable at all [Jos02].
Nevertheless, the hope has been that the physics (including the double exchange and the
strong electron-lattice coupling) of those new compounds would be similar to that of hole-
doped manganites. Thus, also the tetravalent-ion-doped manganites are expected to show
all the unusual physical properties, including the CMR effect. Band structure calculations

2+/3+ gstate could be possible.

[MinO1] supported the argument that a mixed Mn
Several groups [Man97, Geb99, Lee01] succeeded in synthesizing Ce-doped manganites
via a solid-state reaction route and reported evidence for metal-insulator and ferromagnetic-
paramagnetic phase transitions, as well as for a CMR effect. On the other hand, the new
manganites often suffered from overoxygenation [Man97]|, and their properties turned
out to be much more sensitive to the oxygen content and thus to the preparation con-

ditions [Cha04, Yan04a] than those of their hole-doped relatives. Even worse, accurate
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x-ray diffraction analyses showed that the compounds always included an unreacted CeOq
(or SnOy etc.) impurity phase or were generally a multiphase compound of self-doped
La;_,MnOj3, CeOq, and Mn3Oy4 [Jos02], or an even more complex mixture [Can00]. GAN-
GULY et al. [Gan00] generally questioned the possibility of Ce doping of LaMnOj and
argued that the observed CMR effect and the metallic conductivity originated from a La-
deficient Lag;MnOj3 phase, motivated by work of PHILIP et al. [Phi99] who gave evidence
of hole rather than electron doping from thermopower measurements. Other researchers
suggested that mixtures of Ce’*/** and Mn?+/3+/4* would be possible [Phi99, Gay04],
demonstrated the existence of Mn?* ions in hole-doped Lag 7Srg3MnOj3 [Jon05], or gen-
erally questioned the well established Mn**/4* picture [Hun97].

At least the problem of phase separation seemed to be solved when RAYCHAUDHURI
et al. [Ray99] and MITRA et al. [Mit0la, MitO1b] succeeded in preparing single-phase epi-
taxial LCeMO thin films by pulsed-laser deposition, which opened the way to lanthanum-
manganite-based pn junctions [MitOlc, Cho05] or tunneling magnetoresistance (TMR)
structures [Mit03b].

In order to either directly or indirectly prove the expected electron doping, numerous
more or less elaborate experimental approaches have been followed so far, among them
HALL measurements [Gao03, Ray03, Yan04b], co-doping with divalent ions combined
with resistance measurements [Ray99], thermopower measurements [Phi99, Yan05b], X-
ray absorption spectroscopy (XAS) [Mit03a, Han04b, Han04a|, X-ray photoemission spec-
troscopy (XPS) [Gao03, Tan03a, Han04b, Han04a], or X-ray absorption near-edge-structure
(XANES) spectroscopy [Aso04, Lin04].

Up to the present, all those studies have almost alternately brought indications for
either hole or electron doping in tetravalent-ion-doped manganites, in bulk samples as well
as in epitaxial thin films. It is an aggravating fact that an impurity-free x-ray diffraction
pattern does not necessarily mean that the compound shows n-type conduction [Yan04b].
Obviously, the question whether LaMnQOg3 accepts electron doping has to be answered for

each sample individually.

4.2.2 Experimental approach of the present work

In this work, the application of x-ray diffraction to ensure single-phase composition (as
a necessary but not sufficient constraint) followed by an extensive XPS analysis, which
provides information both on the valence states of the Mn and tetravalent ions and on the
chemical composition of the outermost 3 nm of the films, is proposed. Additionally, the

XPS analysis gives information on the oxygen content and on possible surface segregation.
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LCeMO and LCMO epitaxial thin films®, as described in section 2.3 with respect
to their preparation, morphology, and XRD analysis, were comparatively studied. It is
demonstrated how the analysis of the XPS peak areas and of the exchange splitting® of
the Mn 3s core level signal, which is a definite indicator for the Mn valence [Zha84, Gal02,
Nel00] and has so far only sporadically been applied to the problem of electron- and hole-
doped manganites [Kow00, Tan03b, Jon03], makes possible a clear analysis of the oxygen
content and a quantitative determination of the Mn valence. It is shown that the oxygen
content can be varied by heating in ultrahigh vacuum or in an oxygen atmosphere and
that this allows us to tune the Mn valence and consequently the doping type in a reversible
way.

Prior to each XPS session, special attention was paid to the surface cleaning of the
samples. Several reports [Cho99a, Cho99b, Dul00, Jon03] suggest a heating procedure at
450 ° C or 500 ° C in UHV. To the experience made during the present work, this does not
completely remove carbon contaminants; the carbon 1s core level peak was still observable
in the XP spectra after such a treatment. This fact is not astonishing, since lanthanum
manganite surfaces act as catalysts [Lia93, Dec99, Pon00, Zha02], which demonstrates
their high chemical reactivity. Therefore cycles of repeated heating at 470° C for at
least 2 hours at an oxygen pressure of 107% mbar were employed. Heating in an oxygen
atmosphere is a common method for the UHV preparation of reactive surfaces such as
platinum, as it oxidizes the carbon on the surface to CO,, which subsequently more easily
desorbs from the surface. In the case of lanthanum manganites as well as other metal
oxides, the oxygen plays another important role: it prevents oxygen diffusion out of the
samples [Do6r00]. After each cleaning procedure, it was checked that the C 1s signal had
disappeared. Typically, the freshly prepared surfaces remained clean for at least four
hours.

After an obligatory survey scan (see figure 4.5 for LCeMO), the core level peaks with
the highest intensities, i.e. La 3d, O 1s, Mn 2p, and Ca 2p or Ce 3d for LCMO or LCeMO,
respectively, were acquired with an energy resolution of 2 eV, which corresponds to an
analyzer pass energy of 70 eV, with a step width of 0.2 eV, and a measurement time

of 10 seconds per step. The Mn 3s line, which is much weaker than the Mn 2p line,

5Since LCMO and LCeMO are considered as twin compounds due to their similar transition temper-
atures, it is somehow a natural choice to compare those two compounds.

6Tt is clearly beyond the scope of this work to explain all sorts of possible spectral features in PES.
Thus we only focus on those which are relevant to the interpretation of the LCMO and LCeMO spectra,
first of all the multiplet splitting, which is also referred to as exchange splitting or electrostatic splitting. In
the case of the Mn 3s signal the photoelectrons from the 3s shell have either spin up or spin down. When
leaving the atom they interact with the unpaired 3d electrons, which results in two different final kinetic
energies according to the previous spin state. This quite simple model can be additionally complicated
by further relaxation and configuration interaction processes, see e.g. [Bri03].
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Figure 4.5: XPS survey scan of the cleaned LCeMO thin film, acquired with a pass energy of 100 eV.
Part (a) shows the raw data after binding-energy conversion and the inelastic background as calculated
with the TOUGAARD algorithm. Part (b) depicts the background-corrected signal with the assignments
of the main features. It is obvious that the interpretation of a spectrum of a quarternary compound,
such as LCeMO, taken with the radiation of a nonmonochromatic laboratory source, is much more of
a challenge than that of a metal spectrum as shown before.

was scanned with a higher pass energy of the analyzer of 100 eV, which resulted in a
slightly worse energy resolution of 2.5 eV. The measurement window was enlarged to 60
seconds per scan step to improve the signal-to-noise ratio. Unfortunately, the smaller
peak of the Mn 3s doublet is located within the direct neighborhood of the Mg Ko 4
satellites of the La 4d signal (see figure 4.6). Consequently, the whole La 4d region
of the spectrum had to be measured additionally in order to deconvolute the several
contributions and to find the correct level for the correction of the inelastic background.
For the evaluation of the XPS data, the SHIRLEY background correction [Shi72] and the
peak fitting software XPSPEAK 4.1 [Kwo00] were used. The integral peak areas of the

most intensive peaks were employed to calculate the concentration ratios between the
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elements of each compound within the XPS probing depth according to the relation:

ca Iasp

== 4.2
Cp IBSA ( )

Here, ¢4 and cp are the concentrations of atoms of types A and B, I, and Ig denote the
XPS peak areas after background correction, and s, and sp are the empirically derived
atomic sensitivity factors for an energy analyzer whose transmission function varies with
the inverse of the electron kinetic energy, taken from [Bri83].

On the basis of the measured Mn 3s level splitting AFEj3, the Mn valence vy, was

calculated by employing the following linear equation:
Uy = 9.67 — 1.27T AFE5,/eV | (4.3)

which was obtained by averaging the results of [Gal02] and [Zha84], where the linear
relationship between vy, and AFEs, is derived for the valence range between +2 and
+4 from XPS investigations of different bulk mixed-valent manganites and of binary Mn
oxides, respectively. For comparison, the Mn valence was also calculated from the film
stoichiometries as extracted from the peak area analysis.

The XP spectra were acquired after seven different sample treatment steps (see ta-
ble 4.1) in order to compare the Mn valences for various stoichiometries, especially several
degrees of oxygen deficiency. Step a denotes the pure cleaning procedure. Steps b-f con-
tain a cleaning procedure in an oxygen atmosphere followed by a deoxygenation procedure
without oxygen supply at different heating temperatures and variable durations. Step g
was applied in order to reoxidize the manganite films to restore the state that had been
reached after step a. The temperatures are approximate values, since the sample temper-
ature was measured by an optical pyrometer” without exact knowledge of the emissivity
of the manganite films. The emissivity was set to 0.8, which is a typical value for metal
oxides [Lid01]. The base pressure in the preparation chamber was 10~ mbar.

Two additional test procedures were performed after steps a and f for both samples.
First, the O 1s peak was acquired at four values of the intensity of the X-ray source
differing by a factor of up to 3.5, to make sure that no spectral shift occurs when the total
photoelectron current is changed. This proves that the films provide enough conductivity
to prevent any charging that could cause artificial line shifts. Second, an ultraviolet
photoelectron spectrum (UPS) was taken to monitor the change of the work function of

the films.
"Impac, IGA 100
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Figure 4.6: Mn 3s core level signal and La 4d satellite signal for the LCeMO thin film on SrTiO5(100)
with corresponding peak fits and SHIRLEY background. The La 4d satellite is fit by a four-peak
structure (the fourth peak is outside the binding energy range shown) as suggested in [How78], where
the multicomponent structure of the 4d orbital of La3™ is explained in detail.

4.2.3 Results and discussion
4.2.3.1 XPS peak areas and stoichiometry

The atomic ratios between the elements were estimated from the integral peak areas of the
La 3d, Ce 3d, Ca 2p, O 1s, and Mn 2p core level signals on the basis of equation (4.2). The
nominal compositions of the LCMO and the LCeMO films resulting from this procedure

index | sample treatment

470 ° C, 2h, 10~% mbar O,

470° C, 2h, 10-° mbar O, / 470° C, 1h, UHV
470° C, 1h, 106 mbar Oy / 520° C, 2h, UHV
470° C, 1h, 1079 mbar O, / 570 ° C, 2h, UHV
470° C, 1h, 107 mbar O, / 620° C, 2h, UHV
470° C, 1h, 1075 mbar O, / 670° C, 2h, UHV
470° C, 3h, 107% mbar O, (reoxidation)

Q %0 Q0o >

Table 4.1: Description of the seven different surface treatment steps applied to the LCMO and LCeMO
thin films. Note that the original as-cleaned state of the films was reestablished by heating in an
oxygen atmosphere before each new deoxygenation step.
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are listed in table 4.2. The normalization to manganese is arbitrary. Note that the
compositions of table 4.2 are valid provided that the depth probed by XPS is smaller
than the film thickness, which is well fulfilled in our case, and under the assumption of
homogeneous films. Furthermore, the values are subject to an estimated error of at least
10%, which is mainly caused by the uncertainty of the Mn 2p peak area and the error of
the inelastic background correction [Tou96]. The Mn 2p doublet is surrounded by several
broad Ce, Mn, and La AUGER lines (Ce M5Ny5Ny5 at 594 eV, Mn L3MysMy5 at 620 eV, La
M;5Ny5Ny5 at 632 eV, Mn LyMysMys at 670 eV) [Mui79]®. Consequently, it is difficult to
exactly isolate the pure Mn 2p peak area. That is the reason why the apparent Mn excess
should not be overvalued. Further systematic errors occur due to the uncertainty of the
atomic sensitivity factors of La, Ce, and Mn. This manifests a fundamental problem, as
the atomic sensitivity factors for rare-earth and transition metal elements vary strongly
for different valence and binding conditions [Bri83]. We come back to this point later
when discussing the formal Mn valences.

Nevertheless, for both film surfaces investigated here, there is a clear indication of oxy-
gen loss from step a towards step e. The development between steps b and d is dominated
by stoichiometry fluctuations without any clear tendency. After step g a considerable oxy-
gen reuptake is observed. Here, the stoichiometries of both film surfaces agree even better
with the stoichiometries of the PLD targets than after step a. Considering the La:O ra-
tio, there is an oxygen excess after steps a-d and again after step g for LCeMO and after
all treatment steps for LCMO. Examining the La:Ce ratio in LCeMO, we observe a Ce
excess after the treatment steps a-f, whereas the correct ratio is found after step g, to
within the error margin. As for the La:Ca ratio in LCMO, we find an excess of Ca after
steps e-g. This points to Ca segregation to the surface [Zha98, Cho99a, Cho99b], which
is supported by the analysis of the O:Ca ratio, which also shows Ca excess (except for
step ¢). It must be taken into account that the results of table 4.2 are only valid within
the XPS probing depth. A typical value for the inelastic mean free path of electrons in
inorganic compounds at a kinetic energy of 1000 eV is 2 nm [Bri03|, which means that
78% of the signal comes from the outermost 3 nm of the film.

In the following, we focus on the different core level signals in detail, which will also

clarify the reasons for the strongly changed stoichiometry of the LCeMO film after step f.

8Note that the usage of Al instead of Mg as the anode material of the x-ray source would eliminate
the problem of the overlapping AUGER lines but would also cause a La 4d satellite in the neighborhood
of the Mn 3s signal at an even more awkward position.
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index LCMO LCeMO

a Lag.32Cag.20MnOg 31 | Lag.41Cep21MnOg 73
b Lag.31Cag.22MnOq 39 | Lag.39Cep.19MnOg 30
c Lag 33Cag.21MnO; gs | Lag.39Ceg.20MnOg 35
d Lag.34Cag.2oMnOs 14 | Lags50Ceg.19MnOg 43
e Lag.35Cag.20MnO; 77 | Lag.43Ceq.14MnO; go
/ Lag.45Cag.25MnOq 01 | Lag.75Ce.27MnO3 9o
g Lag 48Cag.32MnO3 03 | Lag.54Ceg.21MnO; g6

Lag.70Cag.30MnO3. 0 | Lag.70Ceq.30MnOs3 oo

Table 4.2: Chemical compositions of the LCMO and LCeMO films after seven different treatment steps.
For comparison, the nominal stoichiometry (as expected from the PLD targets) has been added in the
last line. Note that the values refer only to the outermost few nanometers of the film and that the
errors are estimated to be greater than 10%. Note also that for the film as a whole a change of the
concentrations of the metal ions is not expected.

4.2.3.2 O 1s core level signal

Figure 4.7 presents the development of the O 1s signal for both investigated films after
the first six steps of treatment as listed in table 4.1. Several tendencies can be observed:
With increasing heating temperature and thus progressive oxygen loss, the O 1s signal
moves towards higher binding energies and the peak height decreases slightly.

The correct interpretation of the manganite O 1s peak seems to be difficult, as the
literature contains many contradictory statements. Some groups [Lia93, Dec01] (however,
those statements are for La;_,Sr,MnO3) suggest three contributions to the O 1s signal
and attribute them to the binding to each of the three other elements of the compound.
According to this interpretation, the Mn-O component is located at about 529 eV and
the La-O component at about 531 eV. This would be consistent with the O 1s signals
of the present work, but a third component at a higher binding energy, which could be
attributed to Ca-O or Ce-O (analogously to Sr-O) cannot be found in our data. The peak
can be well fit by two but not three lines.

Other groups [Cho99a, Cho99b, Pon00, Zha02] observe a two-peak structure, with
a component attributed to lattice oxygen at lower binding energies and a component
attributed to surface- or defect-related oxygen at higher binding energies. This interpre-
tation is more consistent with the observations of the present work. Then, an increase
of the lattice-to-surface oxygen ratio with increasing heating temperature can be stated.
Unaffected by those controversial details, the O 1s peak is a more direct and thus more
reliable indicator for the control of oxygen loss than the element ratios obtained from the

peak area analysis.
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Figure 4.7: O 1s core level signals after background subtraction for LCeMO (a) and LCMO (b). The
legend refers to the treatment procedures of table 4.1. For the reason of visual clarity, the peaks
corresponding to the reoxidized state (step g), which are almost congruent with the respective peaks
after step a, are not shown in the diagram.

4.2.3.3 Ce 3d and Ca 2p core level signals

The interpretation of Ce 3d spectra of Ce compounds has been the subject of a number of
experimental and theoretical studies [Gun83, Fug83, Wui84, Sch85, Col98, Mul98, Peill,
Tol03]. In general, the Ce 3d spectrum exhibits a spin-orbit splitting of 18.6 eV, which
could be verified for the LCeMO film in the present work. Furthermore, both spin-orbit
components show a multiplet splitting® into either two components for the pure Ce3*
state, as in Cey03, (denoted as vy, v/, ug, u’) or three components (v, v", v/, u, u”, u")
for the pure Ce** state, as in CeO,. Consequently, for an arbitrary mixed-valence state,
each of the two spin-orbit components must be fit by five peaks (see for example [Zha04]
and references therein). The percentages of Ce3* and Ce?* can then be determined by
evaluating the peak areas attributed to the two different oxidation states. Figure 4.8
depicts the Ce 3d signals for the cleaned LCeMO surface (step a) and after heating at
620 ° C (step e). The cleaned film shows, as expected, a typical Ce?™ spectrum; only the

9In general, multiplet splitting does not only occur in s shells as discussed before but also in p or d
shells, where it is more complex due to the different orbital symmetries. The multiplet splitting of the
Ce 3d signal is caused by 3d-4f interactions and can be utilized as a valence indicator.
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Figure 4.8: (a) Ce 3d signals for the clean LCeMO surface (after step a in table 4.1) and (b) after
heating at 620 ° C (step e in Table 4.1) after background subtraction. In accordance with the change
of the Ce valence, the spectra have a clearly different shape. In curve (b) u/(s) denotes the Kasg
satellite of u’.

two strongest Ce3* peaks can be discerned. The Ce3* concentration is about 4%. A slight
rise in the Ce3* percentage to values around 10% occurs after steps b-d. The treatment
steps e and f dramatically change the Ce valence towards the Ce®" state, resulting in Ce3™"
percentages of more than 50% for both cases. Figure 4.8(b) demonstrates the significantly
different Ce 3d spectrum after treatment step e. It is interesting to note that also the O 1s
peak shift is most dramatic after step e for LCeMO as well as for LCMO (see figure4.7).
The Ce valence change turns out to be reversible by reoxidation: The Ce3* percentage
shrank to 6% after step g.

In LCMO, the Ca 2p signal is shifted by 0.3 eV towards higher binding energies after
step ¢ and by 1.0 eV after step e and moves back to the original position after step g.

In summary, an increased oxygen diffusion above approximately 600 ° C can be as-

sumed for both films.

4.2.3.4 La 3d core level signal

The shape of the La 3d peaks is the same for LCMO and LCeMO and is similar to the
shape found in the spectrum of LasOg [Mui79]. The spin-orbit splitting is, as for LasOs,
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Figure 4.9: Ultraviolet photoelectron spectra of LCeMO and LCMO in the as-cleaned (after step a)
and highly deoxygenated (after step f) state, respectively. The He I line (hv = 21.22 eV) served as
excitation source, the analyzer pass energy was 2 eV. There is a clear tendency towards a broadening
of the spectra by deoxygenation in both cases. Assuming a simple semiconductor band scheme, this
broadening is equivalent to a decrease of the work function, which corresponds to a change from p- to
n-type conduction. The sharp peaks on the high-binding-energy side of the LCeMO spectra are due
to detector saturation. The problem was overcome by defocusing of the UV source before the LCMO
spectra were taken.

16.8 eV for both samples and after all treatment steps (figure 4.10). However, the La 3d
binding energy shifts in a steplike manner after step d for LCeMO (one step earlier than
the dramatic change in the Ce valence) and after step e for LCMO (figure 4.11). In both
cases the binding energy moves closer to the LayO3 value [Mui79]. The steplike shift of
the binding energy is larger for LCMO, as well as the corresponding O 1s shift is larger
in that case. Furthermore, we note that for the clean surfaces the La 3d binding energies
differ by 0.3 eV between LCMO and LCeMO; a similar difference is observed for the O 1s
lines. Altogether, the behavior of the La 3d peak supports the assumption of an enhanced
oxygen loss in both films after step e; for LCeMO the process might begin already with
step d. For both samples, the La 3d peak moves back to the position observed after steps

a and b after the reoxidation procedure of step g.
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Figure 4.10: La 3d signal of the cleaned LCMO surface after subtraction of the background and the
Mg Kas 4 satellites.

We note that there is a common trend of the O 1s, Ce 3d, Ca 2p, and La 3d lines:
With progressive deoxygenation, they all move to higher binding energies. Apart from
the fact that the shifts of the various core level lines may reflect changes in the individual
binding conditions, their overall tendency towards higher binding energies is consistent
with the Fermi level moving up in energy. This is confirmed by the UPS measurements,
which show that the work function decreases between treatment steps a and f by 1.7 eV
for LCeMO and 1.3 eV for LCMO (see figure 4.9). Such a behavior is in fact expected in
a simple semiconductor band model if a transition from p to n doping takes place. Hence,
we may interpret these observations as a first hint that deoxygenation indeed changes
the doping type. Much stronger evidence for this is provided by the analysis of the Mn

valence described in the following sections.

4.2.3.5 Mn 2p core level signal

To explore the Mn valence, the Mn core level signals should naturally provide the most
relevant information. For a good introduction into the complex problem of manganese
XPS core level signals, see for example [Nel00]. First, we consider the Mn 2p doublet,
inspired by an XPS investigation of GAO et al. [Gao03]. There, the Mn 2p doublet of
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Figure 4.11: Development of the La 3d5,, binding energy after the different heating steps b-f and the
reoxidation step g (see also table 4.1 again). The dashed line indicates the value for LagOs [Mui79].

Lag ¢gSng1MnOj3 exhibited a shift by 0.8 eV towards lower binding energies compared to the
Mn 2p doublet of Lag 9Cag 1 MnOs, which was interpreted as evidence for a mixed Mn?*+/3+
state in LaggSng;MnO3z. However, another group [KanO1] observed the same Mn 2p
binding energy both for LaMnO3; compounds doped with divalent as well as tetravalent
ions and questioned the suitability of the Mn 2p signal for investigations of the Mn valence.

Here, we see little or no energetic shift of the Mn 2p doublet, but we observe the
formation of shake-up satellites!®, especially after step f, which are offset from the main
peaks of the Mn 2p doublet by approximately 5 eV towards higher binding energies. In
agreement with all peak changes described before, the reoxidation drives the Mn 2p signal
back to the shape which was observed after step a.

Figure 4.12 exemplarily shows the effect for the LCeMO film. For LCMO we find

the satellite formation to be the same. This behavior is typical for Mn?* systems such
as MnO [Oku75, Hu81, Zha84]. Thus, it is clear that deoxygenation by heating in UHV

10 Apart from the multiplet splitting discussed before, shake-up satellites are another spectral feature
being important for the present manganite spectra. Shake-up satellite lines appear at the low-kinetic-
energy side of the main peak, especially in systems with unpaired electrons in the 3d or 4f shell, and have
their origin in an energy loss of the photoelectron due to an electronically excited state of the valence
electrons. This excitation in turn has its origin in the perturbation of the valence electron system, since
it sees the photoemission process as a change of the nuclear charge.
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Figure 4.12: Mn 2p doublet of the LCeMO film after the treatment steps a and f. The Mn 2p3/;
component is fit by two peaks (labeled 1 and 2), with peak 2 corresponding to the shake-up satellite
in curve (b). The Mn 2p,,, component is fit by only one peak as the corresponding shake-up satellite
is too weak to be visible. The overlapping peaks on the low-binding-energy side originate from AUGER
lines, as discussed in the text.

drives the LCeMO and the LCMO film from the original Mn®*/4* state towards a mixed
Mn?*/3+ state. The analysis of the Mn 3s signal will show this in a more pronounced and
quantitative manner.

In summary, the development of the Mn 2p doublet provides clear evidence for the
presence of Mn?* ions and thus the formation of an electron-doped state in both films. In
the case of LCeMO we have to keep in mind that the Ce valence changes simultaneously
towards the Ce3*" state (see figure 4.8). This might indicate a phase separation process
(which, however, is reversible as can be seen after step ¢). This assumption is supported
by the strongly changed stoichiometry (see table 4.2) after step f for LCeMO. According
to the chemical formula given there, the formal Mn valence is higher after step f than after

step e, but the Mn 2p signal after step f suggests a Mn valence closer to 2+ than after
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step e. On the other hand, the changed stoichiometry is only of limited significance, since
the stoichiometry determination, in the LCeMO case, is based on three uncertain atomic
sensitivity factors, namely those of La, Ce, and Mn. As the Mn and Ce valences change
during the deoxygenation procedure, it is likely that also the atomic sensitivity factors
change, which then produces a strongly but artificially changed stoichiometry. This is
indeed observed after step f (table 4.2).

As a general result, we conclude that the Mn 2p signal can be used to get first qual-
itative information on the Mn valence of manganites: A lowering of the Mn valence is

unambiguously visible by the formation of shake-up satellites at 5 eV from the main peaks.

4.2.3.6 Mn 3s exchange splitting

The value of the Mn 3s exchange splitting AFs, was used to determine the Mn valence
in a more quantitative way than is possible by means of the Mn 2p signal. As described
in the literature [Zha84, Gal02], there is a linear relation between the Mn valence and the
Mn 3s exchange splitting energy [equation (4.3)]. Figure 4.13 depicts the raw data of the
Mn 3s doublet for LCeMO after the treatment steps a and f. One can clearly see that the
exchange splitting has increased after step f. Because of the overlapping La 4d satellite
and the rather low signal-to-noise ratio, ! a quantitative evaluation is only possible by a
fitting procedure as discussed in conjunction with figure 4.6. From the AFEs, values thus
found, we calculated the Mn valences by means of equation (4.2) for both films after the
different treatment steps. The result is shown in figure 4.14. The data give clear evidence
that, without heat treatment in UHV, i.e., after step a, the LCeMO film is not in the
mixed Mn?*/3F state expected from the chemical formula of the compound. Instead, the
Mn valence is similar in LCeMO and LCMO, close to the value expected for the nominal
composition of the LCMO film. Figure 4.14 clearly shows that the oxygen out-diffusion
induced by heating in UHV (steps b-f) lowers the Mn valence significantly in both cases
down to values approaching +2. Finally, the reoxidation step ¢ drives both films back
to a state fairly close to the initial one. From the latter fact, it can be assumed that
heating in an oxygen atmosphere, which constitutes the first part of each treatment step
(see table 4.1), always essentially restores the state as reached after step a.

The error of the Mn valence is mainly caused by the error of the Mn 3s splitting
value, which is assumed to be 0.2 eV for all data points. This value was derived from
the peak fitting procedure, in which slight variations of the fit parameter constraints and

of the background resulted in this uncertainty. The error bars thus mainly characterize

The stronger peak of the Mn 3s doublet is roughly 40 times lower in height than the O 1s peak, and
is superimposed on a background that is 3.7 times higher than the peak itself.
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Figure 4.13: Mn 3s signals of the LCeMO film for the as-cleaned state (step a) and the heavily
deoxygenated state (step f). The increase of the splitting energy is qualitatively visible, a quantitative
analysis inevitably needs a fitting procedure due to the weakness of the signal and the neighboring
strong La 4d satellite, as shown in figure 4.6.

the possible influence of systematic errors caused by the interfering La 4d satellite. Note
that the change of AFs5, with heating temperature is expected to be less affected by such
a systematic error than the absolute values.

As a check of consistency, another approach is chosen in figure 4.15. There, the Mn
valences are derived from the stoichiometries of table 4.2 under the assumption of charge
neutrality. Despite the uncertainty of the stoichiometries, the formal Mn valences derived
from them exhibit a clear correlation with the Mn 3s energy splitting. The data points
of the present work are depicted along with the data available in the literature [the same
data that provided equation (4.3)]. Within the error bars we find a good agreement.
While GALAKHOV et al. [Gal02] studied a wide variety of bulk manganese compounds
having different formal Mn valences, we find the same linear relationship for one and the
same manganite thin film when tuning its oxygen content.

For LCMO, the data demonstrates a clear increase of the Mn 3s exchange splitting
with the decrease in Mn valence caused by the progressive rise in temperature. The
correlation with the progression in heating temperature is not so clear for points ¢ and d,
which may be attributed to the large error of the formal Mn valence.

For LCeMO the same general tendency can be seen if we consider the points a and e.
There are again fluctuations for the points between a and e. While in figure 4.14 point
f for LCeMO fits well to the overall tendency set up by the other data points, this point
shows a conspicuous deviation with regard to the formal Mn valence (figure 4.15). This
can again be explained by the artificially changed stoichiometry, as discussed in detail

in the previous section. As expected from the behavior of all other XPS signals, the
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Figure 4.14: Mn valences of the LCMO and LCeMO film as derived from equation (4.3) after the
different heat treatment steps of table 4.1. The horizontal dashed lines indicate the nominal Mn
valences: 3.3 for LCMO and 2.7 for LCeMO. Thus one can conclude that the LCMO film has a
Mn valence very close to its nominal value already in the as-cleaned state, while the LCeMO film is
overoxygenated in the as-cleaned state and reaches its nominal Mn valence only after deoxygenation,
especially after step d.

reoxidation of the films (point ¢) is accompanied by a decrease in the Mn 3s splitting and
an increase of the formal Mn valence. The original state (a) is recovered within the error
bars.

In figure 4.15 the error of the Mn 3s splitting energy is assumed to be 0.2 eV, as
explained above. Here, the more pronounced error is that of the formal Mn valence,
as this uncertainty results from the error of the peak areas. This error is even roughly
doubled if one additionally takes the following errors of the atomic sensitivity factors into
consideration: sp, = sce. =10£1, sy =2.6+0.1; the remaining atomic sensitivity factors
were assumed to have negligible errors.

In summary, the evaluation of the Mn 3s splitting gives clear evidence that it is possible
to prepare a mixed Mn?*/3+ state and, consequently, electron doping in the outermost
few nanometers of divalent- and tetravalent-ion-doped lanthanum manganite thin films

by decreasing their oxygen content.
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Figure 4.15: Plot of the Mn 3s exchange splitting energy versus the formal Mn valence, which was
calculated by employing the stoichiometries from table 4.2, the corresponding Ce valences as deter-
mined from the Ce 3d signal, and fixed valences for the remaining elements (Lat, Ca?*, O27).
Solid line: linear fit to the experimental data of GALAKHOV et al. [Gal02] for different mixed-valent
manganite bulk samples; dashed line: linear fit to the experimental data of ZHAO et al. [Zha84] for
manganese oxides; vertical dotted lines: formal Mn valences for stoichiometric Lag 7Cag 3sMnOg and
Lag.7Ceq.3sMnOs, respectively. The data points are indexed according to the sample treatment steps
of table 4.1. From point a to f the oxygen content is successively reduced; point g represents the
reoxidized state.

4.2.4 Summary and outlook

This part of the thesis treated the Mn valence states of Lag7Cag3MnO3 and Lag 7Ceq 3MnO3
epitaxial thin films by x-ray and ultraviolet photoelectron spectroscopy for as-cleaned sur-
faces as well as for different deoxygenation states. The shape of the Mn 2p doublet and
the value of the Mn 3s exchange splitting turned out to be valuable indicators of the

3+/4+ state after a surface

Mn valence. Both compounds were found to be in a mixed Mn
cleaning procedure in an Oy atmosphere and before any deoxygenation treatment. Heat-
ing in ultrahigh vacuum resulted in oxygen loss, which in both cases was accompanied
by the transition towards a lower Mn valence between +2 and +3. For LCeMO not only
the Mn valence changed, but also the Ce valence was driven from the 4+ state towards
the 3+ state. The changes in the Mn and Ce valences could be reversed by heating in an

oxygen atmosphere, which resulted in the reoxidation of the films. Finally, the investi-
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Figure 4.16: Photoconductivity of an oxygen-deficient LCeMO film. In the dark no MIT is observable
in the available temperature range. Already the exposure to daylight recovers the MIT and reduces
the low-temperature resistivity by several orders of magnitude. Illumination with photons from an
ArT laser at a wavelength of 514 nm induces an even more dramatic resistivity drop and the shift
of the transition temperature to higher temperatures. At 100 K the resistivity drop reached by the
available laser power is around seven orders of magnitude, which is higher than the values reported
for hole-doped manganites in a few studies so far(e.g. [Gil00, Cau0l, Mos04] and references therein).

gation shows that even a standard XPS experiment using nonmonochromatized x-rays is
capable of determining the Mn valence state of manganite films very clearly. Therefore,
the method provides an inexpensive characterization tool which can give valuable support
in the process of optimizing the preparation of such films.

In general, heating in ultrahigh vacuum turned out to be a suitable method for tuning
the Mn valence of lanthanum manganite thin films between a mixed 3+ /44 state and
mixed 24 /3+ state and thus for preparing electron-doped manganite films. XPS allows
monitoring the two coupled processes: the change of the oxygen content and the Mn

valence change.
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Ongoing investigations focus on the following open questions:

e whether the electron-doped state in LCeMO, which was prepared by heating in an

ultrahigh vacuum, remains stable in air,
e whether this state is phase separated or not, and

e how the transition temperatures change after the different deoxygenation steps.

Concerning the last question, latest temperature-dependent resistivity investigations
showed that a deoxygenated and thus electron-doped LCeMO film does not show a metal-
insulator transition (MIT) any longer down to 77 K. The resistivity rises with decreasing
temperature over the whole temperature range. Recent publications of other groups
confirm this observation [Yan05a, Wan06b, Wan06a]. Astonishingly, the MIT could be
recovered by illuminating the film (figure 4.16). The observed effect motivates further
systematic photoconductivity studies of LCeMO with different oxygen contents, which

are in progress but beyond the scope of the thesis.






5 Summary and outlook of the thesis

This concluding chapter summarizes, in a condensed form, the objectives, questions
addressed, and results of the present Ph.D. thesis, and finally gives an outlook on

promising further investigations.

e The thesis was dedicated to the study of the electronic properties of doped lan-
thanum manganite (Lag 7Srg3sMnO3, Lag 7Cag 3MnOg, Lag 7Cep 3sMnO3) thin films on
strontium titanate (SrTiOj), especially at the film surfaces and at the film/substrate

interfaces.

e To realize those investigations, two quite different photon-based spectroscopy tech-

niques were employed, namely:
— x-ray and ultraviolet photoelectron spectroscopy (XPS/UPS) for studying the
free surfaces, and
— three different experimental realizations of surface photovoltage spectroscopy

(SPS) for the interface investigations (but also for comparative surface studies).

While for the first technique commercial standard laboratory equipment was used,
for the SPS investigations extensive instrumental developments had to be carried
out first.

e Concerning the manganite film surfaces the following questions were addressed:

— Does the substitution of La** in LaMnOs by a tetravalent doping ion such
as Ce't create an electron-doped manganite (in contrast to the well-known

hole-doped case by divalent-cation substitution)?

— How sensitive is the degree of electron doping to the variation of the oxygen

content, and can it be tuned in a defined and reversible way?

— To what extent can the type of doping, or, in other words, the manganese

valence state, be reliably determined by means of photoelectron spectroscopy?

e Concerning the manganite/strontium titanate interfaces the following questions

were in the focus:

101
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— Can this oxidic heterostructure be characterized by exploiting surface photo-

voltage phenomena, and which method is the most suitable one?

— What does the energetic distribution of electronic interface defect states within
the band gap of the substrate look like, if the system is modeled as a SCHOTTKY

contact?

— Can the detected defect states be classified according to their origin, i.e., are

they specific to the film, or are they substrate related?

— How straightforward is the interpretation of the data and does it allow an

unambiguous evaluation of the interface quality?

e The photoelectron spectroscopy investigation, which was comparatively performed
on nominally electron-doped Lag7Cey3MnO3 and hole-doped Lag ;Cag 3sMnQOs, lead

to the following results:

— The analysis of the Mn valence from the Mn 3s exchange splitting energy
combined with the evaluation of the Mn 2p signal and the film stoichiometry,
as derived from the peak areas of the strongest signals from each element,

turned out to be a valuable indicator of the doping type.

— As-prepared Lag;Cey3sMnO3 showed hole doping, but an electron-doped state
could be prepared by defined deoxygenation through heating in ultrahigh vac-

uuln.

— The Mn valence and, equivalently, the degree of electron doping can be re-
versibly tuned by cycles of heating in either ultrahigh vacuum (deoxygana-
tion, Mn valence decreases, film becomes more electron-doped) or in an oxy-
gen atmosphere (reoxidation, Mn valence increases, film becomes more hole-
doped). This tunability was observed not only for the nominally electron-doped
Lag.7Cey.3MnO3 film but also for the hole-doped Lag 7Cag3MnO3 reference film.

— Unexpectedly, the deoxygenation of the Lag;Cey3MnOs film resulted not only
in a decrease of the Mn valence, but also the Ce valence shifted from 4+
to 34+. Whether this process indicates a phase separation process remains
unclear to date. However, the fact that it is also reversible by oxygenation

might contradict the phase separation scenario.

— As recent investigations have demonstrated, the Lag;Cey3MnOj3 films which
show electron doping after deoxygenation are highly resistive and do not show

the metal-insulator-transition (MIT) any longer. However, the MIT can be
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recovered by illumination with visible light. Furthermore, this illumination-
induced resistance drop is as large as seven orders of magnitude and is thus
comparable to the colossal magnetoresistance effect. A systematic study of how
the carrier concentration may be manipulated by light in hole- and electron-

doped manganites is in progress now.

e The results of the surface photovoltage study of the manganite/SrTiO3 interface
must be seen as a continuous interplay between instrumental /methodological devel-

opment and acquisition of knowledge on the sample system:

— Three different surface photovoltage detection methods were checked with re-
spect to their suitability for the manganite/SrTiO3 interface: (i) x-ray pho-
toelectron spectroscopy under additional optical excitation (X-SPS), (ii) ca-
pacitive SPV detection based on a parallel-plate capacitor geometry under
modulated illumination (C-SPS), and (iii) the SPV measurement by a KELVIN
probe (K-SPS). While the first method turned out to be less suitable due to
cross coupling of x-ray-induced effects, the latter two provided detailed surface
photovoltage spectra across the SrTiO3z band gap. For K-SPS, a home-built
KELVIN probe, optimized for optical applications and long-term measurements,

was developed within the thesis.

— By means of C-SPS a comparative surface photovoltage spectroscopy study of
the interfaces between strontium titanate on the one side and Lag 7519 3MnQOs,
Lag7Cag3MnQOg, or Lag7Cey3MnO3 on the other side was accomplished. A
map of defect states within the substrate band gap was worked out and a
classification of the different states was proposed. It was shown that annealing
dramatically decreases the number and density of interface states. For a definite
evaluation of the interface quality by C-SPS the investigation of a much broader

set of samples with systematically varied growth conditions is recommended.

— For comparison, the pure SrTiO3 surface without any film was analyzed by
K-SPS. The wavelength-resolved SPV spectra obtained with K-SPS partially
verify those trap states from C-SPS that were assumed to stem from the sub-
strate. Time-resolved SPV measurements with the KELVIN probe (SPV tran-
sients) show that in the sub-bandgap range different trap states with very
different time constants contribute to the surface photovoltage. Consequently,
only the SPV as a function of both wavelength and time can provide the full

information on the rich trap state dynamics.
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— Now that the instrumental preconditions are available, long-term wavelength-
and time-resolved SPV studies with K-SPS on other widely discussed (ferroic)

oxidic heterostructures, such as PZT/SrTiO3:Nb, are now in progress.

e In summary, photons were shown to be versatile, nondestructive probes of the elec-
tronic structure of several oxidic interfaces. Depending on the type of their interac-
tion with the interface of interest, the response of the system to the probe photons
may be very complex, which makes the interpretation of the experimental data a

puzzling challenge.
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A MATHEMATICA® scripts

A.1 Electrical field intensity at buried interfaces —

calculation with the Fresnel matrix formalism

In chapter 3, when reporting on surface photovoltage spectroscopy of manganite/strontium
titanate interfaces, we mentioned the need of a constant photon flux over the measured
wavelength spectrum at the interface of interest. Thus the spectral transmission of all
optical elements in the beam path have to be known. Additionally the transmission of
the manganite film, or, to be more exact, the electric field intensity at the interface must
be determined.

The latter issue leads us to the complex field of thin film optics. If we follow a
beam of light that travels through a layered system of thin films, we recognize that we
have to consider multiple reflections and interference effects if we want to calculate the
electrical field or its square, the electrical field intensity, at an arbitary position within
the film system (figure A.1). Though in principle the problem is straightforward, as the
amplitudes and intensities are well defined by MAXWELL’s equations and the appropriate
boundary conditions, the resulting equations are quite complicated.

Several notation systems and formalisms have been developed to get the problem man-
ageable. The following MATHEMATI cA® script is based on the matrix formalism using
FRESNEL coefficients by ABELES as presented in the monograph by HEAVENS [Hea91].
The main message of this formalism is that the field amplitudes in the n* layer are a
linear transformation of the field amplitudes in the (n — 1) layer. Those linear transfor-
mations are represented by 2x2 matrices whose coefficients contain the complex refractive
indices® of the materials involved, the wavelength, the film thicknesses, and the angle of
incidence.

For our precise problem we work with the following input data and assumptions:

e A four-media system is assumed:

— a half-space of air,
— a thin manganite film (10 nm LCMO, 10 nm LCeMO, or 15 nm LSMO),

— a thick strontium titanate layer of 0.5 mm thickness,

'For the complex refractive index 7 we use the definition 7 = n — ik, where n is the real part of the
refractive index and k is the extinction coefficient.

129
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(a) (b)
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Nn+1
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Figure A.1: Notation for optical calculations of (a) an arbitrary system of layers and (b) the special
system investigated here. To calculate the amplitude of the electrical field at each position z in the
system the complex refractive indices n; of all participating media, the film thicknesses d;, the angle
of incidence, and the wavelength must be known. Note that for normal incidence as in our case the
field intensity (square of the electric field) must be a continuous function of the coordinate z. In
our calculation this fact is employed to establish a test procedure (consistency check), see text. The
thick black arrow with the question mark indicates the quantity we are looking for: the electrical field
intensity at the manganite/SrTiOg3 interface.

— a half-space of silver (representing the back contact made of conductive silver

paste);
e the angle of incidence is 0°(normal incidence);

e the coherence length of the incident light (coming from a monochromatized white-

light source) is smaller than the thickness of the second (STO) layer;

e complex refractive indices for the media involved as indicated in table A.1.

The subsequent script first reads the real and the imaginary parts of the refractive
indices from ASCII files and expresses them analytically by fitting them with a polynomial
of sufficiently high order (In[1]-In[18]). The plots, which indicate the real and imaginary
parts of the refractive index of LSMO, SrTiO3 and Ag as a function of wavelength (in
units of nm) in this order, are used to compare the resulting polynomials with the original
data and to decide whether the chosen order was high enough. Note that the wavelength
is represented by x for convenience and that the example is given for the case of the

15-nm-thick LSMO film. Second, all quantities necessary for the matrix calculation are



APPENDIX A. MATHEMATICA® SCRIPTS 131

index material source of data
0 air n=1k=0
1 LCMO, LCeMO, LSMO | [Rau02, Rau04]
2 SrTiO3 own measurement, see appendix A.2
3 Ag [Pal9l]

Table A.1: Sources of the optical constants for the air/manganite/STO/Ag system.

defined. After that the field intensity at the interface of interest, 12(0), is calculated,
normalized with respect to the incident intensity (In[46]), which is assumed to be 1. As
a consistency check the continuity of the intensity is tested. It can be seen that the plot
of 12 versus the wavelength is strongly oscillating, because our matrix formalism assumes
a coherent superposition of all partial waves, also throughout the thick STO layer. To
correct this unrealistic result, we convolute the result with a Gaussian distribution (In[58]).
A meaningful fineness of data points for this procedure is defined after monitoring the
oscillation period of the original data for 2 (Out[53]). Figure A.2 depicts the result
I2mean as it was used for the surface photovoltage spectroscopy measurements (see again
chapter 3). The algorithm can be easily adapted to other material systems and, with
some extensions, for different angles of incidence. The correctness of the script has been
additionally tested by comparison with results of the computer program IMD [Win98],
which uses the same formalism but is not able to handle layers as thick as our STO

substrate?. Thus the tests were performed assuming much thinner STO layers.

2At least the Unix version showed serious memory problems.
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In[1] : = TABnLSMO=I nport["Mat hematica/lists/list_LSMO own_n_800_400.dat", " Table"];
In[2]:= nLSMO=Fi t | TABnLSMO, {1, x, Xx"2,Xx"3,x"4,x"5, x"6, X7, x"8, x"9, x"10, x~11, x"12, x"13, x" 14}, Xx];

In[3]:= Plot[nLSMD {Xx, 780, 300}]

2.1
2.05

400 00 600 700
1.95

1.9
1.85
1.8
1.75

Qut[3]= -Graphics-
In[4]:= TABKLSMO=I nport[" Mathenatical/lists/list_LSMD own_k_800_400.dat", " Tabl e"];
In[5]:= KLSMO=Fi t [ TABKLSMO, {1, X, X"2,x"3,x"4,x"5, x 6, x"7, x"8, x 9, x"10, x 11, x 12, x 13, x 14}, X];

In(6]:= Plot[KLSMD {x, 780, 300}]

400 \500 600 700

Qut[6]= -Graphics-
In[7]:= TABnSTO=I nport|" Mat hematica/lists/list_STO own_n_800_400.dat", " Table"];

In[8]:= nSTC=Fi t[ TABNSTO, {1, x, Xx"2,x"3,x"4,x"5, x"6, x"7, x"8, x"9, x"10, x"11, x*12, x"13, x"14, x*15, x*16}, X];

In[9]:= Plot[nSTO,{x, 780, 400}]

450 500 550 0 650 700 750
2.35

Qut[9]= -Graphics-
In[10]: = TABKSTO=I nport [ " Mat hematica/lists/list_STO own_k_ 800 400.dat", "Table"];

In[11]:= KSTO=Fi t[ TABKSTO, {1, x, X"2,Xx"3,x"4,x"5, x"6, x"7, x"8, x"9, x"10, x"11, x*12, x"13}, X] ;
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In[12]:= Pl ot[KkSTO, {x, 780, 400}]

0. 0000525
0. 00005
0. 0000475
0. 000045
0. 0000425

450 500 600 650 700 750
0. 0000375

0. 000035

Qut[12] = -Graphics-
In[13]: = TABnAg=I nport["Mathematica/lists/Iist_Ag_ palik_n_800_400.dat", "Table"];
In[14]: = nAg=Fi t [ TABnAg, {1, x, X2}, X] ;

In[15]:= Plot[nAg, {x, 780, 300}]

0.14

400 500 560700
Qut[15] = -Graphics-
In[16]: = TABKAg=I nport["Mat hematica/lists/list_Ag_palik_k_800_400.dat", " Table"];
In[17]:= kAg=Fit[ TABKAg, {1, X, X2}, x] ;
In[18]:= Pl ot| kAg, {x, 780, 300} |
5

4

400 500 600 700
Qut[18] = - Graphics-
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In[19]: = nO: =1; (*n_air*)

1n[20]: = N1=nLSMO-I| *kLSMO, (*complex refractive index of LSMO¥)

In[21] : = n2=nSTO-| *kSTO, (*complex refractive index of STO¥)

In[22] : = n3=nAg-| *kAg; (*complex refractive index of Ag*)

In[23]:= d1: =15; %*th!ckness of the LSMOlayer (nm)¥*)
d2: =500000; *thickness of the STO substrate (nm)*)

In[25]:= r1=(n0-nl)/(n0+nl); (*complex interface reflectances*)
r2=(nl-n2)/(nl+n2);
r3=(n2-n3)/(n2+n3);

In[28]:= t1=2*n0/ (n0+nl); (*complex interface transmittances*)

t 2=2*n1/ (nl+n2);
t 3=2*n2/ (n2+n3) ;

In[31]:= deltal=2*Pi *nl*dl/ x; (*phase angles*)
del t a2=2*Pi *n2*d2/ x;

In[33]:= Cl= *matrices*

C2= &E"g*d}ltal){ %}Z*E" I*d t 1} ( )
C3=¢: gl*deltaz) rSl
{r3*Er(-I'*del ta2),

In[36]:= Cp3=Cl*C2*C3; (*product  matrix*)

In[37]:= a=Cp3[[1,1]]; *elements of the product matrix*
b=883 1,2]]; ¢ P )
c=Cp3[[2,1]];
d=Cp3[[2,2]];

In[41] : = EOm=c/ a* EOp; (*... several components of the electric field*)

In[42]:= E3p=t 1*t2*t 3*(d*EOp-b*EOmM)/ (a*d-b*c);

E3m =0;

In[44]:= {E2p, E2n} =1/t 3*C3. { E3p, E3n} ;

In[45]:= {Elp, Eln} =1/t 2*C2. { E2p, E2n};

In[46]:= | 2=( Abs[ ( E2p/ EOp) +( E2m EOp)])"2; (*intensity at the LSMO/STO-interface*)

In[47]):= Plot[I2, {x, 400, 800}]

500 600 700 800
Qut[47] = - Graphics-
In[ 48] : = kappal=2*Pi *nl/ x; *consistenc! check*
(481 kaggaz =2*Pi *n2/ x; ¢ Y )

I n[50] :

I 1=( Abs[ ( ELp* E*( -I *kappal* 15) / EOp) +( ELmt EA( | *kappal* 15) / EOp) ] ) A2;
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In[51]:= 2;

=1
[diff,{x, 400, 800}, Pl ot Range—>{ —0. 0000004, 0. 0000004} ]

-1.10°7
-2.1077
-3-1077
-4.10°7

Qut[52] = - Graphics-

In[53]:= Plot[I1,{x, 400, 400. 5}] (*oscillation period check (works also with 12)*)

0.6
0.5
0.4
0.3
0.2
0.1

400.1 400.2 400.3 400.4 400.5

Qut [53] = - Graphics-

In[54]: = data=Tabl e[| 2, {x, 400, 800, 0. 01}]; (*puts 12 into a list¥)
In[55]:= ListPlot[data]; (*plots  the list (optional)*)
In[56]:= kern=Tabl e[ Exp[ -n"*2/ Zéls?rt[z*ﬁ] s . o
{n, -10, 10, 0.01}]; (*generates  a Gaussian distribution ("kernel")*)

In[57]:= ListPlot|kern, Pl ot Range->{ 0, 0. 42} ]

0.4

0.3

0.2

0.1

500 1000 1500 2000
Qut[57] = - Graphics-
In[58]:= | 2mean=Li st Convol ve[ ker n, dat a] ; (*convolutes the 12-list with the Gaussian
di stribution*)

In[59]:= Export["list.dat",|2mean] (*exports the data into an ASCIl file*)

Qut[59] = list.dat
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Figure A.2: Intensity at the LSMO/STO interface as calculated with the FRESNEL matrix formalism
under the assumption of an air/LSMO/STO/Ag structure.
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A.2 Calculation of the optical constants of a weakly
absorbing substrate from transmission and re-

flection measurements

In chapter 2.1.4 we discussed the optical properties of strontium titanate and stressed that
they can dramatically differ depending on the sample quality, especially on the oxygen
content. Consequently it seems most appropriate to make an individual measurement for
the sample of interest. Here, a Sr'TiO3 substrate, polished on both sides, from the same
manufacturer and with the same thickness (0.5 mm) as the substrates that were used for
the deposition of the manganite films was investigated with respect to its optical trans-
mission 7" and reflection R at near-normal incidence. The measurements were performed
with a spectrophotometer, type UV 3100, by Shimadzu. Figure A.3 contains the data for
T and R. The sample is slightly absorbing.

(0L e e B e A A A e S S L A s e e e L A S B S B e e S .

50F

40F ;

300

20 —/_V"\,\\//_“‘ ~rd

100

R, T (%)

wavelength (nm)

Figure A.3: Optical transmission and reflectivity of a Sr'TiO3 substrate.

We use the formulae by VRIENS et al. [Vri83] to calculate the refractive index n and
the absorption coefficient® a from the (R, T) data for a weakly absorbing substrate, as
documented in the following script. Note that the script shown here does not contain the
complete output of (n,a) pairs and that the output has to be converted into an ASCII
file by another script. The results for n and k£ have already been shown in appendix A.1.
The data for n fit well to the universal curve for ionic compounds given by WEMPLE et
al. [Wem71] (not shown here).

3Extinction coefficient k and absorption coefficient a both describe the energy loss in a medium, their
connection in the notation of [Vri83] is as follows: a = 4mwkd/\, where d is the thickness of the substrate.
However, this definition is unusual, in most cases a does not contain the length of the medium and can
be then understood as an inverse absorption length.
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(*definition of the transmitted intensity T(n,a)*)
T= (4*n)/(Era*((n + 1)M2% 1 - (n - 1)MIEN2*a)*(n + 1)7M))
4e@n

2(1 _ e?2a@n-1*
(n+1)%(1 i1 )

(*definition of the reflected intensity R(n,a)*)
- 16* /\2* —_ 1 /\2 2* * 1 /\6*
A o N ¥ R

16e722n2 (n- 1) (n-17
(n+1)°(1- <20ty (n+ 17

(n+1)

(*import of ASCIl file  with reflection data*)

p=lnport["R dat", "Tabl e"];

(Yimport of ASCIl file  with transmission data* )
g=lnport["T.dat", " Tabl e"];

(*search for simultaneous solutions (n,a) for R and T*)
gli_]:=FindRoot[{T==q[[i,2]]/100,R==p[[i,2]]/100},{n, 1.8}, {a, 0}]
(*prints the solution for each wavelength*)

Do[Print[g[ill,{i,1801}]
{n > 2.17764, a - 0.478314)
{n > 2.19206, a - 0.471375)
{n > 2.20142, a - 0.464691}
{n > 2.21232, a - 0.462497)
{n > 2.22073, a - 0.463395}
{n > 2.25097, a - 0.456294}
{n > 2.2665, a - 0.450714}
{n > 2.20388, a - 0.462691}
{n > 2.18188, a - 0.465307}
{n > 2.197, a - 0.463735}

{n > 2.22183, a - 0.462142)
{n > 2.24707, a - 0.459955)
{n > 2.25232, a - 0.458981}



B Addenda to the surface photovoltage part

B.1 Collection of SPV spectra from C-SPS

In section 3.2.3.2 we discussed the results of capacitive surface photovoltage spectroscopy
on three different manganite/SrTiOj interfaces: LSMO/STO, LCMO/STO, LCeMO/STO.
There, a detailed spectrum including the assignment of interface trap state positions was
given only for the LSMO case (figure 3.9). This appendix contains further data: first a
graph showing the reproducibility of a SPV spectrum, and subsequently the SPV spectra
for the LCMO and LCeMO cases, including some explanations on trap position assign-
ment.

Figure B.1 shows two SPV spectra of the LCeMO/STO interface acquired under the
same experimental conditions. The shape, including slope and slope changes, of the
spectra is the same, only the signal level is slightly different. The latter effect can be
attributed to different initial states of the sample before the two measurements. The
term initial state means that the sample might contain a different amount of photo-
excited carriers from a previous measurement. However, the difference is small compared
with the difference in signal level between the as-prepared and annealed cases of LCMO
and LCeMO (figure 3.10).

Let us now discuss the spectra of LCeMO/STO and LCMO/STO in detail:

e Figure B.2 [(a)-(c)] displays the SPV spectrum of the as-prepared LCeMO sample.
The division into three overlapping diagrams serves for a better visualization, since
the signal covers a range of several orders of magnitude. Panels (d)-(f) depict
the respective second derivative. The energetic positions of slope changes were
determined from a comparison of the original data and the second derivative as
described in section 3.2.3.2. The solid and dashed vertical lines indicate (similarly
to figure 3.9) positive and negative slope changes, respectively. The numbers inside
the diagram denote the wavelength positions of the points of slope change. Note
that the slope change at around 710 nm cannot be found in the second derivative,

which becomes very noisy near the low-energy end.

e Figure B.3 depicts the SPV spectra of both the as-prepared and the annealed
LCeMO sample. At the high-energy end (a) the two spectra show the clearest
differences, whereas in parts (b) and (c) they exhibit the same slope change posi-

tions. Here, vertical lines were only drawn for slope changes different from those in

139
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Figure B.1: Reproducibility of a C-SPS measurement on LCeMO/ STO. Note again that the SPV
values correspond to the photocurrent in the capacitor structure (in amps).

figure B.2.
e The SPV spectrum of LCMO is shown in figure B.4.

e In figure B.5 the spectrum of the annealed LCMO sample is analyzed by comparison
with the spectrum of the as-prepared sample. Note that, in contrast to the three
previous figures, part (f) does not show the second derivative but an enlarged view
of part (c¢) to make visible the details of the data of the annealed sample. It must
be admitted that the slope changes at 590 nm and 610 nm are uncertain due to the

low signal-to-noise ratio.

In conclusion, it is obvious that the interpretation of the SPV spectra is not unambigu-
ous in all cases, and only a twofold comparative approach (comparison between original
data and 2°¢ derivative and between different samples) as chosen here can provide reason-
able results. The trap state positions extracted from the SPV spectra were finally listed
in a diagram and condensed into 17 levels (figure B.6). This diagram forms the basis for

table 3.1, which additionally specifies possible origins of the distinct levels.
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B.2 Further theoretical treatment of the Kelvin probe

current

B.2.1 Decomposition into harmonics

Here we present some further details on the analysis of the KELVIN probe current [
(equation (3.7) from section 3.2.4.1), especially the calculation of the amplitudes of its

harmonics. We start with the expression:

ecoAUdyw cos(wt)

" do + s sin(W)? (B-1)

with the quantities defined in section 3.2.4.1. In order to calaculate the amplitude of
the k™ harmonic of the current I, we perform a series expansion of the denominator of

equation (B.1). Before, we define the following abbreviations:

dy
— B.2
ai= 5 (B2)
dy
b:=—ccoAUw— (B.3)
dg
r=wt . (B.4)
Those abbreviations simplify equation (B.1) to:
I =bcosx(l+asinz)™? . (B.5)

We use the following power series expansion [Bro83]:
(1+2)2=1-22+32% — 42+ 52* :Z "(n+1)z" for |z|<1 . (B.6)
n=0

For our problem z = asin x and the condition |z| < 1 is always fulfilled, because in the
KELVIN probe we have a < 1, since the oscillation amplitude d; of the vibrating capacitor
plate must be smaller than the average distance dy between the two plates [compare
equation (B.2)].

With the knowledge of relation (B.6) we can rewrite the expression for I:

I—Zb "(n+1)cosxsin"x . (B.7)
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We convert the sum (B.7) into expressions without powers of sinz using the MATH-
EMATICA® function TrigReduce up to n = 10. We rearrange the result to find the
coefficients for the harmonics cos z, sin 2x, cos 3z, sin4x, cos 5z, sin 6x, hoping that any
reqular pattern found there can be expanded to infinity. It turns out that the coefficients

can be factorized as follows:

cosz: b(1-1.1.a+3-1.1.a2+5- % .2.0*+7 -4 50549 1468411 115 -42.a04..) (BS)

sin 2 : ~ba(2-3-1-a®+4-£-2-a>+6-55-5-a*+8- % 14-a8+10- 512 4208 +..) (B.9)
cos 3z : —ba?(3-%-1-a%+5- L 30247 L 9.0t +9- 55 -28-a0 +11- ;190 a8 +..) (B.10)
sinda : ba®(4-5-1-a°+6-35-4-a®+8- 3z -14-a* +10- 55 - 48 -af +..)) (B.11)
cos 5z : ba4(5-11—6-1-a0+7~é-5~a2+9~2;6 20 at + 11 1557 - 75-a® +..) (B.12)
sin 6 : —ba®(6- 55 -1-a®+8- 142 -6-a2+ 10 o5 -27-a* +..)) (B.13)

It is obvious that the coefficient of each harmonic is a sum of products, where each
product contains four factors (three numeric factors and one power of a). While the 15,
274 and 4" factors follow easy-to-find patterns, the third factors seem to be strange at the

first glance. They are given once more in the following table [numbers in brackets were not
shown in the expressions (B.8)-(B.13) but were also calculated with MATHEMATICA®]:

harmonic

15t 11 5 14 42
2nd 1 2 14 42
3rd 1 3 28 90
4th 1 4 14 48 (165)
Hth 1 5 20 75 (275)
6th 1 6 27 (110) (429)

It turns out that those factors follow the rule of the CATALAN triangle! [Wei07, Slo07],

in which the number Cy,, at position (I,m) is given by

(+m)(l—m+1)

Cim = B.14

m = m(l+1)! (B14)
In our case, the coefficient of cos x contains C1g, Ca1, C3a, . . ., for the coefficient of sin 2x
the numbers Cyg, C31, Cy, . . . are relevant, and so forth. After several rearrangements we

get a compact equation for the k** harmonic I, of the KELVIN probe current I:

!The numbers of the CATALAN triangle appear in many problems in combinatorics.
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_kbz< >2n+k 1%{(_1)(k—1)/2@[<_1)(k+1)] COS(/{:J;)—i—(—l)k/Z@[(—l)k] sin(kz)}

(B.15)
with © being the HEAVISIDE function, which becomes necessary because the harmon-
ics alternately follow a sine or cosine function. Furthermore, the terms (—1)*~Y/2 and
(=1)*/% in the {...}-term of equation (B.15) create the proper sign.

In order to remove the discontinuous HEAVISIDE function we use (i) (—1)/2 = i, (ii)
the EULER relations cos z = (€"*+¢e7%%) /2 and sin z = (e'* —e~%*) /24, and (iii) the relations

Ol(~1)*)
Ol-D** = B[(-1) = (-, (B.17)

+
o
—
|
—_
~—
=
I
—_
—
oS
—_
=2
~—

and finally obtain an alternative, more esthetic expression for Iy,:

= kbz( )2n+k 1 n,zglj_];))' 2— {eike | (—1)k—lemtka) (B.18)

Formulae (B.15) and (B.18) have been cross-checked with MATHEMATICA® for
k =1,2,...,6 (and n up to 10) to see whether they reproduce the coefficients from
the expressions (B.8)-(B.13).

The total current I can then be written as

I=> I . (B.19)
k=1

The expressions for the first- and second-harmonic part of I are given again [compare
equations (3.8) and (3.9) in section 3.2.4.1]:

Iw = —eeoAde—g COS(Ldt) E (Qdo) m (B20)
di . 1d \ > (2n 4 2)!
IZu.) = 266014de—(2) SIH(QUJt) ngzo (5 d_o) m s (B21)

where a,b and = have been substituted according to equations (B.2)-(B.4).

From relation (B.18) it becomes clear that the ratio d;/dy determines how strong the
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influence of higher harmonics on the total current is. The smaller the ratio d;/dy the
better the current I is represented by solely its first harmonic. The following subsection

will demonstrate the role of this ratio more clearly.

B.2.2 Plots of the total current and its first two harmonics

To illustrate the nature of the current I, it is plotted together with I, I5,, and the
sum [, + I, for three different ratios d;/dy in figures B.7-B.9. The total current I is
represented by the thicker gray line, the other quantities by thin black lines. The plate
area A was set to (5 - 1073)%? m?, the average plate distance dy to 10~% m, the voltage
(which is the sum of the contact potential difference (CPD) and the bias voltage) U to
1 V, the dielectric constant € to 1 for an air gap, and the frequency w to 27 - 175 Hz.
All the values correspond to the true experimental conditions during this work (except
the value for U, which varies during a measurement). For the calculation of I, and Iy,
equations (B.20) and (B.21) were employed with n = 0,1...20. Higher summands have
only marginal influence, which had been checked separately before. Even n = 0, 1, 2 would
have given sound results. Only in the limit d; /dy — 1 decisively more summands become
essential.

In figure B.7 the vibration amplitude d; was set to 2.5 - 107° m (d;/dy = 0.25),
which corresponds to the experimental conditions within this work. The amplitude of
I is around 550 pA. The amplitude of the first harmonic I, is around 500 pA, while
the second-harmonic amplitude I, is smaller but still of the same order of magnitude:
150 pA. The sum of the first and the second harmonics is very close to the total current.
If a CPD resolution of 1 mV is desired and the first harmonic is used for the feedback
loop, a current as small as 500 fA has to be measured, which is, with a certain effort,
possible.

For the calculation of the current signals in figure B.8 the ratio d;/dy was enlarged
to 0.8, which corresponds to a vibration amplitude of 8 - 107> m. The total current
becomes strongly asymmetric and the influence of higher harmonics to the total current
clearly increases. The signal amplitudes are one order of magnitude higher than in the
previously discussed case and the amplitudes of the first and the second harmonics are
comparable.

The opposite effect can be observed when d; /dy is decreased, as shown in figure B.9,
where dy/dy is only 0.05 (d; = 5-107% m). There, the total current consists mainly of
its first harmonic. Thus, in an experiment, in which the second harmonic is used in the
feedback loop (see discussion in section 3.2.4.1), the vibration amplitude should not be

chosen too small with respect to the average plate distance.
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Figure B.7: KELVIN probe current (thick gray line), its first and second harmonics, as well as the sum
of these two harmonics (thin black lines) for a ratio dy/do = 0.25. Both harmonics are strong enough
to be used for feedback control.

current
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5.10°t
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Figure B.8: KELVIN probe current (thick gray line), its first and second harmonics, as well as the sum
of these two harmonics (thin black lines) for a ratio d;/dy = 0.8. Both harmonics might be used for
feedback control. To represent the strongly asymmetric total current correctly, also harmonics higher
than the second would be necessary. Note that the amplitude of the k" harmonic can be even higher
than that of the (k — 1)** one if the ratio d; /dy comes sufficiently close to 1.
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Figure B.9: KELVIN probe current (thick gray line), its first and second harmonics, as well as the sum
of these two harmonics (thin black lines) for a ratio d;/dy = 0.05. Here, the second harmonic is one
order of magnitude smaller than the first harmonic and the total current is nearly identical to its first
harmonic.
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B.3 Signal flow diagram of the Kelvin probe SPV

measurement
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