
VSr

EF

CB

UHV | 1 mbar

1 mbar  UHV  

Information
Band / Volume 60
ISBN 978-3-95806-448-5

Information
Band / Volume 60
ISBN 978-3-95806-448-5

Chemical control of the electrical surface properties 
of n-doped transition metal oxides
Michael Tobias Andrä

60

In
fo

rm
at

io
n

C
he

m
ic

al
 c

on
tr

ol
 o

f t
he

 e
le

ct
ric

al
 s

ur
fa

ce
 p

ro
pe

rt
ie

s 
of

 n
-d

op
ed

 tr
an

si
tio

n 
m

et
al

 o
xi

de
s

M
ic

ha
el

 T
ob

ia
s 

A
nd

rä



Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 60





Forschungszentrum Jülich GmbH
Peter Grünberg Institut (PGI)
Elektronische Materialien (PGI-7)

Chemical control of the electrical surface  
properties of n-doped transition metal oxides

Michael Tobias Andrä

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 60

ISSN 1866-1777  ISBN 978-3-95806-448-5



Bibliografische Information der Deutschen Nationalbibliothek. 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten 
sind im Internet über http://dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jülich GmbH
und Vertrieb: Zentralbibliothek, Verlag
 52425 Jülich
 Tel.:  +49 2461 61-5368
 Fax:  +49 2461 61-6103
 zb-publikation@fz-juelich.de
 www.fz-juelich.de/zb
 
Umschlaggestaltung: Grafische Medien, Forschungszentrum Jülich GmbH

Druck: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2019

Schriften des Forschungszentrums Jülich
Reihe Information / Information, Band / Volume 60

D 82 (Diss. RWTH Aachen University, 2019)

ISSN 1866-1777
ISBN 978-3-95806-448-5

Vollständig frei verfügbar über das Publikationsportal des Forschungszentrums Jülich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

 This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,  
 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://dnb.d-nb.de abrufbar
http://www.fz-juelich.de/zb/openaccess
https://creativecommons.org/licenses/by/4.0/


Abstract

Novel classes of materials are required to meet the technological challenges in mod-
ern electronics. By ultimately merging surface physics and band engineering ap-
proaches with the chemistry of complex oxides, oxide electronics are believed to
meet the rapidly growing demands stemming from the decreasing structure size of
electronic applications. A lot is known about the behavior of complex oxides in the
bulk. Surfaces and interfaces, however, may show fundamentally varying properties
due to the reduced dimension and short di�usion lengths involved. Thus, the sur-
faces of complex oxide semiconductors and especially their interfaces formed with
other complex oxides and metals are expected to play an even more important role
in the technological progress of the upcoming decades. In order to pave the way to
novel tailored applications, understanding the redox processes at the complex oxide
surfaces is essential.

Within this thesis, state-of-the-art spectroscopic tools are used that allow for in-situ
surface investigations in varying atmospheres thereby demonstrating the di�erences
between surface and bulk chemistry and determine how space charge formation
couples the surface chemistry and the electronic properties. By the utilization of
ambient pressure photoelectron spectroscopy the previous experimental limitations
of an unde�ned surface state and contamination that occurred due to the ex-situ
transport of samples. The spectroscopic results determined on n-SrTiO3 single
crystals and thin �lms clearly demonstrate the pO2-dependent activation of the
strontium sublattice at intermediate temperatures that is accompanied by a shift
of the Fermi level from the conduction band edge into the band gap. This shift
illustrates an electron depletion layer being present at the n-SrTiO3 surface and
thus the formation of a surface space charge layer.
These �ndings are substantiated by electrical characterization of the surface con-
tact and the in-plane sheet properties in Pt/n-SrTiO3 heterostructures and n-
SrTiO3 thin �lms, respectively. The surface contact of the heterojunction exhibit
an increased transport barrier after annealing in oxidizing conditions while the thin
�lms demonstrate a reduced carrier concentration directly after growth in oxidizing
conditions and a pO2-dependent in-plane sheet resistance.

As the underlying surface redox process, the precipitation of strontium oxide cluster
in oxidizing conditions at the n-SrTiO3 surface, leaving behind negatively charged
strontium vacancies con�ned to the surface, is identi�ed. Subtle changes of the



strontium sublattice result in a substantial electronic response of the n-SrTiO3 sur-
face, consistently explained based on in-situ spectroscopy, electrical characteriza-
tion and density functional theory. Such a redox process is remarkable since up to
now the bulk defect chemistry of n-SrTiO3 proposed the strontium sublattice, to
be active only at much higher temperatures above 1250 K. At lower temperatures,
however, the rearrangement of the strontium sublattice is found to be restricted to
the n-SrTiO3 surface due to the inhibited cation di�usion into the sample. In fact,
this restriction is fundamental for the electrical charge separation leading to a sur-
face space charge layer in which electrons are depleted. In this way, classical rules
of bulk defect chemistry are expanded to the surface allowing for accelerated ionic
dynamics and thus chemical control of the electrical surface properties of complex
oxides by their redox chemistry at fairly low temperatures.

The results of this thesis give fundamentally new insights on the electrical surface
properties of complex oxides and their dependence on di�erent thermodynamical
biases. Controlling the electrical properties of thin �lms by their surface chemistry
might result in innovative applications such as novel gas sensors.

IV



Kurzfassung

Um den technologischen Herausforderungen moderner Elektronik gerecht zu wer-
den, ist die Verwendung neuer Materialklassen unumgägnlich. Durch die Ver-
schmelzung von Ober�ächenphysik und Bandstruktur mit der Chemie komplexer
Oxide soll die wachsende Forderung nach einer Verringerung der aktiven Struk-
turgröÿe elektronischer Bauelemente erfüllt werden kann. Die Bulk-Eigenschaften
von komplexen Oxiden sind gut untersucht. Die Ober- und Grenz�ächen hinge-
gen können aufgrund der verringerten Abmessungen und der damit verbundenen
verkürzten Di�usionslänge grundlegend veränderte Eigenschaften aufweisen. Daher
wird erwartet, dass die Ober�ächen komplexer Oxidhalbleiter sowie besonders ihre
Grenz�ächen, die sie mit anderen komplexen Oxiden und Metallen bilden, in den
nächsten Jahrzehnten eine starke Rolle für den technologischen Fortschritt spielen
werden. Für die Entwicklung neuer Bauteile mit maÿgeschneiderten Eigenschaften
is es daher unumgänglich, die Redoxprozesse an den Ober�ächen komplexer Oxide
zu verstehen.

Im Rahmen dieser Arbeit werden modernste spektroskopische Instrumente einge-
setzt, die es ermöglichen, die Ober�ächeneigenschaften in-situ in verschiedenen At-
mosphären zu untersuchen. Dadurch können die Unterschiede zwischen Ober�ächen-
und Bulkchemie aufgezeigt sowie die Verbindung der Ober�ächenchemie und der
elektronischen Eigenschaften durch die Bildung einer Raumladung an der Ober-
�äche aufgeklärt werden. Durch den Einsatz dieser modernen Techniken ist es
möglich die bisherigen experimentellen Probleme eines unde�nierten Ober�ächen-
zustandes, die durch den ex-situ Probentransport entstanden sind, zu überwinden.
Die spektroskopischen Ergebnisse, die an n-SrTiO3 Einkristallen und Dünn�lmen
gemessen wurden, belegen deutlich die pO2 -abhängige Aktivierung des Strontiu-
muntergitters bei mittleren Temperaturen. Diese Aktivierung geht mit einer Ver-
schiebung des Fermi-Niveaus, von der Leitungsbandkante tiefer in die Bandlücke,
einher. Diese Verschiebung zeigt eine Elektronenverarmung an der n-SrTiO3 Ober-
�äche und damit die Bildung einer Ober�ächenraumladungszone.
Diese Resultate werden durch die Charakterisierung des elektrischen Ober�ächen-
kontaktes von Pt/n-SrTiO3 Heteroübergängen und der elektrischen in-plane Eigen-
schaften von n-SrTiO3 Dünn�lmen bestätigt. Der Ober�ächenkontakt der Het-
erostrukturen zeigt eine deutliche Erhöhung der Transportbarriere nach dem Aus-
heizen in oxidierenden Bedingungen, während die Dünn�lme eine verringerte Lad-
ungsträgerkonzentration direkt nach dem Wachstum in oxidierenden Bedingungen
und einen pO2-abhängigen Schichtwiderstand aufweisen.



Als zugrunde liegender Ober�ächenredoxprozess wird die Ausfällung von Strontiu-
moxidclustern unter oxidierenden Bedingungen identi�ziert. Dabei bleiben dop-
pelt negativ geladene Strontiumleerstellen an der n-SrTiO3 Ober�äche zurück.
Geringe Änderungen des Strontiumuntergitters führen zu einer enormen Verän-
derung der elektronischen Ober�ächeneigenschaften die mit Hilfe von in-situ Spek-
troskopie, elektrischer Charakterisierung und der Dichte-Funtkional Theorie, kon-
sistent erklärt wird. Ein solcher Redoxprozess ist bemerkenswert, da die Bulk-
Defektchemie von n-SrTiO3 vorhersagt, dass das Strontiumuntergiter erst bei viel
höheren Temperaturen oberhalb von 1250 K aktiviert wird. Bei niedirgeren Tem-
peraturen wird hingegen aufgezeigt, dass die Umordnung des Strontiumuntergitters,
aufgrund der gehemmten Kationendi�usion in die Porbe, auf die n-SrTiO3 Ober-
�äche beschränkt ist. Tatsächlich ist diese Beschränkung grundlegende Vorrausset-
zung der beobachteten Trennung von elektrischen Ladung, die zur Bildung einer
Ober�ächenraumladungszone mittels Elektronenverarmung führt. Auf diese Weise
werden die Regeln der klassischen Bulk-Defektchemie mit beschleunigter Ionendy-
namik auf die Ober�äche ausgedehnt. Dadurch wird die chemische Kontrolle der
elektrischen Ober�ächeneigenschaften von komplexen Oxiden bei moderaten Tem-
peraturen, mit Hilfe der Redoxchemie, ermöglicht.

Die Ergebnisse dieser Arbeit geben grundlegend neue Einblicke in die elektrischen
Ober�ächeneigenschaften von komplexen Oxiden und deren Abhängigkeit von ver-
schiedenen thermodynamischen Ein�üssen. Die Steuerung der elektrischen Eigen-
schaften dünner Filme durch ihre Ober�ächenchemie kann zu neuen innovativen An-
wendungen, wie zum Beispiel neuen Gassensoren, führen.
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1. Introduction

Technological challenges in modern electronics call for the utilization of novel
classes of materials in electronics. Oxide electronics have already shown their versa-
tility in a wide variety of state-of-the-art applications and constitute an increasingly
fast growing area of research.[1�3] By ultimately merging surface physics and band
engineering approaches with the chemistry of complex oxides, oxide electronics are
believed to meet the rapidly increasing demands stemming from the decreasing
structure size of electronic applications. Thus, the surfaces of complex oxide semi-
conductors and their interfaces formed with other complex oxides and metals are
expected to play an important role in the technological progress of the upcoming
decades.[4]

In recent years, perovskite-type ternary transition metal oxides (TTMOs) have
received exceptional attention due to their variety of electrical and magnetic prop-
erties.[5�9]. In particular, their surface and interface properties and the strong
coupling of lattice disorder and electronic structure give rise to a wide range of
interesting e�ects and applications, such as resistive switching,[10�13] the forma-
tion of a two dimensional electron gas at the LaAlO3/SrTiO3 interface,[14�16] and
their use as highly e�ecient solar cells[17] and as an electrode material for solid
oxide fuel cells.[18, 19] In all of these cases, the surfaces and interfaces impact or
even determine device properties, e.g. by de�ning interface dipoles,[20] band align-
ments[21, 22] or space charge layers.[23] Thus, understanding and actively tuning
the electrical surface properties in TTMOs is highly desirable.

As a typical model material, donor-doped strontium titanate (n-SrTiO3), and
as a speci�c example niobium-doped SrTiO3 (Nb:SrTiO3), was investigated exten-
sively and with a view to a wide variety of processes in TTMOs. It is used for
direct applications, such as superconductivity,[24] resistive switching,[12, 25, 26] or
gas sensing.[27] In particular, state of the art Taguchi-type gas sensors show an un-
desirable non-linear dependence on the gas concentration that might be overcome
by the employment of n-SrTiO3.[28�30] Moreover, n-SrTiO3 is used indirectly as a
quasi-metallic substrate material for a wide variety of applications such as supercon-
ducting thin �lms,[31] ferroelectric tunnel junctions,[32�34] oxidic water splitting
catalysts,[20, 35]� and resistive switching devices.[11, 12, 36]

The bulk of n-SrTiO3 is referred to as a degenerate n-type semiconductor. Clas-
sical defect chemistry of donor-doped bulk SrTiO3 is generally accepted for elevated
temperatures above 1200 K. At lower temperatures, however, ionic defect equilibria
relevant to the lattice disorder of n-SrTiO3 are often neglected due to their sluggish
response times,[37, 38] rendering the bulk of n-SrTiO3 a simple material su�ciently
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existent research has found various di�erent processes supposedly present at the
n-SrTiO3 surface, yet does not allow for drawing a conclusive picture of the impact
of the defect chemistry on the electrical surface properties. Such a consistent un-
derstanding of the redox processes at the n-SrTiO3 surface, however, would pave
the way to novel tailored applications; hence, it constitutes a desideratum.

The scope of this thesis is to investigate the capability of defect-chemistry-based
redox processes to control the chemical and electrical properties of donor-doped
transition metal oxides. Therefore, in-situ electrical and spectroscopic characteri-
zation of donor-doped SrTiO3 is employed in varying thermodynamic conditions.
This thesis seeks to address and overcome the limitations of existing research by
utilizing in-situ characterization methods, that allow for the application of speci�c
thermodynamic biases (pO2, T ) to in-situ cleaned SrTiO3 surfaces with varying
doping concentrations, cf. �g. 1.1. The thesis

′
s �ndings give direct access to the

surface redox processes and thereby contribute to the development of innovative
applications with tailored electrical surface properties.

Outline
The �rst chapter of this thesis discusses, the fundamentals of n-SrTiO3, includ-

ing the crystal structure, its electronic properties, its defect chemistry as well as
present state of knowledge. Chapter 3 introduces the experimental methods uti-
lized within this thesis ranging from annealing setups and over thin �lm deposition
techniques to their growth and electrical characterization. Special attention will be
paid to X-ray photoelectron spectroscopy (XPS) and their state-of-the-art utiliza-
tion in in-situ ambient pressure measurement setups.

Chapter 4 presents the preparation of the di�erent n-SrTiO3 samples, including
the description of di�erent annealing treatments in oxidizing and reducing atmo-
spheres and the developed SrTiO3 thin �lm deposition process. The chapter shows
that the n-SrTiO3 thin �lms exhibit single crystalline quality, allowing for a direct
comparison to single crystals and for the possibility to draw consistent conclusions.

Chapter 5 examines the impact of typical experimental procedures on the sur-
face properties of n-SrTiO3 samples. The chapter shows how both the through-plane
contact properties of bare SrTiO3 surfaces and heterojunctions formed with plat-
inum top electrodes and the in-plane properties of n-SrTiO3 thin �lms, i.e. the
carrier concentration (n) are a�ected by the varying thermodynamic biases.

In chapter 6, in-situ ambient pressure XPS with varying pO2 is used to link the
varying electrical properties of Nb-SrTiO3 surfaces directly to the surface chem-
istry. The probing depth dependence reveals remarkable dynamics of the cation
sublattice, indicating cation chemistry to respond at much lower temperature as
compared to the bulk. Subsequently, chapter 7 discusses the impact of varying
doping concentrations and temperature on the surface space charge layer.

Chapter 8 illustrates the impact of varying pO2 on the electrical surface and
transport properties in n-SrTiO3 thin �lms is illustrated. In particular, it shows,

3



Chapter 1. Introduction

how the applied pO2 allows for a tailoring of the in-plane sheet resistance.
Chapter 9 reveals the precipitation of strontium oxide accompanied by the for-

mation of double negatively charged strontium vacancies to be the underlying redox
process at the n-SrTiO3 surface. As this chapter discusses in detail, this process
consistently explains all experimental �ndings as substantiated by DFT calcula-
tions.

Finally, the conclusion reconsiders the scope of this thesis and points to possi-
ble emerging ways towards innovative applications with tailored electrical proper-
ties.

4
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Chapter 2. Fundamentals

The A-site cation (Sr2+) is placed at the corners, the B-site cation (Ti4+) is
placed in the center and the anions (O2−) are placed at the face-centered posi-
tions of the cubic unit cell. Considering the general ionic picture for the bonds
in SrTiO3 the valence electrons of strontium and titanium are transferred to the
oxygen side of the bond. Therefore, the valence band should be made up by the
O2p-states and the conduction band should be made up by the Ti 3d-states and
the Sr 5s-states. Figure 2.1 (b) shows the density of states of SrTiO3 calculated
by density functional theory.[53] The strict separation of the states responsible for
the valence and conduction band is not con�rmed. The conduction band is made
up by empty Ti3d and Sr5s states. The valence band is formed mainly by O2p
and occupied Ti3d states. This is due to not strictly ionic bonds, especially in the
valence band the Ti-O bond shows a strong hybridized bonding component.

Within this thesis Kröger-Vink notation scheme will be utilized under the as-
sumption of purely ionic bonds.[54] It describes the atoms in a unit cell with respect
to the undistorted lattice position and the electronic charge. In the Kröger Vink
notation, every compound lattice site is described by its chemical abbreviation, a
missing atom is described by the letter V , electrons are described by the letter e
and holes are described the letter h. In addition a positive charge is described by
and a negative charge is described by ′. As an example, a double negatively charged
strontium vacancy is therefore notated as V

′′
Sr.

Electronic structure

Undoped SrTiO3 is a wide band gap insulator. The band gap of SrTiO3 is
experimentally determined to 3.2 eV.[55] Considering the undoped case without an
impact of charged defects, the Fermi energy is placed in the middle between the
valence band edge and the conduction band edge. Di�erent doping concentrations
shift the Fermi energy.

Donor-doping is introduced in two di�erent ways. One widely used doping ma-
terial is niobium. By replacing a titanium atom with a niobium atom an additional
electron is introduced to the system. This electron changes the valence state of a
single titanium atom from Ti4+ to Ti3+ by �lling up one of the empty Ti3d states
of the conduction band. With increasing concentration of �lled Ti3d states concen-
tration, the electrons in the conduction band become mobile and induce metallic
conductivity. Another commonly utilized doping material is lanthanum. By re-
placing a strontium atom with a lanthanum atom again an additional electron is
introduced to the unit cell which changes the valance state of a single titanium
atom from Ti4+ to Ti3+. As an advantage by introducing lanthanum to the system
higher doping concentrations can be realized without phase separation of the single
crystal in comparison to Nb-dopants.

Both niobium and lanthanum are so-called shallow donors.[56, 57] Thus, they
are energetically located close to the conduction band and are fully ionized at room
temperature. When exceeding doping-concentrations above 1018 cm−3, metallic

6



2.2. Electronic transport

conductivity is achieved.[58] Therefore, donor-doped strontium titanate is widely
used as a substrate material.

Another crucial factor a�ecting the electronic properties of SrTiO3 is the di-
electric constant. It depends directly on the temperature according to the Curie-
Weiss-Law:[38]

εr(T ) =
78400K
T − TC

(2.1)

where εr is the dielectric constant and TC the Curie temperature (28K). At room
temperature the dielectric constant of SrTiO3 is calculated to εr ∼300.

In addition to the Curie-Weiss-Law, εr also depends on in-build electric �elds.[59]
With increasing electric �elds the dielectric constant is reduced from about 300 at
�elds up to ∼300 kV/cm down to values of ∼25 at electric �elds of 10 MV/cm. This
dependence is especially evident in donor-doped SrTiO3, where the �eld-dependent
dielectric constant signi�cantly reduces the decay length of build-in charges and
thus of possible space charge layers. In the course of a possible space charge layer,
εr depends directly on the local electric �eld. Therefore, with decreasing space
charge the dielectric constant increases.[59] Within this thesis, this dependence will
be important when calculating the width of surface space charge layers in chapters 6,
7 and 8.

2.2. Electronic transport

In contrast to undoped SrTiO3, highly donor-doped SrTiO3 is a ternary tran-
sition metal oxide that exhibits metallic conductivity at room temperature. As
expected for metallic behavior with increasing/decreasing temperature the con-
ductivity decreases/increases. In metallic samples, the temperature dependence of
the conductivity results mainly from the temperature dependence of the electron
mobility (µn). This dependence primarily arises from the scattering of electrons
with phonons of the lattice, or from electron-electron scattering at very high car-
rier concentrations.[60, 61] The temperature dependence of µn was experimentally
determined to[37]

µn(T ) ≈ 3.95× 104 · (T/K)−1.62

[
cm2

Vs

]
, (2.2)

where T denotes the temperature. This is true for the in-plane properties of undis-
torted bulk n-SrTiO3. In order to analyze the electrical surface properties, however,
typical experimental geometries require metallic top electrodes which in general re-
sult in heterostructures.

Another important aspect regarding the electronic transport in n-SrTiO3 is the
presence of possible defects in the single crystal which can either reduce or increase

7



Chapter 2. Fundamentals

the local charge carrier concentration. This aspect will be discussed in detail in
section 2.4.

Transport through a Schottky barrier

The electronic contact properties of heterostructures fabricated from a metal
top electrode and SrTiO3 are described by the transport across so-called Schottky
barriers. These barriers result from band alignment that compensates the di�erent
work functions of the utilized metal and SrTiO3. Within this thesis, platinum top
electrodes with a work function of 5.1 eV to 5.9 eV are used. The work function of
SrTiO3 is determined to 4.1 eV.[52, 62�64] The transport across a Schottky barrier
is described in detail in ref. [65] and ref. [66]. Here only a brief description of the
most essential transport mechanisms will be discussed.

Figure 2.2 schematically describes the electric transport over a Schottky barrier
height.[65] The three most relevant transport mechanism across a Schottky barrier
are thermionic emission (TE), thermionic-�eld emission and �eld emission (FE)
(a). Which of the three mechanisms is dominating the electronic transport depends
on the doping concentration (charge carrier concentration) and the temperature
(b). If the thermionic energy of electrons is high enough, they overcome the Schot-
tky barrier ΦTBH in a so-called thermionic emission. This process is dominating

b)a)

ΦTBH

Figure 2.2.: Schematic illustration of the electric transport across a Schottky barrier
with a height ΦTBH. Due to the work function di�erence the edges of the con-
duction band (EC) and the valence band (EV) are bend upwards while the Fermi
energy (EF) is constant. The three most relevant transport mechanisms across
the Schottky barrier are thermionic emission (TE), thermionic-�eld emission and
�eld emission (FE) (a). The speci�c contact resistance of an exemplary semicon-
ductor is depicted in (b) as a function of the donor-doping concentration. The
�gure was taken and modi�ed from [65].

8



2.3. State of knowledge on donor-doped SrTiO3 surfaces

the electronic transport at very low doping concentrations and high temperatures.
In contrast, if the thermionic energy of electrons is not high enough to overcome
ΦTBH, they have a certain probability to tunnel through the barrier. At very high
doping concentrations and low temperatures this process is assisted by the presence
of a strong electric �eld and thus referred to as �eld emission. Besides these two
extreme cases at intermediate doping concentrations and temperatures a combi-
nation of both introduced processes dominates the electrical transport properties.
In the so-called thermionic �eld emission, the electrons can not overcome ΦTBH

by their thermionic emission, but their energetic level is raised high enough to in-
crease the tunneling probability due to a decrease of the Schottky barrier width, cf.
�g. 2.2 (b).

Wang et al. previously showed that regardless of the transport mechanism
the contact resistance (RSC) depends exponentially on the apparent Schottky bar-
rier.[67]

RSC ∝ exp
(
eΦTBH

kBT

)
, (2.3)

where e denotes the electric charge, kB the Boltzmann constant and T the tem-
perature. Consequently, an increase/decrease of the Schottky barrier results in an
exponentially increased/decreased contact resistance RSC.

The contact capacitance (CSC) can be estimated assuming a classical square-
root approach of the band bending at the surface. It is inversely proportional to
the Schottky barrier width (dB) and thus proportional to the square-root of ΦTBH

[65]

CSC = ε0εr
A

dB
∝

1
√

ΦTBH

, (2.4)

where ε0 denotes the vacuum permittivity, εr the relative permittivity, A the contact
area and dB the Schottky barrier width. Therefore, a varying ΦTBH changes the
CSC only slightly.

2.3. State of knowledge on donor-doped
SrTiO3 surfaces

Donor-doped SrTiO3 is investigated extensively as a model material for tran-
sition metal oxides. The bulk n-SrTiO3 is commonly treated as a degenerate n-
type semiconductor. Ionic defect equilibria relevant to the lattice disorder of n-
SrTiO3 are often neglected with respect to the defect chemistry of SrTiO3. This is
due to their sluggish bulk response times at lower temperatures, cf. sec. 2.4.[37, 38]
As a consequence, the electrical properties of bulk n-SrTiO3 are considered su�-
ciently characterized by its extrinsic dopant concentration. Under the assumption
of full ionization the free electron concentration is identical to the donor-dopant

9
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concentration.
By the utilization of n-SrTiO3 as quasi-metallic substrate material constant

electrical properties right up to the surface are assumed. As shown by recent re-
search and in more detail within this thesis, however, indicated the existence of a
surface space charge layer in varying oxidizing atmospheres rendering its surface
properties more complex. In the following, the most important aspects considered
within this thesis are introduced brie�y.

Impact of contamination on metal/n-SrTiO3 heterostructures

Mikheev et al. investigated the resistive switching properties of Pt/Nb:SrTiO3 het-
erostructures by I(V )-characteristics, C(V)-curves and SIMS measurements.[68]
They proposed a model that attributed the magnitude of the resistive switching
properties of a Pt/Nb:SrTiO3 junction to charges trapped in an unintentional car-
bon contamination layer. By controlling the contamination layer a higher repro-
ducibility of resistive switching devices might be achieved. Moreover, the proposed
model might lead a way to intentionally tailor the metal/oxide interfaces and defect
densities.

Bare n-SrTiO3 surfaces

In addition to the electrical properties of metal/n-SrTiO3 heterostructures and
possible distortions, multiple studies examine the chemical and electrical proper-
ties of bare n-SrTiO3 surfaces. So far, the majority of studies used simulations
and ex-situ experiments and propose di�erent models of processes present at the
n-SrTiO3 surface. Ohtomo et al. observed a surface electron depletion in La-doped
SrTiO3 thin �lms at temperatures below 300 K based on low temperature Hall
measurements and X-ray photoelectron spectroscopy (XPS) spectra. The results
were related to an intrinsic surface pinning potential of about 0.7 eV.[39] Wang et
al. used scanning tunneling microscopy, XPS and density functional theory (DFT)
calculations to connect a surface band bending to anti-domain boundaries in dif-
ferent reconstructions of the SrTiO3 (110) surface after annealing treatments in
di�erent pO2.[69]

In contrast, Marchewka et al. revealed the existence of an electron depletion
layer in Pt/Fe:SrTiO3/Nb:SrTiO3 structures extending into the Nb-doped bottom
electrode by electron holography.[52] They associated the determined electron de-
pletion with acceptor-type interface defects by potential pro�le simulations and sug-
gested the presence of strontium vacancies (V

′′
Sr) at the Fe:SrTiO3/Nb:SrTiO3 in-

terface. These �ndings are complemented by Meyer et al. who recently proposed
a high temperature surface oxidation model that associates electron depletion in

10
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the near surface region of n-SrTiO3 in oxidizing conditions with the incorporation
of a negative surface charge. They suggested this negative surface charge to be
generated by V

′′
Sr incorporated into the n-SrTiO3 surface. This process is accom-

panied by the precipitation of strontium oxide (SrO) at the surface.[38, 70�72] A
comparable scenario has been proposed also for electron gases formed at interfaces
of SrTiO3.[23, 48, 49]

In addition, Setvin et al. investigated bare TiO2 surfaces by scanning tunneling
microscopy. They showed the existence of oxygen molecules (O2) forming super-
oxides at TiO2 surfaces below 300 K.[50, 51] Due to the high electronegativity of
oxygen the adsorbed molecules attract free electrons from the n-SrTiO3 surface,
generating a local negative surface charge. In accordance to the results related to
V
′′
Sr incorporation, the negative surface charge forms a local electron depletion right

at the surface.
Within this thesis it will be examined, which of the reported impacts is dominat-

ing the electrical surface properties of n-SrTiO3 and thus are crucial for the forma-
tion of a surface space charge layer in oxidizing conditions.

2.4. Defect chemistry of n-SrTiO3

One essential aspect in terms of linking electrical and chemical properties of
ternary transition metal oxides is the impact of varying defect concentrations. The
speci�c defect concentrations and structure present in a TTMO is able to switch
its conductivity between metallic, semiconducting and insulating behavior.[37, 38]
Hereby, the crucial defect concentrations are not only de�ned by extrinsic dopants,
but also by intrinsic lattice defects such as charged vacancies on anion and cation
sites. A well-known model to describe the impact of defects on the electrical prop-
erties of TTMOs is the defect chemistry. It requires the conservation of charge and
mass and considers the interaction of pO2, temperature and extrinsic dopants by
the examination of the thermodynamic equilibrium. Thereby, the defect chemistry
model is able to determine the chemical reactions describing the formation and
annihilation of charged lattice defects, namely oxygen vacancies (VO ), strontium
vacancies (V

′′
Sr) and titanium vacancies (V

′′′′
Ti ). In this thesis only a brief descrip-

tion of the impact of intrinsic defects on the charge carrier concentration, and thus
the conductivity, will be given. Further information on the general defect chemistry
model of TTMOs and a detailed description of the defect chemistry of n-SrTiO3 can
be found in ref. [73] and ref. [37, 38, 74], respectively.

Classical defect chemistry of donor-doped bulk SrTiO3 generally involves the
activation of all sublattices at elevated temperatures above 1250 K.[37] Figure 2.3
illustrates the pO2 dependence of the di�erent defect concentrations in donor-doped
SrTiO3 with an active (a) and frozen (b) Schottky equilibrium, which describes the
charge neutral removal and incorporation of a complete SrTiO3 unit cell.[74] Here
n and p denote the electron and hole concentration, respectively.

11
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Figure 2.3.: Schematic illustration of the pO2-dependent defect concentrations in donor-
doped SrTiO3 with an active (a) and frozen (b) Schottky equilibrium. Here n
and p denote the electron and hole concentration, respectively. The �gure was
adapted from [74].

In the very low pO2 regime, the charge carrier concentration is dominated by
the concentration of oxygen vacancies VO in the so-called intrinsic regime. Note
that this regime is typically absent at su�ciently high donor doping concentrations.
With increasing pO2, the VO concentration decreases constantly. At intermediate
pO2, the charge carrier concentration is given by the donor-dopant concentration
(D ) in the electronic compensation regime. With increasing pO2, the strontium
vacancy V

′′
Sr concentration increases monotonously. Due to the double negatively

charging, a V
′′
Sr concentration half the doping concentration compensate the donor

electrons completely. Thus, in this so-called ionic compensation regime the con-
ductivity is dominated by V

′′
Sr concentration. As a consequence, with increasing

pO2 n-SrTiO3 tends to incorporate V
′′
Sr at high temperatures and the electron con-

centration drops below the donor level.[38] Therefore, depending on thermodynamic
treatment at high temperatures, di�erent concentrations of defects are incorporated
that compensate electronic charges. Particularly, annealing treatments in oxidizing
and reducing atmospheres are expected to yield varying defect concentrations.

At lower temperatures, it might not be possible to equilibrate either of the
ionic sublattices (O, Ti, Sr) in the entire sample due to sluggish ionic movement
freezing out some of the concentrations in the Schottky equilibrium (�g. 2.3 (b)).
Thus, varying local defect concentrations by external stimuli might lead to an e�ec-
tive charge separation at the surface.[23, 38] The lower temperature limit at which
the surface defect chemistry of the oxygen and strontium sublattices needs to be
considered is already well investigated for acceptor-doped SrTiO3. However, it is
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much more complex for donor-doped SrTiO3, due to long equilibration times, sec-
ondary phase formation[75] and the stronger in�uence of cations as electronic charge
compensating species.[38] Complementing defect chemical considerations, at lower
temperatures, the presence of charged adsorbates might in�uence n-SrTiO3 surfaces
in oxidizing conditions.

Strontium oxide precipitation

Based on the defect chemistry of n-SrTiO3 Meyer et al. used dynamical numer-
ical simulations to propose a surface process that models the precipitation of SrO at
the n-SrTiO3 surface at temperatures of 1500 K and oxidizing conditions. The re-
sulting secondary phase is formed by oxygen from the gas phase and strontium from
the n-SrTiO3 lattice. The precipitation is accompanied by the formation of nega-
tively charged V

′′
Sr.[37, 38] Using Kroger-Vink notations [76], the surface reaction

is described by

1

2
O2(g) + SrxSr + 2e− 
 V

′′
Sr + (SrO)s.p. (2.5)

where O2(g) denotes oxygen molecules in the gas phase, SrxSr an uncharged stron-
tium atom at a strontium lattice position, e− a negatively charged electron, V

′′
Sr a

double negatively charged strontium vacancy and SrO a strontium oxide compound
in the secondary phase.

The proposed surface process can dominate the surface concentrations of var-
ious ionic defects and might di�er from what is expected in the Schottky equi-
librium from classical defect chemistry. Unbalanced di�erences in charged defect
concentrations between the surface and the bulk might generate a space charge
layer at the n-SrTiO3 surface at high temperature and oxidizing conditions. This
surface space charge layer can also control the electrical surface properties and
hence be of crucial importance for n-SrTiO3 single crystals, thin �lms and inter-
faces.

2.5. One-dimensional di�usion in solids

The possible di�usion of charged defects is crucial for achieving thermodynamic
equilibrium over the entire system. As explained above, the pO2-dependent charged
defect concentration might dominate the electrical properties of donor doped transi-
tion metal oxides at high temperatures, cf. sec. 2.4.[37, 38] Thus an improved under-
standing of the di�usion of charged defects in a non-equilibrium state is mandatory
to describe the pO2-dependent surface redox process.

Within this thesis, electrochemical conductivity relaxation (ECR) experiments
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2.5. One-dimensional di�usion in solids

where j denotes the particle �ux density, D the chemical di�usion coe�cient, c
the concentration of di�usion species and x the distance. Under the assumption
of the di�usion coe�cient being independent from the concentration, Fick

′
s second

law for one-dimensional di�usion is derived utilizing the continuity equation,[78,
79]

δc

δt
= D

δ2c

δx2
, (2.7)

where t denotes the time. The solution of equation 2.7 depends on the boundary
conditions. The �ux density in a one-dimensional di�usion process of a sample with
the thickness 2a (boundaries x = ± a) can be written as[79]

j(a) = −D
δc

δx

∣∣∣∣
x=a

= Ktr [c(a)− c∞] (2.8)

j(−a) = −D
δc

δx

∣∣∣∣
x=−a

= Ktr [c(−a)− c∞] , (2.9)

where Ktr denotes the surface transfer coe�cient and c∞ the equilibrium concen-
tration of the di�usion species at in�nite time after the change in pO2. Note that
the change of the pO2 in the experimental reactor is taken as instantaneous. It is
thus described by a Heavisde step function.

The time-dependent concentration pro�le cstep(x, t) is determined by solving
equation 2.7 using the Fourier method to [77, 79, 80]

cstep(x, t) =
cstep(x, t)− c0

c∞ − c0
= 1−

∞∑
n=1

2Lαcos(αnx/a)

(α2
n + L2

α + Lα)cos(αn)
exp

(
−
t

τn

)
,

(2.10)

where c denotes a dimensionless quantity, and Lα and αn calculation parameters.
The time constants τn are described by [79]

τn =
a2

D · α2
n

. (2.11)

The calculation parameters Lα and αn are determined by the surface exchange
coe�cient Ktr and the di�usion coe�cient D to [79]

Lα =
aKtr

D
= αntan(αn) . (2.12)

Equation 2.12, and thus αn, need to be solved numerically.[81]
Equation 2.10 describes the time-dependent evolution of the concentration.

Hence, its integration results in a relative mass change during the relaxation pro-
cess. The mass, however, depends linearly on the particle number and thus the
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conductivity.[77, 82]

M(t) = N(t) = σ(t) =
σ(t)− σ0

σ∞ − σ0
, (2.13)

where M(t) denotes the normalized time-dependent mass change, N(t) the normal-
ized time-dependent particle change, σ0 the initial equilibrium conductivity and
σ∞ the �nal equilibrium conductivity after the pO2 jump. Consequently, the nor-
malized conductivity σ is determined by the integration of the concentration over
the sample volume [79]

σ(t) = 1−
∞∑
n=1

2L2
α

α2
n(α2

n + L2
α + Lα)

exp
(
−
t

τn

)
(2.14)

Using this equation it is possible to determine the de�ning parameters of a di�u-
sion process Ktr, D and Lα if the process is not limited by one of the parame-
ters. From equation 2.12 it is possible to determine a characteristic length Lc to
[79]

Lc =
D

Ktr

. (2.15)

Lc de�nes the ratio of the impact of the di�usion and the surface exchange process.
For values of Lc � a the di�usion process is limited by surface exchange reaction
while for values of Lc � a it is limited by the di�usion in the solid. Thus, in
order to be able to determine both the surface exchange coe�cient Ktr and the
di�usion coe�cient D the ratio of both coe�cients needs to be in the range of the
�lm thickness.[77, 79]
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3. Methods

In this thesis, donor-doped SrTiO3 samples are used to investigate the impact
of varying thermodynamic biases on the electrical surface and interface properties.
As sample preparation, Nb:SrTiO3 single crystals were annealed in di�erent oxidiz-
ing and reducing atmospheres and subsequently used to fabricate heterostructures
with platinum top electrodes. The heterostructures were analyzed by electrical
characterization, namely impedance spectroscopy and I(V )-curves. In addition,
Nb:SrTiO3 thin �lms were grown by pulsed laser deposition (PLD) onto undoped
SrTiO3 substrates. The thin �lms allowed to expand the electrical characteriza-
tion to in-plane electrical properties directly at the surface by Hall measurements
and electrochemical conductivity relaxation (ECR) experiments. For further ex-
situ growth characterization atomic force microscopy (AFM) and X-ray di�raction
experiments were used. For in-situ characterization of the electrical and chemi-
cal surface properties, conductive atomic force microscopy (C-AFM) and ambient
pressure X-ray photoelectron spectroscopy (AP-XPS) both lab- and synchrotron
based were performed. In the following chapter, the furnace setups of the annealing
pretreatments as well as the experimental measurement techniques utilized within
this thesis are discussed in detail.

3.1. Annealing treatment

Based on the defect chemistry of donor-doped SrTiO3, annealing treatments
in highly oxidizing and reducing atmospheres are expected to result in di�erent
electrical surface properties by varying charged defect concentrations which com-
pensate the charge carriers induced by the donor-doping concentration, cf. sec. 2.4.
To investigate the impact of varying pretreatments, Nb:SrTiO3 single crystals were
annealed at high temperature in oxidizing and reducing gas atmospheres. The an-
nealing procedures were performed in an aluminum oxide furnace that could reach
temperatures as high as 1673 K. A schematic illustration of the measurement setup
(a) and a picture of the sample basket (b) are illustrated in �gure 3.1.

The sample is placed in a basket made from a platinum net and located in
the middle of the furnace at the height of the temperature control sensor. The at-
mosphere insight the furnace can be switched between ambient atmosphere (open
furnace, oxidizing conditions) and a 4% hydrogen in argon premix (gas �ow, re-
ducing conditions) gas which is attached to a gas inlet at the top. The top and
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Figure 3.1.: Schematic illustration of the experimental annealing furnace setup (a) and a
depiction of the platinum sample basket (b). The platinum basket was handmade
by Jochen Friedrich, PGI-7, Forschungszentrum Jülich.

bottom plates of the furnace are water-cooled. The cooling is necessary to realize
a quenching of the sample by lowering the basket down to the bottom plate after
the annealing procedure.

Within this thesis, temperatures as high as 1423 K were utilized. Higher tem-
peratures resulted in a malfunction of the sample basket and a loss of the sample
at the bottom of the furnace. This e�ect was present regardless of the applied gas
atmosphere.

3.2. Deposition techniques

Within this thesis, di�erent deposition techniques are utilized to fabricate both
donor-doped SrTiO3 thin �lms with single crystalline quality as well as metallic top
contacts for electrical characterization experiments. In the following the di�erent
deposition techniques will be introduced.
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Pulsed laser deposition

Pulsed Laser Deposition (PLD) is an ultra high vacuum deposition technique
widely used for ternary oxide thin �lms.[83, 84] Figure 3.2 schematically shows the
construction of a PLD chamber equipped with a Re�ection High-Energy Electron
Di�raction (RHEED) system to monitor the layer growth.

A pulsed laser spot is focused onto a target material which is supposed to
be deposited. The high energy of the laser beam evaporates the target material,
creating a plasma plume. The properties of the generated plasma plume are of
crucial importance for the stoichiometric growth process and are discussed in detail
in refs. [86�89]. In a de�ned distance to the target, a substrate is placed facing
towards the generated plume. The target-to-substrate distance signi�cantly a�ects
the ionic ratios of the grown thin �lm due to atmosphere-dependent propagation
of the di�erent atomic species in the plume. This so-called time-of-�ight e�ect is
especially important in high oxygen partial pressures in which n-SrTiO3 thin �lms
are grown within this thesis. Further information on this e�ect are given in refs. [88,
89]. The plume propagates towards the heated substrate resulting in the deposition
of the evaporated ionic species. Due to the high temperature of the substrate the
deposited material is able to di�use on the substrate surface. The ionic movement

Figure 3.2.: Schematic illustration of the construction of a PLD chamber equipped with
a RHEED system, modi�ed from ref. [85].
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enables the assemble of the intended atomic structure and is thus crucially required
for the growth of epitaxial thin �lms.

Another important parameter in a PLD process is the laser �uence. It can
impact the ionic ratio in the generated plasma plume due to an incongruent ablation
of the target material. Moreover, the laser �uence a�ects the amount of ablated
material in a way that with increasing laser �uence the ablation rate increases.[89]
Thus, it is of crucial importance for the growth rate of the thin �lm.

In order to achieve high quality stoichiometric growth of Nb-doped SrTiO3 thin
�lms, all parameters were optimized carefully as described in detail in refs. [90�93],
cf. sec 4.2. Further information on the mode of action and the �eld of operation of
PLD is provided in refs. [83, 94].

Re�ection high energy electron di�raction
In order to control the epitaxial layer-by-layer growth in-situ re�ection high

electron energy di�raction (RHEED) is used. A schematic illustration of the mode
of operation of a RHEED setup is shown in �gure 3.3.

A beam of high energy electrons is focused on the substrate surface with a very
small angle of incidence. The electrons are di�racted at the surface. Due to the
small incidence angle and the short wavelength of the electrons the interaction is
restricted to the very surface. The di�racted electrons are monitored on a �uo-
rescence screen. Depending on the coverage of the grown monolayer the measured
RHEED intensity of the di�racted electrons oscillates and thereby demonstrates the
layer-by-layer growth mode. Starting with a �at surface without any growth nuclei,
the observed RHEED intensity is at a maximum. With ongoing monolayer growth,
the intensity decreases due to the increased scattering of the electrons at the ionic
species attached to the surface reaching a minimum at a surface coverage of ∼50 %.
At higher monolayer coverages the intensity increases again up to a maximum when
a full monolayer is grown. This evolution is due to a reduction of scatter centers
resulting from an increasingly uni�ed monolayer. Due to this oscillations of the
measured intensity it is possible to monitor the thin �lm growth directly and deter-
mine the number of monolayers deposited precisely. By examining the growth rate
it is possible to control the grown �lm thickness with high accuracy. Consequently,
RHEED provides the opportunity to investigate the thin �lm growth in-situ.

For the monitoring of the thin �lm growth within this thesis, a ksa 400 RHEED
system (k-space) is utilized. The kinetic energy of the electrons is 30 keV corre-
sponding to a wavelength of 7 pm. Further information on the mode of action and
the �eld of operation of RHEED is provided in ref. [95].
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Figure 3.3.: Schematic illustration of the
mode of operation of of a Re�ection
High Energy Electron Di�raction
setup, reproduced from ref. [74].
With increasing surface covering of
the growing thin �lm, the RHEED
intensity at �rst decreases due to
higher scattering of the electrons,
reaching a minimum at ∼50 %. At
thin �lm coverages above 50 % the
RHEED intensity increases again
reaching its maximum when a full
monolayer is grown. This evolution
results in characteristic RHEED in-
tensity oscillations.

Electron-beam evaporation

One widely used ultra high vacuum deposition technique for metallic top elec-
trodes is electron-beam evaporation. Hereby, a target material is heated homoge-
neously up to its evaporation temperature by an electron beam pattern. A substrate
material is placed in front of the target material at a de�ned distance. Upon reach-
ing the evaporation temperature, atoms of the target material are released into
the UHV deposition setup and move towards the substrate. When reaching the
unheated substrate surface the released atoms condense and form a thin layer. An
advantage of the electron beam evaporation technique is the low kinetic energy of
the atoms reaching the substrate surface which results in an unchanged surface un-
derneath the metal electrode.

In order to control the growth rate of the thin �lm typically a quartz crystal
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3.3. Characterization of crystal structure and topography

high voltage is applied between the target and the substrate. Due to the electric
�eld a plasma is ignited. The ionized argon particles are accelerated towards the
target. Permanent magnets placed behind the target con�ne the charged argon
ions to the target surface and thereby increase the sputter rate. Due to their high
kinetic energy the argon ions remove atoms from the metallic target which sub-
sequently migrate towards the substrate. When reaching the substrate the metal
atoms adsorb on the surface and grow metallic layers.

One drawback of the growth of metallic top contacts by magnetron sputtering
is the high kinetic energy of the incoming metal atoms. It is transferred completely
to the sample surface which might cause changes at the substrate surface. Further
information on the mode of operation of magnetron sputtering is found in refs. [97,
98].

3.3. Characterization of crystal structure and
topography

In the following, the experimental methods utilized to examine the structure and
topography of the grown Nb:SrTiO3 thin �lms are discussed.

Atomic force microscopy

In order to image the surface topography of both single crystals and thin �lms
within this thesis, Atomic Force Microscopy (AFM) was used. A typical measure-
ment setup of an AFM consists of a cantilever with a tip radius in the nanometer
regime, a laser beam focused onto the backside of the cantilever and a four quadrant
photo diode to measure the laser beam

′
s re�ection. Two main modes of operation

of an AFM setup are distinguished, the contact and the non-contact mode.
In the contact mode, the cantilever is brought into direct contact with the

sample surface. During the surface scan the cantilever bends due to the surface
morphology varying the re�ection angle of the focused laser beam and thus slightly
shifting the re�ected laser point on the four quadrant photo diode. The measure-
ment electronics reset the initial bending of the cantilever. Based on the movement
in x, y and z-direction necessary to rebalance the cantilever bending, an image of
the sample surface is obtained. Utilizing a conductive tip, the contact mode also
allows to measure a current through the measured surface by applying a voltage
to the cantilever and grounding the sample. This additional measurement mode
gives insight on the surface contact resistance (C-AFM). As a disadvantage of the
contact mode, both the cantilever tip and the surface might be damaged or can
pick up contamination during the scanning process.

In the non-contact mode, the cantilever tip is brought close to the sample surface
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while oscillating close to its resonance frequency. While scanning over the sample
surface, the topographical changes of the surface vary the cantilevers

′
resonance

frequency. A topographical image is generated by the measurement electronics
adjusting the cantilever position to restore the initial amplitude. Typically, the
resolution of an AFM in non-contact mode is higher than in contact mode. As an
additional advantage, the non-contact mode avoids possible damaging of the sample
and the cantilever tip. A further description of both modes of operation is given in
ref. [99].

Within this thesis, an Omicron VT-SPM system (Omicron Nano Technology
GmbH ) in contact mode was utilized to measure the topography and the current
through the surface. In addition, the topography of annealed single crystals and
grown thin �lms was characterized using a SIS Pico Station (UltraObjective) and a
Cypher Atomic Force Microscope (Asylum Research).

X-ray di�raction

In order to investigate the crystal structure of grown Nb:SrTiO3 thin �lms
within this thesis, X-ray di�raction performed on a PW3020 di�ractometer (Philips)
is utilized. This method allows for the non-destructive determination of the lattice
constant of the grown thin �lms, their thickness and their crystallinity by utilizing
the elastic scattering of X-rays on the systematic crystal structure. The incoming X-
ray photons are scattered at di�erent atomic planes in increasing probing depths and
show constructive interference if the periodicity of the investigated crystal structure
follows the Bragg equation,[100]

nλ = 2dhklsinΘ , (3.1)

where n denotes the order of di�raction, λ the X-ray wavelength, dhkl the distance
between the lattice planes characterized by the Miller indices hkl,[101] and Θ the
X-ray incident angle under the assumption of a symmetric Bragg-Brentano geome-
try. The constructive interference results in clear intensity peaks at speci�c doubled
incident angles 2Θ. Utilizing the angular position of the peak allows for the cal-
culation of the distance between the atomic layers and hence of the vertical lattice
constant. Further information on the mode of operation of a X-ray di�ractometer
is given in ref. [102].

3.4. Electrical characterization

In the following, the electrical characterization methods utilized within this
thesis are explained in detail.
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Hall measurements

In order to investigate the sheet resistance (Rs), the sheet carrier concentration
(ns) and charge carrier mobility (µn) of grown Nb:SrTiO3 thin �lms room tem-
perature and high temperature Hall measurements in van der Pauw con�guration
were performed using a Lake Shore 8400 Series (Lake Shore Cryotronics Inc.).
The samples were attached to a non-conducting sample holder by scotch tape and
bonded at four positions using aluminum wires generating four electrical contacts
(1-4).

The sheet resistance Rs is derived directly from measurements of the ratio of the
voltage between the electrical contacts 1 and 2 as V1,2 (2,3; V2,3) and the current
between the electrical contacts 3 and 4 as I3,4 (1,4; I1,4),

R1,2;3,4 =
V1,2

I3,4
; R2,3;1,4 =

V2,3

I1,4
. (3.2)

Rs is then calculated as

Rs =
1

σt
=

π

ln(2)
·
R1,2;3,4 +R2,3;1,4

2
· f
(
R1,2;3,4

R2,3;1,4

)
, (3.3)

where σ denotes the conductivity, t the thickness of the sample and f a correction
factor de�ned numerically by the ratio of the two obtained resistances R1,2;3,4 and
R2,3;1,4.[103] Utilizing the van der Pauw geometry the size and geometry of the
sample is excluded as a crucial impact factor.

ns is determined by applying a magnetic �eld B perpendicular to the conducting
sample and measuring the so-called Hall coe�cient

RH =
1

ens
=

∆R1,3;2,4

B
, (3.4)

where e denotes the elementary charge and ∆R1,3;2,4 is determined by,

∆R1,3;2,4 =
V1,3(−B)− V1,3(+B)

2I2,4
. (3.5)

By combining the sheet resistance and the Hall coe�cient the charge carrier mobility
µn is determined to

µn =
RH

Rs

. (3.6)

A more detailed description of room temperature Hall measurements is given in
ref. [104]. In addition to room temperature measurements the setup is also capable
of measuring in high temperatures up to 1273 K. Further information on the speci�c
lake shore setup is found in ref. [105].

Additional low temperature Hall measurements were performed to examine the
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Chapter 3. Methods

temperature-dependent electrical properties. All measurements were performed in
a Hall bar geometry by Felix Gunkel (IWE 2, RWTH Aachen; PGI-7, FZ Jülich)
on a Quantum design PPMS cryostat. Further information of the temperature-
dependent electrical properties are given in ref. [106].

Impedance spectroscopy

In order to investigate the contact resistance (Rsc) and capacitance (Csc) of
manufactured Pt/Nb:SrTiO3 heterostructures, impedance spectroscopy was uti-
lized. The impedance (Z) is the resistance of a system to an applied alternating cur-
rent. In dependence of the frequency it is determined to

Z(ω) = Z
′

+ iZ
′′

, (3.7)

where Z(ω) denotes the frequency-dependent impedance, Z
′
the real part or ohmic

resistance and Z
′′
the imaginary part or so-called reactance. The results of impedance

spectroscopy are typically illustrated in a Nyquist plot where the imaginary part
Z
′′
is plotted over the real part Z

′
, cf. �g. 3.5. A resulting semicircle is attributed

to an RC-element as part of the measured system. A series resistance Rse that
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Figure 3.5.: Schematic illustration of a typical impedance spectroscopy result (a) and
the corresponding equivalent circuit (b).
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3.4. Electrical characterization

corresponds to the measurement setup shifts the entire semi circle towards higher
resistances. Rsc is derived from the diameter of the semi circle. Csc is determined
from the maximum of the semicircle. Here, the frequency of maximum reactance ω
is calculated to

ωmax =
1

RscCsc
. (3.8)

Within this thesis a Solartron Si 1260, Solartron 1296, with frequencies between
1 Hz < f < 1 MHz was employed. The results were analyzed using Zview 2 (Ametek
scientifc instruments). A single semi-circle was modeled by a parallel RC-element
associated to the Schottky-type interface contact between Pt and Nb:SrTiO3 and
a series resistance (Rse) associated to the lead resistance and Nb:SrTiO3 bulk con-
tributions, cf. �g 3.5 (b)). Further information on impedance spectroscopy can be
found in refs. [107, 108]

I(V )-characteristics

One widely used technique to investigate the electrical properties and especially
the rectifying behavior of thin �lms and heterostructures is the measurement of
characteristic I(V )-curves. Within this thesis, using a Keithley 2611A Source Meter
I(V )-characteristics of Pt/Nb:SrTiO3 heterostructures were measured and tungsten
probes. The Nb:SrTiO3 single crystals acted as bottom electrode and was grounded.
The voltage was sweeped between +1 V and -1 V in order to neglect resistive
switching e�ects. The sweep rate was 1V/s. Further information are given in
ref. [109].

Electrochemical conductivity relaxation

In order to investigate the impact of varying oxygen partial pressures and tem-
peratures on the electrical properties of donor-doped SrTiO3 thin �lms in-situ,
electrochemical conductivity relaxation measurements (ECR) were utilized within
this thesis. These measurements can also allow to draw conclusions on a redox pro-
cess present at the investigated surface. Figure 3.6 shows a schematic illustration
of the utilized measurement setup.[77]

The sample is placed inside an aluminum tube that is heated by a surrounding
furnace which can reach temperatures up to 1473 K. The sample temperature is
determined by a thermocouple located in the direct vicinity of the sample. The
electrical conductivity measurement is performed in a four contact geometry setup
by applying a current to the outer electrodes and measuring the voltage occurring
between the inner electrodes. The gas atmosphere inside the small measurement
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3.5. X-ray photoelectron spectroscopy
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Figure 3.7.: Schematic illustration of the relaxation process of the electrical conductivity
after a spontaneous jump of the surrounding pO2. This �gure was reproduced
from [77].

3.5. X-ray photoelectron spectroscopy

In order to examine the chemical properties and the electronic structure of n-
SrTiO3 single crystals and thin �lms, within this thesis X-ray photoelectron spec-
troscopy (XPS) is utilized.[111, 112] A schematic illustration of the mode of oper-
ation is shown in �gure 3.8.

A sample is irradiated by an X-ray beam with a spec�c photon energy. Based
on the photoelectric e�ect,[113, 114] the X-ray photons are absorbed by electrons
which are emitted from the sample if the energy of the incoming photons is higher
than their binding energy. The released electrons leave the sample surface if their
kinetic energy is high enough not to be compensated by inelastic scattering at the
sample

′
s lattice electrons. The number of scattering events increases with increas-

ing probing depth. Thus, the contribution of emitted electrons to the measurement
signal decreases exponentially with increasing sample depth yielding a surface sen-
sitive measurement.

The electrons leaving the sample surface are attracted by an analyzer which
measures their kinetic energy (Ekin). The binding energy of the electrons is subse-
quently calculated to

EB = hν − Ekin − Φ , (3.10)

where EB denotes the binding energy, hν the energy of the incoming X-ray photons,
Ekin the kinetic energy of emitted electrons and Φ the work function of the sample.

The binding energy is characteristic for a speci�c core level of a certain material.
The absolute binding energy of a core level also depends on the speci�c chemical
environment and especially the bonding states.[116] Thus, XPS is a tool that can
resolve the chemical composition.
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3.5. X-ray photoelectron spectroscopy
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Figure 3.9.: XPS spectra of SrTiO3 single crystals with n-type and p-type doping (a)
reproduced from ref. [119], and a schematic illustration of the resulting Fermi
energy shift (b).

dium) doping (a),[119] and a schematic illustration of the resulting Fermi energy
(εF) shift (b). The XPS spectra of donor-doped and acceptor-doped SrTiO3 single
crystals are shifted rigidly by∼0.7 eV. This is due to the shift of the Fermi energy ac-
tively tuning the work function of the samples. For donor-doping, the Fermi energy
is placed right underneath the conduction band edge, leading to a low work function.
For acceptor-doping the Fermi energy is located deeper in the band gap leading to
an increased work function. Thus, in highly conducting samples a rigid shift of the
entire XPS spectra points towards a shift of the Fermi energy and hence allows to
draw conclusions on the electrical surface properties.

Ambient pressure XPS

Due to the need of electrons to travel towards the analyzer, XPS experiments
are typically conducted in ultra high vacuum conditions. Thus, so far the impact
of gas phases such as oxygen on the chemical and electrical surface properties could
only be measured by ex-situ experiments. New state-of-the-art experimental se-
tups also allow to measure XPS directly in-situ in di�erent gas phases by so-called
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS).[120] A schematic il-
lustration of an AP-XPS measurement setup is shown in �gure 3.10.

In contrast to typical XPS performed in UHV, in AP-XPS the sample is placed
in a closed cell that can be �ooded with gas. Due to the reduced mean free path
of the emitted electrons at high pressures inside the sample space, a di�erentially
pumped detector nozzle is placed close to the sample surface (0.3 mm) and kept at
an absolute pressure below 10−8 mbar. By this experimental setup, the inelastic
mean free path of the emitted electrons is high enough to reach the analyzer even
under applied gas phases.
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Analyzer
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Figure 3.10.: Schematic illustration of the ambient-pressure X-ray photoelectron spec-
troscopy measurement setup. The �gure is published in ref. [121].

Within this thesis both lab-based and synchrotron-based AP-XPS was per-
formed. The lab-based AP-XPS experiments were performed using an Al Kα source
and an emission angle of 90◦ on the SPECSTM of the CERIC-ERIC consortium
located at the Department of Surface and Plasma Science, MFF UK, Charles Uni-
versity, in Prague. The synchrotron-based AP-XPS measurements were performed
on Beamline 11.0.2 of the Advanced Light Source, Berkeley, USA. All XPS spectra
were analyzed using KolXPD software.
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4. Donor-doped SrTiO3 thin �lm

growth

Within this thesis di�erent kind of samples have been used. Nb:SrTiO3 single
crystals were annealed and subsequently processed into heterostructures by deposit-
ing platinum top electrodes. Moreover, a new deposition routine has been developed
that allowed for the deposition of n-SrTiO3 thin �lms with single crystalline struc-
ture. In this chapter, the single crystal annealing routine as well as the thin �lm
growth and its resulting quality will be discussed in detail.

4.1. Annealing procedures

In order to investigate the electrical surface contact properties Pt/Nb:SrTiO3 het-
erostructures of di�erent sizes were produced from single crystalline nSrTiO3. The
as-received 0.5 wt.% Nb:SrTiO3 single crystals produced by CrysTec GmbH, Berlin,
Germany regularly exhibit a rough surface structure and contamination leftover
from the polishing procedure. In order to increase the surface quality and the
comparability of substrates for thin �lm growth, all Nb:SrTiO3 single crystals are
cleaned by acetone and isopropanol and subsequently annealed for one hour at
1225 K in ambient atmosphere, cf. �g. 4.1 (a).

Afterwards the Nb:SrTiO3 single crystals were annealed for 24 hours at 1325 K
in reducing conditions (4 % H2/Ar) or oxidizing conditions (ambient atmosphere).
Representative topography images of the Nb:SrTiO3 single crystal surfaces after the
longtime reducing and oxidizing annealing procedures are shown in �gure 4.1 (b)
and (c), respectively. Note that the topography image after the oxidizing annealing
procedure exhibit typical error resulting from a twin tip cantilever. Nevertheless,
the step terrace structure is still distinguishable.

The Nb:SrTiO3 surfaces demonstrate equal step terrace structures after both
annealing procedures. Thus, an impact of microscopical contamination or possi-
ble microscopical outgrowth of secondary phases on the surface properties will be
neglected. Afterwards platinum top electrodes were deposited by magnetron sput-
tering and electron-beam evaporation, cf. sec. 3.2. The sizes of the top electrodes
were adjusted by a shadow mask process and ranged from 10 µm×10 µm up to
200 µm×200 µm. The manufactured Pt/Nb:SrTiO3 heterostructures were investi-
gated by impedance spectroscopy and I(V )-curves, cf. sec. 5.1.
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Oxidizing annealed Figure 4.1.: Representative AFM topog-
raphy images of Nb:SrTiO3 single
crystals after preliminary annealing
(a), after 24 hours reducing anneal-
ing at 1325 K (b) and after 24 hours
oxidizing annealing at 1325 K (c).
The surface topographies demon-
strate equal step edge terrace struc-
tures before and after the longtime
annealing steps. Note that the oxi-
dized topography in (c) exhibit typ-
ical twin tip error. Nevertheless, the
step edge structure is clearly distin-
guishable.

4.2. Donor-doped SrTiO3 thin �lms

In chapter 8, the electrical in-plane properties of n-SrTiO3 surfaces will be
characterized in-situ at di�erent temperatures and oxygen partial pressures. Donor-
doped SrTiO3 single crystals, however, are not suitable for such investigations due
to the highly conductive bulk covering the changes of the electrical properties arising
directly at the surface, cf. �g. 4.2 (a). In order to overcome this limitation thin
n-SrTiO3 �lms with single crystalline quality grown on undoped SrTiO3 substrates
will be used, cf. �g. 4.2 (b). In the following, the growth process of thin n-
SrTiO3 thin �lms will be discussed in detail and their single crystal quality will be
examined.
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Undoped SrTiO3 (sc)

Nb:SrTiO3

Surface 

Nb:SrTiO3 (sc)

Surface I IDC DC

a) b)

Figure 4.2.: Schematic illustration of the limitation of donor-doped SrTiO3 single crys-
tals in terms of the characterization of the electrical surface properties. The bulk
of the highly conductive single crystals cover the changes arising in the near sur-
face region (a). Thin n-SrTiO3 �lms, however, allow to draw direct conclusion
on the electrical surface properties (b).

4.2.1. Thin �lm growth process

The development of every thin �lm growth process requires the choice of an
appropriate substrate material. In this thesis, undoped SrTiO3 in (001) orientation
(CrysTec GmbH, Berlin, Germany) were used due to two main reasons. First, a
homoepitaxial growth process with almost identical lattice constants of doped and
undoped SrTiO3 produces a negligible concentration of defects resulting from lat-
tice relaxation such as dislocations.[89] Second, due to the substantial conductivity
di�erence, the undoped SrTiO3 substrate does not impact the in-plane electrical
characterization of the thin �lms signi�cantly, cf. chp. 8.

The as-received substrates regularly show a rough terrace structure with eroded
step edges. In order to ensure comparable high surface quality of the Nb:SrTiO3 thin
�lm growth, all single crystalline substrates were annealed for one hour at 1225 K
in ambient atmosphere. The temperature was equilibrated in two hours resulting in
a heating rate of 475 K/h. After the annealing procedure the substrate were cooled
down with a rate of ∼60 K/h. Figure 4.3 shows the representative AFM topogra-
phies of an undoped SrTiO3 single crystalline substrates as-received (a) and after
the annealing procedure (b).

As mentioned above, the as-received single crystalline substrates exhibit a rough
terrace structure with eroded step edges. Moreover, a high contamination level is
revealed, that may arise from the supplier

′
s polishing process. After the annealing

procedure at 1225 K, a smooth step terrace structure without contamination is de-
tected. Thus, the annealed undoped SrTiO3 single crystals provide a reproducible
surface quality ensuring high comparability of the thin �lm growth.

After the annealing procedure, the undoped SrTiO3 substrates were attached to
stainless steel sample carriers by Omicron GmbH, Germany by highly conductive
silver paste to ensure both thermal and electrical contact between the carrier and
the substrate. To avoid a degassing of solvents from the silver paste in the growth
chamber, the sample carriers were annealed for 30 minutes at 425 K at ambient
atmosphere.
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Figure 4.4.: Representative RHEED oscillations of a 20 nm thick 0.5 wt.%
Nb:SrTiO3 thin �lm grown stoichiometrically on an undoped SrTiO3 substrate.
The inset shows the �rst 100 seconds of the growth process. The RHEED pat-
tern from the top surface after growth is shown in the inset on the top right.
This �gure is published in the supplement of [121].

4.2.2. Single crystalline quality

In order to analyze whether or not the Nb:SrTiO3 thin �lms grown supposedly
stoichiometric on undoped SrTiO3 substrates have single crystalline quality several
properties need to be discussed in detail. Firstly, the surface topography and its
roughness will be investigated by atomic force microscopy. Secondly, the unit cell
structure will be analyzed by X-ray di�raction. Thirdly, the homogeneity of the
donor-dopant distribution will be examined by secondary ion mass spectrometry.
Fourthly, the electrical properties will be determined by low temperature and room
temperature Hall measurements.

Topological characterization
One major parameter that is crucial for the investigation of surface properties of

ultra thin �lms and its comparability to single crystals is the topography. Figure 4.5
shows representative topography images of an undoped SrTiO3 substrate (a) and
of a 32 nm Nb:SrTiO3 thin �lm grown on the undoped substrate (b).
Prior to the growth process the substrate demonstrates the typical step terrace
structure with clean step edges and a low roughness. After the growth process, the
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4.2. Donor-doped SrTiO3 thin �lms
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Figure 4.6.: Representative (002) Bragg peak of a 200 nm stoichiometric 0.5 wt.%
Nb:SrTiO3 thin �lm homoepitaxially grown on an undoped SrTiO3 substrate.
This �gure is published in the supplemental information to ref. [121].

Growth conformity characterization
Another crucial parameter is the homogeneity of the growth process. By utiliz-

ing secondary ion mass spectrometry the ion ratio is analyzed over the entire �lm
thickness. Inconstant ionic ratios in di�erent thin �lm depths point towards an ag-
glomeration of defects and hence an imperfect growth process. Figure 4.7 shows the
representative intensities of titanium, strontium, oxygen and niobium of a 200 nm
Nb:SrTiO3 thin �lm grown homoepitaxially on an undoped SrTiO3 substrate. Note
that the conversion of the x-axis from sputter time to probing depth was performed
with respect to the Nb:SrTiO3 thin �lm thickness.

The di�erent intensities of all investigated ions (TiO−, SrO−, 18O−), and es-
pecially the intensity of niobium (NbO−), are almost constant over the entire thin
�lm thickness. When reaching the undoped SrTiO3 substrate, the NbO− concen-
tration is reduced signi�cantly while the intensities of the other investigated ions
stay constant. This �nding indicates homogeneous ion ratios and doping concen-
tration over the entire thin �lm. As a consequence, these results also point towards
a low defect concentration in the thin �lm. Therefore, the observed growth con-
formity also corroborates the conclusion of a single crystalline thin �lm quality.
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Figure 4.7.: Representative SIMS intensities of a 200 nm thick Nb:SrTiO3 thin �lm
grown on an undoped SrTiO3 substrate. The almost constant niobium intensity
illustrates a homogeneous doping concentration right down to the substrate. The
SIMS experiments were performed by Dr. Uwe Breuer, ZEA-3, Forschungszen-
trum Jülich.

Electrical characterization
Another crucial parameter in terms of thin �lm quality are the electrical prop-

erties. In the following the electrical properties of Nb:SrTiO3 thin �lms directly
after growth will be examined by Hall measurements, both at room temperature
and low temperature.

At room temperature, the 200 nm thick n-SrTiO3 thin �lm showed a Hall elec-
tron mobility of µ ∼6.6 cm2/Vs, which is in good agreement with the literature.[37,
38] Moreover, a carrier concentration of n ∼1.5×1020 cm−3 was determined. Un-
der the assumption of full dopant ionization a speci�c donor-doping concentration
ND results in a speci�c carrier concentration n calculated as the total concentra-
tion of niobium donor atoms. 0.5 wt.% niobium doping corresponds to a doping
concentration of ∼1 at.% . Utilizing a lattice constant of 3.907 Å a total unit cell
concentration of ∼1.5×1022 unit cells/cm3 is calculated. Multiplying the doping
concentration in at% with the unit cell concentration results in the concentration
of niobium dopants and hence the charge carrier concentration. It is calculated to
1.505×1020 cm−3. This value matches the one measured at room temperature for
the 200 nm thick Nb:SrTiO3 thin �lm. This �nding points towards a considerable
low concentration of defects that would reduce the number of free charge carriers
in the thin �lm.

In order to compare the electronic properties of the thin �lms to literature Hall
measurements were also performed at low temperatures.[42, 106] Figure 4.8 shows
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Figure 4.8.: Low temperature Hall mea-
surements of the electron mobil-
ity µ (a), the carrier concentration
n (b) and the sheet resistance Rs
(c) of a 200 nm thick 0.5 wt.%
Nb:SrTiO3 thin �lm grown on an
undoped SrTiO3 substrate.

the low temperature Hall mobility µ (a), the carrier concentration n and the sheet
resistance Rs of a 200 nm 0.5 wt.% Nb:SrTiO3 thin �lm grown on a SrTiO3 single
crystal substrate.

With decreasing temperature the Hall mobility increases up to ∼200 cm2/Vs
at 10 K clearly demonstrating a reduction of phonon scattering and thus metallic
behavior. The measured electron mobility values are in good agreement with recent
literature by Kozuka et al., Moos et al. and Spinelli et al. who investigated donor-
doped SrTiO3 at similar dopant concentration.[37, 40, 58] Moreover, Son et al.
found an electron Hall mobility of ∼30000 cm2/Vs illustrating high quality donor-
doped SrTiO3 thin �lms. The di�erence in electron mobility by a factor of 150
results directly from the donor-doping concentrations resulting in carrier concen-
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trations of ∼1.5×1020 cm−3 in comparison to ∼1×1018 cm−3 utilized in this thesis
and in literature, respectively. In addition, with decreasing temperature the carrier
concentration is constant indicating that Nb is a shallow donor, cf. �g. 4.8 (b). Fur-
thermore, the sheet resistance Rs is also decreasing with decreasing temperature.
This is due to the observed increase in the charge carrier mobility substantiating the
conclusion of metallic behavior of the grown thin �lm. Consequently, the measured
low temperature electron mobilities, carrier concentrations and the sheet resistance
substantiate the conclusion of a low defect concentration and thus thin �lms in
single crystalline quality.

Summary

In this chapter the preparation of the samples used within this thesis was dis-
cussed in detail. In the �rst section, the topological changes of Nb:SrTiO3 single
crystals annealed in highly oxidizing and highly reducing conditions were inves-
tigated. It was shown that the single crystal surface exhibit equal step terrace
structures as as-received single crystals after a short relaxation annealing. There-
fore, an impact of microscopical contamination and secondary phase precipitates
on the contact properties of the subsequently manufactured Pt/Nb:SrTiO3 het-
erostructures will be neglected.

In the second section, the developed deposition process of n-SrTiO3 thin �lms
was introduced. It was demonstrated that the topography, the lattice structure, the
growth conformity and the electrical properties of the grown thin �lms match the
ones of high quality single crystals. Consequently, the comparability of the di�erent
samples is veri�ed.

In the following chapters, the changes of the electrical and chemical properties of
the prepared samples under applied thermodynamic biases are discussed.
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5. Electronic surface characteristics

Typical experimental procedures and pretreatments used while investigating
the physical and chemical properties of semiconducting single crystals and thin
�lms involve varying temperatures and oxygen partial pressures corresponding to
di�erent thermodynamic conditions. In order to prepare n-SrTiO3 single crystals
to be examined directly or to be used as underlying substrates for varying thin �lm
applications, annealing pretreatments at temperatures above 1200 K and ambient
atmosphere are utilized to equilibrate the sample surface and to ensure compa-
rability over several samples.[89] Moreover, for thin �lm growth a speci�c set of
thermodynamic conditions is required. In terms of n-SrTiO3 thin �lm growth, typ-
ical temperatures of 1050 K and a pO2 of 0.1 mbar are applied, cf. sec. 4.2. This
atmosphere is suggested to change the defect clustering and hence the electrical and
surface properties of n-SrTiO3 signi�cantly.[37, 38]
In this chapter, it will be examined how varying thermodynamical biases applied
during typical annealing procedures may a�ect the surface properties of n-SrTiO3.
The �rst section focuses on the through-plane contact properties of n-SrTiO3 af-
ter di�erent annealing treatments described by in-situ local-conductivity atomic
force microscopy (C-AFM), impedance spectroscopy and I(V)-characteristics of
Pt/Nb:SrTiO3 heterojunctions. The second section concentrates on the in-plane
properties, namely the carrier concentration, of n-SrTiO3 thin �lms and the in�u-
ence of the growth conditions on the sheet carrier concentration directly after growth
observed by Hall measurements at varying temperatures.

5.1. Through-plane contact properties of
n-SrTiO3 single crystals

In order to investigate the possible impact of typical annealing procedures on the
through-plane contact properties, 1.0 at% n-SrTiO3 single crystals were annealed in
di�erent oxidizing and reducing conditions by applying ambient atmosphere and 4 %
H2/Ar, respectively (sec. 4.1). In the following, the surface resistance is described
by C-AFM. In addition, the surface contact resistance and the transport barrier
between the annealed n-SrTiO3 surface and platinum top contact pads of di�er-
ent sizes and a thickness of 30 nm is characterized by impedance spectroscopy and
I(V)-characteristics. Figure 5.1 shows schematic illustrations of the sample stacks
used during the C-AFM experiments (a) and electrical interface contact (impedance
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Figure 5.2.: Local conductivity atomic force microscopy measurements after in-situ re-
ducing (a) and oxidizing conditions (b) of a n-SrTiO3 single crystal. In both
measurements a read out voltage of -0.5 V was used. The experiments were
conducted by Nicolas Raab (PGI-7, FZ Jülich). The current measurements are
published in ref. [127].

but neither in reducing nor in oxidizing conditions any additional surface features
are developed.[72, 128] In contrast, the current through the n-SrTiO3 surface varies
substantially after di�erent annealing treatments. The measured current after both
annealing treatments reproduces features of the morphology. The observed current
at the step edges is reduced due to the feedback loop of the measurement setup not
being sensitive enough to ensure a stable contact between the cantilever and the
surface. The step levels however show a stable current and are hence considered rep-
resentative for the di�erent annealing treatments. Intuitively, the current through
the n-SrTiO3 surface should be considerably high due to the high donor-doping
concentration. As expected for donor-doped semiconductors, after the annealing
treatment in reducing conditions the overall current through the n-SrTiO3 surface
is high (avg. ∼1 nA). After an oxidizing annealing treatment, however, the current
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Chapter 5. Electronic surface characteristics

is reduced signi�cantly to ∼100 pA, which is in the range of the detection limit.
The reduced conductivity of the n-SrTiO3 surface after the oxidizing annealing
treatment already points towards a signi�cant dependence of the n-SrTiO3 surface
properties on the annealing treatment. The C-AFM results, however, do not allow
to draw a conclusion on the type of process that is present at the n-SrTiO3 sur-
face. Nevertheless, if the surface resistance is varied through annealing procedures,
the contact resistance of heterojunctions to di�erently treated single crystals may
also be a�ected signi�cantly. Thus, in the following electrical characterization of
Pt/n-SrTiO3 heterojunctions will be analyzed to provide further inside on possible
surface reactions.

Impedance spectroscopy

In order to investigate the contact resistance (Rsc) and capacitance (Csc) of a
Pt/n-SrTiO3 heterojunction in more detail, impedance spectroscopy (Solartron Si
1260, Solartron 1296, frequency range: 1 Hz to 1 MHz) is employed and analyzed
using Zview 2 (Ametek scientifc instruments). A single semi-circle was modeled
by one RC element associated to the Schottky-type interface contact, a series re-
sistance (Rse) and an induction contribution of the measurement setup (Lse), cf.
Fig. 5.1 (c). In order to examine the impact of the deposition technique of the
platinum top electrodes, in the following the impedance spectroscopy results of
heterojunctions produced by magnetron-sputtering and electron-beam evaporation
are compared.

Sputtered top electrodes
Figure 5.3 shows the representative impedance spectroscopy results of Pt/n-SrTiO3

heterojunctions after reducing (green, a) and oxidizing (blue, b) annealing proce-
dures and sputtered platinum top electrodes, covering the entire n-SrTiO3 single
crystal surface (pad size of 5 mm× 5 mm), with a thickness of 30 nm plotted in a
Cole-Cole diagram.

Both measurements after reducing and oxidizing annealing procedures show the
typical semi-circle corresponding to a single RC element attributed to the formed
Pt/n-SrTiO3 heterojunction's Schottky-type transport barrier, cf. �g. 5.1 (c). The
barrier results in an electron depletion layer associated with a �nite capacitance
(CSC) and resistance (RSC), cf. �g. 5.3. The shift of the semi-circles towards
higher values on the real axis Z' corresponds to a small series resistance of the
measurement setup (Rse). The contact capacitance of the two heterojunctions is
considerably high and does not change signi�cantly with the pretreatment from
946 nF to 669 nF after the reducing and oxidizing annealing procedure, respec-
tively. The determined considerable high contact capacitance, in comparison to the
capacitance of e-beam evaporated heterojunctions (cf. sec. 5.1), are reasonable due
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Figure 5.3.: Representative impedance spectroscopy after reducing (4 % H2/Ar, green,
a) and oxidizing (ambient atmosphere, blue, b) annealing of an n-SrTiO3 single
crystal with 30 nm sputtered platinum top electrodes with a size of 5 mm×5 mm.
The contact resistance does not vary as signi�cantly as expected from C-AFM
results.

to the large area of the Pt top electrodes. Moreover, the series resistance is in the Ω-
regime (∼12 Ω). As can be seen from the width of the characteristic semi-circle, the
contact resistance RSC varies with di�erent annealing procedures and is determined
to 5 Ω and 676 Ω after reducing and oxidzing annealing procedures, respectively.
Both these values are considerably low for a Pt/n-SrTiO3 heterojunction (cf. e-
beam evaporated heterojunctions) regardless of the prior annealing pretreatment
but this might also be due to the large pad size.

The observed trend of the contact resistances with the di�erent annealing pro-
cedures of the n-SrTiO3 single crystals is consistent with what has been observed
above by C-AFM, which already suggested higher resistances after an oxidizing
annealing treatment. The magnitude of the RSC changes, however, is not high
enough to match what was expected from prior C-AFM experiments. This e�ect
might be due to morphological and chemical changes of the topmost atomic layer
of the n-SrTiO3 single crystal underneath the platinum top electrodes caused by
the high energy introduced to the n-SrTiO3 surface during the sputtering process,
cf. sec. 3.2. Consequently, in the following, Pt/n-SrTiO3 heterojunctions formed
with sputtered platinum top electrodes will be compared to e-beam evaporated
Pt/n-SrTiO3 heterojunctions which avoid any signi�cant impact of possible parti-
cle bombardment.
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Chapter 5. Electronic surface characteristics

Evaporated top electrodes
Figure 5.4 shows representative impedance spectroscopy results of Pt/n-SrTiO3 het-

erojunctions after reducing (green, a) and oxidizing (blue, b) annealing procedures
at 1320 K using evaporated platinum top electrodes with a thickness of 30 nm cov-
ering an area of 200 µm×200 µm plotted in a Cole-Cole diagram.

The experiments reveal a single semi-circle after both reducing and oxidizing
pre-annealing procedures, indicating a single parallel RC element attributed to the
Pt/n-SrTiO3 heterojunction's Schottky-type transport barrier.[107, 125, 126] Both
semi-circles are found to be o�set by 20−30 Ω along the Z' real axis, corresponding
to a �nite series resistance (Rse, �g. 5.1 (c)) owing to the contact leads of the mea-
surement setup. After the annealing procedure in 4 % H2/Ar (reducing conditions)
the impedance spectroscopy measurements show a small series resistance of 26 Ω, a
substantial contact resistance RSC ≈ 23 kΩ and contact capacitance CSC ≈ 2.9 nF
(�g. 5.4 (a)), characterizing the Schottky contact formed at the interface. After
annealing in oxidizing conditions, however, RSC is increased by three orders of
magnitude to Rsc ≈ 39000 kΩ, while Rse and CSC ≈ 2.2 nF remained almost
unchanged (�g. 5.4 (b)). Thus, the electronic properties of the Pt/n-SrTiO3 het-
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Figure 5.4.: Representative impedance spectroscopy after reducing (4 % H2/Ar, green,
a) and oxidizing (ambient atmosphere, blue, b) annealing of an n-SrTiO3 single
crystal for 4 hours at 1320 K using 30 nm evaporated platinum top electrodes
with an example size of 200 µm×200µm. The interruption of the typical semicir-
cle in (b) is due to the high contact resistance. The dashed black line indicates
a simulation using the �tted values for the contact capacitance and the contact
resistance. The surface contact resistance varies by more than three orders of
magnitude depending on the prior annealing treatment. This �gure is published
in ref. [127].
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5.1. Through-plane contact properties of n-SrTiO3 single crystals

erojunctions changed dramatically upon annealing. This �nding is consistent with
the changes after di�erent annealing procedures found by C-AFM measurements
on the bare n-SrTiO3 single crystal surfaces as shown in �g. 5.2.

In order to further analyze the observed impact of the di�erent annealing pre-
treatments, impedance spectroscopy measurements were conducted on heterojunc-
tions formed by n-SrTiO3 single crystals (as received, reducing and oxidizing an-
nealing at di�erent temperatures) and evaporated platinum top electrodes of smaller
sizes (100 µm×100 µm, 50 µm×50 µm).

Fig. 5.5 shows the electrode area-dependence of CSC (a) andRSC (b) determined
from the impedance spectra after annealing treatments at di�erent temperatures.
On double logarithmic scales both Csc (∝ A) and Rsc (∝ 1/A) show a linear de-
pendence on the top electrode area, indicating homogeneous interface properties
on the micrometer length scale. As shown in Fig. 5.5 (a), Csc did not change as
signi�cantly as Rsc depending on the prior annealing treatment (within a factor of
2) and stayed in the nanofarad-regime. Note that di�erences in the magnitude of
the contact capacitance between sputtered and evaporated top electrodes results
from the di�erent pad sizes utilized within the experiments.

Using classical plate capacitor physics, these CSC values correspond to an al-
most constant barrier width in the tens of nanometer regime, that neither changes
substantially upon annealing at varied temperature nor at varied oxygen atmo-
sphere. In contrast, as already indicated by the representative impedance spec-
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Figure 5.5.: Electrode area-dependent surface contact resistance (a) and contact ca-
pacitance (b) determined from impedance spectroscopy measurements on n-
SrTiO3 single crystals as received and after reducing and oxidizing annealing
treatments at temperatures of 1320 K and 1420 K. This �gure is published in
ref. [127].
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troscopy measurements discussed in Fig. 5.4, Rsc depends substantially on the oxy-
gen pressure during annealing, while temperature is less important. Consistently
for all electrode areas, Rsc is found approximately three orders of magnitude lower
after annealing in Ar/4 % H2 gas mixture (reducing) than after annealing in oxi-
dizing conditions or without any annealing treatment at all. Consequently, these
�ndings point towards changes in the transport barrier height at similar barrier
widths.

I(V)-characteristics

In order to characterize the rectifying behavior of the Pt/n-SrTiO3 heterojunc-
tions, I(V )-characteristics were measured using a Keithley 2611 source meter. The
applied voltage ranged from -1 V to +1 V to avoid resistive switching.[10�12] The
bottom electrode (n-SrTiO3) was grounded while the potential was applied to the
platinum top electrodes. Fig. 5.6 shows I(V )-curves measured for di�erent electrode
areas after annealing in Ar/4 % H2 gas mixture (a) and in oxidzing conditions (b).

The I(V )-curves show strongly non-linear behavior consistent with a non-Ohmic
contact resistance. While heterojunctions obtained after reducing annealing show
considerably high currents in reverse direction, heterojunctions obtained after an
oxidizing annealing procedure of the n-SrTiO3 single crystals show strongly asym-
metric and rectifying behavior with negligible currents in reverse direction. Sim-
ilarly, in forward direction, the currents of the heterojunctions obtained after an-
nealing in Ar/4 % H2 are higher as compared to the ones obtained after oxidation.
These �ndings are consistent with the C-AFM measurements shown in �gure 5.2.
In addition, the threshold voltage for forward currents is reduced for single crystal
samples treated in Ar/4 % H2.

At an applied voltage of 450 mV, the currents are still largely suppressed by
the diode characteristics and the transport barrier of the heterojunction has not
been overcome. Therefore, the measured current density is a measure of the actual
transport barrier height and hence the resistance. Fig. 5.7 reveals almost 2-3 orders
of magnitude lower current density for samples obtained on oxidized single crystals,
indicating an increased barrier height formed at heterojunctions to n-SrTiO3 after
oxidizing annealing procedure.
Note that as revealed by DFT-calculations in the theory group of the IWE II
(RWTH University) a direct determination of the Schottky barrier height from
I(V )-characteristics is only valid for a strict transport mechanism for electrons
over the barrier. As a detailed analysis of I(V )-curves across similar heterojunc-
tions have revealed considerable tunneling contributions through the barrier,[66] an
analysis of the Schottky barrier height is refrained here and limited to the compar-
ison of absolute current densities.

All results obtained by impedance spectroscopy and I(V )-characteristics showed
a dependence of the interfacial transport barrier in Pt/n-SrTiO3 heterojunctions

50



5.1. Through-plane contact properties of n-SrTiO3 single crystals

a) b)

Voltage V (V)

450 mVelectrode area (µm2)
      200×200
      100×100
        50×50
        10×10 

electrode area (µm2)
      200×200
      100×100
        50×50
        10×10 

450 mV

O2H2/Ar
-5

0

5

10

15

C
ur

re
nt

 I 
(m

A
)

-1.0 -0.5 0.0 0.5 1.0

Voltage V (V)
450 mV

lo
g 

(I 
/ m

A
)

Voltage V (V)
-1.0 -0.5 0.0 0.5 1.0

-1.0 -0.5 0.0 0.5 1.0

-1.0 -0.5 0.0 0.5 1.0

lo
g 

(I 
/ m

A
)

Voltage V (V)

0

-5

-10

0

-5

-10

450 mV

O2H2/Ar

c) d)

-5

0

5

10

15

C
ur

re
nt

 I 
(m

A
)

Figure 5.6.: Electrode area-dependent I(V )-curves measured on n-SrTiO3/platinum con-
tact after reducing (a,c) and oxidizing (b,d) annealing treatments. This �gure
is published in ref. [127].

on the pretreatment procedure applied to n-SrTiO3 before the heterojunction fab-
rication. After oxidation, impedance spectroscopy and the I(V )-curves consistently
showed a signi�cantly increased RSC due to enhanced carrier depletion at the inter-
face, while the width of barrier as indicated by CSC did not change substantially.
As will be shown in more detail in section 9.3 these �ndings are consistent with
the presence of strontium vacancies in the near surface region due to an oxidation
process.
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Figure 5.7.: Electrode area-dependent current densities through a n-SrTiO3/platinum
contact after reducing (green) and oxidizing annealing treatments determined at
450 mV. This �gure is published in ref. [127].

5.2. In-plane properties of n-SrTiO3 thin �lms

So far, all results from C-AFM, impedance spectroscopy and I(V)-characteristic
measurements on Pt/n-SrTiO3 heterojunctions after varying annealing procedures
of the n-SrTiO3 single crystals consistently showed a dependence of the electrical
contact properties on the speci�c pretreatment. In order to expand the analysis of
surface properties to electrical in-plane characterization, thin �lms will be examined
directly after growth. Figure 5.8 shows a schematic illustration of the n-SrTiO3 thin
�lm stack used during Hall measurements at room temperature and at elevated tem-
peratures. For room temperature experiments the as-grown n-SrTiO3 thin �lms
have been bonded with aluminum wires in a Van der Pauw con�guration directly
after growth and measured using a Lakeshore 8000 Hall measurement setup. For
high temperature experiments the as-grown samples were contacted using platinum
clamps and electrodes and measured using a Lakeshore 8000 high temperature
Hall measurement setup. In AC mode, a 1.2 T B-�eld was varied at a frequency of
100 mHz. The Hall voltage was measured using lock-in technique, thereby decreas-
ing noise during elevated temperature measurements.
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Nb:SrTiO3

Undoped SrTiO
3

Figure 5.8: Schematic illustration of the
n-SrTiO3 thin �lm sample stack
used during Hall measurements at
room temperature and elevated
temperatures. The �gure is pub-
lished in ref. [115].

Hall measurements at room temperature

Fig. 5.9 shows the carrier concentration n obtained for n-SrTiO3 thin �lms with
di�erent layer thickness as determined from room temperature Hall measurements
immediately after deposition. In an ideal semiconductor picture, one would expect
a thickness-independent carrier density that matches the Nb-dopant concentration
all the way up to the surface (1.5 × 1020 cm−3, red dashed line in (b)). In contrast,
a systematic thickness dependence of the electron density is observed. Only at a
layer thickness approaching 200 nm the carrier concentration coincides with the
donor concentration. At lower �lm thickness, however, the carrier concentration
decreases signi�cantly by almost one order of magnitude below the donor concen-
tration to 2.9×1019 cm−3 at a �lm thickness of 32 nm. At a thickness of 30 nm,
the conductivity of the thin �lms was even below the detection limit and no carrier
concentration could be determined.

The systematic decrease of the carrier concentration at small layer thicknesses
below about 100 nm is indicative of a constant electron depletion layer right at the n-
SrTiO3 surface becoming the dominant factor for electron transport, cf. �g. 5.9 (b).
To determine the volume carrier concentration n, typically a homogeneous carrier
concentration over the entire sample thickness is assumed. Consequently, the in-
tegral number ns measured is divided by the �lm thickness to arrive at a carrier
concentration n=ns

d
.

A lower average carrier concentration may be understood in terms of an electron
depletion layer at the surface, which would yield a thickness-dependence of n. An
electron depletion layer, however, would be associated to a surface charge, Q/A,
equivalent to the loss of electrons in the depletion layer. Given that all thin �lms
show a comparable surface charge, this would yield in a thickness dependence of
the measured carrier concentration of

n =
ns

d
= [Nb•]−

|Q|
A
/d → n ∝ 1/d , (5.1)
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where |Q|
A

denotes a surface charge. As will be shown in detail in chapters 6, 7 and
8 this surface charge depends on the pO2, the temperature T and the donor-doping
concentration ND and de�nes the electrical surface properties.

At large thicknesses, a constant electron depletion layer does not cover a sig-
ni�cant amount of the total thin �lm. Hence, the Hall measurements at large
thicknesses result in an average carrier concentration n that is in the range of the
doping concentration. With decreasing thin �lm thickness, a constant electron de-
pletion layer at the surface more and more covers a substantial part of the entire
�lm, thus decreasing the measured average carrier concentration. Consequently,
the results of the room temperature Hall measurements clearly indicate that the
as-grown layers readily form an inherent space charge layer at the n-SrTiO3 surface
directly after growth in which electrons are depleted. This is consistent with earlier
reports.[39]

Another and more trivial explanation for the observed thickness-dependent elec-
tron density would be a non-ideal growth processes leading to the incorporation of
defects and electron traps during synthesis.[37, 129�131] However, growth-induced
defects would be expected to become increasingly e�ective as the layer thickness in-
creases. In �gure 5.9, opposite behavior is observed: the carrier density approaches
the Nb-concentration with increasing layer thickness, indicating a stoichiometric
synthesis process, and thus supporting the interpretation of an electron depletion
layer present at the surface of the thin �lms, cf. sec. 4.2.

In analogy to semiconductors, the physical origin of this may be intrinsic sur-
face states or unsaturated dangling bonds.[39] However, also ionic defect states or
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Figure 5.9.: Carrier concentration obtained for 1.0 wt% n-SrTiO3 thin �lms with dif-
ferent layer thickness (a). The red dashed line indicates the nominal donor
concentration. The blue dashed line is a guide to the eye emphasizing the e�ect
of electron depletion at low layer thicknesses. Schematic illustration of the im-
pact of a surface space charge layer on in-plane Hall measurements with varying
�lm thicknesses (b). This �gure is partly published in ref. [115].
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charged adsorbates can form localized negative charges, which would drive electron
depletion.[38, 50, 51, 121] A physical �ngerprint of such a redox-chemistry-triggered
e�ect is the characteristic dependence on the activity of the oxidizing agent. The
key question arising from this is if the observed electron depletion layer shows a
characteristic dependence on pO2 that can be identi�ed as physical �ngerprint of
a surface redox process which allows for a controlled manipulation. This issue one
of the main focusses of this thesis and will be addressed in chapter 6 by lab- and
synchrotron-based AP-XPS.

Hall measurements at elevated temperatures

In the following chapters, the evaluation of electrical transport properties at
elevated temperatures require a temperature-dependent Hall mobility in the high
temperature regime. In addition to the literature value extrapolated from high
temperature measurements,[37] an experimental value is determined in own exper-
iments. Figure 5.10 shows the temperature dependent Hall mobility (µHT (T)) of
a 200 nm thick 0.5 wt% n-SrTiO3 �lm (red) in comparison to literature values
reported for ceramic samples (blue).
At this thickness the carrier density coincides with the expected bulk value (cf.

~ T-2.06

Temperature (K)

Figure 5.10.: Temperature-dependent Hall mobility measured by high temperature Hall
measurements of a 200 nm thick 1.0 wt% n-SrTiO3 �lm as well as the calculated
literature values from [37] (blue line). This �gure is published in ref. [115].
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�g. 5.9) serving as a reference for electron transport in the n-SrTiO3 thin �lms,
in absence of space charge e�ects. For both the measured thin �lm and literature
single crystal values the Hall mobility decreases with an increasing temperature
following a power law behavior. This is consistent with a phonon scattering dom-
inated transport mechanism as expected for highly donor-doped semiconductors.
The experimental results are �tted by

µtf = 3.48 · 105 × (T/K)−2.06

[
cm2

Vs

]
, (5.2)

where T denotes the temperature of the thin �lm. The measured thin �lm values are
lower than the literature values determined in donor-doped SrTiO3 single crystals by
approximately a factor of 2. Throughout this work the thin �lm value measured at
670 K of 0.45 cm2/Vs is used (as marked by the arrows in Fig. 5.10) for calculations
were applicable.

Summary

In this chapter, electron depletion at the n-SrTiO3 surface was investigated. In
the �rst section, it was demonstrated that di�erent annealing procedures at oxidiz-
ing and reducing conditions change the surface resistance of n-SrTiO3 single crystals
signi�cantly. C-AFM measurements after in-situ annealing pretreatments reveal an
increased contact resistance after annealing in oxidizing conditions in contrast to
after annealing in reducing conditions. This �nding was substantiated by contact
resistances determined by impedance spectroscopy, which increased by three or-
ders of magnitude after annealing in oxidizing conditions. The contact capacitance,
however, is not changed essentially. Additional I(V)-characteristics unveiled that
these �ndings are due to an increased transport barrier after oxidizing annealing
procedures.

In the second section, Hall measurements on n-SrTiO3 thin �lms directly af-
ter growth demonstrated a �lm thickness-dependent carrier concentration. The
decreasing average carrier concentration with decreasing �lm thickness points to-
wards a surface electron depletion and hence a surface space charge layer at the
n-SrTiO3 surface at room temperature directly after growth.

All these �ndings illustrate a dependence of the electronic surface properties
on di�erent thermodynamic pretreatments. To further investigate the speci�c im-
pact as well as the origin of the observed e�ect in the following chapters lab- and
synchrotron-based ambient pressure X-ray photoelectron spectroscopy and electro-
chemical conductivity relaxation experiments will be utilized.
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6. pO2-dependence of surface space

charge layer

As Nb:SrTiO3 is well-known for the strong coupling of electronic and ionic
structure, that may trigger signi�cant changes in electronic response of the surface
by subtle chemical changes as observed in chapter 5. By analyzing the spectroscopic
signatures of n-SrTiO3 it is possible to investigate both these properties directly.
In lab-based ultra high vacuum spectroscopy experiments it was possible to detect
the electronic response of the Nb:SrTiO3 surface after in-situ oxidizing annealing
treatment. Subtle chemical changes, however, could not be detected. This might be
due to the volatility of the induced surface space charger layer while transferring the
sample in ultra high vacuum conditions and the fact that a probing depth of a few
nanometers might not be sensitive enough to detect the small changes presumably
located directly at the n-SrTiO3 surface. Consequently, analyzing the chemical
and electronic structure in-situ in di�erent oxygen partial pressures (pO2) is only
possible by state-of-the art ambient pressure X-ray photoelectron spectroscopy (AP-
XPS). In this chapter, lab-based as well as synchrotron-based AP-XPS experiments
at di�erent oxygen partial pressures will be analyzed. In this way, the analysis
can focus on both the pO2-dependence and the probing depth-dependence of the
indicated surface space charge layer. In the �rst section of this chapter, the pO2-
dependent binding energy shift is illustrated, the e�ects on single crystals and thin
�lms is compared and the resulting calculation of the generated negative surface
charge is explained. The second section of this chapter focuses on probing depth-
dependent evolution of the surface potential.

6.1. Binding energy shift at di�erent pO2

For a spectroscopic analysis in-situ at di�erent oxygen partial pressures, the
sample was investigated using the SPECSTM ambient pressure XPS instrument of
the CERIC-ERIC consortium located at the Department of Surface and Plasma
Science MFF UK of the Charles University in Prague using an Al Kα source
(hν = 1486.6 eV) and an emission angle of 90◦. In this lab-based AP-XPS measure-
ments, an as prepared 1 at% n-SrTiO3 thin �lm with a thickness of 32 nm grown
on an undoped SrTiO3 substrate, cf. chapter 4, was contacted from the top using a
thin titanium strip, providing electrical and hence grounding contact between the
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Figure 6.1: Schematic illustration of the
sample stack as well as the near
ambient pressure X-ray photo-
electron spectroscopy measure-
ment setup. The �gure was pub-
lished in ref. [121].

sample and the analyzer. Figure 6.1 shows a schematic illustration of the sample
stack and the AP-XPS measurement setup.

Characteristic core level spectra at di�erent pO2

All constituents′ core levels as well as the valence band region and typical con-
tamination core level spectra were measured in-situ at a temperature of 770 K and
at di�erent pO2 ranging from low base pressure conditions (∼10−8 mbar) up to
5 mbar O2. The lowest accurately adjustable pO2 in the used measurement setup
was 0.05 mbar O2. Figure 6.2 shows the core level spectra[132] of oxygen 1s (O1s)
and carbon 1s (C1s) (a), titanium 2p (Ti2p) (b), and strontium 3d (Sr3d) (c), as
well as the valence band region (d) obtained at room temperature (dashed spectra)
and at an elevated temperature of 770 K (solid spectra) at di�erent pO2. Initial
spectra were taken at room temperature and a base pressure of 10−8 mbar (dashed
top spectra, UHV) on an as-prepared thin �lm.

As can be seen by a shoulder in the O1s and a clear peak in the C1s spectra
(a), a signi�cant amount of carbon adsorbates and contaminants is present at the
thin �lm surface resulting from exposure to air after the PLD growth process and
ex-situ transfer to the AP-XPS setup. Upon heating to 770 K in a base pressure of
10−8 mbar, a reduction of the carbon adsorbates and contaminants is clearly visi-
ble in the O1s and the C1s spectra. Subsequently, the pO2 was increased stepwise
from 0.05 mbar to 5 mbar while the temperature of 770 K was maintained. All
carbon adsorbates and contaminants are removed from the surface at a pO2 above
0.05 mbar. Consequently, for all subsequent experiments the sample surfaces were
cleaned at elevated temperatures and pO2 prior to the measurements to ensure a
characterization of the intrinsic surface properties. With increasing pO2, a signi�-
cant shift towards lower binding energies is detected for all the characteristic core
level spectra and the valence band maximum. To emphasize the binding energy
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Figure 6.2.: Core level spectra of O1s and C1s, Ti2p and Sr3d, as well as the valence
band region of a 32 nm thick n-SrTiO3 �lm at room temperature (dashed spec-
tra) and 770 K (solid spectra). The dashed vertical lines indicate the position
of the characteristic binding energies at the �rst measurement at 770 K and a
base pressure of 10−8 mbar (solid circles). The dashed circles indicate the char-
acteristic binding energies at the second measurement at 770 K and low base
pressure. The �gure was published in ref. [121].
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shifts, the vertical dashed lines indicate the characteristic binding energy of O1s,
Ti2p, Sr3d and the valence band maximum at the initial measurement at a low base
pressure at 770 K (solid circles). Full reversibility of the binding energy shifts was
con�rmed by a following set of spectra taken again in UHV conditions at 770 K
(dashed circles), pointing towards a reversible underlying surface process, solely
governed by the ambient pO2. Finally, the thin �lm was cooled down to room
temperature while the low base pressure was maintained (dashed bottom spectra).

As can be seen from the lack of spectral intensities in the C1s core level spectra,
the surface was cleaned permanently at an increased temperature. Furthermore,
the core level spectra measured at room temperature in low base pressure condi-
tions show that upon cooling the characteristic binding energies shift just slightly
towards higher values as compared to the ones that had been measured in the ini-
tial measurement at room temperature and the same pressure regime. The shift
between the top and bottom dashed spectra respectively at room temperature and
in low base pressure conditions might be due to the absence of carbon adsorbates
and contaminants in the second measurement. Hence, there is an apparent e�ect

a)

b)

c)
Sr3dO1s

Ti2p

Figure 6.3.: Superposition of the O1s (a), Ti2p (b) and the Sr3d (c) core level spec-
tra measured at di�erent adjusted pO2 and a temperature of 770 K. For the
superposition, the spectra were shifted along the binding energy axis.
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of carbon-type surface adsorbates on the electronic surface con�guration. How-
ever, due to reversibility of the binding energy shift in UHV conditions without the
reappearance of the C1s peak, the pO2-dependent shifts observed at 770 K cannot
be explained by surface carbon contaminants solely. Consequently, the shown core
level spectra represent the characterization of the intrinsic surface properties of the
n-SrTiO3 thin �lm.

With varying pO2, the core level spectra generally show slight changes, com-
parably observed in all core levels. Figure 6.3 shows the superposition of the O1s
(a), Ti2p (b) and Sr3d (c) core level spectra for di�erent adjusted pO2. For the
superposition, the spectra were shifted along the binding energy axis. All measured
core levels inhibit a slight broadening with increasing pO2 as indicated by the hori-
zontal arrows. The O1s as well as the Ti2p core level do not show changes that can
be unambiguously interpreted as chemical changes. In contrast, the Sr3d core level
spectra measured at di�erent pO2 show signi�cant changes. The intensity valley
between the 3d3/2 and 3d5/2 peaks is increasingly shallower with increasing pO2 as
indicated by the vertical arrow. As further explained in section 9.2, these changes
in spectral shape may directly result from a changed potential pro�le in the surface
space charge layer.[21, 133] Similar intensity variations in the Sr core level, however,
have also been assigned to SrO[72, 128] or hydroxide (Sr(OH)2)[21] surface phase
formation. Here, neither the spectral di�erences in the O1s,[134] the Sr3d,[72, 135]
in the Ti2p,[88] nor any spectral changes in the valence band spectra[136] allow for
an unambiguous interpretation as chemical changes.

Comparison of n-SrTiO3 single crystals and thin �lms

As shown above, the thin �lms used during the measurements show bulk like
electrical properties, cf. section 4. In order to determine, whether or not thin �lms
and single crystals also show the same behavior in the AP-XPS, experiments in
equal conditions were performed. Figure 6.4 shows the comparison of the O1s (a,b)
and the Sr3d (c,d) core level of a 32 nm thick 1 at% n-SrTiO3 thin �lm grown on an
undoped SrTiO3 substrate and an 1 at% n-SrTiO3 single crystal measured at 770 K
at low base pressure conditions of 10−8 mbar and high a oxygen partial pressure
of 5 mbar. As indicated by the dashed black lines, the measured binding energies
of both characteristic core levels in a low base pressure and high pO2 conditions of
the single crystal and the thin �lm are equivalent within the experimental accuracy,
resulting in the same binding energy shift. In addition, as already seen above the
valley between the Sr3d3/2 and the Sr3d5/2 peak showed a similar �attening with
increasing pO2. Thus, thin �lms and single crystals reacted identically to changes
in pO2 at elevated temperatures, again substantiating the quality of the grown thin
�lms and pointing towards the same underlying surface process. Consequently, in
the following experiments and discussions, thin �lms and single crystals are treated
equally and will be compared directly.
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Figure 6.4.: Comparison of the O1s (a,b) and Sr3d (c,d) core level of a 32 nm 1 at%
n-SrTiO3 thin �lm and a 1 at% n-SrTiO3 single crystal measured at 770 K in
a base pressure of 10−8 bar and a pO2 of 5 mbar O2. Within measurement
accuracy, the thin �lm and the single crystal show identical results.

Fitting procedures and apparent binding energy values

In order to investigate the observed shift in more detail the binding energy val-
ues of all core levels were �tted by KolXPD software using a Shirley background
subtraction and an appropriate combination of Voigt peaks and doublets. Figure 6.5
shows typical examples of the �ts of the O1s (a), the Ti2p (b) and the Sr3d (c) core
level spectra and the valence band maximum (d) for measurements at 770 K and in
a pO2 of 1.5 mbar O2 after a Shirley background subtraction. Two Voigt functions
were �tted for the O1s peak, re�ecting an unsaturated surface lattice oxygen and a
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Figure 6.6.: Position of the characteristic binding energy of n-SrTiO3 core levels (a), the
energy di�erence between the Fermi energy and the valence band maximum as
well as the conduction band minimum (b) at 770 K. Binding energy shift relative
to measurements in low base pressure conditions (c). For a better comparability,

the x-axis in (a) is interrupted from 3 × 10−7 mbar to 3 × 10−2 mbar. The
�gure was published in ref. [121].

enced by a gold standard measurement,[140, 141] and the valence band maximum
as well as the estimated position of the conduction band minimum at 770 K[37]
(b), and the relative binding energy shift of the di�erent core level spectra and the
valence band maximum with respect to the initial low base pressure measurements
(c) at 770 K. The grey rectangle acts as a guide to the eye. The deviations in the
apparent binding energy shift relative to UHV conditions of the di�erent core levels
and the valence band maximum correspond to the di�erent kinetic energies of the
electrons extracted from di�erent core levels and are within the accuracy of the
experimental setup.

As discussed above, all characteristic binding energies shift towards lower val-
ues while increasing the pO2. Likewise, the measured position of the di�erence
between Fermi energy and the valence band maximum at a low base pressure of
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Figure 6.7.: Schematic illustration of the relative positions of the Fermi energy at a low
base pressure and 5 mbar pO2 at 770 K (a). The surface carrier concentration
in the electronic compensation (b) and in the ionic compensation regime (c)
resulting in a �at band and an electron depletion, respectively. The �gure was
published in ref. [121].

10−8 mbar is slightly above the conduction band minimum extrapolated at 770 K
(�gure 6.6 (b), dashed line)[37]. The more the pO2 is increased the more the valence
band maximum is shifted towards lower binding energies, indicating a continuous
shift of the Fermi energy deeper into the band gap. Note that the extrapolation of
the band gap down to temperatures considerable lower than the ones used during
the empirical determination of the band gap temperature dependence, might be
a�ected by small errors, as will be disucssed in sec. 8.4 and ch. 9.[37] For classi-
cal semiconductors with a full ionization of shallow donor dopants a Fermi energy
slightly below the conduction band edge is expected considering the experimental
accuracy of the measurement setup.[56, 142] Consequently, the shown position of
the Fermi energy in UHV is consistent with classical donor-doped semiconductors
and indicates that most donors are fully ionized.

Figure 6.6 c) summarizes the shift of the binding energy relative to the mea-
sured value at an base pressure of 10−8 mbar. It is clearly visible that all core level
spectra and the valence band maximum shift with an increasing pO2. The relative
shifts of the di�erent core levels nearly overlap on a single line with the one of the
valence band maximum, indicating that all peaks shift rigidly with pO2 within the
experimental accuracy. The maximum shift at 770 K and a pO2 of 5 mbar for the
di�erent measured binding energy values is about -0.6 eV. In the rigid band model
the apparent binding energy of the core levels is governed solely by the Fermi energy
of the thin �lm, cf. sec. 3.5. It is therefore a direct measure of the concentration
of electrons.[119, 142, 143] Consequently, the measured rigid shift of all core level
spectra of SrTiO3 and the valence band maximum can be explained by a mere shift
of the Fermi energy at the surface, i.e. an e�ective change of the conduction band
�lling.
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Chapter 6. pO2-dependence of surface space charge layer

Figure 6.7 illustrates schematically the relative positions of the Fermi energy
in the low base pressure regime and 5 mbar pO2 at 770 K (a) as indicated by the
AP-XPS results. At a base pressure of 10−8 mbar, the position of the Fermi energy
close to the conduction band suggests a bulk-like behavior of the n-SrTiO3 sur-
face, with a constant carrier concentration over the entire thickness of the thin �lm
(�at band). In contrast, at increased pO2, the observed relative shift of the Fermi
energy into the band gap indicates a reduction of the electron concentration and
hence an electron depletion at the surface of the n-SrTiO3 thin �lm. In fact, these
results suggests that the surface of n-SrTiO3 rather acts like acceptor-doped or
undoped SrTiO3 under oxidizing conditions, implying a signi�cant pO2-dependent
change in the electronic surface properties. The electron depletion is formed as a
compensation of a negative charge that is generated at the n-SrTiO3 surface in
dependence on the oxidizing conditions. With increasing pO2 the negative surface
charge increases, hence resulting in a more pronounced electron depletion. Assum-
ing a process limited to the surface it can be inferred that the electron concentration
deep in the thin �lm is given by the niobium dopant concentration. The resulting
electron concentration di�erence between the bulk and the surface of the thin �lm
needs to be compensated and thus implies the formation of a surface space charge
layer and with that, a band bending that can be controlled in a reversible manner
by varying the pO2. As will be shown in section 6.2, however, the assumption of a
�atband case in UHV conditions does not hold entirely. Nevertheless, it allows the
estimation of a lower limit of the generated surface charge.

In�uence of adsorbates, defects and charging on XPS spectra

In terms of the chemical and electrical properties of doped and undoped SrTiO3 that
are in�uenced by a negative surface charge, there is a wide variety of possible im-
pacts on AP-XPS measurements that needs to be considered. Firstly, typical con-
tamination need to be excluded. In addition to the previously shown evolution of
the C1s core level spectra (�g. 6.2 (a)), �gure 6.8 shows the core level spectra of
typical n-SrTiO3 surface contamination like molybde num (Mo3d, (a)), sulfur (S2s,
(a)) and silicon (Si2s, (b)) measured by lab-based AP-XPS at elevated tempera-
tures and di�erent pO2. Regardless of applied pO2 neither molybdenum nor sulfur
nor silicon contamination can be detected at elevated temperatures. Consequently,
the systematic and reversible character of the surface space charge formation as
well as the disappearance of any observable carbon peak intensity makes a merely
contaminants-based scenario unlikely.

Secondly, one major aspect that comes to mind in terms of SrTiO3, especially
in variable oxygen partial pressures, is the pO2-dependent formation and annihila-
tion of oxygen vacancies. Similar to variations in the donor doping concentration,
this e�ect is detectable by spectroscopic experiments by a changing concentration
of Ti3+ ions which can be identi�ed as a shoulder on the right hand side of the
Ti2p spectra.[124] The presence of oxygen vacancies at the surface of SrTiO3 is
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Figure 6.8.: Core level spectra of typical surface contamination of n-SrTiO3 surfaces.
The absence of the Mo3d, the S2s core level and the Si2p core level is shown in
(b) and (c), respectively. The �gure was published in the supplement of [121].

known to in�uence experimental methods that at �rst do not seem sensitive to
variable oxygen vacancy concentration.[123] In donor-doped SrTiO3, however, the
impact of oxygen vacancies is reduced dramatically. The expected concentration of
donor-type oxygen vacancies at the temperatures and oxygen partial pressures used
within this work (470 K to 770 K, 10−8 mbar to 5.0 mbar O2) is 1018 cm−3 and
below.[37, 58] This value is signi�cantly lower than all used donor doping concen-
trations. Hence, a varying oxygen vacancy concentration alone is not expected to
provide su�cient charge for substantial changes of the surface space charge region
in highly-doped SrTiO3.

These logical considerations are corroborated by the results of the lab-based
AP-XPS measurements. Figure 6.9 shows the Ti2p3/2 spectra of a 1.0 at% n-
SrTiO3 sample measured by lab-based AP-XPS at 770 K in UHV conditions (b)
and at 5.0 mbar O2 (c). Neither in UHV nor in high pO2 conditions, a signi�cant
peak or shoulder related to Ti3+ is detectable, indicating a Ti3+ concentration be-
low the detection limit and a negligible contribution of oxygen vacancies on the thin
�lm′s electronic properties even in UHV conditions. This �nding is substantiated
by the superposition of the Ti2p peaks measured at di�erent conditions where only
a slight broadening of the peak is detectable which is not related to Ti3+ states.
As was already shown in section 6.1 and will be taken upon below, this broadening
is due to the space charge layer at the surface of n-SrTiO3. Consequently, both
modeled calculations as well as experimental �ndings lead to the conclusion that
the pO2-dependent formation and annihilation of oxygen vacancies does not play a
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Figure 6.9.: Superposition of the Ti2p peaks is shown in (a). Magni�ed Ti2p3/2 spectra

measured by lab-based AP-XPS at 770 K at a pressure of 10−8 (b) and a pO2 of

5.0 mbar (c). No additional peak that might be related to Ti3+ and thereby
oxygen vacancies is detectable neither in the low base pressure nor in the high
pO2 conditions. The �gure was published in the supplement of ref. [121].

signi�cant role for the observed negative surface charge.
Thirdly, in spectroscopic experiments X-ray beam-related e�ects can cause a

charging of the sample, falsely indicating a non existing surface charge. This typ-
ically results in a shift of the apparent binding energy towards higher values.[118]
Considering that intuitively, and unambiguously shown in electronic transport ex-
periments in sec. 8.1, SrTiO3 should be more conducting in UHV than in oxidizing
atmospheres, the n-SrTiO3 thin �lm shows the opposite behavior, making charging
e�ects on the apparent binding energy unlikely. To more safely exclude charging
e�ects, additional reference measurements were performed on an Au electrode were
deposited on the sample with an additional Ti interlayer to ensure an ohmic con-
tact to the thin �lm. Figure 6.10 shows a schematic illustration of the sample
stack (a) and the superposition of the Au4f peak of a 1.0 at% n-SrTiO3 sample
measured at 670 K and pO2 ranging from 10−8 mbar up to 1.5 mbar O2 (b).
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Figure 6.10.: Representative sample stack (a) and Au4f core level spectra taken on Ti/Au
reference electrodes deposited on a 1.0 at% n-SrTiO3 sample at a temperature
of 670 K and di�erent pO2 (b). There is no shift detectable regardless of the
apparent pO2. The �gure was published in the supplement of [121].

In contrast to the measurements of the characteristic core levels of SrTiO3, there
is absolutely no shift visible in the Au4f spectra regardless of the adjusted pO2.
Consequently, X-ray beam-related charging e�ects are excluded for all AP-XPS
measurements.

Surface charge calculation

The binding energy shift shown above implies a surface potential that is re-
versibly controlled by varying the ambient oxygen atmosphere. This surface poten-
tial is generated by a corresponding negative surface charge that can be estimated
considering classical semiconductor theory. Figure 6.11 shows the decay of the deter-
mined surface potential into the sample (a), a schematic illustration of the negative
surface charge and a compensating electron depletion layer on the n-SrTiO3 side
(b) and the corresponding surface charge (c).

The negative surface charge is compensated by electron depletion in the near
surface region. For electron depletion (re�ecting the majority carriers), uncompen-
sated niobium-dopants dominate the �eld screening, rendering a constant charge
density within the surface space charge layer and thus a parabolic potential pro�le
given by [65]

φ(x) = −
NDe

2ε0εr
(∆xSCL − x)2 , (6.1)
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Figure 6.11.: The decay of the surface potential into n-SrTiO3 sample in di�erent pO2 is
shown in (a). Schematic illustration of the negative surface charge compensation
by electron depletion underneath the surface (b). The corresponding surface
charge is presented in (c).

where φ(x) denotes the potential at a given depth x, ND the donor-doping con-
centration, e the electron charge, ε0 the vacuum permittivity, εr the temperature-
dependent relative permittivity and ∆xSCL the space charge layer width. The
temperature dependence of the relative permittivity is empirically given by [37,
38]

εr(T ) =
78400 K
T − 28 K

, (6.2)

where T denotes the temperature. The relative permittivity at 770 K is determined
from literature to εr(770 K) ∼ 105. The resulting space charge layer width is
calculated by [65]

∆xSCL =

√
2ε0εrφ0

eND

, (6.3)

where φ0 denotes the potential right at the surface (x=0). Note that the surface
space charge layer width shows a slight temperature dependence due to the tem-
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perature dependence of the relative permittivity εr. Combining eqs. 6.1, 6.2 and
6.3 the potential pro�le is determined by

φ(x,T,φ0) = −
NDe

2ε0
(

78400 K
T−28 K

)

√√√√2ε0

(
78400 K
T−28 K

)
φ0

eND

− x


2

. (6.4)

Figure 6.11 (a) shows the calculated potential decay into the sample at 770 K for
di�erent pO2. Here the binding energy shift between a low base pressure and the
given pO2 is used as the surface potential φ0. A higher pO2 leads to a higher surface
potential and thereby to a change in the potential decay into the sample.
From the measured surface potential the negative surface charge necessary to induce
the surface space charge layer is calculated by [65]

Q/A =
√

2ε0εrφ0NDe , (6.5)

where Q/A denotes the surface charge in e/cm2. The estimated surface charge is de-
picted in �gure 6.11 (c). It ranges from 7.95 × 1013 e/cm2 up to 1.02 × 1014 e/cm2

at 0.05 mbar O2 and 5 mbar O2, respectively. The corresponding space charge layer
width ranged from 5 nm to 7 nm. As seen from the Fermi energy position relative
to the conduction band edge, the impact of even comparably low changes in the
surface charge Q/A on the electrical surface properties is signi�cant. An alteration
of the surface charge by less than a factor of two leads to substantial changes in the
surface band bending.
It needs to be noted that this calculation is only valid for the assumption of the
�atband case in the low base pressure regime. In addition, it is also assumed that
the measured binding energy position is the binding energy position right at the
surface. As will be shown below, both these assumptions do not hold entirely,
due to band bending present already in UHV conditions and a possible �uctuation
of the relative permittivity εr due to its �eld dependence. The potential errors,
however, both underestimate the present surface potential. Therefore, all surface
charges calculated from AP-XPS spectroscopy measurements are regarded as a
lower limit.

Apparent binding energy

It is important to note that what is referred to here as binding energy is only the
apparent binding energy value extracted from the �t of the peak pro�les. Figure 6.12
shows the impact of the pO2-dependent surface space charge layer over the entire
probing depth (a) and a schematic illustration of the e�ect of the potential pro�le
on the results of typical XPS measurements (b).
As the depth probed by the spectroscopy is in the same order of magnitude as
the extent of the space charge layer, the measured signal is a superposition of the
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Figure 6.12.: The impact of the pO2-dependent surface space charge layer over the entire
probing depth is shown in (a). A schematic illustration of the consequences of
the potential pro�le on the XPS measurements is displayed in (b). The full circle
gives the measured binding energy position while the dashed circle determines
the real binding energy of the top most surface layer. The simulation of the
spectra was conducted by D. N. Mueller (PGI-6, FZJ).

peaks of varying binding energy according to the pro�le of the space charge layer,
weighted by the attenuation.[139, 144] Within the surface space charge layer, the
binding energy is given by

BE(x) = BEbulk − φ(x) , (6.6)

where BE(x) denotes the binding energy at a speci�c depth x and BEbulk the
una�ected binding energy deep inside the thin �lm. The speci�c binding energy
of all core levels in di�erent probing depths are slightly shifted against each other,
which results in two e�ects. First, every measured core level peak with a speci�c
incident photon energy is broadened asymmetrically. This asymmetry could neither
be observed nor unambiguously �tted in the experiments, probably due to the
insu�cient measurement accuracy. Second, the measured binding energy position
is not the real binding energy of the top most sample layer, see �gure 6.12 (b), but
just an apparent binding energy which stems from the weighted superposition of all
measured core level regions at di�erent depths. Consequently, the apparent binding
energy as obtained from the spectroscopy underestimates the surface potential. A
quantitative correction to the true binding energy at the surface and thus the surface
potential is only possible if the shape of the space charge layer is undoubtedly
known, and the value of the relative permittivity (εr) is constant over the entire
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applying in-situ thermodynamic biases (T , pO2). The as-prepared sample was con-
tacted from the top using thin metal contact strips consisting of 50 nm platinum
on top of 5 nm titanium deposited by e-beam evaporation. This way, an ohmic
contact between the n-SrTiO3 thin �lm and the analyzer ground contact and hence
Fermi coupling is ensured. The photon energy was varied from 1080 eV to 270 eV
corresponding to IMFPs ranging from 1.2 nm down to 0.4 nm for the Sr3d core level
which allowed for an increased surface sensitivity and depth pro�ling. The IMFP
was calculated by TPP2M formula [146] and corrected by the electron take o� an-
gle of 40◦ to arrive at the probing depth. The atmosphere applied in-situ during
the measurements ranged from 10−8 mbar base pressure up to 1.3 mbar controlled
oxygen atmosphere, which de�ned the total pressure during the AP-XPS measure-
ments. All AP-XPS data shown here are energy corrected using the Au4f core level
measured of a thin gold foil attached to the sample at every photon energy and
atmospheres adjusted.[140, 141] Note that this corrects possible variations in the
incident photon energy. A typical measurement took about 30 minutes to 1 hour
to adjust and stabilize temperature and gas pressure, followed by about 24 hours
to execute the spectroscopic experiments. During the entire time, the sample was
kept under constant conditions. No transient changes in spectral shape or binding
energy position were observed on a longer time scale, indicating spectroscopic equi-
librium after the adjustments.

Figure 6.14 shows the O1s, Ti2p, Sr3p and Sr3d core levels and the valence band
region of a 32 nm thick 1 at% n SrTiO3 thin �lm measured with di�erent photon
energies implying di�erent IMFPs and thereby probing depths ranging from 1.3 nm
down to 0.4 nm at a low base pressure of 10−8 mbar (a, green) and a pressure of
1.3 mbar O2 (b, blue). The dashed black lines indicate the apparent binding energy
position at the highest measured probing depth. The di�erent probing depths for
the di�erent core levels result from the combination of the speci�c binding energy
position and the used incident photon energy, cf. section 3.5. As indicated by the
black dashed lines, the speci�c apparent binding energy positions of every core level
and the valence band region shift towards lower values for increasing pO2. This is
consistent with the lab-based AP-XPS results at varying pO2 shown above.

In addition, all core levels as well as the valence band region shift towards lower
binding energies with higher probing depths for both the measurements in a low
base pressure and a pO2 of 1.3 mbar. As explained above in section 6.1 such a shift
is caused by a surface potential which decays into the sample. Consequently, these
�ndings prove the existence of a surface space charge layer at the n-SrTiO3 surface
directly. Due to the fact that the rigid shift with varying probing depths occurs not
only at high pO2 but also in the low base pressure regime shows that the surface
space charge layer is already present at ultra high vacuum conditions. This is con-
trary to what has been assumed in the lab-based experiments with varying pO2. It
is also contradictory to the assumption of a �at band case in UHV which is used to
determine the generated negative surface charge but as explained above this only
leads to an underestimation of the actual surface potential and the corresponding
negative surface charge.
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Chapter 6. pO2-dependence of surface space charge layer

Utilizing the more surface sensitive measurement accuracy of the synchrotron-based
AP-XPS it is possible to investigate possible chemical changes at the n-SrTiO3 sur-
face more precisely. Apart from the binding energy shift with varying probing depth
for both UHV conditions and high pO2 the Sr3p spectra does not show any spectral
changes due to its low intensity. Therefore, it will not be examined any further.
Figure 6.15 shows the Ti2p core level spectra for di�erent probing depths and their
superposition (shift of the binding energy axis) measured at a low base pressure of
10−8 mbar (a, c, green) and at a high pO2 of 1.3 mbar (b, d, blue) at 670 K.

As described above, the shift of the measured core levels towards lower binding
energies with decreasing probing depths in both UHV conditions and high pO2 di-
rectly illustrate the presence of a surface space charge layer. In addition, the super-
position of the normalized Ti2p core level reveal a slight broadening with increasing
probing depth. As explained in section 6.1 this broadening is a direct result of the
surface space charge layer′s potential decay since it leads to slightly di�erent bind-
ing energy positions in di�erent information depths which are superimposed by the
AP-XPS measurement setup. As already seen in the lab-based AP-XPS measure-
ments at di�erent pO2 neither in low base pressures nor in high pO2 any changes
of the peak shape could be detected that might be interpreted as chemical changes.
Especially, no Ti3+ peak arises as a shoulder on the right side of the Ti2p spectra.
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Figure 6.15.: Ti2p core level spectra and their normalized superposition (shift of the

binding energy axis) measured in a low base pressure of 10−8 mbar (a, c, green)
and at a high pO2 of 1.3 mbar (b, d, blue) at 670 K and di�erent probing depths
ranging from 1.1 nm down to 0.5 nm.
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6.2. Binding energy shift at di�erent probing depths

Consequently, a surface redox process that might involve a signi�cant amount of
oxygen vacancies is excluded again, cf. section 9.1.[88]

Figure 6.16 illustrates the measurements of the O1s core level at di�erent prob-
ing depths and their superposition observed at a low base pressure (a, c, green) and
at high pO2 (b, d, blue) at 670 K. Again, both measurements in UHV conditions and
high pO2 both show a shift towards lower binding energies with decreasing probing
depth which is corresponding to the presence of the surface space charge layer. In
neither of the experiments an altering peak shape could be detected that can un-
ambiguously interpreted as chemical changes. The superposition of the measured
O1s core level, however, shows a characteristic probing depth-dependent evolution
of the full width half maximum (FWHM). The highest FWHM was detected at the
lowest probing depth. This is true for both UHV conditions and high pO2. The
results of the remaining two probing depths is identical in terms of data accuracy.
This e�ect might be due to the contrary impact of two e�ects. Firstly, as men-
tioned above, the presence of the surface space charge layer increases the FWHM
with increasing probing depth. Secondly, a suspected additional component at the
n-SrTiO3 surface on the left side of the O1s peak increases the FWHM with decreas-
ing probing depth. Hence, at higher probing depths the two e�ects might cancel out
each other while at the lowest probing depth the impact of the additional oxygen
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Figure 6.16.: O1s core level spectra and their normalized superposition measured in a
low base pressure of 10−8 mbar (a, c, green) and at a high pO2 of 1.3 mbar (b,
d, blue) at 670 K and di�erent probing depths ranging from 1.0 nm down to
0.4 nm.
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Chapter 6. pO2-dependence of surface space charge layer

component becomes dominant. Note that due to the measurement accuracy, the
unknown binding energy position of the additional surface component, a resulting
superposition of di�erent components as well as the low number of possible data
points did not allow for a unambiguous �tting of the suggested surface component.

Figure 6.17 shows the Sr3d core level spectra as well as their superposition
measured in a low base pressure (a, c, green) and a high pO2 of 1.3 mbar (b, d,
blue) at 670 K and di�erent probing depths. The Sr3d core level spectra also show
the shift towards lower binding energies with decreasing probing depth indicating
the presence of the surface space charge layer. In addition, the superposition of
the Sr3d core level spectra reveals two probing depth-dependent e�ects. Firstly,
as already explained in the case of the O1s spectra, the spectra show an non-
monotonous broadening with decreasing probing depth. From the highest to the
second highest probing depth the FWHM slightly decreases. For all lower probing
depths, however, the FWHM increases monotonously. In accordance to the results
of the O1s core level spectra, this might be due to the interplay of two contrary
e�ects caused by the presence of the surface space charge layer and an additional
surface component. As will be shown below it was possible to concisely �t the
SrO surface second component at varying probing depths. Secondly, the intensity
valley between the Sr3d3/2 peak and the Sr3d5/2 peak is continuously �attened
with decreasing probing depth with the exception of the highest probing depth. As
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Figure 6.17.: Sr3d core level spectra and their normalized superposition measured in a
low base pressure of 10−8 mbar (a, c, green) and at a high pO2 of 1.3 mbar (b,
d, blue) at 670 K and di�erent probing depths.
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6.2. Binding energy shift at di�erent probing depths

explained in section 9.1 a solely negative surface charge that does not involve chem-
ical changes in the strontium sublattice would lead to a consistent broadening of all
characteristic core levels and a resulting �attening of the intensity valley between
the Sr3d3/2 peak and the Sr3d5/2 with increasing probing depth due to the pres-
ence of the surface space charge layer. In contrast, the precipitation of SrO a the
n-SrTiO3 surface leads to a �attening of the intensity valley between the Sr3d3/2

peak and the Sr3d5/2 peak with decreasing probing depth due to the presence of a
second high binding energy component at the n-SrTiO3 surface. Consequently, the
determined probing depth-dependent evolution of the intensity valley between the
Sr3d3/2 and Sr3d5/2 peaks proves a surface redox process responsible for the space
charge formation that does involve the strontium sublattice, already suggesting the
precipitation of SrO at the n-SrTiO3 surface.

Figure 6.18 shows the valence band at di�erent probing depths and their nor-
malized superposition measured at a low base pressure (a, c, green) and a high
pO2 of 1.3 mbar (b, d, blue) at 670 K. As all characteristic core levels, the valence
band maximum also inhibits a shift of the binding energy towards lower values
with decreasing probing depth. Additional spectral changes are also present in the
valence band region. In the high pO2 regime an additional feature rises at higher
binding energies. The feature is more pronounced the more the probing depth is
reduced. In good agreement with literature, this evolution is identi�ed as a part

a) b) c)

d)

VBM

1.3

VBM

1.3 mbar O2 | 670 K

1.1

0.8

0.7

0.6

1.3

1.1

0.8

0.7

0.6

10-8 mbar | 670 KVBM | 10-8 mbar | 670 K VBM | 1.3 mbar O2 | 670 K
SrO

SrO

O2

In
te

ns
ity

 [a
rb

. u
.]

In
te

ns
ity

 [a
rb

. u
.]

In
te

ns
ity

 [a
rb

. u
.]

In
te

ns
ity

 [a
rb

. u
.]

Binding energy [eV] Binding energy [eV] Relative Binding energy [eV]

Relative Binding energy [eV]

Figure 6.18.: Valence band spectra and their normalized superposition measured in a
low base pressure of 10−8 mbar (a, c, green) and at a high pO2 of 1.3 mbar (b,
d, blue) at 670 K and di�erent probing depths.
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Chapter 6. pO2-dependence of surface space charge layer

of the highest occupied molecular orbit (HOMO) of the oxygen gas present in the
measurement chamber.[147] Furthermore, in both the low base pressure regime as
well as in high pO2 conditions the right side of the valence band rises with decreas-
ing probing depth. This might be due to the already mentioned changes in the
strontium sublattice. As will be shown in section 9.2 strontium oxide precipitates
at the surface. The valence band of this additional layer is in the same binding en-
ergy regime as the valence band of the n-SrTiO3 thin �lms investigated here.[139]
Hence, the additional rising feature may be identi�ed as part of the SrO surface
layer valence band. The superposition of the two valence bands, however, a�ected
the determination procedure of the valence band maximum as described for the
measurements with solely varying pO2 by indeterminable di�culties. Hence, in
the following the position of the valence band maximum is not considered for the
measurements at di�erent probing depths.

To further investigate the properties of the present surface space charge layer
and the underlying surface redox process, the measured core level were �tted. Fig-
ure 6.19 shows the apparent binding energy positions of the O1s, the Ti2p, the
Sr3p and the Sr3d core level resulting from the di�erent �ts. Note that as the
depth probed by spectroscopy is in the same order of magnitude as the extend of
the surface space charge layer, the signal is a superposition of peaks of varying
binding energies according to the pro�le of the space charge layer and weighted by
the attenuation.[144] The O1s, Ti2p and Sr3d core level were �tted as described in
section 6.1. The Sr3p core level was �tted using Shirley background subtraction in
combination with a single Voigt function.

As already indicated above, the binding energy positions of all core levels are
by ∼0.6 eV higher in the low base pressure regime, which is in good agreement with
the lab-based AP-XPS measurements, cf. sec. 6.1. In both the low pressure regime
and in high pO2 conditions all core level shift rigidly with the probing depth by
∼-0.3 eV when varying the probing depth. Note that the probing depth-dependent
apparent binding energies of the Sr3d core level showed slight deviations in their
evolution due to changes in the chemical surface composition. The evolution of all
the apparent binding energy positions with probing depth indicated a course of the
potential decay into the sample that corresponds to a negative surface charge, cf.
section 6.1. The lower the used probing depth becomes the stronger the apparent
binding energy shifts towards lower values representing a higher potential present
at the surface, cf. equ. 6.1. This increase of the local potential corresponds to a
further reduction of the electron concentration close to the surface. Consequently,
these results directly prove the existence of a surface space charge layer in the n-
SrTiO3 thin �lm not only at a high pO2 of 1.3 mbar but also at a low base pressure
of 10−8 mbar. Even in the low pressure regime the surface space charge layer is
not fully removed. Due to the surface space charge layer being present already at
a low base pressure, the actual shift of the binding energy position in high pO2 in
comparison to the bulk value deep in the sample is underestimated. Accordingly,
the calculated negative surface charge still holds as a lower limit.

Special attention is paid to the Sr3d core level since the evolution of the inten-
sity valley between the Sr3d3/2 and the Sr3d5/2 peak demonstrates the strontium
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Figure 6.19.: Probing depth dependent apparent binding energy positions of the O1s,
Ti2p, Sr3p and Sr3d core levels are shown in (a) for low base pressures and (b)
at 1.3 mbar O2, respectively. The probing depth dependent rigid shift of all core
levels in both a low base pressure and 1.3 mbar O2 demonstrates the presence
of a surface space charge layer in both conditions.

sublattice to be involved in the surface redox process. Figure 6.20 shows the evolu-
tion of the Sr3d spectra for di�erent probing depths ranging from 1.2 nm down to
0.4 nm measured at a temperature of 670 K, at a low base pressure of 10−8 mbar (a)
and an adjusted high pO2 of 1.3 mbar (b). Embedded into the data are individual
�ts after a Shirley background subtraction consisting of two Voigt doublets repre-
senting the saturated SrTiO3 lattice (low binding energy component, light blue)
and a SrO surface secondary phase (high binding energy component, turquoise)
separated by 0.8 eV. The red circles and triangles indicate the binding energy po-
sition of the Sr3d5/2 low binding energy component peak at the di�erent probing
depths measured at a low base pressure and high pO2, respectively. The �tted
binding energy position of the Sr3d5/2 low binding energy component peaks for
the di�erent probing depths are shown in (c). The relative contribution of the SrO
surface component estimated by its peak area is shown in (d).

As a result of the varied oxygen atmosphere, the peak positions obtained in a
low base pressure and at high pO2 are o�set by ∼-0.55 eV. In addition, a probing
depth-dependent evolution of the SrO surface component is observed at a low base
pressure and in high pO2. With decreasing probing depth the SrO surface compo-
nent increases strongly, indicating a distinct surface termination of SrO coverage
at the surface of the n-SrTiO3 sample. It is thereby responsible for the �atten-
ing of intensity valley between the Sr3d3/2 and the Sr3d5/2 peaks in both UHV
conditions and at a pO2 of 1.3 mbar. The overall contribution of the SrO second
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6.2. Binding energy shift at di�erent probing depths

Summary

In this chapter the pO2-dependent formation of a space charge layer at the
surface of n-SrTiO3 was investigated. In the �rst section, it was demonstrated by
lab-based AP-XPS measurements that with increasing pO2 the apparent binding
energy positions of all characteristic core levels and the valance band maximum
shift rigidly towards lower values. This is due to a shift of the Fermi energy deeper
into the band gap that is accompanied by an electron depletion layer underneath
the surface. This depletion is compensated by the generation of a negative sur-
face charge, which dominates the properties of the surface space charge layer. The
surface charge as well as the course of the potential decay into the surface has
been calculated. These calculations will be used throughout the next chapters. In
addition, it has been shown that what is referred to here as binding energy is an
apparent binding energy which evolves from the superposition of di�erent core level
spectra in di�erent probing depths. Consequently, the shown calculations describe
the lower limit of the generated surface charge.

In the second section, synchrotron-based AP-XPS experiments at di�erent prob-
ing depths directly track the course of the potential pro�le into the sample. With
increasing probing depth the shift relative to low base pressure conditions is re-
duced. This e�ect is due to the decay of the surface potential into the sample. It
directly proves the former indirectly described space charge layer at the surface of
n-SrTiO3 in both UHV conditions and at a high pO2 of 1.3 mbar. In addition, the
Sr3d core level showed spectral changes that were identi�ed as a strontium oxide
second component proving the strontium sublattice to be involved in the surface
redox reaction which will be further examined in section 9.1.

To further investigate the properties of the emerging surface space charge layer
the next chapter focuses on the impact of the surface charge as its dominating pa-
rameter and its dependency on pO2, donor-doping concentration and temperature.
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7. Thermodynamic control of the

surface charge

The negative surface charge is the dominating parameter of the pO2-dependent
space charge layer at the surface of n-SrTiO3. As can be seen in eqs. 6.2 and
6.5 the generated surface charge depends directly on the surface potential φ0, the
temperature-dependent relative permittivity εr and the donor-doping concentration
ND. In addition, using a classical parabolic approximation the shape of the poten-
tial decay of the surface space charge layer and especially its width also depend
directly on all three parameters, cf. equation 6.1 and 6.3. As described above,
the surface potential is the parameter that is in good approximation observed by
AP-XPS. Hence, this chapter focuses on the impact of the ND (section 1) and the
temperature (section 2) on both the emerging negative surface charge as well as
on the shape of the space charge layer. In the third section, the �ndings on the
ND and the temperature dependence are compared.

Figure 7.1 shows a schematic illustration of the sample stacks for the n-SrTiO3 thin
�lms (a) and single crystals (b). The samples were contacted from the top using thin
metal contact strips consisting of 30 nm gold on top of 5 nm titanium deposited
by e-beam evaporation. This way, an ohmic contact between the n-SrTiO3 sur-
face and the analyzer ground contact and hence Fermi coupling was ensured. All
measurements were performed at the same lab-based AP-XPS measurement setup
described in sec. 6. The in-situ pO2 ranged from a low base pressure of 10−8 mbar

Au
Ti

Au
Ti

SrTiO
3 substrate

n-SrTiO3 thin film
Au
Ti

Au
Ti

n-SrTiO
3 substrate

a) b)

Figure 7.1.: Schematic illustration of the sample stacks for the n-SrTiO3 thin �lms (a)
and single crystals (b).



Chapter 7. Thermodynamic control of the surface charge

(UHV) up to 5 mbar O2. Thereby, the oxygen partial pressures of 0.00015 mbar O2

up to 0.015 mbar O2 were adjusted by using a premixed gas consisting of 0.3 % O2

in Argon and a total pressure ranging from 0.05 mbar 0.3 % O2/Ar and 1.5 mbar
0.3 % O2/Ar. The pO2 between 0.1 mbar and 5 mbar were adjusted using pure oxy-
gen gas. In order to clean the surfaces from carbon contamination, all samples were
heated up to 670 K and exposed to 1.5 mbar O2 prior to the presented measure-
ments, cf. section 6.1. All AP-XPS data shown in this chapter was energy corrected
using the Au4f core level measured at the sample top contact for all adjusted pO2,
doping concentrations and temperatures between 370 K and 670 K.[140, 141] For
the measurements at room temperature and at 770 K the corrections at 370 K and
670 K were used, respectively.

7.1. Surface space charge layer at di�erent doping
concentrations

Figure 7.2 shows the O1s, Ti2p and the Sr3d core level spectra of n-SrTiO3 sam-
ples measured by AP-XPS at 670 K in di�erent pO2 and with di�erent doping
concentrations ranging from 0.1 at% (a) and 1.0 at% (b) niobium doping up to
5.0 at% (c) lanthanum-doping. Both niobium and lanthanum act as donor-dopants
in SrTiO3.[37, 38, 72] The dashed circles and vertical lines indicate the apparent
binding energy position of all characteristic core levels in low base pressure condi-
tions of 10−8 mbar.

For all doping concentrations ND the apparent binding energies of all charac-
teristic core level shift towards lower values with increasing pO2. This is consistent
with the �ndings in sec. 6. In addition, at �rst sight no obvious spectral change is
visible in the O1s and the Ti2p core level spectra. The Sr3d core level spectra again
exhibits a slight �attening of intensity valley between the Sr3d3/2 and the Sr3d5/2

peak for all doping concentrations. In order to determine whether or not the ex-
periments at di�erent doping concentrations allows an unambiguous conclusion on
the underlying surface redox process the core level peak shape is further examined.

Figure 7.3 shows the superposition of the O1s core level (a,d,g), the Ti2p core
level (b,e,h) and the Sr3d core level (c,f,i) of n-SrTiO3 samples measured in low
base pressure conditions and a high pO2 of 1.5 mbar O2 with doping concentra-
tions ranging from 0.1 at% up to 5 at% measured at 620 K. As already described
above, with increasing pO2 there are two di�erent e�ects on the measured core
levels. Firstly, the full width half maximum increases. Secondly, the intensity val-
ley between the Sr3d3/2 and the Sr3d5/2 is �attened. Both e�ects are enhanced
with increasing doping concentration. The spectral di�erences, however, do not al-
low for an unambiguous interpretation as chemical changes neither in the O1s core
level[134] nor in the Ti2p core level[88], cf. see section 9.2. The altered intensity
valley between the Sr3d3/2 and Sr3d5/2 peaks might be caused by both, the evo-
lution of a SrO component at the n-SrTiO3 surface resulting in an increased SrO
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Figure 7.2.: Core level spectra of O1s, Ti2p and Sr3d of n-SrTiO3 samples with 0.1 at%
(a), 1.0 at% (b) and 5.0 at% (c) donor-doping at 670 K and di�erent pO2. The
dashed circles and vertical lines indicate the position of the apparent character-
istic binding energies at the measurement in a low base pressure of 10−8 mbar.
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secondary component peak in the Sr3d core level, or the pure electronic surface
e�ect which would be revealed as a plain Gaussian broadening due to the decay of

a) b)
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Figure 7.3.: The O1s core level (a,d,g), the Ti2p core level (b,e,h) and the Sr3d core
level (c,f,i) of n-SrTiO3 samples measured in a low base pressure and a high
pO2 of 1.5 mbar O2 superimposed for di�erent doping concentrations measured
at 620 K. With an increased pO2 the shape of both core levels is broadened sig-
ni�cantly. In addition, the intensity valley between the Sr3d3/2 and the Sr3d5/2

peak is �attened. Both e�ects are enhanced by a higher doping concentration.
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7.1. Surface space charge layer at di�erent doping concentrations

a surface potential into the sample, cf. sec. 6.1.
In order to investigate the observed binding energy shift in more detail �gure 7.4

shows the apparent binding energy positions of the O1s, the Ti2p and the Sr3d core
levels. Similar to the more detailed discussion in sec. 6, the measured spectra were
�tted by KolXPD software using a Shirley background subtraction and an appro-
priate combination of Voigt peaks and doublets as described in detail in sec. 6.2.
As already indicated by the vertical dashed black lines in �gure 7.2, the apparent
binding energy positions of all characteristic core levels shift rigidly towards lower
values with increasing pO2. The course of the apparent binding energy positions is
parallel for the di�erent ND. This result points towards a similar underlying pro-
cess for all doping concentrations. In addition, increasing ND led to overall higher
apparent binding energy values for all investigated core levels at oxidizing condi-
tions. The apparent binding energy value in low base pressure conditions di�ers
only slightly. Consequently, the binding energy shift decreases with increasing ND,
as will be shown below.

Figure 7.5 shows the pO2-dependent binding energy shifts relative to the mea-
surements at a low base pressure of 10−8 mbar of the O1s (a), the Ti2p (b) and the
Sr3d (c) core level for the di�erent ND. The grey dashed lines act as a guide to the
eye. All core levels shift rigidly with increasing pO2 and parallel for the di�erent

Figure 7.4.: pO2-dependent apparent binding energy position of the characteristic core
levels of n-SrTiO3 with di�erent doping concentrations. All apparent binding
energies shift rigidly with pO2. The higher the ND is the higher is the apparent
binding energy of every measured core level.
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Chapter 7. Thermodynamic control of the surface charge

doping concentrations. For the n-SrTiO3 sample with a doping concentration of
0.1 at% the binding energy shift ranges from ∼-0.3 eV at a pO2 of 1.5 × 10−4 mbar
up to ∼-0.7 eV at a pO2 of 5 mbar. The overall shift of the 1 at% doped n-
SrTiO3 sample is lower, ranging from ∼-0.2 eV up to ∼-0.6 eV in the same pO2-
limits. The shift of the 5 at% doped n-SrTiO3 sample ranges from ∼-0.2 eV at
0.05 mbar O2 up to ∼-0.4 eV at a pO2 of 5 mbar. Note that the overall binding
energy shift observed in the Sr3d core level is lower in comparison to the O1s and
Ti2p core levels. This e�ect might be due to measurement uncertainties and the
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Figure 7.5.: pO2-dependent binding en-
ergy shift relative to UHV of O1s
core level (a), the Ti2p core level
(b) and the Sr3d core level (c) of
n-SrTiO3 for di�erent ND. All
core levels shift rigidly with pO2.
The higher donor-doping is the
lower the observed binding energy
shift. The grey dashed lines act as
a guide to the eye.
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7.1. Surface space charge layer at di�erent doping concentrations

resulting evaluation corresponding to the rise of the second strontium oxide com-
ponent in the Sr3d core level, cf. section 9.1. With increasing doping concentration
the overall binding energy shift relative to UHV decreases. This evolution indicates
a more pronounced e�ect with a lower doping concentration, but as will be shown
below this indication is misleading.

Figure 7.6 shows the pO2-dependent binding energy shifts (∆EB) relative to
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ing energy shift relative to low base
pressure conditions (a). The result-
ing surface potential decay for the
measurements at 1.5 mbar O2 are
shown in (b). The higher the donor-
doping concentration is the steeper
the potential decay into the sam-
ple. The surface charge calculated
for the measurements at 1.5 mbar
O2 are shown in (c). The higher the
donor-doping concentration is the
higher the surface charge.
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Chapter 7. Thermodynamic control of the surface charge

low base pressure conditions averaged over the three characteristic core levels (a),
the resulting surface potential decay (b) and the negative surface charge (c) for
measurements at 1.5 mbar O2. In the following the averaged binding energy
shift relative to low base pressure observed at 1.5 mbar O2 will be used as the
surface potential φ0. Utilizing eqs. 6.1 and 6.3 the shape of the surface space
charge layer at di�erent ND is resolved as the course of the surface potential drop
into the sample. Here a relative permittivity of εr ∼122 determined from the
empirical equation 6.2 was used. Under the assumption of full ionization, the
concentrations of donor dopants and thereby the carrier concentrations were es-
timated to ND(0.1 at%) ≈ 1.5 × 1019 cm−3, ND(1.0 at%) ≈ 1.5 × 1020 cm−3 and
ND(5.0at%) ≈ 7.5 × 1020 cm−3 for the di�erent donor-doping concentrations. As
shown above the average binding energy shift decreases rigidly with increasing dop-
ing concentration.

The course of the potential decay into the sample changes signi�cantly with ND.
Using the binding energy shift at 1.5 mbar O2 as the surface potential, the space
charge layer width is calculated to ∆xSCL(0.1 at%) ≈ 22.7 nm, ∆xSCL(1.0 at%) ≈
6.4 nm and ∆xSCL(5.0 at%) ≈ 2.2 nm. It decreases substantially with increas-
ing doping concentration. Consequently, the steepness of the initial slope of the
potential decay increases with increasing ND. The initial slope of the potential de-
cay is proportional to the electric �eld at the surface of the n-SrTiO3 samples.[65]
The surface electric �elds were determined analytically to E(0.1 at%)∼0.5 MV/cm,
to E(1.0 at%)∼1.2 MV/cm and E(5.0 at%)∼2.5 MV/cm for n-SrTiO3 samples
with 0.1 at%, 1.0 at% and 5.0 at% donor-doping concentration, respectively. With
increasing ND the surface electric �elds increase signi�cantly. The negative sur-
face charges were calculated using equation 6.5, see �gure 7.6 (c). The overall
surface charge increases with increasing doping concentration. It scales with the
square root of the donor-doping concentration. For the 0.1 at% n-SrTiO3 sample
it ranges from 2.4×1013 e/cm2 up to 3.7×1013 e/cm2 for pO2 of 1.5 × 10−4 mbar
and 5 mbar, respectively. For the 1.0 at% n-SrTiO3 sample the surface charge
extends from 6.2×1013 e/cm2 up to 1.0×1014 e/cm2 for the same pO2. For the
5.0 at% n-SrTiO3 sample the surface charge ranges from 1.5×1014 e/cm2 up to
2.0×1014 e/cm2 at pO2 of 0.05 mbar and 5 mbar, respectively. Table 7.1 sums
up the results determined from AP-XPS measurements with di�erent donor-doping

Table 7.1.: Summary of the doping concentration-dependent results. Note that the
calculated space charge layer widths and generated surface charges are regarded
as a lower limit.

Donor-doping level [at%] 0.1 1.0 5.0

∆EB rel. to UHV at 1.5 mbar O2 [eV] -0.58 -0.46 -0.28

Doping conc. ND [1020 cm−3] 0.15 1.5 7.5
Space charge layer width ∆xSCL [nm] 22.7 6.4 2.2

Electric �eld [MV/cm] 0.5 1.2 2.5

Neg. surface charge [1013 e/cm2] 3.4 9.6 16.9
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7.2. Surface space charge layer at di�erent temperatures

concentrations.
The generated negative surface charge increases with both increasing pO2 and

increasing doping concentration. This is in good agreement with the dopant con-
centration dependent broadening of the spectra and the �attening of the intensity
valley between the Sr3d3/2 and the Sr3d5/2 peak shown in �gure 7.3. The pO2-
dependence of the surface space charges is similar for all doping concentrations,
indicating again an identical underlying surface process. Even though the sample
with the highest ND undergoes the smallest binding energy shift, the underlying
surface e�ect is the strongest manifesting in the highest surface electric �eld and
the highest generated surface charge.

Regardless of the nature of the underlying process its impact on the surface of
n-SrTiO3 is substantial even with ND as low as 0.1 at% and becomes even more
signi�cant with increasing donor-doping concentrations. At a certain pO2 changing
ND allows to directly control the generated surface charge and thus the corre-
sponding electron depletion at the surface of n-SrTiO3. By controlling the electron
concentration, representing the majority carrier in the system, it is possible to ma-
nipulate the properties of the surface space charge layer, its width, shape and the
surface electric �eld.

7.2. Surface space charge layer at di�erent
temperatures

Besides pO2 and ND another thermodynamic parameter possibly impacting the
surface space charge layer is the temperature. As can be seen in eqs. 6.2 and 6.5,
in addition to the temperature and pO2dependence of an underlying surface redox
process, the generated surface charge as well as the shape of the potential decay
of the surface charge and especially its width depends directly on the temperature-
dependent relative permittivity εr. Figure 7.7 shows the oxygen 1s (O1s), the
titanium 2p (Ti2p) and strontium 3d (Sr3d) core level spectra as well as the va-
lence band region of a 1.0 at% donor-doped n-SrTiO3 sample measured at a low
base pressure of 10−8 mbar (a) and at 1.5 mbar O2 (b) at di�erent temperatures.
The dashed vertical circles and lines indicate the position of the apparent binding
energy measured at the highest temperature.

The apparent binding energy positions measured for all characteristic core level
as well as for the valance band maximum are generally higher in UHV conditions in
comparison to 1.5 mbar O2. In the low base pressure, the apparent binding energy
positions do not shift monotonously with temperature and are stable within mea-
surement accuracy. In contrast, at 1.5 mbar O2 with decreasing temperature the
apparent binding energy values of all characteristic core levels shift slightly towards
higher values. Consequently, there seems to be an impact of the temperature on
the underlying surface redox process taking place under oxidizing conditions. In
order to examine if there is an unambiguous change in the chemical composition of
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Figure 7.7.: Temperature-dependent core level spectra of the O1s, Ti2p and Sr3d core
levels and the valence band region of a 1 at% donor-doped SrTiO3 sample mea-
sured at a low base pressure of 10−8 mbar (a) and at 1.5 mbar O2 (b). The
dashed vertical lines and circles indicate the position of the apparent character-
istic binding energies measured at the highest temperature.

the surface that allows to draw a conclusion on the surface process, the shape of all
characteristic core levels needs to be investigated. Figure 7.8 shows the superposi-
tion of the O1s (a, d), the Ti2p (b, e) and the Sr3d (c, f) core level spectra measured
at di�erent temperatures at a low base pressure and a high pO2 of 1.5 mbar, re-
spectively.

The spectra of both core levels demonstrate a broadening with increasing tem-
perature. This broadening is more pronounced at 1.5 mbar O2. As explained in
sec. 6.1, such a broadening can be due to a space charge layer at the n-SrTiO3 sur-
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Figure 7.8.: Superposition of the O1s (a, d), Ti2p (b, e) and the Sr3d (c, f) core level
spectra measured at di�erent adjusted temperatures and at a low base pressure
and a pO2 of 1.5 mbar O2, respectively.
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Chapter 7. Thermodynamic control of the surface charge

face. Hence, the enhanced broadening at high pO2 points towards a more pro-
nounced space charge layer in high oxygen partial pressures. This is consistent with
all prior results that all indicate a surface space charge layer in high pO2. Never-
theless, the slight broadening in UHV conditions also suggests a space charge layer
which is consistent with what has been found by the synchrotron-based AP-XPS
experiments at di�erent probing depths. In addition, the intensity valley between
the Sr3d3/2 peak and the Sr3d5/2 peak which has been described above �attens
with increasing temperature in both the low base pressure regime and in 1.5 mbar
O2. Again, the impact of varying temperatures is more pronounced at high pO2,
leading to a enhanced �attening of the intensity valley at 1.5 mbar O2. As will be
discussed in detail in section 9.1 this e�ect is due to the precipitation of a stron-
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Figure 7.9.: Apparent binding energy positions of the O1s, the Ti2p and the Sr3d core
level and the energy di�erence between the Fermi energy and the valence band
maximum as well as the estimated temperature-dependent conduction band min-
imum in UHV conditions (a, b) and at 1.5 mbar O2 (c, d) measured at di�erent
temperatures. The binding energies in UHV conditions do not shift steadily
while in 1.5 mbar O2 the binding energy position of all core levels and the
valence band maximum is shifted towards lower values with increasing tempera-
ture. The higher the temperature is the higher the binding energy shift relative
to UHV conditions.
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7.2. Surface space charge layer at di�erent temperatures

tium oxide secondary component at the surface of n-SrTiO3 which decreases with
decreasing temperature. Due to the measurement accuracy the slight �attening of
the valence band which has been described above (see section 6.2) is not visible
here and hence has been neglected for the detailed analysis.

To further analyze the temperature dependence of the binding energy shift, �g-
ure 7.9 shows the apparent binding energy positions of all characteristic core levels
and the energy di�erence between the Fermi energy and the valence band maximum
as well as the estimated temperature dependent conduction band minimum[37, 38]
at a base pressure of 10−8 mbar (a, b) and 1.5 mbar O2 (c, d). All values were
determined using KolXPD software and the �tting procedures described above in
section 6.1 and 6.2.

As already indicated above, the apparent binding energy positions in UHV con-
ditions are higher than in a high pO2 of 1.5 mbar (a,c). In the low base pressure
regime, the apparent binding energy positions of all characteristic core level and the
valence band maximum do not change signi�cantly with temperature (a,b). For all
temperatures the measured valance band maximum and hence the Fermi energy is
located slightly above the conduction band edge with its error bars reaching its ex-
trapolated values. For classical semiconductor with full ionization of shallow donor
dopants a Fermi energy slightly below the conduction band edge is expected, cf.
section 2.1. Consequently, within the measurement accuracy these results are con-
sistent with what is expected for donor-doped semiconductors.[37, 38] In the high
pO2 regime at 1.5 mbar O2 all binding energy positions as well as the valance band
maximum are shifted towards lower values with increasing temperature. Here the

E

Threshold

Figure 7.10.: ∆EB relative to UHV of the O1s, the Ti2p and the Sr3d core level and
the valence band maximum. The grey lines act as a guide to the eye.
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Chapter 7. Thermodynamic control of the surface charge

valence band maximum is signi�cantly shifted away from the conduction band edge
extrapolated at di�erent temperatures. As already shown above, these �ndings in-
dicate a strong electron depletion underneath the surface and hence the formation
of a surface space charge layer, cf. sec. 6.1.

Figure 7.10 sums up the binding energy shifts relative to low base pressure
conditions of the O1s, the Ti2p and the Sr3d core levels and the valence band
maximum. The binding energy shift of all core levels and the valence band max-
imum increases rigidly with temperature from ∼-0.1 eV at room temperature up
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Figure 7.11.: Averaged temperature-
dependent binding energy shift
relative to UHV of a 1 at% donor-
doped SrTiO3 sample (a). The
resulting surface potential decays
for the di�erent temperatures are
shown in (b). The surface charges
calculated for di�erent temper-
atures are shown in (c). The
surface charge does only change
slightly with temperature.
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7.2. Surface space charge layer at di�erent temperatures

to ∼-0.55 eV at 770 K. At small temperatures below 370 K the Fermi energy is
located slightly below the conduction band edge. At intermediate temperatures of
470 K the Fermi energy is shifted ∼-0.2 eV deeper into the band gap. At high
temperature above 570 K the Fermi energy is shifted even deeper into the band gap
by ∼0.25 eV. So, with increasing temperature the band bending becomes stronger
reaching its maximum at temperatures above 570 K. These results point towards an
underlying surface process that is temperature activated at threshold temperatures
below 470 K and increased at higher temperatures. Such a behavior is typical for
redox processes involving the activation of ionic sublattices.

As described above the binding energy shift stems from a negative charge gen-
erated at the surface of the n-SrTiO3 samples, which dominates the electrical sur-
face properties. To further analyze the temperature dependence of the electrical
surface properties �gure 7.11 shows the temperature dependence of the averaged
binding energy shifts in a 1 at% n-SrTiO3 sample relative to UHV at a pO2 of
1.5 mbar (a), the resulting course of the surface potential decays into the sam-
ple (b) and the generated negative surface charges (c). For the calculations the
pO2-dependent averaged binding energy shift was used as the surface potential φ0.
The temperature-dependent averaged binding energy shift can be divided into three
regimes, the low temperature regime ranging from 370 K down to room tempera-
ture, the intermediate regime at 470 K and the high temperature regime ranging
from 570 K up to 770 K. In the low temperature regime both the binding energy
shift at room temperature and at 370 K is close to the measurement accuracy of the
used setup. Hence, the observed values as well as the resulting calculations should
be treated with caution. In the intermediate temperature regime a shift of -0.22 eV
unambiguously indicates a surface e�ect. Hence, the underlying surface process is
activated at temperatures as low as 470 K. As will be shown in section 9.3, the
surface process is linked directly to the defect chemistry of n-SrTiO3 making this
result remarkable since in general the defect chemistry of n-SrTiO3 involving the
strontium sublattice is believed to be only active at much higher temperatures. In
the high temperature regime an even stronger binding energy shift of up to -0.53 eV
demonstrates a signi�cant reaction of the n-SrTiO3 surface on the changing atmo-

Table 7.2.: Summary of the temperature-dependent rel. permittivity εr used for the
calculations of the surface potential decay, the resulting space charge layer widths
∆xSCL, the surface electric �eld and the correspond negative surface charge.

Temperature [K] 300 370 470 570 670 770

Ave. binding energy shift [eV] -
0.12

-
0.09

-
0.22

-
0.44

-
0.47

-
0.53

Rel. permittivity εr 288 229 177 144 122 105
∆xSCL [nm] 5.0 3.9 5.4 6.8 6.5 6.4

Electric �led [MV/cm] 0.6 0.3 0.8 1.2 1.4 1.6
Neg. surf. charge [1013×e/cm2] 7.6 5.9 8.1 10.0 9.8 9.7
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sphere.
For the calculation of the potential decay and the space charge layer width the

temperature-dependent relative permittivity is determined by equation 6.2. The
donor-doping concentration used for calculations is ND = 1.5×1020 cm−3. With
decreasing temperature the shape of the potential decay is slightly �attened. In the
low temperature regime the space charge layer width is in the range of ∼5.0 nm
and ∼3.9 nm. In the intermediate regime it is increased to ∼5.4 nm. In the high
temperature regime the space charge layer width is increased even further to values
between ∼6.4 nm to ∼6.8 nm. The surface electric �elds change accordingly, rang-
ing from between ∼0.3 MV/cm and ∼0.6 MV/cm in the low temperature regime
over ∼0.8 MV/cm in the intermediate regime up to values between ∼1.6 MV/cm
and ∼1.2 MV/cm in the high temperature regime. The generated negative sur-
face charge is calculated using equation 6.5. In the low temperature regime it is
in the range between ∼5.9×1013 e/cm2 and ∼7.6×1013 e/cm2. In intermediate
temperatures it is slightly increased to ∼8.1×1013 e/cm2, while in the high tem-
perature regime it is ∼1.0×1014 e/cm2. Note that the values calculated for the
low temperature regime might be exposed to larger errors due to the accuracy of
the measurement setup. Table 7.2 sums up the averaged binding energy shifts, the
relative permittivity εr values calculated for the di�erent temperatures, the result-
ing space charge layer widths ∆xSCL, the surface electric �elds and the generated
negative surface charge.

By changing the temperature in certain regimes it is possible to initiate a sur-
face process and directly control the properties of an emerging surface space charge
layer by the corresponding surface charge. Below 370 K the surface space charge
layer cannot be con�rmed unambiguously and the underlying surface process seems
to be inactive on the timescale of the experiments performed. With increasing
temperature the surface process is accelerated and the generated surface charge
increases. It reaches a maximum at temperatures between 570 K and 770 K. In
this high temperature regime the temperature dependence of the average binding
energy shift, the shape of the potential decay into the sample, the space charge
layer width and the electric �eld depend only on the temperature dependence of
the relative permittivity εr, cf. section 6.1.

7.3. Comparison of the doping concentration and
temperature-dependence

In order to compare the donor-doping concentration dependence with the temper-
ature dependence, �gure 7.12 shows the averaged binding energy shifts between a
low base pressure of 10−8 mbar and 1.5 mbar O2 (a) and the generated surface
charge (b) of donor-doped n-SrTiO3 samples with di�erent doping concentration of
0.1 at%, 1.0 at% and 5.0 at% measured at di�erent temperatures.

The overall binding energy shift relative to low base pressure conditions de-
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Figure 7.12.: Averaged temperature-dependent binding energy shifts between a base
pressure of 10−8 mbar and 1.5 mbar O2 of donor-doped SrTiO3 samples with
di�erent doping concentrations (a). With increasing temperature the relative
binding energy shift increases for all doping concentrations, while it decreases
with increasing doping concentrations. The resulting temperature-dependent
calculated surface charges of donor-doped SrTiO3 samples with di�erent doping
concentrations are shown in (b). The surface charge show only slight changes
with temperature, but is strongly a�ected by the doping concentration.

pends strongly on ND and slightly on the temperature. With increasing doping
concentration the binding energy shift decreases. This evolution is present at all
temperatures. With increasing temperature, the relative binding energy shift in-
creases. The strongest binding energy shift is observed in the high temperature
regime above 570 K. It slightly decreases in the intermediate temperature regime
between 420 K and 520 K (0.1 at% n-SrTiO3) and becomes the lowest in the low
temperature regime below 370 K. This trend holds for all ND, but is attenuated
with increasing ND. In comparison, the impact of changes of the doping concen-
tration is more pronounced than changes in temperature, i.e. changing ND from
0.1 at% to 5.0 at% the binding energy shift relative to UHV at 670 K decreases
from -0.64 eV to -0.25 eV while increasing the temperature from 470 K to 670 K
the binding energy shift of a 1.0 at% n-SrTiO3 sample only changes from -0.22 eV
to -0.47 eV. The resulting generated negative surface charge also exhibits a strong
dependence on the doping concentration. Regardless of the temperature, with in-
creasing ND the negative surface charge is increased. In contrast, it only decreases
slightly with decreasing temperatures.

Table 7.3 sums up the results of the doping concentration- and temperature-
dependent measurements at temperatures above 470 K. The surface charge as
the dominating parameter of the space charge layer is proportional to the square
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Table 7.3.: Summary of the doping concentration- and temperature-dependent results
observed for temperatures above 470 K.

BE shift rel. to UHV [eV] Surface charge [1013×e/cm2]
Temp.[K] 0.1 at% 1.0 at% 5.0 at% 0.1 at% 1.0 at% 5.0 at%

670 -0.64 -0.47 -0.25 3.6 9.8 16.1
570 -0.64 -0.44 -0.19 3.9 10.3 15.1
470 -0.41 -0.22 -0.11 3.5 8.0 13.0

root of ND and the relative permittivity εr (Q/A ∼
√
NDεr), cf. equation 6.5.

The temperature-dependence of the binding energy shift relative to UHV and the
resulting generated surface charge only depends on the temperature-dependence
of the relative permittivity εr which is antiproportional to the temperature T
(εr = 78400

T−28
). Consequently, in comparison to the doping concentration dependence

the temperature-dependence of the relative permittivity and hence the generated
negative surface charge is weaker. Even though the donor-doping concentration has
a much stronger impact on the generated surface charge, the properties of the cor-
responding surface space charge layer can be controlled by varying doping concen-
tration and temperature. Note that the temperature dependence of the underlying
surface redox process might be much stronger than the temperature dependence of
εr which hence might be negligible in the overall picture.

Summary

In this chapter the thermodynamical control of the surface space charge layer in
n-SrTiO3 was investigated by comparing the impact of changing the donor-doping
concentration and the temperature. In the �rst section, it was demonstrated that
even in n-SrTiO3 with a donor-doping-concentration as small as 0.1 at% a pO2-
dependent negative surface charge and a corresponding space charge layer are gen-
erated in oxidizing conditions. The amount of the surface charge as well as the
properties of the space charge layer depend strongly on the donor-doping concen-
tration ND. With increasing ND the surface charge and the surface electric �eld
increase while the space charge layer width and the shift relative to low base pres-
sure conditions decrease.

In the second section it was shown that, the negative surface charge and the
corresponding space charge layer are generated at a temperature as low as 470 K.
This low threshold temperature is remarkable since for a surface process involving
the strontium sublattice, cf. sec. 9.1.[37, 38] With increasing temperature up to
670 K the surface charge, the surface electric �eld, the space charge layer width
and the binding energy shift relative to low base pressure conditions are increased

102



7.3. Comparison of the doping concentration and temperature-dependence

slightly. This trend is directly linked to the temperature dependence of the relative
permittivity εr.

In the third section, the e�ect of the donor-doping concentration and the tem-
perature dependence was compared. Both ND and temperature allow to control
the surface charge and the properties of the corresponding space charge layer. The
impact of the doping concentration, however, is much stronger than the one of the
temperature. This is due to the dependence of the space charge layer on the gen-
erated surface charge, which is directly proportional to the square root of ND and
and antiproportional to the square root of the temperature (Q/A ∼

√
ND/T ).

So far, the generation of a negative surface charge and a corresponding space
charge layer in n-SrTiO3 in oxidizing and UHV conditions has been shown for
di�erent doping concentrations and temperatures. This space charge layer goes
along with an electron depletion layer underneath the surface and hence impacts
the electrical surface properties. The next chapter will investigate how changing
the negative surface charge controls the electrical surface properties and in-plane
transport behavior.
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8. Control of electronic properties in

n-SrTiO3 thin �lms

Small changes in the surface chemistry and composition of n-SrTiO3 are ex-
pected to have a large impact on the electrical transport through thin �lms. In
chapter 6 and 7 it was shown that a surface space charge layer and a corresponding
electron depletion layer is generated at n-SrTiO3 surfaces in oxidizing conditions,
which intuitively results in an increased surface resistance, cf. ch. 5. To further
probe the signi�cance of changes in the ambient atmosphere on the electrical prop-
erties of n-SrTiO3 thin �lms, electrochemical conductivity relaxation (ECR) exper-
iments were carried out. The pO2-dependent sheet resistance Rs of a 32 nm thick
0.5 wt% n-SrTiO3 thin �lm grown on an undoped SrTiO3 substrate was investi-
gated. At this layer thickness, the electrical properties of the thin �lm are already
governed by the surface space charge layer.

The �rst section of this chapter focuses solely on the evolution of the sheet
resistance at di�erent pO2, while in the second section the temperature dependence

Platinum

n-SrTiO3

800 µm

5 mm

cutout

Platinum wiresSrTiO3 substrate

a) b)

Figure 8.1.: Schematic illustration of the samples used for the electrochemical conduc-
tivity relaxation experiments. The thin �lms were contacted by four sputtered
platinum pads which form a central square of 5 mm×5 mm. The cutouts at
the edges of the platinum pads allowed for a secure contact with platinum wires
connecting the samples to the measurement setup.
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will be examined. The third section discusses a model to �t the transient course
of the pO2-dependent conductivity which considers a surface transfer reaction in
combination with a bulk di�usion process. In the fourth section the results of the
electrical measurements will be compared with what has been concluded from the
spectroscopic measurements so far.

For all electrochemical conductivity relaxation measurements similar samples
were used. Figure 8.1 shows a schematic illustration of the used sample stack.
32 nm 1.0 at% n-SrTiO3 thin �lms were grown on top of undoped SrTiO3 sub-
strates with a size of 10 mm×5 mm. Four platinum contacts were sputtered on top
of the thin �lm creating a central square of 5 mm×5 mm. Such a measurement
geometry allows for comparison of the results to other electrical measurement tech-
niques which rely on the van der Pauw geometry, cf. sec. 5.2.[103] The outer contacts
were used to induce a current into the thin �lm while the inner contacts were used
to measure the induced voltage, cf. sec. 3.4. In addition, all measurements took
place in pO2 ranging from 0.005 mbar up to 1 mbar which is comparable to the ones
that were used for the in-situ AP-XPS experiments (chps. 6, 7). Using comparable
ambient pO2, the occurring electrical e�ects can be linked to the changes in the
chemical composition at the surface observed above. The pO2 was adjusted using
mixtures of argon gas with a purity of 6.0 and a premixed gas consisting of 0.1 %
O2 in Ar (Air Products and Chemicals, PRAXAIR). The transition between two
gas atmospheres was realized almost instantaneously by premixing the gas mixtures
with varying oxygen content in two di�erent �ow channels and switching between
them by a 4-port valve. This way it is ensured that the switching of the ambient
atmosphere can be regarded as instantaneous with respect to the timescale of the
conductivity relaxation.

8.1. Electrochemical conductivity relaxation at
di�erent pO2

In order to investigate the sheet resistance of a n-SrTiO3 thin �lm, the pO2-
dependent sheet resistance of the underlying undoped SrTiO3 substrate needs to
be signi�cantly higher than the one of the thin �lm. To rule out a signi�cant in-
�uence of the underlying SrTiO3 substrate on the thin �lm experiments, the sheet
resistance of an undoped SrTiO3 substrate is investigated at di�erent temperatures
and oxygen partial pressures. Figure 8.2 shows a typical evolution of the sheet re-
sistance (Rs) of a SrTiO3 substrate measured as a reference at 770 K and changing
pO2 (a) and the equilibrium Rs at di�erent temperatures typically achieved after
12 h equilibration at a low pO2 of 0.005 mbar O2 and a high pO2 of 1 mbar O2 (b).

Changing the ambient pO2 stimulates a prompt response of the sheet resistance.
With increasing the pO2 from 0.005 mbar O2 to 1 mbar O2 (orange) Rs of the
undoped-SrTiO3 substrate decreases from ∼960 kΩ to ∼480 kΩ. When decreasing
the pO2 again to 0.005 mbar O2 (green), Rs is increased again to ∼960 kΩ. This

106



8.1. Electrochemical conductivity relaxation at di�erent pO2

M

a) b)

h
0 5 10

M

1.0

0.8

0.6

0.4
15 20 25

1.6

0.8

0
700 800 900

SrTiO3 substrate
reference

0.005 mbar
to 1.0 mbar

1.0 mbar to
0.005 mbar

Figure 8.2.: Evolution of the sheet resistance Rs of a SrTiO3 substrate measured as a
reference at 770 K (a) and changing pO2. An increasing pO2 decreases Rs while
a decreasing pO2 increases Rs. The temperature-dependent equilibrium state
Rs for di�erent pO2 is shown in (b). As expected for undoped SrTiO3 substrates
with increasing temperature the sheet resistance decreases.

trend is present at temperatures between 670 K and 870 K. At high temperatures
of 870 K Rs ranges from ∼200 kΩ to ∼400 kΩ at 1.0 mbar O2 and 0.005 mbar O2,
respectively. When decreasing the temperature to 670 K, the sheet resistance of
the undoped SrTiO3 substrate rises to ∼1500 kΩ at 1.0 mbar O2 and ∼1700 kΩ
at 0.005 mbar O2. This evolution is consistent with the increasing p-type conduc-
tivity in undoped SrTiO3 in the high pO2-regime at high temperatures.[37, 148] In
order to minimize the impact of the underlying substrate on the sheet resistance
measurements of the n-SrTiO3 thin �lms expected to deliver resistance values of
some tens of kΩ, all electrochemical conductivity relaxation experiments have been
performed at temperatures of 670 K and below.

Figure 8.3 shows a typical evolution of the sheet resistance of a 32 nm thick
1.0 at% n-SrTiO3 thin �lm measured at 670 K and varying pO2 (a) and the cor-
responding equilibrium Rs determined after 12 h equilibration (b). Changing the
ambient pO2 at elevated temperatures immediately drives a reaction of the sheet
resistance. An increase of the pO2 results in an increase of Rs from ∼78.3 kΩ to
∼83.9 kΩ while a subsequent decrease of the pO2 results in a decrease of Rs back to
∼78.3 kΩ. This sheet resistance regime is more than one order of magnitude lower
than the one determined for the undoped SrTiO3 substrate. In addition, the trend
of an increasing Rs with increasing pO2 is opposite to the experiments on undoped
SrTiO3 substrates. Consequently, the observed impact on the sheet resistance is
clearly attributed to the n-SrTiO3 thin �lm and hence in the following the impact
of the undoped SrTiO3 substrate is neglected.

The equilibrated Rs displayed in �gure 8.3 (b) illustrate the pO2-dependence of
the electron transport in more detail. The sheet resistance increases continuously
with increasing pO2. Considering the carrier concentration to be responsible for the
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a) b)
32 nm n-SrTiO3

0.005 mbar
to 1.0 mbar

1.0 mbar to
0.005 mbar

Figure 8.3.: Evolution of the sheet resistance Rs of a 32 nm thick 1.0 at% n-SrTiO3 thin
�lm measured at 670 K and changing pO2 (a). The equilibrium Rs at di�erent
pO2 is shown in (b). An increasing pO2 increases Rs while reducing the pO2 to
low background pressures decreases the sheet resistance. Switching of the ambi-
ent atmosphere with respect to the timescale of the conductivity relaxation can
be regarded as instantaneous. The �gure was published in ref. [121].

loss in conductivity this trend indicates a monotonously increasing e�ect of surface
electron depletion with pO2. By increasing the pO2 by three orders of magnitude
Rs increases by 5.6 kΩ corresponding to a change of 6.7 % in sheet resistance as com-
pared to lower pO2. This impact is consistent with the electron depletion detected
above in chapters 5, 6 and 7 and can be seen directly in the sheet carrier concen-
tration (ns), which is inversely proportional to Rs by

ns = (eRsµ(T))−1 , (8.1)

where µ(T ) denotes the temperature-dependent electron mobility. As summarized
in section 5.2, µ(T ) was measured at elevated temperatures directly in high temper-
ature Hall measurements and determined to µ(670 K) = 0.45 cm2/Vs, now yielding
the evolution of the average sheet carrier density in the n-SrTiO3 thin �lm upon a
change in pO2.

Figure 8.4 illustrates a typical pO2-dependent development of ns (a) and the
corresponding equilibrium ns after 12 h equilibration at 670 K (b). Changing
the ambient atmosphere at elevated temperatures thus drives an instantaneous re-
sponse of the sheet carrier concentration. With increasing pO2, ns is decreased
from ∼1.76×10−14 cm−2 at 0.005 mbar O2 to ∼1.63×10−14 cm−2 at 1.0 mbar
O2. The trend of ns correlates directly to the formation of the surface space charge
layer in oxidizing conditions compensating a negative surface charge. The higher
the ambient pO2 the higher the generated negative surface charge, thus leading to
a lower remaining carrier concentration in the thin �lm.

In order to investigate the kinetics of the relaxation process the transient course
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a) b)
32 nm n-SrTiO3
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Figure 8.4.: Evolution of the sheet carrier concentration ns of a 32 nm thick 1.0 at%
n-SrTiO3 thin �lm measured at 670 K and changing pO2 (a). The equilibrium
ns derived at the di�erent pO2 is shown in (b). An increasing pO2 decreases
ns while reducing the pO2 to low background pressures increases the sheet car-
rier concentration. Switching of the ambient atmosphere with respect to the
timescale of the conductivity relaxation can be regarded as instantaneous. The
�gure was published in ref. [121].

of the conductivity after an oxidizing and a reducing jump will be used. It allows
for a qualitative statement on the reaction rate as well as on the total number of
processes involved in the measured data.[149, 150] The conductivity is calculated
as the reciprocal of the sheet resistance Rs

σ = 1/Rst

[
S
cm

]
, (8.2)

where σ denotes the conductivity and t the �lm thickness. In order to compare
the course of the conductivity between the oxidizing and the reducing jump exper-
iments, the normalized conductivity is determined by

σ̄(t) =
σ(t)− σ0

σ∞ − σ0
, (8.3)

where σ̄(t) denotes the normalized conductivity, σ0 the conductivity at t=0 and
σ∞ the conductivity at the end of the measurement. Figure 8.5 shows the transient
normalized conductivity curves of a 32 nm n-SrTiO3 thin �lm reacting to an oxi-
dizing (blue, 0.005 mbar O2 to 1.0 mbar O2) and a reducing jump (green, 1.0 mbar
O2 to 0.005 mbar O2) measured at 670 K (a) as well as the semi-logarithmic plot
of the same curves (b). The dotted lines act as a guide to the eye.

It is clearly visible that the reaction to the reducing jump is signi�cantly slower
than the response to the oxidizing jump. After the oxidizing jump, the conductivity
reaches its equilibrium state substantially faster than after the reducing jump, cf.
�g. 8.5 (a). In addition, as can be seen from the two distinguishable slopes in the
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Figure 8.5.: Normalized conductivity curves of a 32 nm n-SrTiO3 thin �lm reacting to
an oxidizing (blue, 0.005 mbar O2 to 1.0 mbar O2) and reducing (green, 1.0 mbar
O2 to 0.005 mbar O2) jump measured at 670 K (a). Semi-logarithmic plot of
the same curves (b). The dotted blue and green lines give a guide to the eye
demonstrating more than one process to be present during the relaxation.

semi-logarithmic plot, in both the oxidizing and reducing experiments there are two
distinct reactions contributing to the underlying surface process, a fast and a slow
one as indicated by the two distinct slopes in �g. 8.5 (b). As will be explained
below, these distinct reactions can not be observed in the AP-XPS measurements.
Hence, the slower process might be located deeper in the sample pointing towards
the involvement of cation di�usion in the surface redox process, cf. sec. 8.4. Note
that the slopes observed in the measurement results after the oxidizing jump are
signi�cantly steeper than after the reducing jump. This e�ect substantiates the low-
ered response rate after the reducing jump and indicates a slower reverse process.
As will be discussed below, the lowered response rate might be due to underlying
surface process involving an equilibrium reaction based on the defect chemistry of
n-SrTiO3 and associated to the strontium sublattice.

Surface charge calculation

In order to quantitatively evaluate the changes in the electrical surface proper-
ties, the surface charge Q/A was calculated from the sheet resistance measurements.
Figure 8.6 shows a schematic illustration of the calculation. The expected total
number of electrons in the 1 at% n-SrTiO3 thin �lm is given by the donor-doping
concentration ND under the assumption of full ionization and the �lm thickness
(ns = ND × t = 1.5×1020 cm−3 × 32×10−7 cm = 4.8×1014 cm−2). The number
of free electrons potentially contributing is thus described by the rectangle and de-
rived by multiplying ND with the �lm thickness. The black curve illustrates the
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Figure 8.6.: Schematic illustration of the surface charge calculation from electrical trans-
port measurements.

observed surface space charge layer assuming a classical parabolic approximation.
The number of free electrons that still take part in the electrical transport consid-
ering a surface space charge layer is measured as the sheet carrier concentration
ns and illustrated by the light blue area. Consequently, the green area corresponds
to the number of missing electrons which are trapped as they are trapped as charge
at the surface. Assuming that all missing electrons are being compensated by the
negative charge accumulation at the surface, the surface charge is calculated by
subtracting the measured sheet carrier concentration ns from the total number of
free electrons in the 1.0 at% n-SrTiO3 thin �lm,

Q/A = (ND · d− ns)e , (8.4)

where Q/A denotes the negative surface charge in e/cm2 and d denotes the thin
�lm thickness.
Using the determined negative surface charge the resulting screening length of
the surface space charge layer is derived from by combining equation 6.3 and
6.5,

∆xSCL =
Q/A

eND

, (8.5)

where ∆xSCL denotes the surface space charge layer thickness in m. In addition,
the corresponding electric �eld at the surface of the n-SrTiO3 thin �lm is given
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by

Esurf =
Q/A

ε0εr
, (8.6)

where Esurf denotes the surface electric �eld in MV/cm, ε0 the vacuum permittivity
and εr the temperature-dependent relative permittivity.

Figure 8.7 shows the calculated pO2-dependent surface charges (a), the re-
sulting screening lengths (b) and the corresponding surface electric �elds (c) for
a 32 nm thick 1.0 at% n-SrTiO3 thin �lm determined at 670 K. At a pO2 as
low as 0.005 mbar O2, the generated negative surface charge is already as high as
3.05×1014 e/cm2 resulting in an estimated space charge layer thickness of 20.3 nm
and a corresponding surface electric �eld of 4.5 MVcm−1. So, even in the lowest
pO2 adjusted within this thesis using 0.3 % O2/Ar, the in�uence of the under-

a) b)

x

c)

Figure 8.7.: Surface charges calcu-
lated from the sheet resis-
tance Rs at di�erent pO2 (a),
the resulting screening length
of the surface space charge
layer (b) and the correspond-
ing surface electric �eld (c).
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lying surface process on the electrical surface properties is signi�cant. With in-
creasing pO2, the generated negative charge, the resulting screening length as well
as the electric �eld of at the surface of the n-SrTiO3 thin �lm increase substan-
tially. At a pO2 of 1.0 mbar O2 the generated surface charge was determined to
3.17×1014 e/cm2, developing a screening length of 21.1 nm and a surface electric
�eld of 4.7 MVcm−1. By increasing the pO2 by three orders of magnitude the
negative surface charge is increased by 0.12×1014 e/cm2, the screening length is
extended by 0.8 nm and the surface electric �eld has increased by 0.18 MVcm−1

representing changes of ∼4%. These evolution are consistent with a growing surface
space charge formation with increasing pO2 shown above, cf. chps. 6 and 7. Ta-
ble 8.1 summarizes the results of the electrical transport measurements of a 32 nm
n-SrTiO3 thin �lm.

Regardless of the pO2, the screening length of the space charge layer is in the
range of the �lm thickness d, which might explain the absent conductivity in thin
�lms at �lm thicknesses of up to 30 nm discussed in section 5.2. Note that all calcu-
lations are based on the assumption that all missing electrons are compensated by
the generated negative surface charge. All other e�ects that might trap electrons,
like impurities, contamination, ad-atoms or dislocations, lead to an overestima-
tion of the generated surface charge and the resulting space charge layer width.[37,
129�131] In addition, the calculations of the surface charge and the surface electric
�eld depend on the temperature dependence of the electron mobility, the thin �lm
thickness, the donor doping concentration and the �eld dependence of the relative
permittivity εr. Hence, slight deviations in either of these values also lead to vari-
ations in the calculated surface charges and electric �elds. Consequently, all the
pO2-dependent surface charges, screening lengths and surface electric �elds calcu-
lated from electrical transport measurements are treated as an upper limit.
Small changes in the ambient atmosphere lead to signi�cant changes in the elec-
trical properties of n-SrTiO3 thin �lms. By increasing the pO2 a negative charge
is generated at the surface of n-SrTiO3 thin �lms. This negative surface charge is
compensated by electron depletion and hence a surface space charge layer, which is
equivalent with a reduction of free carriers in the n-SrTiO3 thin �lm and thereby
leads to substantial changes of the sheet resistance Rs.

Table 8.1.: Summary of the electrical transport measurements on a 32 nm 1.0 at% n-
SrTiO3 thin �lm and the resulting parameters of the surface space charge layer.

pO2 [mbar] 0.005 0.05 0.1 0.25 0.5 0.75 1.0

Sheet resistance Rs [kΩ] 78.3 80.1 80.5 81.6 82.9 83.4 83.9
Sheet carrier conc. ns [1014 cm−2] 1.76 1.72 1.71 1.69 1.67 1.66 1.65
Neg. surface charge [1014 cm−2] 3.05 3.09 3.10 3.12 3.15 3.16 3.17
Screening length ∆xSCL [nm] 20.3 20.5 20.6 20.7 20.9 21.0 21.1
Surface electric �eld [MVcm−1] 4.52 4.58 4.59 4.63 4.67 4.68 4.70
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8.2. Temperature-dependent sheet resistance

Chemical redox reactions typically involve the impact of the temperature ei-
ther as an activation energy or as a constraint, e.g. the incorporation of oxygen is
expected to be accelerated at increased temperature, while the adsorption of oxy-
gen molecules is expected to diminish at increased temperature. Consequently, one
would expect opposite temperature dependence of these two e�ects. In order to in-

0.005 mbar 10 mbar0.005 mbar 10 mbara) b)

c)

10 mbar

Estimated from µ(T) @ 420 K
Measured Figure 8.8.: Transient evolution of the

sheet resistance Rs of a 32 nm
1.0 at% donor-doped n-SrTiO3 thin
�lm after a pO2 jump from
0.005 mbar O2 to 10 mbar O2 for
temperatures between 420 K and
670 K (a). Transient evolution

of the normalized Rs for short
times (b). Temperature-dependent
equilibrium state Rs measured
and estimated corresponding to
the temperature dependence of
µ(T) at 420 K (c). The higher the
temperature the higher Rs is in the
equilibrium state and the faster the
evolution of Rs proceeds.
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8.2. Temperature-dependent sheet resistance

vestigate the character of the surface process in more detail, the transient course of
the electrical surface properties is examined at di�erent pO2. Figure 8.8 shows the
evolution of the sheet resistance Rs of a 32 nm 1 at.% donor-doped n-SrTiO3 thin
�lm after a pO2 jump from 0.005 mbar O2 to 10 mbar O2 for temperatures be-
tween 420 K and 670 K (a), the evolution of the normalized sheet resistanceRs for
short times (b), and the measured equilibrium state Rs at di�erent temperatures in
comparison to Rs calculated corresponding to the temperature dependence of the
mobility µ(T) (c). Here, in order to ensure comparability, the literature value of
the electron mobility µ is used.[37, 38] As has been shown above, changing the am-
bient atmosphere results in a systematical alteration of Rs of a n-SrTiO3 thin �lm.
With increasing pO2, the sheet resistance increases down to a threshold tempera-
ture as low as 420 K. In addition, the normalizedRs for short times in �gure 8.8 (b)
also displays a temperature dependence. With increasing temperature, the start-
ing curvature of the time-dependent course of Rs increases signi�cantly, indicating
an acceleration of the underlying process with temperature. This trend illustrates
a faster reaction at higher temperatures. As already seen above in the results of
the lab-based AP-XPS measurements at di�erent temperatures these results con-
sistently point towards a temperature activated underlying surface process with a
threshold temperature in the range of 420 K, cf. sec. 7.2. Intuitively, such a behav-
ior points towards a redox processes involving the activation of ionic sublattices.[37]
Furthermore, as will be shown in section 9.3, the curvature of the course of nor-
malizedRs allows a conclusion to be drawn about the number of partial processes
involved in the surface reaction.

Furthermore, with increasing temperature Rs also increases more signi�cantly.
In classical semiconductors, this is due to the temperature dependence of the elec-
tron mobility µ(T). The electron mobility of n-SrTiO3 has been determined em-

pirically to µ = 3.95×104·T−1.62
[
cm2

Vs

]
.[37] In order to compare the tempera-

ture dependence of the electron mobility in n-SrTiO3 to the temperature depen-
dence of the measured equilibrium state Rs of the n-SrTiO3 thin �lm, Rs has
been calculated at di�erent temperatures. Equation 8.7 shows the estimation
of the sheet resistance Rs at di�erent temperatuers for classical semiconductors
[65]

Rs = (e ns µ(T))−1 , (8.7)

where µ(T) denotes the electron mobility at di�erent temperatures. Under the
assumption of ns being constant over all temperatures, Rs(T) can be calculated.
With increasing temperature the calculated sheet resistance increases, cf �g. 8.8 (c,
blue). The increase of the measured Rs(red), however, is stronger than predicted
for classical semiconductors. Hence, this re�ects another manifestation of the addi-
tional process that increases the sheet resistance of n-SrTiO3 thin �lms which adds
up to the classical temperature dependence of the electron mobility µ resulting from
the variable ns as discussed above.

As described in section 8.1, using the sheet resistance Rs it is possible to deter-
mine the parameters which dominate the electrical surface properties. Figure 8.9
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a) b)

c)

Figure 8.9.: Calculated temperature-
dependent equilibrium state sheet
carrier concentration ns (a), gen-
erated negative surface charge (b)
and the surface electric �eld (c) of
a 32 nm 1at% n-SrTiO3 thin �lm
at a pO2 of 10 mbar O2. The black
dashed lines act as a guide to the
eye.

shows the equilibrium state sheet carrier concentration ns (a), the generated nega-
tive surface charge (b) and the corresponding surface electric �eld (c) determined
from the measured sheet resistance Rs as a function of temperature. The dashed
black lines act as a guide to the eye. With increasing temperature the sheet carrier
concentration ns is reduced. As explained above, this reduction corresponds directly
to an increase of the negative generated surface charge that needs to be compen-
sated by electron depletion. At temperatures below 520 K, ns and consequently
the negative surface charge are just changed slightly from 9.57×1013 e/cm2 to
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8.3. Numerical �tting of the transient sheet resistance

9.42×1013 e/cm2 and from 3.86×1014 e/cm2 to 3.87×1014 e/cm2, respectively. At
temperatures above 520 K ns is decreased signi�cantly from 9.42×1013 e/cm−2 to
8.92×1013 e/cm2 while the negative surface charge is increased from 3.87×1014 e/cm2

to 3.92×1014 e/cm2. The overall change of the sheet carrier concentration and the
negative surface charge from low to high temperatures is in the range of ∼1.5 %.
Nevertheless, even such small changes lead to signi�cant alterations in the elec-
trical surface properties of n-SrTiO3 thin �lms, cf. section 8.1. Note that, the
results determined at 620 K do not �t the observed trend entirely, which can al-
ready be suspected in the time-dependent Rs measurements. In contrast to the
other temperatures the evolution at 620 K does not show an almost �at increase
to the equilibrium state for longer times but undergoes a second rise at around
14 hours. This increase might be due to experimental di�culties, namely long-term
instabilities in the adjusted pO2, cf. section 9.3 and appendix A. These long-term in-
stabilities made the utilization of additional premixed gas compositions like Ar/H2

for strongly reducing conditions in further measurements inappropriate using the
illustrated measurement setup. Nevertheless, it will be interesting to investigate
the impact of reducing conditions on the electrical surface properties in future ex-
periments utilizing an updated measurement setup.

In contrast to the results observed for the sheet carrier concentration and the
surface charge, the pO2 dependence of the surface electric �eld does not show di�er-
ent regimes with increasing temperature, cf. �g. 8.9 (c). It increases monotonously
from 0.87 MV/cm at 420 K to 1.33 MV/cm at 670 K, representing a change of
65 %. These results are consistent with the measured total temperature dependence
of Rs shown above. The divergence in the course of the temperature dependence
might be due to the weaker impact of the temperature dependence of the relative
permittivity εr on the surface electric �eld calculation in comparison to the impact
of the temperature dependence of the electron mobility µ on the calculation of the
sheet carrier concentration.

8.3. Numerical �tting of the transient sheet resistance

Utilizing numerical simulations it is possible to draw conclusion on the surface
processes dominating the transient course of the pO2-dependent sheet resistance.
As shown in �gure 8.5 (b), the semi-logarithmic plot of the normalized conductivity
points towards the impact of two distinct reactions to be involved in the surface
redox process, a fast and a slow one. Moreover, the comparison of the transient
AP-XPS and ECR measurements indicates the fast process to be located at the
surface, while the slow one induces additional oxidation in depths not accessible by
spectroscopy, cf. sec. 8.4.

A numerical �tting routine of the transient sheet resistance that considers both
a surface transfer reaction and bulk di�usion in three sample dimensions was imple-
mented by Katharina Skaja (PGI-7, FZ Jülich). The numerical simulation routine
is described in detail in ref. [77]. The assumption of a surface transfer process in

117



Chapter 8. Control of electronic properties in n-SrTiO3 thin �lms

combination with bulk di�usion is in good agreement with the observed results. In
contrast to the implemented �tting routine, however, the low n-SrTiO3 thin �lm
thickness of 32 nm used within the ECR experiments in comparison to the much
wider sample surface area (5 µm×5µm) allows for the modeling of the di�usion in
just one dimension perpendicular to the surface. Consequently, the implemented
�tting routine is adjusted to a model introduced by v. d. Otter et al. which con-
siders surface transfer and di�usion in just one dimension, perpendicular to the
sample surface, cf. sec. 2.5.[79] One assumption made by v. d. Otter et al. is the
process to be an ideal step response. This assumption is reasonable for the executed
experiments considering the �ushtime of the experimental reactor is in the range of
seconds and is hence negligible in comparison to the overall relaxation time in the
order of several hours.

Considering an unknown concentration of impurities, contamination, ad-atoms
and dislocations, the exact number of charge carriers, namely electrons, is not ac-
cessible by determining the conductivity. Therefore, only the relative changes of
the conductivity will be analyzed within this thesis, by the normalized conductivity.
Within the model explained in detail in section 2.5, it is calculated (eqs. 2.11, 2.12
and 2.14) to

σ̄step =
σstep(t)− σ0

σ∞ − σ0
= 1−

∞∑
n=1

2L2
α

α2
n(α2

n + L2
α + Lα)

exp
(
−
t

τn

)
,with (8.8)

τn =
a2

D · α2
n

; Lα =
aKtr

D
= αntan(αn) , (8.9)

where σ̄step denotes the normalized conductivity of the ideal step response, σstep(t)
the measured normalized conductivity at a given time t, σ0 the conductivity at
t=0, σ∞ the conductivity at t=∞, Lα a calculation parameter, αn the eigenvalues
of the sheet di�usion problem, τn the time constant, a half the �lm thickness, D
the di�usion coe�cient and Ktr the surface transfer coe�cient. As described in
section 2.5, this equation cannot be solved analytically due to the in�nite number
of αn for each combination of Ktr and D. Within this thesis only the �rst ten
eigenvalues αn were utilized for the simulation of Ktr and D, since higher n do not
contribute signi�cantly to resulting conductivity relaxation curve.[77, 81]

In order to adjust the calculated to the measured values a squared error was
used

∆ = |σ̄step,calculated(t)− σ̄step,measured(t)|2 , (8.10)

where ∆ denotes the deviation of the calculated value from the measured value of
the conductivity.

Figure 8.10 shows the normalized conductivity of a 32 nm n-SrTiO3 thin �lm
after a pO2 jump from 1.0 mbar to 0.005 mbar at a temperature of 520 K and the
corresponding �t (a) as well as the false color map of the logarithm of the squared
error matrix for the evaluation of the surface transfer coe�cient and the di�usion
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Figure 8.10.: Normalized conductivity of a 32 nm n-SrTiO3 thin �lm measured after
a pO2 jump from 1.0 mbar to 0.005 mbar at a temperature of 520 K and the
corresponding �t (a). False color map of the logarithm of the squared error
matrix (color scale) for the evaluation of the surface transfer coe�cient Ktr

(x-axis) and the di�usion coe�cient D (y-axis) is depicted in (b).

coe�cient (b).
The �t resulting from the applied model matches the course of the determined

conductivity reasonably well. Thus, the implemented one dimensional model com-
bining a surface transfer process and a bulk di�usion process is able to describe
the observed pO2-dependent evolution of the conductivity. This result is substan-
tiated by the false color map. It illustrates a clear minimum of the squared er-
ror in the transition (curvature) between the surface transfer coe�cient and the
di�usion coe�cient (dark purple), �g. 8.10 (b). The surface transfer coe�cient
is �tted to Ktr=9.5×10−12 m/s while the di�usion coe�cient is determined to
D=6.4×10−21 m2/s. The resulting characteristic length Lc determined from equa-
tion 2.15 to 0.67 nm. Utilizing the �tted di�usion coe�cient a di�usion length of
∼21.5 nm in 20 hours is calculated. Thus, the ratio of the characteristic length Lc
and the di�usion length is ∼30. At this value none of the two processes is domi-
nant. Consequently, it is reasonable to draw conclusions from the �tting procedure
on speci�c values of both Ktr and D.[77, 79]

The surface transfer coe�cient is attributed to the pO2-dependent formation
of a charged species at the n-SrTiO3 surface. In addition, the di�usion coe�cient
is attributed to the di�usion of the charged species formed at the surface into the
sample. These �ndings substantiate the formation of a surface space charge layer
ranging into the sample proposed in chapters 6 and 7. Moreover, the resulting D
might correspond to the oxidation process taking place at sample depths not acces-
sible by spectroscopic experiments as will be discussed below, cf. sec. 8.4.

A detailed discussion if the determined reaction rates are considered reasonable
in terms of the surface redox process is given in section 9.3.
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8.4. Comparison of AP-XPS and ECR results

All electrochemical conductivity relaxation experiments took place in pO2 rang-
ing from 0.005 mbar up to 1 mbar which is comparable to the ones that were used
for the in-situ AP-XPS experiments, cf. chapters 6 and 7. Note that the lowest
adjusted pO2 during AP-XPS (10−8 mbar) is more reducing than the one adjusted
during ECR experiments (0.005 mbar). Using comparable ambient pO2 the occur-
ring electrical e�ects are linked to the generated space charge layer at the surface of
n-SrTiO3. Figure 8.11 illustrates the comparison of the generated negative surface
charge (a), the resulting screening length of the surface space charge layer (b) and
the corresponding surface electric �eld (c) as function of the pO2 determined by
AP-XPS (green) and electrochemical relaxation conductivity measurements (red).
The dotted lines indicate the pO2-dependent evolution, while the shaded area marks
the possible values given by the determined upper and lower limit.

As has been shown above a negative surface charge dominates the electrical
surface properties of n-SrTiO3 thin �lms and single crystals. Both spectroscopic
and electrical transport measurements, two independent experimental techniques,
which evaluate two independent measurement values, revealed a negative surface
charge that is in the same order of magnitude of ∼1014 e/cm2. In addition, the
results show an analogous pO2-dependent evolution indicating the same underlying
surface redox-process to be active in both measurements.

Moreover, these �ndings are consistent with the identical pO2-dependent evo-
lution of the resulting screening lengths of the corresponding surface potentials and
the matching surface electric �elds, which are in the range of ∼5 nm to ∼20 nm
and ∼1 MVcm−1 to ∼5 MVcm−1 at low and high pO2 conditions, respectively.
Hence, all results may be linked to the same underlying surface redox process.
Consequently, the values of the surface charge, the screening length and the surface
electric �eld derived at a given temperature and pO2 should ideally be equal. Nev-
ertheless, the conclusion of an identical underlying process is reasonable due to the
assumptions applied during the determination of the speci�c surface charge values.
On the one hand, as explained in section 6.1 the negative surface charge concluded
from AP-XPS experiments is considered a lower limit, due to the underestimation of
the apparent binding energy shift. On the other hand, the negative surface charge
determined from electrochemical conductivity relaxation experiments is considered
an upper limit, due to the neglection of any other electron trapping defects in the n-
SrTiO3 thin �lm, the temperature dependence of the electron mobility, variations in
the thin �lm thickness and the inherent donor doping concentration, cf. section 8.1.
In this way, by specifying a lower and an upper limit the results open up a range
of possible values for the generated negative surface charge and all resulting space
charge layer screening lengths and corresponding surface electric �elds linked to the
same underlying surface redox process.

To give a ballpark estimation, assuming a parabolic potential[65] and using a
value of εr(670 K) = 122[37, 38], a surface potential φ0 in the range of ∼4 V is
calculated from the negative surface charge determined by ECR experiments at
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a) b)
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lower limit
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c(ND),
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Figure 8.11.: Comparison of the pO2-
dependent generated negative sur-
face charge (a), the resulting screen-
ing length of the surface space
charge layer (b) and the correspond-
ing surface electric �eld (c) deter-
mined from AP-XPS (green) and
electrochemical conductivity relax-
ation measurements (red). The
dotted lines describe the pO2-
dependent evolution and the shaded
area marks the possible values given
by the determined upper and lower
limit.

1 mbar O2. Such a surface potential would indicate a shift of the Fermi energy by
4 eV which would be larger than the band gap, pointing towards that the parabolic
approximation breaks down, cf. sec. 9.3. In addition, the negative surface charge
determined by AP-XPS at a temperature of 670 K, a pO2 of 1.5 mbar O2 and an
electron mobility of µ(670 K) = 0.45 cm2/Vs correlates to a sheet carrier concen-
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tration of 3.9×1014 cm−2 and a corresponding sheet resistance of 36 kΩ. For all
samples the measured Rs was always signi�cantly higher. This deviation might be
due to the fact that even in low pO2 a signi�cant amount of negative charge is
present at the n-SrTiO3 surface, since AP-XPS measurements demonstrated the
existence of a surface space charge layer, which counteracts the assumption of the
�atband case used for the calculation. Hence, the presence of a negative surface
charge at low base pressure conditions of 10−8 mbar and the corresponding space
charge layer may explain the higher resistance observed in ECR experiments.

Note that for both these ballpark estimations a classical semiconductor ap-
proach with a negative surface charge located solely at the surface, a purely parabolic
course of the surface potential drop as well as a constant relative permittivity are
assumed. The negative surface charge here, however, is generated by a surface
chemical process, cf. section 9.3, pointing towards that either prerequisite assump-
tion is not correct. As theoretical simulations revealed, the di�usion of ions into the
sample might change the distribution of the negative surface charge, break down the
parabolic course of the potential or even vary the local relative permittivity.[151]

This conclusion is substantiated by the comparison of the relevant time scale of
the electrical and spectroscopic measurements. The overall resistance change occurs
on a time scale of several hours (up to 12 h), while 82 % of the resistance changes
takes place within the �rst hour, coinciding with the time required to adjust and
stabilize the atmospheric conditions in the AP-XPS experiments, cf. chs. 6,7. In
the AP-XPS experiments no transient changes in spectral change or position was
observed on a longer time scale, indicating that the underlying surface reaction is
responsible for the majority of the resistance relaxation. The remaining change
in resistance potentially occurs in addition to this space charge e�ect and is not
tracked by AP-XPS. This may hint towards an additional oxidation process taking
place deeper in the sample. Intuitively, such an oxidation process is most likely
related to cation vacancy di�usion. Cation vacancies, however, can not be detected
by spectroscopic measurements, but can only be detected as slight deviations of
the lattice site cation concentration, cf. sec. 9.3. Therefore, the determined surface
charges may not be reasonably compared directly between the di�erent experimen-
tal techniques, but de�ne a reasonable range of possible values that is given by the
assumption of the upper and the lower limit.
Combining the results of spectroscopic and electrical measurements demonstrate
that changing the ambient atmosphere, the oxygen partial pressure and the temper-
ature, allows a control of the electrical surface properties and the electrical transport
within a n-SrTiO3 thin �lm. By generating a negative surface charge the surface
band bending is altered yielding in an electron depletion.

Summary

In this chapter the impact of the pO2-dependent surface space charge layer on
the electrical surface and transport properties of n-SrTiO3 thin �lms was investi-
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gated by electrical conductivity relaxation experiments. In the �rst section, it was
shown, that at elevated temperatures even slight alterations of the ambient pO2 re-
sult in signi�cant changes of the sheet resistance. These changes are attributed
to an increasing negative surface charge that is accompanied by electron depletion
underneath the surface. This decrease of the sheet carrier concentration is consis-
tent with the surface space charge layer that has been described above by AP-XPS.
Thus, by just slightly altering the ambient pO2 the electrical surface properties can
be controlled.

In the second section it was illustrated, that the increase of the sheet resistance
Rs is more sensitive to the applied temperature than expected. In addition, the re-
action rate of the surface process is shown to increase with increasing temperature.
Both these �ndings point towards a temperature activated surface redox process.

In the third section of this chapter a �tting procedure is discussed that attributes
the pO2-dependent transient conductivity to a model combining a surface transfer
process with bulk di�usion in one dimension. The model simulates the measured
evolution reasonably well and results in speci�c values for both the surface transfer
coe�cient Ktr and the di�usion coe�cient D.

In the fourth section it was demonstrated, that the pO2-dependent generated
negative surface charge and the corresponding surface electric �eld determined by
two independent measurement techniques are in the same order of magnitude. The
pO2-dependent evolution is similar. The results of the AP-XPS measurements act
as a lower limit, while the results of the ECR measurements give an upper limit
specifying a range of plausible values for the negative charge generated at the sur-
face of n-SrTiO3 samples.

So far it was con�rmed, that a pO2-dependent surface charge controls the elec-
trical surface properties of n-SrTiO3 at elevated temperatures. The next chapter
will clarify the chemical process responsible for the changes at the n-SrTiO3 sur-
face and illustrate how it a�ects the properties upon oxidizing annealing of single
crystals.
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9. Discussion

The previous chapters illustrated the impact of pO2, temperature and donor-
doping concentrations on the electrical and chemical properties generating a neg-
ative surface charge at the surface of n-SrTiO3 single crystals, interfaces and thin
�lms. These properties may be a�ected by multiple surface reactions that form the
observed charge and thus need to be considered. Considering all former experimen-
tal results resolved from impedance spectroscopy, IV -curves, Hall measurements,
lab- and synchrotron-based AP-XPS and electrochemical conductivity relaxation
measurements in a comprehensive manner, this chapter will consistently explain
the in�uence of the surface redox chemistry on the electrical surface properties of
n-SrTiO3 thin �lms and single crystals. The �rst section focuses on the speci�cation
of surface redox processes that are well-known to dominate the surface properties of
single crystals, heterojunctions and thin �lms. It will be examined whether or not
the described redox processes are consistent with the observed results. In the second
section, two complex surface redox processes that are consistent with the majority
of the results, namely strontium oxide (SrO) precipitation and the adsorption of
oxygen molecules withdrawing electrons from the surface, are compared directly.
It will be discussed how synchrotron-based AP-XPS demonstrates the strontium
sublattice to be dominantly involved in the underlying surface redox process. Con-
sequently, the precipitation of SrO at the n-SrTiO3 surface, corresponding to the
formation of charged strontium vacancies (V

′′
Sr) and accompanied by nanoscopic

morphological changes is clari�ed as the underlying surface redox process. In the
third section the in�uence of this process on the spectroscopic and electrical surface
properties of n-SrTiO3 is discussed.

9.1. Surface redox processes at the n-SrTiO3 surface

There are various parameters that a�ect di�erent experimental techniques while
investigating doped and undoped SrTiO3 at varying oxygen partial pressure. Fig-
ure 9.1 shows schematic illustrations of the possible e�ects that might be causing
the negative surface charge observed in the individual experimental techniques that
will be discussed in detail in the following.
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9.1. Surface redox processes at the n-SrTiO3 surface

Formation and annihilation of oxygen vacancies

SrTiO3 substrate

n-SrTiO3 thin film
VO VO VO
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of oxygen vacancies

One major in�uencing parameter that
needs to be considered in terms of SrTiO3, es-
pecially in variable oxygen partial pressures, is
the pO2-dependent formation and annihilation
of oxygen vacancies. On the one hand, there are
phenomena related directly to oxygen vacancies
in undoped SrTiO3 such as resistive switching,
where by changing the oxygen vacancy concen-
tration the resistance can be altered between
an insulating and a metallic state.[11, 152�
154] These e�ects are detectable by spectro-
scopic experiments by a changing concentration
of Ti3+ ions which can be identi�ed from a shoulder on the right side of the Ti2p
spectra.[124] Note that Ti3+ ions are also produced by the donor doping. Hence,
in order to be able to actually observe oxygen vacancies in donor doped SrTiO3 by
spectroscopic experiments a vancancy concentration signi�cantly exceeding the dop-
ing concentration is crucial. On the other hand, the presence and accumulation of
oxygen vacancies at the surface of SrTiO3 is also known to in�uence experimental
methods that at �rst sight do not seem sensitive to variable oxygen vacancy con-
centration, cf. by varying the local work function.[123] In the very low pO2 regime,
the charge carrier concentration is dominated by the concentration of oxygen va-
cancies in the so-called intrinsic regime. With increasing pO2, the oxygen vacancy
concentration decreases constantly. The defect chemistry of donor-doped SrTiO3,
however, predicts the impact of oxygen vacancies to be reduced reduced dramat-
ically due to charge carrier concentration being dominated by the donor doping
concentration, cf. sec. 2.4.

Spinelli et. al. performed annealing experiments on SrTiO3 single crystals
with di�erent donor-doping concentrations and evaluated the carrier concentration
by Hall measurements in van der Pauw geometry. Thereby, they were able to
determine the oxygen vacancy concentration at varying thermodynamical biases
corresponding to what is used throughout this thesis. As a result, the expected
concentration of donor-type oxygen vacancies at the temperatures and oxygen par-
tial pressures employed within this work (470 K to 770 K, 10−8 mbar to 5.0 mbar
O2) is in the range of 1018 cm−3 and below.[37, 58] This value is signi�cantly lower
than all donor-doping concentrations utilized within this thesis. Therefore, a vary-
ing oxygen vacancy concentration alone is not expected to provide su�cient charge
for substantial changes of the surface space charge region in doped SrTiO3.

These considerations are corroborated by the results of the lab-based AP-XPS
measurements. As is seen from �gure 6.9 there is no implication for any Ti3+ states
during the lab- and synchrotron-based AP-XPS measurements. Intuitively the oxy-
gen vacancy concentration should be higher at low base pressure conditions, but
neither in UHV nor in high pO2 conditions, a signi�cant peak or shoulder related
to Ti3+ is detectable, indicating a Ti3+ concentration below the detection limit.
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Thus, even the free electrons corresponding to the donor doping concentration can
not be observed.

These �ndings are substantiated by the superposition of the Ti2p peaks mea-
sured at di�erent conditions and probing depths where only a slight broadening of
the peak is detectable, cf. �g. 6.15. As was already shown in section 6.1, this broad-
ening is due to the space charge layer at the surface of n-SrTiO3. Thus, both defect
chemical predictions as well as experimental results demonstrated in literature and
within this thesis lead to the conclusion that the pO2-dependent formation and
annihilation of oxygen vacancies is not the cause of the observed negative surface
charge. This is also rule true considering the acucmulation of oxygen vacancies at
the SrTiO3 surface.[155, 156] Consequently, any in�uence of oxygen vacancies will
therefore be neglected in the following.

Charging e�ects in spectroscopic experiments
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In spectroscopic measurements the X-ray
beam can cause charging e�ects on insulating
sample surface, cf. sec. 3.5. Such a beam re-
lated surface charge typically results in a shift of
the binding energy towards higher values.[118]
By extracting electrons from the surface with-
out compensating them from the bulk of the
material a positive surface charge is formed cor-
responding to a positive surface potential. The
positive surface potential decreases the kinetic
energy of the emitted electrons and the refer-
encing of the measured binding energy by the
experimental setup′s Fermi level is no longer valid. As shown above, n-SrTiO3 is
more conducting in the low base pressure regime than in oxidizing atmospheres
as demonstrated by ECR experiments, cf. sec 8.1. Thus, with increasing oxy-
gen partial pressure the X-ray beam related charging should be increased due to
the lower conductivity of the sample shifting the apparent binding energy towards
higher values. In contrast, all spectroscopic experiments on n-SrTiO3 samples show
the opposite behavior. With increasing pO2, the binding energies of all core levels
and the valence band maximum shifts towards lower values, regardless of the mea-
surement setup, the applied temperature or the donor doping concentration of the
investigated sample, cf. chps. 6 and 7.

Moreover, to even more safely exclude charging, additional reference measure-
ments were performed on an Au electrode deposited on the sample with an addi-
tional titanium interlayer. The interlayer ensured an ohmic contact and thereby
Fermi coupling of the thin �lm to the analyzer, cf. �g. 6.10. In contrast to the
measurements on the characteristic core levels of SrTiO3 (cf. chps. 6 and 7), there
is neither any pO2-dependent binding energy shift nor any peak broadening visible
in the Au4f spectra. Consequently, both considerations as well as the experimental
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Chapter 9. Discussion

decreases with increasing temperature, it is reasonable to consider that the negative
surface charge observed within this thesis might consistently be explained by the
adsorption of charged oxygen molecules.

In terms of AP-XPS the adsorption of charged oxygen molecules onto the n-
SrTiO3 surface should result in an additional component in the O1s core level
spectra. It is di�cult to unambiguously interpret such an additional component
peak due to the measurement accuracy and the superposition with the unsatu-
rated O1s surface lattice component. All other characteristic core levels exhibit
a slight broadening due to the surface space charge layer and the corresponding
potential drop into the sample. In the Sr3d core level such a continuous broadening
leads to a �attening of the intensity valley between the Sr3d3/2 and Sr3d5/2 peaks
with increasing probing depth. Consequently, a conclusive way to demonstrate the
chemisorption of charged oxygen molecules onto the n-SrTiO3 surface is the broad-
ening of all characteristic core levels without an additional SrO surface component
in the Sr3d core level.

At this point, it is di�cult to decide which surface redox process is dominating
the electrical properties of n-SrTiO3, the formation of intrinsic ionic surface de-
fects, namely V

′′
Sr, or the chemisorbtion of charged oxygen molecules withdrawing

free electrons from the n-SrTiO3 surface. Both redox processes would be able to
from a negative surface charge and cause the observed space charge layer. In order
to distinguish between the two processes in the following the pO2- and probing
depth-dependence of the Sr3d core level will be employed in detail, giving further
insight into the underlying mechanism.

9.2. SrO precipitation vs. oxygen adsorption

Analyzing the results of AP-XPS and ECR measurements it is remarkable that
both independent experimental techniques indicate a surface redox process that is
active at temperatures above 420 K, cf. secs. 7.2 and 8.2. With increasing sample
temperature the thermal energy of the system is increased while the electron mo-
bility decreases due to enhanced phonon-scattering. Comparing the two chemical
reactions initiating the suggested surface redox processes such a temperature acti-
vation points towards the precipitation of SrO rather than towards the adsorption
of oxygen molecules. Intuitively, with increasing temperature an acceleration of
the chemical reaction extracting strontium from the lattice is more comprehensible
than an increased adsorption rate of oxygen molecules due to increased thermal
energy of the system. Nevertheless, this is just another indication but not yet an
unambiguous proof for neither of the two proposed models. In order to distinguish
between the process an in-situ evaluation of the chemical composition of the sample
surface is inevitable.

AP-XPS provides a unique tool for the in-situ study of electronic and chemical
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9.2. SrO precipitation vs. oxygen adsorption

processes in di�erent oxygen gas atmospheres.[120, 145] By �tting the measured
core level spectra it is possible to determine the chemical composition in general
as well as the speci�c chemical binding states. Hence, by utilizing AP-XPS a dis-
tinction between the two underlying surface redox processes introduced above is
achievable. For this purpose, the Sr3d core level is of special interest due to the
presence or absence of a SrO secondary component doublet as well as its develop-
ment being the physical �ngerprint of either of the suggested mechanisms.

The Sr core level spectra shows an altered intensity valley between the Sr3d3/2

and Sr3d5/2 peaks for both pO2-dependence and probing depth dependence, cf.
secs. 6.1 and 6.2, respectively. These changes in spectral shape may directly result
from a SrO[72, 128] or strontium hydroxide (Sr(OH)2)[21] surface phase. Similar
intensity changes in the Sr core level, however, have also been assigned to a changed
potential pro�le in the surface space charge layer[21, 133] and hence could be con-
sistent with the chemisorption of oxygen molecules withdrawing free electrons from
the n-SrTiO3 surface.

Evaluation of the AP-XPS results at varying pO2

In order to compare the two surface redox processes di�erent �tting procedures
corresponding to their speci�c characteristics have to be utilized. Figure 9.2 shows
the Sr3d core level spectra of a 1.0 at% n-SrTiO3 sample measured with lab-based
AP-XPS resulting in a �xed probing depth at low base pressure conditions and high
pO2 at 620 K (cf. sec. 6.1). The di�erent �tting procedures and the residuals corre-
spond to strontium oxide precipitation (a) and the chemisorption of charged oxygen
molecules (b), respectively. For both �tting procedures a Shirley background sub-
traction and two Voigt doublets representing the SrTiO3 lattice component and
an additional higher binding energy SrO surface component shifted by 0.8 eV , are
used. Both doublets have the same Lorentzian width (natural line width), peak
splittings and area ratio, but di�erent Gaussian widths (experimental broadening).
The SrO surface component is mandatory in both �tting procedures since its in-
tensity consists of the intensity of the SrO termination layer and the intensity of
the precipitated SrO.[26, 44, 72, 167] Consequently, it is present even if there are
no SrO precipitates at the surface.

The main di�erence between the two �tting procedures is the pO2 dependence
of the Gaussian widths of the two Voigt doublets. For the SrO precipitation �tting
procedure the Gaussian width of both doublets corresponding to the SrTiO3 lat-
tice component and the SrO surface component is kept constant between the UHV
conditions and 1.5 mbar O2. In contrast, for the �tting procedure corresponding
to the chemisorption of oxygen molecules the Gaussian width is variable due to the
in�uence of the pO2-dependent space charge layer, cf. sec. 6.1.

Both �tting procedures result in reasonable �ts of the measured curves. In case
of the SrO precipitation �tting procedure (a) the contribution of the secondary
component peak increases with increasing pO2. This trend indicates the strontium
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9.2. SrO precipitation vs. oxygen adsorption

tio depends strongly on the absolute pressure in the measurement chamber, thus
increasing the detection limit for determining chemical changes at higher pO2. In
order to decisively clarify which of the two surface processes is actually present,
in the following the results of the synchrotron-based AP-XPS measurements with
varying probing depth will be evaluated. These experiments allowed for both a
potentially higher energy resolution and the evaluation of the core level spectra at
di�erent probing depths.

Evaluation of the AP-XPS results at varying probing depths

As described in section 6.2 all core level spectra of a 1.0 at% n-SrTiO3 sample
measured at 670 K in low and high pO2 conditions show a probing-depth dependent
broadening. Figure 9.3 reproduces the superposition of the Sr3d core level spectra
at di�erent probing depths at a low base pressure (a) and a high pO2 of 1.3 mbar
(b) at 670 K, cf. �g. 6.17.

The superposition of the Sr3d core level spectra reveals two probing depth-
dependent e�ects. Firstly, the spectra show a non-monotonous evolution of the
core level shape with decreasing probing depth at high binding energies. From the
highest to the second highest probing depth the width of the measured core level
decreases slightly. In accordance to the results of the O1s core level spectra, this
discrepancy might be due to the interplay of two contrary e�ects caused by the
presence of the surface space charge layer and an additional surface component,
cf. sec. 6.2. For all other probing depths, however, the core level width increases
continuously with decreasing probing depth. Secondly, the intensity valley between

Sr3d | 10-8 mbar
670 K

Sr3d | 1.3 mbar O2
670 K

Relative binding energy [eV]Relative binding energy [eV]

a) b)

Figure 9.3.: The normalized superposition of the Sr3d core level spectra measured in a
low base pressure of 10−8 mbar (a) and at a high pO2 of 1.3 mbar (b) at 670 K
and di�erent probing depths after a Shirley background subtraction. This �gure
is published in ref. [115].
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Chapter 9. Discussion

the Sr3d3/2 peak and the Sr3d5/2 peak, with the exception of the highest probing
depth, is continuously �attened with decreasing probing depth.

As explained in section 9.1, both these trends unambiguously demonstrate pO2-
dependent chemical changes in the strontium sublattice at the n-SrTiO3 surface.
With decreasing probing depth the in�uence of the SrO secondary component inten-
sity on the shape of the measured Sr3d core level is increased signi�cantly resulting
in the observed broadening of the Sr3d core level shape and the intensity �attening
between the Sr3d3/2 peak and the Sr3d5/2 peak. As the amount of strontium atoms
in the near surface region is considered constant due to sluggish di�usion. Due to
the pO2-dependent redox process the concentration of V

′′
Sr located directly at the

n-SrTiO3 surface increases according to the concentration of precipitated SrO. At
the same time, the concentration of lattice strontium decreases accordingly leaving
behind an increasing concentration of V

′′
Sr. Consequently, the observed negative

surface charge is formed by the presence of doubly negatively charged V
′′
Sr at the

n-SrTiO3 surface and not by the chemisorption of oxygen molecules.
In order to quantify the impact of the strontium sublattice on the AP-XPS

measurements at di�erent probing depths, �gure 9.4 reproduces the results of the
�tting procedure of the Sr3d core level spectra at di�erent information depths ap-
plied in section 6.2. As a result of the varied oxygen atmosphere, the peak positions
obtained in a low base pressure and at high pO2 are o�set by ∼0.55 eV. In addition,
a probing depth-dependent evolution of the SrO surface component is observed at
a low base pressure and in high pO2. Moreover, with decreasing probing depth

a)

0.4 0.8 1.2
Probing depth [nm]

S
ur

f. 
co

m
p.

 [%
]

60

40

20

0.4 0.8 1.2

B
E

 [e
V

]

b)

 10-8 mbar
 1.3 mbar

134.0

133.6

133.2

Probing depth [nm]

 10-8 mbar
 1.3 mbar

Figure 9.4.: The probing depth-dependent binding energy positions of the Sr3d5/2 low
binding energy component peaks are shown in (a). The relative contribution
of the surface component (turquoise) estimated by the area of the high binding
energy doublet in comparison to the peak area is shown in (b). With a decreasing
probing depth, the binding energy shifts towards lower values while the share of
the high binding energy component phase is increased for both measurements at
low base pressures and high pO2.
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9.3. Clari�cation of the chemical surface redox process

the SrO surface component increases strongly, indicating a distinct SrO coverage
of the n-SrTiO3 surface in both low base pressure and high pO2 conditions. The
overall contribution determined by the area ratio of the high binding energy dou-
blet in comparison to the total areal intensity of the Sr3d core level increases with
decreasing probing depth from 33 % to 62 % at a low base pressure and from 27 %
to 45 % at 1.3 mbar O2, respectively. In agreement with literature, this �nding
at �rst sight indicates a higher contribution of the surface component in lower
base pressure, which would contradict the introduced SrO precipitation model.[38,
44, 52, 72, 115] Nevertheless, as will be explained in detail below the observa-
tions here can be understood by a chemical response limited to the very surface
region of the n-SrTiO3 sample which is accompanied by nanoscopic morphology
changes.

9.3. Clari�cation of the chemical surface redox
process

Figure 9.5 shows a schematic illustration of the pO2-dependent surface redox
process controlling the electrical surface properties of n-SrTiO3 by SrO precipitation
in the case of low base pressure (a) and high pO2 (b) and how it e�ects the electrical
surface properties (c). The precipitation is consistently described by the equilibrium
redox reaction in Kroger-Vink notation[38, 76]

1

2
O2(g) + SrxSr + 2e− 
 V

′′
Sr + (SrO)s.p. , (9.1)

where O2(g) denotes oxygen molecules in the gas phase, SrxSr a charge-neutral stron-
tium ion at a strontium lattice position, e− a negatively charged electron, V

′′
Sr a

double negatively charged strontium vacancy and (SrO)s.p. a strontium oxide com-
pound in the secondary phase, cf. sec. 2.4.

Considering the proposed chemical surface reaction, at low base pressures, it
is reasonable to assume a thin �lm surface that is partially SrO terminated, cf.
�g. 9.5 (a). This tendency of the thin �lm growth process to produce strontium
oxide terminated surfaces is due to the incomplete growth of unit cells, slight non-
stoichiometric growth of the n-SrTiO3 thin �lms or due to an incomplete polishing
process of the single crystalline substrate.[88, 128] This initial SrO coverage is part
of the SrTiO3 lattice of the thin �lm and thus not accompanied by strontium vacan-
cies at the surface. Consequently, this type of SrO coverage is not accompanied by
a negative surface charge but still contributes to the spectroscopic SrO secondary
component in the Sr3d core level spectra. With increasing pO2 at elevated tem-
peratures the equilibrium of the surface redox reaction is moved to the right side,
cf. eq. 9.1. Thus an increasing amount of Sr from the SrTiO3 lattice precipitates
with oxygen from the surrounding gas atmosphere to SrO at the n-SrTiO3 surface,
cf. �g. 9.5 (b) leaving behind a double negatively charged strontium vacancy in the
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Chapter 9. Discussion

mination directly after growth or by an additional SrO precipitation layer stacked
on top of a SrO termination. By increasing the pO2, the total amount of SrO unit
cells stacked on top of the initial SrO termination increases while the total amount
of Sr atoms measured in the AP-XPS probing depth is constant due to the sluggish
cation movement at the applied temperatures.[37] Thus, as schematically shown in
�gure 9.6 (b,c), the stacking process reduces the e�ective area of the SrO coverage
that is hit directly by the X-ray beam, see turquoise rectangles. A buried SrO unit
cell, however, contributes less to the total intensity of the Sr3d core level spectra
due to the exponential attenuation of the emitted electrons, cf. �g. 9.6 (e) and
sec. 3.5. Consequently, the total intensity of the SrO high binding energy compo-
nent at oxidizing conditions is reduced due to increased stacking of SrO unit cells,
regardless of the initial surface coverage by SrO precipitates or SrO termination,
cf. �g. 9.6 (a,d).

Strontium vacancy concentration at the n-SrTiO3 surface

Utilizing the pO2-dependent surface charge determined by AP-XPS and ECR
in chapters 6, 7 and 8 respectively, the V

′′
Sr concentration needed to create the

observed surface space charge layer can be calculated. A single V
′′
Sr is double

negatively charged. Hence, to realize the estimated surface charges a V
′′
Sr surface

concentration is needed that is equivalent to half of the estimated surface charge.
The V

′′
Sr surface concentration correlated to the spectroscopic experiments per-

formed on 1.0 at% n-SrTiO3 samples at 670 K are calculated to ∼3×1013 cm−2 and
∼5×1013 cm−2 at 1.5×10−4 mbar O2 and 1.5 mbar O2, respectively. In compari-
son, the V

′′
Sr surface concentration corresponding to the electrical characterization

of 1.0 at% n-SrTiO3 samples at 670 K are determined to ∼1.5×1014 cm−2 and
∼1.6×1014 cm−2 for 0.005 mbar and 1.0 mbar O2, respectively. Comparing these
concentrations to the concentration of strontium atoms needed for a full monolayer
(6.25×1014 cm−2) concludes an additional SrO surface coverage of 5 % and 8 %
calculated from AP-XPS measurements for 1.5×10−4 mbar O2 and 1.5 mbar O2, re-
spectively and 24 % and 25 % determined from electrical characterization measure-
ments for 0.005 mbar O2 and 1.0 mbar O2. In good agreement with the determined
surface charges, the V

′′
Sr surface coverages estimated for the two independent mea-

surement techniques are in the same order of magnitude and can both be considered
reasonable in comparison to SrO surface coverages found directly after growth.[88,
128] As explained in more detail in section 8.4, due to di�erent error estimations
these values correspond to a lower limit (AP-XPS) and an upper limit (ECR). In
addition, these results show that V

′′
Sr are present at all conditions and cannot be

removed even in nominally reducing conditions. However, even rather subtle al-
terations of the V

′′
Sr concentration by just a few % lead to signi�cant changes in

the electronic n-SrTiO3 surface properties, namely band bending, decreasing sheet
carrier concentration and increasing sheet resistance.

140



9.3. Clari�cation of the chemical surface redox process

Transient evolution of the pO2-dependent conductivity

In section 8.3 a �tting procedure is introduced that attributes the transient
course of the pO2-dependent conductivity to a combination of a surface transfer
reaction and a bulk di�usion process. The surface transfer coe�cient and the
di�usion coe�cient were �tted to Ktr=9.5×10−12 m/s and D=6.4×10−21 m2/s,
respectively, cf. �g. 8.10 (b).

In accordance to the proposed model, the surface transfer reaction is attributed
to the precipitation of SrO and the accompanied formation of strontium vacancies
while the subsequent bulk di�usion process is attributed to the di�usion of stron-
tium vacancies into the n-SrTiO3 thin �lm. Thus, the surface transfer coe�cient
(Ktr=9.5×10−12 m/s) refers to the precipitation rate of SrO at the n-SrTiO3 sur-
face (KSrO) while the di�usion coe�cient D=6.4×10−21 m2/s is correlated to the
di�usion coe�cient of strontium vacancies (D

V
′′
Sr

) in n-SrTiO3 at a given pO2 and

temperature.
A precipitation rate and hence an oxygen incorporation rate ofKSrO=9.5×10−12 m/s

is considerably fast in comparison to other surface reactions like the incorporation
of oxygen into the SrTiO3 lattice of ks ∼10−27 m/s as extrapolated from the de-
scription ofMerkle and Maier.[75] Thus, the values determined here are remarkably
as compared to what is known from SrTiO3 bulk behavior and might be due to the
impact of the pO2-dependent surface redox process.

In literature, the self-di�usion coe�cient V
′′
Sr in n-SrTiO3 is determined empir-

ically at high temperatures to

5× 10−9 × exp(−
2.8eV
kBT

)

[
m2

s

]
, (9.2)

where kB denotes the Boltzmann constant in eV/K.[37, 38] Extrapolating this equa-
tion down to 520 K results in a V

′′
Sr self-di�usion coe�cient of 3.6×10−36 m2/s.

The extrapolated value of the V
′′
Sr self di�usion coe�cient is signi�cantly lower than

what is determined by the used �tting procedure. This estimation is consistent with
the defect chemistry of n-SrTiO3 involving an activation of the strontium sublat-
tice which is believed to be active only at higher temperatures. As has been shown
directly by AP-XPS and ECR experiments, however, the strontium sublattice is ac-
tive at temperatures as low as 420 K, cf. secs. 7.2 and 8.2. Hence, the extrapolated
value might not be accurate due to the fact that the possible impact range of the
strontium sublattice activation can not be clari�ed.

The substantial increase of the V
′′
Sr di�usion rate in comparison to the literature

value might be caused by two di�erent e�ects. Firstly, the literature value does not
include the impact of a space charge layer and thus an electric �eld accelerating the
di�usion of V

′′
Sr from the surface into the sample. As illustrated in ref. [38] high

electric �elds in the space charge region can enhance the di�usion of V
′′
Sr by about

a factor of 100. Secondly, the temperatures at which the self di�usion coe�cient
was determined are signi�cantly higher than the temperatures applied in the shown
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experiments.
Thirdly, the self-di�usion coe�cient was determined at high temperatures and

long di�usion lengths in bulk materials which might not reasonable be extrapolated
towards very short di�usion lengths in the nm-regime. Thus, the extrapolation of
the self-di�usion coe�cient to lower temperatures and shorter length scales might
cause additional strong deviations and the �tted value is considered reasonable.

The �tting results based on he one dimensional model implemented by v. d.
Otter et. al. do not contradict the proposed SrO precipitation model as the under-
lying surface redox process. Nevertheless, in order to harmonize the precipitation
of SrO with the �tting of the transient sheet resistance further experiments have
to be performed in more stable conditions to explain the remaining open ques-
tions.

Strontium vacancy-dependent transport barrier

All results obtained experimentally by impedance spectroscopy and IV -curves
demonstrated a dependence of the interfacial transport barrier in Pt/n-SrTiO3 het-
erojunctions on the speci�c annealing procedure applied to the n-SrTiO3 single
crystals prior to the platinum contact evaporation. After oxidation, a substantial
increase of the contact resistance (RSC) is found by both experimental techniques
while the contact capacitance (CSC) did not change signi�cantly, cf. sec. 5.1.

In comparison to the thermodynamical conditions present in the AP-XPS exper-
iments, the annealing procedures applied prior to the electrical characterization of
the Pt/n-SrTiO3 interface Schottky contact higher temperatures (1320 K to 1420 K)
and oxidizing pO2 (ambient pressure) and reducing conditions (4 % H2/Ar) were
used. In accordance to the defect chemistry of n-SrTiO3, the precipitation of SrO
is more pronounced at higher temperatures and higher oxygen partial pressures.[37,
38] Hence, even though the applied conditions are not fully identical, it is reasonable
to assume SrO precipitation and the accompanied formation of V

′′
Sr to be active

during the annealing procedures.

DFT-simulation of a Pt/n-SrTiO3 heterojunction
To probe the in�uence of a V

′′
Sr on the Pt/n-SrTiO3 Schottky contact proper-

ties on the atomic scale quantum mechanical simulations based on ab initio den-
sity functional theory (DFT) combined with the non-equilibrium Green′s function
(NEGF) formalism are employed, that provide local density of states (LDOS) for
each atomic layer across the heterojunction.[66] All the simulations were prepared
and conducted by Carsten Funck, IWE II, RWTH Aachen University. Details on
the supercell structure used for the calculations can be found in appendix B and
ref. [66].

Two di�erent systems are generated: one pristine heterojunction of Pt and n-
SrTiO3 without any distortion of the lattice and one with a distortion by a V

′′
Sr in
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Chapter 9. Discussion

illustrates a low local density of states corresponding to the band gap, while the
purple regimes describe the valence and conduction band, respectively. At the edges
of the simulated atomic model, away from the interface (d ∼0), εF is located in the
conduction band, as expected for a donor-doped semiconductor system. In the cen-
tral Schottky contact region (d = 1 nm to 4 nm) the concentration of electronic
states at the Fermi level vanishes completely, as the conduction band is moved up
in terms of energy. This upwards band bending corresponds to a Schottky-type
electron depletion region at the Pt/n-SrTiO3 interface. Consequently, the Fermi
energy is shifted deeper into the band gap forming a transport barrier for the elec-
tronic transport through the heterojunction.

There are two main di�erences between the pristine and the distorted system.
Firstly, the apparent transport barrier height (ΦTBH) increases signi�cantly from
1.2 eV in the pristine system (b) to 1.5 eV in the distorted system (c). Secondly, the
overall shape of the barrier is slightly broadened which corresponds to an increased
screening length of the transport barrier. This is consistent with the presence of
the additional negative charge introduced by the doubly negatively charged stron-
tium vacancy within the Pt/n-SrTiO3 heterojunction. Both �ndings, a signi�cant
increase of ΦTBH as well as the slight broadening of the space charge layer are
observed independent of the actual position of the V

′′
Sr. The speci�c shape of the

transport barrier, however, changes with a varying V
′′
Sr position in the calculation.

In order to correlate these theoretical results to the experimental results found by
impedance spectroscopy and IV -curves the electrical transport mechanisms through
the barrier need to be considered, cf. chp. 5. Wang et al. reported previously that
regardless of the transport mechanism (direct tunneling, Fowler-Nordheim tunnel-
ing, thermionic emission, hopping transport) the contact resistance RSC depends
exponentially on the apparent transport barrier ΦTBH.[67] Hence, a 0.3 eV-change
in the transport barrier height would change the contact resistance by a factor of
exp
(
e∆ΦTBH

kB

)
≈ 105. This estimation explains the changes in the contact resis-

tance observed by impedance spectroscopy and I(V )-characterization, which re-
vealed a 2-3 orders of magnitude change. The remaining over-estimation obtained
from DFT calculations is a result of the high concentration of donor (∼6.8 at%)
and Sr vacancy defects (∼2.2 at%) assumed in the calculation in order to limit the
cell size and thus computational costs. Furthermore, the particular form of the
barrier will depend on the exact positions of dopants and defects, locally resulting
in higher/lower barriers, which is averaged in the macroscopic measurements.

In contrast, assuming a classical capacitor the contact capacitance CSC depends
only inversely proportional on the barrier width, converting into a much weaker
square-root dependence on the barrier height,[65]

CSC = ε0εr
A

dSC
∝

1
√

ΦTBH

, (9.3)

where ε0 denotes the vacuum permittivity, εr the relative permittivity, A the con-
tact area and dSC the transport barrier width, cf. sec. 2.2. As an estimate, the
calculated barrier heights translate into a relative change in the capacitance by a
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9.3. Clari�cation of the chemical surface redox process

factor of
√

1.5/1.2 ≈ 1.1, appearing as an unchanged value given the general scatter
of the data shown in �gure 5.5.

Hence, a V
′′
Sr in the near contact region increases the transport barrier of the

pristine heterojunction by 0.3 eV and thereby increases RSC exponentially. The
width of the transport barrier, however, is only changed slightly with a V

′′
Sr in the

near contact region resulting in a primarily una�ected CSC. Thus, the theoretical
simulations are consistent with the results of the impedance spectroscopy and IV -
curves which both demonstrated a strong increase of the transport barrier while
the contact capacitance did not change as signi�cantly. Consequently, the results
of the impedance spectroscopy and IV -curves are consistent with the incorporation
of strontium vacancies during annealing in oxidizing conditions and hence with the
clari�ed surface redox process.

In terms of possible applications, the incorporation of V
′′
Sr as localized negative

charges in the near surface region might be used to tailor transport barrier heights in
Pt/n-SrTiO3 heterojunctions. For the functionality of such devices, this translates
into the opportunity to tailor band alignments by controlling the intrinsic cationic
disorder.[175, 176] It would be possible to produce heterojunctions with speci�cally
tailored transport properties like strongly rectifying behavior or with more sym-
metric IV -characteristics or even to a�ect the photocatalytic response due to the
e�ective charge separation.[20] In terms of the application of n-SrTiO3 as substrate
material for resistive switching devices tailored interface band alignments might
allow to vary the initial state of the device to strongly a�ect the electroforming
process or the subsequent cycling of the cells, where the redistribution of oxygen
vacancies into the electron depletion are at the heterojunction is thought to be
responsible for the resistive switching e�ect.[12, 25]

Summary

In this chapter the chemical process at the n-SrTiO3 surface that controls the
pO2-dependent electrical properties has been discussed comprehensively. Consis-
tent with the defect chemistry, in oxidizing conditions strontium atoms from the
SrTiO3 lattice react with oxygen from the atmosphere to strontium oxide precip-
itates which grow in form of islands at the n-SrTiO3 surface. As a result, doubly
negatively charged strontium vacancies are formed at the surface of the SrTiO3 lat-
tice dominating the electrical properties. The illustrated surface redox process is
consistent with all results observed within this thesis.

The spectroscopic results of pO2-dependent as well as probing depth-dependent
apparent binding energies are due to the formation of a negative surface charge and
a corresponding shift of the Fermi energy, initially close to the conduction band in
reducing atmospheres, deeper into the band gap. Moreover, the chemical changes
at the n-SrTiO3 surface results in alterations in the shape of the characteristic core
levels. Especially the evolution of the valley between the Sr3d3/2 and the Sr3d5/2
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peak is most important. Due to the pO2-dependent formation of a strontium oxide
secondary surface component the activation of the strontium sublattice at the sur-
face at considerably low temperatures is unambiguously revealed.

The electrical results depending on both annealing pre-treatments as well as
the applied pO2 are demonstrated to be consistent with the generated negative
surface charge formed by V

′′
Sr and the corresponding space charge layer. In n-

SrTiO3 single crystals DFT-calculations illustrated an increased V
′′
Sr concentration

in the near n-SrTiO3 surface region leads to an annealing-dependent transport bar-
rier, cf. sec. 9.3. In addition, the negative surface charge observed directly after
growth in oxidizing conditions by the �lm thickness-dependent carrier concentra-
tion is compensated by electron depletion in the surface region. Thus depletion
corresponds to the formation of a surface space charge layer. Moreover, the in-
situ pO2-dependent sheet resistance is caused by the pO2-dependent formation of
V
′′
Sr at the n-SrTiO3 surface reducing the amount of carriers that contribute to the

conductivity in the thin �lm.
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10. Conclusion and Outlook

The scope of this thesis has been to investigate the impact of the surface chem-
istry (pO2, T ) on the electrical properties of donor-doped SrTiO3 surfaces and
demonstrate the di�erences to expected bulk behavior. For this purpose this thesis
has utilized a variety of di�erent measurements techniques ranging from morpholog-
ical imaging methods and electrical experiments to advanced in-situ spectroscopic
measurements was utilized to identify and interpret the occurring pO2-dependent
properties. Based on the defect chemistry of n-SrTiO3 and in agreement with the
experimental observations and results, the thesis �nds that there is a surface redox
process chemically controlling the electrical surface properties.

As the underlying surface redox process, this thesis identi�es the precipitation
of strontium oxide in oxidizing conditions forming clusters at the n-SrTiO3 sur-
face and leaving behind negatively charged strontium vacancies. Subtle changes of
the strontium sublattice consistently explain all spectroscopic and electrical results
which are summarized in �g. 10.1 (a). The existence of such a redox process is re-
markable. Up to now, the defect chemistry of n-SrTiO3 single crystals proposed the
strontium sublattice, and especially the cation di�usion, to be active only at much
higher temperatures. At lower temperatures, due to the inhibited cation di�usion
into the sample, the rearrangement of the strontium sublattice was considered to
be restricted to the n-SrTiO3 surface. In fact, this restriction is presumed to be
fundamental for the electrical charge separation revealed in this thesis for forming a
surface space charge layer. In this way, classical rules of bulk defect chemistry were
expanded to the surface allowing for accelerated ionic dynamics and thus chemical
control of the electrical surface properties of n-SrTiO3 by its redox chemistry.

Contrary to the prevailing assumptions, in this thesis, in-situ AP-XPS has
demonstrated the activation of the strontium sublattice at temperatures between
470 K and 770 K as well as the fully reversible generation and annihilation of
a pO2-dependent negative surface charge and a corresponding surface potential.
With increasing pO2, a growing secondary component has been identi�ed in the
spectroscopic results of the strontium 3d core level clarifying SrO to precipitate at
the n-SrTiO3 surface in oxidizing conditions, cf. �g. 10.1 (a). As the origin of the
illustrated negative surface charge, this thesis has singled out the doubly negatively
charged strontium vacancies formed during the precipitation process.
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This thesis has identi�ed the corresponding surface potential to be due to a shift
of the Fermi energy deeper into the band gap which occurred as the n-SrTiO3 sur-
face was oxidized, cf. �g. 10.1 (b). The potential was found to decrease into the
n-SrTiO3 sample resulting in band bending and hence the presence of a surface
space charge layer. In this surface space charge layer electrons were depleted com-
pensating the generated negative ionic surface charge. In addition to a varied pO2,
it was also possible to tune the characteristic properties of the space charge layer
and especially its width by external parameters like the donor doping concentration
and the applied temperature.

Remarkably, regardless of the applied temperature, it was not possible to com-
pletely remove the negative surface charge dominating the electrical surface prop-
erties even at low, nominally reducing, ultra high vacuum base pressures. Thus,
this thesis shows that in basic conditions of most UHV experimental setups which
are widely believed to preserve the properties of transition metal oxide samples,
the samples

′
surface chemistry can in fact impact or even dominate the electrical

properties of donor-doped oxides by oxygenation.

The precipitation of SrO at the n-SrTiO3 surface dominated the electrical prop-
erties of Pt/n-SrTiO3 heterojunctions as demonstrated by impedance spectroscopy
and I(V )-curves, cf. �g. 10.1 (c). By applying speci�c oxidizing and reducing
annealing treatments to the n-SrTiO3 single crystals prior to the heterojunction
fabrication the transport barrier between the metal top electrode and the oxide
single crystal was adjusted to values between 1.5 eV and 1.2 eV, respectively. As
was shown by theoretical DFT simulations this tailoring of the heterojunction's
transport barrier was due to the presence of strontium vacancies in the near con-
tact region after oxidizing annealing treatments.

Furthermore, the electrical properties of n-SrTiO3 thin �lms were consistently
controlled by SrO precipitation. Hall measurements illustrated the impact of a
surface space charge layer directly after growth by a thickness-dependent charge
carrier concentration, cf. �g. 10.1 (d). Thus, typical oxidizing growth conditions
of donor-doped transition metal oxides can dominate the electrical surface proper-
ties. Moreover, electrochemical conductivity relaxation experiments demonstrated
the in-situ control the n-SrTiO3 in-plane properties by precisely controlling the
applied pO2, cf. �g. 10.1 (e). In agreement with the spectroscopic results, this
trend was attributed to a pO2-dependent negative surface charge dominating the
charge carrier concentration in the thin �lm contributing to electrical conductivity.
The negative surface charges determined from spectroscopic and electrical charac-
terization were in the same order of magnitude and due to speci�c experimental
constraints de�ned a lower and an upper limit for the absolute value, respectively.

The results of this thesis o�er fundamentally new insights regarding the elec-
trical surface properties of n-SrTiO3 and their dependence on di�erent thermody-
namical biases by expanding classic bulk defect chemistry to the very surface. The
defect chemistry of surfaces can vary signi�cantly from the well-known bulk behav-
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ior. Especially the dynamics which limit the defect formation in the bulk at low
temperatures may be much faster and more pronounced in the �rst monolayers.
The �ndings are of signi�cant and direct scienti�c interest in particular for inves-
tigations into n-SrTiO3 thin �lm surfaces and into heterojunctions and interfaces
involving n-SrTiO3. In addition, the thesis

′
�ndings are of relevance for a wide

variety of other perovskite transition metal oxide thin �lm applications in which n-
SrTiO3 single crystals are used as quasi-metallic degenerate n-type semiconductor
substrates. The electrical and spectroscopic results demonstrate the surface prop-
erties to be dominated by the surface chemistry and the applied thermodynamic
biases, and hence to be more complex than previously assumed. Consequently, the
growth as well as the measurement conditions need to be selected and adjusted
carefully when addressing donor-doped transition metal oxides.

Furthermore, the �ndings in this thesis open up a new �eld of possible direct
functionalities of n-type transition metal oxides. Annealing treatments are fairly
simple processes to tailor the functional properties of heterojunctions with tunable
transport barriers possibly resulting in novel resistive switching devices. Moreover,
controlling the electrical properties of thin �lms by their surface chemistry could
lead to the development of innovative gas sensing applications able to realize more
sensitive characteristics than state of the art type sensors.
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A. Pressure instabilities during ECR

experiments

Within this thesis electrochemical conductivity relaxation experiments are used
to to draw conclusions on pO2-dependent processes dominating the electrical prop-
erties at the n-SrTiO3 surfaces, cf. ch. 8. Hereby the pO2 in the measurement
reactor is changed between two speci�c values while measuring in-plane sheet re-
sistance, cf. sec. 3.4. In order to to allow for a time-dependent �tting of the course
of the conductivity it is important to ensure a jump between to equilibrium states.
Therefore, the pO2 needs to be controlled precisely.

670 K

Figure A.1.: Exemplary oscillations of the pO2 (black) and the corresponding conductiv-
ity (blue) during long-term electrochemical conductivity relaxation experiments
at 670 K.



Appendix A. Pressure instabilities during ECR experiments

During the measurements within this thesis, however, the pO2 showed non-
negligible oscillations. Figure A.1 shows the exemplary course of the pO2 and the
corresponding conductivity measured over time at a temperature of 670 K.

The observed pO2 exhibit a clear oscillation with a frequency of about 1.5 h
and an amplitude of about 0.5 mbar O2. The determined in-plane conductivity
demonstrates the oscillations with the same frequency. With increasing/decreasing
pO2 the conductivity decreases/increases. These results are consistent with the
pO2-dependent surface charges and the corresponding surface space charge layer
observed by AP-XPS and Hall measurements. As a consequence, no equilibrium
pO2 and thus no equilibrium conductivity is adjusted over time. Thus, these oscilla-
tions limit the opportunity of �tting the time-dependent course of the conductivity
with suitable surface process models.

After excluding the measurement electronics, electronic cross talk with other se-
tups, the used gas quality and external stimuli such as vibrations, the surrounding
atmosphere in the laboratory and magnetic �elds as the cause of the pO2 oscilla-
tions, the measurement uncertainty most likely originates from the used mass �ow
controllers. The �ows necessary to adjust a pO2 comparable to the AP-XPS exper-
iments were at the lower limit of the mass �ow controller. At this limit the internal
PID-controller might result in the observed high �uctuations. In order to overcome
these oscillations Ar/O2 premix gases with high �ow rates were utilized within this
thesis.
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B. Description of the supercell

applied for DFT calculations

The supercell has a dimension of 2x2 unit cells in x-y dimension and a length of
eleven unit cells of SrTiO3 and three unit cells of platinum. The structure is com-
pleted by the integration of Nb-dopants on titanium lattice sites (c.f. �g. 9.7 (a)).
All structures have been relaxed up to a force less than 0.05 eV/Å. Using the
DFT+NEGF formalism implemented in ATK 2017.12 semi-periodical boundary
conditions are applied in perpendicular direction to the Schottky interface and a k-
point sampling of 3x3x(100) for the electrodes and the periodic directions of the cen-
tral region.[177�179] For the DFT simulation a local basis set with pseudo-potentials
and the Perdew-Burke-Emzerhof (PBE) exchange potential are applied.[180�182]
To overcome the bandgap problem and to �t the bandgap of the isolated SrTiO3 slab
a Hubbard U = 6 eV has been applied to the Sr, Nb, Ti d-orbitals and the O p-
orbitals. Note that this may induce a vague error to the quantitative transport
barrier height but will not impact the trends qualitatively investigated here.
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