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Abstract

One of the most investigated materials in solid state ionics is SrTiOs, a perovskite-type oxide.
Among others, it finds interest in the field of resistive switching for memristive applications as
well as in photoionics, i.e photo-induced ionic effects. What makes this material particularly
interesting is that its defect structure in the bulk is well investigated and defect models are available
for doped and undoped SrTiOs. In thin films, however, these bulk models often fail to explain or
predict the electrochemical properties, and different explanations are discussed in literature, e.g.
stress/strain, space charge zones or nonstoichiometry, particularly cation vacancies due to a Sr/Ti
ratio deviating from unity. Moreover, in SrTiOs under illumination changes of the oxygen
vacancies may play an essential role (photoionics).

In this thesis, the various effects of both types of vacancies (i.e. cation vacancies and oxygen
vacancies) in SrTiOs are investigated in regard to electrical conductivity and photovoltages.
Different characterization techniques are employed, ranging from characterization via
electrochemical impedance spectroscopy (EIS) to elemental analysis (inductively coupled plasma
optical emission spectroscopy, ICP-OES; Rutherford backscattering spectroscopy, RBS), lab-scale
X-ray diffraction methods and even synchrotron based methods (X-ray standing wave, XSW; X-
ray absorption spectroscopy, XAS; positron annihilation lifetime spectroscopy, PALS). The aim of
this thesis is to provide a concise picture of the relationship between electrical properties and
vacancies in SrTiOz thin films.

First, the electrical conductivity of Fe doped SrTiOz thin films is characterized by means of
impedance spectroscopy. Surprisingly, at about 350 °C — 700 °C, electronically pseudo-intrinsic
conductivity is measured for these thin films despite 2 % Fe doping. Furthermore, a Sr deficiency
is found. An experimental route towards bulk-like conductivity is developed by adding excess Sr
to the target for the pulsed laser deposition (PLD), and indeed a tremendous increase in
conductivity results up to bulk-like values. PALS measurements also reveal a change of the
predominant point defect from Sr vacancies to clusters of titanium vacancies and oxygen vacancies.
In the next step, the very nature of the pseudo-intrinsic conductivity found in doped SrTiOs3 thin
films is investigated. Here, different doping concentrations and dopants (Fe, Al, Ni) are used,
revealing appearance of electronically intrinsic conductivity for a vast number of samples.
Synchrotron based experiments indicate a change in Fe site occupation for slightly Fe doped SrTiO3
(XSW), which is accompanied by a change in Fe oxidation state or electronic surrounding (XAS).



Moreover, Sr vacancies are found in nominally undoped and slightly Fe doped thin films using
positron annihilation lifetime spectroscopy. Based on these and other observations, a model is
deduced for explaining the pseudo-intrinsic behavior. This model postulates Sr vacancies as mid
gap states, pinning the electrical conductivity to the intrinsic value. Moreover, polycrystalline
SrTiOs pellets with different cation nonstoichiometry were investigated in regard to their
conductivity. An increase in conductivity is observed for Sr deficient SrTiO3 pellets in contrast to
thin films and discussion in terms of Schottky disorder.

Finally, SrTiOs single crystal based heterojunctions are investigated as high temperature
photovoltaic cells. Time resolved voltage measurements reveal a time dependency of the
photovoltage, which is attributed to oxygen vacancy related processes. Moreover, a long-lasting
increase of the current (and power) was found in such a cell under UV illumination. This “self-
enhancing” effect is explained by stoichiometry polarization due to the photovoltage being applied
to the bulk SrTiOs, again highlighting how essential oxygen vacancies are for understanding
electrochemical properties and processes in SrTiOs. The findings are then compared to thin film
photovoltaic cells. Again, a vastly different behavior is found for single crystals and thin films and
the changes in photovoltage can be attributed to the special defect situation in thin film due to Sr

vacancy induced gap states.



Kurzfassung

Eines der am besten erforschten Materialien im Bereich der Festkorperionik ist Strontiumtitanat,
SrTiOs, ein Oxid in Perowskitstruktur, welches unter anderem fiir umschaltbare Widersténde, fiir
Speicheranwendungen und im Bereich von lichtinduzierten ionische Effekten in Oxiden von
Interesse ist. Vorteilhaft ist hierbei auch, dass die Defektstruktur von SrTiOz sehr gut erforscht und
verstanden ist und Modelle hinsichtlich der relevanten Defektkonzentrationen fir dotiertes und
undotiertes Strontiumtitanat vorhanden sind. In Dunnfilmen hingegen scheitern diese Modelle oft
daran, experimentell beobachtete Eigenschaften zu erklaren. In der Literatur werden hier
unterschiedliche Faktoren diskutiert, die hinter dem abweichenden Verhalten stecken, etwa
Spannungen, Raumladungen und Nichtstochiometrie, besonders Kationennichtstéchiometrie.
Dariiber hinaus spielen Sauerstoffleerstellen im Bereich der Photoionik von SrTiOs eine essentielle
Rolle.

In dieser Arbeit werden die unterschiedlichen Effekte beider Arten von Leerstellen
(Kationenleerstellen und Sauerstoffleerstellen) untersucht, insbesondere im Hinblick auf
elektrische Leitfahigkeiten und Photospannungen. Unterschiedliche Charakterisierungsmethoden
werden angewandt, etwa elektrochemische Impedanzspektroskopie, optische
Emissionsspektroskopie sowie unterschiedliche Rontgentechniken im Labormalistab sowie bei
Synchrotronanlagen (Rontgenabsorption, stehende RoOntgenwelle, Positronen-Annihilations-
Lebensdauer-Spektroskopie). Dabei ist das Ziel dieser Arbeit, ein moglichst prézises Bild vom
Wechselspiel aus elektrochemischen Eigenschaften und Leerstellen in SrTiO3 zu vermitteln.
Zuerst werden Fe dotierte SrTiOs Diunnschichten mit Impedanzspektroskopie im Hinblick auf
deren elektrische Leitfahigkeit untersucht. Uberraschenderweise entspricht die bei 350 °C bis
700°C gefundene Leitfahigkeit dem elektronisch intrinsischen Wert, obwohl die Dunnfilme mit 2
% Fe dotiert sind. Weiters wird eine Sr Verarmung in den Filmen gefunden. Eine experimentelle
Route zur Leitfahigkeitserh6hung wird erarbeitet, indem ein Sr Uberschuss im Ausgangsmaterial
fiir die gepulste Laserdeposition zugegeben wird. Eine deutliche Leitfahigkeitserh6hung bis hin zu
den erwarteten Leitfahigkeitswerten von makroskopischen Proben kann dadurch erreicht werden.
Messungen mit Positronen-Annihilations-Lebensdauer-Spektroskopie zeigen einen Wechsel des
dominanten Punktdefekts von Sr Leerstellen hin zu Komplexen aus einer Titanleerstelle und einer
Sauerstoffleerstelle. Im Folgenden wird die Natur dieser elektronisch pseudo-intrinsischen
Leitfahigkeit in SrTiOs Dinnfilmen genauer untersucht. Hierbei werden unterschiedliche



Dotierelemente und Dotierkonzentrationen verwendet, wobei bei allen untersuchten Proben
pseudo-intrinsische Leitfahigkeit gefunden wird. Synchrotronbasierte Experimente zeigen einen
Wechsel der Platzbesetzung des Fe vom B-Platz hin zum A-Platz, der mit einem
dementsprechenden Wechsel der Oxidationsstufe beziehungsweise elektronischen Umgebung
verbunden ist. In den untersuchen Filmen liegen laut Positronen-Annihilations-Lebensdauer-
Spektroskopie Sr Leerstellen als vorherrschender Punktdefekt vor. Basierend auf diesen und
anderen Beobachtungen wird ein  Modell entwickelt, um das pseudo-intrinsische
Leitfahigkeitsverhalten zu erklaren. Das Modell postuliert Sr Leerstellen als Zustande genau in der
Mitte der Bandllcke, welche die Leitfahigkeit am pseudo-intrinsischen Wert fixieren. In diesem
Zusammenhang werden auch polykristalline SrTiOs Presslinge mit unterschiedlicher
Kationennichtstochiometrie im Hinblick auf ihre Leitfdhigkeit untersucht. Im Gegensatz zu
Dunnschichten wird bei Presslingen eine Leitfahigkeitserh6hung beobachtet fiir Proben mit Sr
Verarmung. Dies wird im Zusammenhang mit der Schottky Fehlordnung diskutiert.

Schlielich ~ werden  auf  SrTiOs-Einkristallen  basierende  Heterolbergange  als
Hochtemperaturphotovoltaikzellen untersucht. Zeitaufgeloste Spannungsmessungen zeigen eine
Zeitabhangigkeit der Photospannung, welche Prozessen mit Sauerstoffleerstellen zugeschrieben
werden. Dartber hinaus ergibt sich ein lang andauernder Anstieg des Stroms (und damit auch der
Leistung) unter UV  Licht.  Dieser ,Selbstverbesserungseffekt kann  durch
Stochiometriepolarisation aufgrund der Photospannung, die am SrTiOs Einkristall abfallt, erklart
werden. Auch dies zeigt die Wichtigkeit von Sauerstoffleerstellen fur das Verstdndnis von
elektrochemischen Eigenschaften und Vorgédngen in SrTiOs. Diese Ergebnisse werden
anschlieBend mit Dunnfilmzellen verglichen. Wieder ergibt sich ein deutlich verschiedenes
Verhalten fir Einkristalle und Dinnfilme und die Anderungen der Photospannung werden der
speziellen Defektstruktur in Dunnfilmen, insbesondere der von Sr Leerstellen induzierten

Zusténde, zugeschrieben.
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Chapter 1: Introduction

1.1 Motivation

In the last couple of years, the discussion of the menacing climate change [1-4] has brought the
need for green and environmentally friendly sources of energy closer to a worldwide audience and
the relevance of e.g. photovoltaics or hydrogen fuel is generally accepted [5-8]. The
interdisciplinary field of solid state ionics might be a key driver for future energy technologies
including solid oxide fuel cells (SOFCs) [9, 10], solid oxide electrolyzer cells (SOEC) [11, 12] and
high temperature photovoltaic (PV) or photoelectrochemical cells (PEC) [13]. Also other new
technologies with vast potential emerge such as solid state memory devices [14-16] or the internet
of things (IoT) [17, 18], for which decentralized small-scale power supply is essential [19]. In all
these applications, defects (e.g. oxygen vacancies) play an essential role for the general
functionality. Here, SrTiOz often serves as a model material for understanding defect chemistry
and defect interaction, but is also in the focus of research due to its outstanding properties,
especially in the field of resistive switching for memristive devices [20-23], photocatalysis [24, 25]
and various energy applications [26-28]. In several fields, miniaturization is key for possible
applications due to size limitations and potential power output increase (i.e. less resistance due to
smaller dimension), e.g. for powering sensors used in the internet of things. Thus, understanding
defects in SrTiOz — especially in SrTiOs thin films — is an interesting topic. While the defect model
for bulk SrTiOs is well-investigated [29, 30], thin films often deviate from the expected bulk
behavior, e.g. exceeding the expected (thermodynamic) level of Sr vacancies [31] or exhibiting
electronically intrinsic conductivity despite doping [32]. Therefore, this work aims at a better
understanding of the role of vacancies (both oxygen vacancies and cation vacancies) involved in
a) photoelectrochemical processes relevant for high temperature photoelectrochemical cells and b)

the special defect situation in SrTiOs thin films.

1.2 State of the art

Strontium titanate (SrTiOz) is among the most investigated materials in the field of electroceramics
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and solid state ionics [33]. The material’s defect chemistry has been studied intensely, with defect
models being available for undoped and donor as well as acceptor doped SrTiO3 [29, 30]. Due to
its controlled and well-defined defect chemistry, it is frequently employed as a model material in
the field of electroceramics, e.g. for large bad-gap materials or perovskite-type titanates such as
BaTiOs or (Pb,Zr)TiOs. SrTiOz is a mixed ionic and electronic conductor [33] and its conductivity
can be tailored by the introduction of dopants [34]. Donor doping, e.g. Nb°* at the Ti** site is
compensated by either the introduction of cation vacancies or electrons, yielding n-type SrTiOs in
the latter case. Acceptor doping, e.g by substituting a Ti** ion with an Fe®" ion, is charge-
compensated by oxygen vacancies or electron holes, leading to p-type SrTiOs in the case of hole

compensation. The respective defect reactions are

Nb¥, = Nby; + e’ (Eq. 1)
Fef = Fer;+ h° (Eq. 2)

denoting to an donor or acceptor, respectively. Furthermore, the oxygen nonstoichiometry is also
affected by oxygen release or uptake, depending on the oxygen partial pressure:

150, + V5 +2e' = 0 (Eq. 3)

Alternatively, Eq. 3 can be written with electron holes instead of electrons (see Eq. 12). Here, the
role of nonstoichiometry is easily accessible via ionic conductivity. Different studies on ionic
conductivity in SrTiOz for grains [37,38], grain boundaries [37-39] and dislocations [35, 36] are
available. Oxygen vacancies also play a fundamental role in understanding the electrochemical
behavior and properties of SrTiOs, e.g. for oxygen incorporation [40, 41], resistive switching in
memristive devices [20, 23], photoelectrochemical processes [13, 42], coloration under UV light
[41] and stoichiometry polarization [43].

Furthermore, cation vacancies are also present in SrTiOs. Due to the densely packed perovskite
structure, interstitial sites (e.g introduced via Frenkel disorder) are not expected in SrTiOs [44].
However, Schottky disorder is commonly reported in SrTiO3 and becomes relevant especially at
high temperatures [34, 44]. Three different Schottky reactions are possible in SrTiOs, with Eq. 4
describing the Schottky reaction, while Eq. 5 and 6 correspond to the Schottky-like partial reactions
for SrO and TiOa.
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Sré 4+ Ti¥ + 308 = Vi + Vi + 3V + SrTiOs (Eq. 4)
Sr&E+ 08 = Vi + V' + Sro (Eq. 5)
Tix,+ 20§ = + Vi + 2V + Tio, (Eq. 6)

Note that the partial Schottky-like defect reactions in Eq. 5 and 6 do not conserve the stoichiometry
in the perovskite phase but lead to the formation of secondary phases (TiO, SrO). Here, the most
relevant reaction is the SrO partial Schottky reaction, with the total Schottky reaction being
energetically only slightly unfavorable than the SrO partial Schottky reaction [34]. However, it is
not reported that the TiO; related partial Schottky reaction plays a major role in the material’s
defect chemistry [34]. In addition, cation vacancies can also be introduced during sample
preparation, thus often exceeding the expected thermodynamic equilibrium concentrations due to
the Schottky disorder, especially in thin films [31].

In this study, the role of both types of vacancies, namely oxygen vacancies and Sr vacancies, is
investigated. The influence of Sr vacancies is investigated in differently doped SrTiOs3 thin films
prepared by pulsed laser deposition. In literature, SrTiOs thin films have been characterized with
different methods, including X-ray diffraction [45-47] and positron annihilation lifetime
spectroscopy [48-50]. However, the thin film characterization and optimization is often decoupled
from considering the respective thin film properties. In chapter 2, we use an opposite approach:
Starting with the surprisingly low conductivity found in slightly Fe doped SrTiOz thin films [32],
different ways of obtaining bulk-like properties are investigated, such as a variation of the
parameters used in pulsed laser deposition and the composition of the target materials. Structural
and compositional information is obtained via X-ray diffraction (XRD) or reciprocal space
mapping (RSM) and inductively coupled plasma optical emission spectroscopy (ICP-OES),
respectively, and differences between the individual films are discussed in regard to their electrical
conductivity.

In chapter 3, the origin of the ultra-low conductivity is further investigated using nominally
undoped as well as differently doped SrTiOs thin films. In addition to lab-scale RSM and ICP-
OES, synchrotron based experiments (X-ray standing wave, XSW; X-ray absorption spectroscopy,
XAS; positron lifetime annihilation spectroscopy, PALS) were performed in order to investigate
the defect structure of the thin films. A comprehensive model is deduced from the data obtained
from the thin film characterization, which can explain the very unexpected electrochemical

behavior of these thin films. For the sake of comparison, cation nonstoichiometry in bulk SrTiOs
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is investigated in chapter 4. Here, due to high temperatures used in sintering, thermodynamic
equilibrium vacancy concentrations become relevant and fundamentally change the outcome of the
experiment. The differences between nonstoichiometry effects in thin films and bulk SrTiOs are
discussed and can be explained using the model derived in chapter 3.

Photoionics (or optoionics) is a rather new field in solid state ionics [51, 52] and finds fascinating
applications, e.g. in organic metal halide perovskite-type materials [53] and in high temperature
solid oxide photoelectrochemical cells [13]. This thesis deals with SrTiO3 based solar cells and the
role of oxygen vacancies in such devices. In chapter 5, a literature overview over SrTiO3 based
photovoltaic cells is provided, ranging from the low temperature devices, mostly operating without
ionic contribution, to high temperature applications, allowing ionic transport and, thus, photo-
induced ionic processes. Notable examples of high temperature photovoltaic cells are reported for
SrTiOs/LaosSro1CrOs interfaces yielding high photovoltages [42] and the phenomenological
explanation of ionic contribution to the photovoltage observed for SrTiOs single crystals [13].

In chapter 6, open circuit voltage measurements are employed to investigate the photovoltage of
different SrTiO3 based heterojunctions. The time dependency of the photovoltage is linked to the
oxygen vacancy transport in such photovoltaic cells. In short circuit measurements, a long-lasting
current increase is visible, which we term “self-enhancing-effect”. The origin of this behavior is
attributed to stoichiometry polarization occurring in short-circuit conditions. Further mechanistic
information, especially regarding the space charge resistance, is gained by electrochemical
impedance spectroscopy. Finally, the UV behavior of SrTiOz thin film cells is investigated in
chapter 7. Severe differences between thin films and bulk properties become apparent. These are

attributed to the defect induced change in Fermi level of the thin films.
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Chapter 2: Cation non-stoichiometry in Fe:SrTiOs3 thin
films and its effect on the electrical conductivity

The results presented in this chapter were also submitted as a scientific paper to Nanoscale

Advances.

2.1 Introduction

SrTiOz (STO) single crystals and thin films are currently a cornerstone for the study of multiple
phenomena such as resistive switching in memristive devices [22, 23, 54, 55], photoconductivity
[56], increased oxygen incorporation under UV light [40, 41], photovoltages in bulk SrTiO3 [13,
42], and interfacial conductivity, especially with LaAlO3 [57, 58]. However, SrTiOs thin films are
not fully understood yet and show great variability in properties depending on the fabrication
conditions. For instance, thin films prepared by pulsed laser deposition (PLD) showed that the film
structure and composition depends on the deposition parameters, particularly on the laser fluence
[47, 48, 59, 60] and on the oxygen partial pressure [47]. The combination of different effects such
as scattering of elements in the plasma plume and incongruent ablation may cause substantial cation
non-stoichiometries leading to either Ti-rich thin films at higher fluences (due to preferential
ablation of Ti species) or, opposite, Sr-rich thin films at low fluences (due to enhanced scattering
of Ti) [60]. Stoichiometric thin films are reported when using a laser fluence of 1.1 J/cm? [60].
Overall, the existing literature clearly indicates that the preparation of truly stoichiometric films by
pulsed laser deposition is far from trivial.

Despite the numerous studies performed so far, there is still only a limited understanding of the
structure-composition-property relations in SrTiOs thin films. For example, it remains unclear how
the crystal structure, the defect structure and the electrical properties of SrTiOs thin films are
correlated and how much those properties differ from the values found for single crystals.
Particularly, charge transport properties might be very sensitive to changes in the point defect
chemistry (e.g. due to cation non-stoichiometry) and thus pulsed laser deposited thin films may
behave electrically very different compared to bulk samples. For example, a correlation between
conductivity and lattice constant was found for Nb:SrTiOs thin films [61, 62]. Other studies on
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nominally 0.4 mol% Fe doped SrTiOz thin films (100 to 413 nm thickness) showed conductivities
with values being orders of magnitude lower than those of the corresponding targets [32, 63].
Interestingly, these conductivities were very close to those expected for hypothetical ultrapure
electronically intrinsic SrTiOs. Similarly, conductivities of Nb-donor doped SrTiOs thin films have
been varied by orders of magnitude simply by modifying the laser fluence in PLD deposited layers,
which was correlated with different lattice expansion and, thus, cation non-stoichiometries [64].
Also the properties of conducting SrTiOs/LaAlOz heterointerfaces have been proved to be strongly
affected by small variations of the LaAlOs composition [65, 66].

Owing to this sensitivity of properties to the exact composition and/or structure of the thin films, it
IS mandatory to have sensitive tools for quantitatively evaluating the quality of PLD films and to
control the deposition parameters for a proper tuning of the layers. A common tool for evaluating
the film quality is the analysis of out-of-plane lattice constants in high resolution X-ray diffraction
(HR-XRD) measurements [47, 67-69]. In these measurements, additional reflections (indicating
different out-of-plane lattice parameters of epitaxially grown films) can be interpreted in terms of
the presence of cation vacancies [45, 47, 70], revealing the existence of severe cation non-
stoichiometries, i.e. Sr or Ti vacancies. Regarding the control of the layers, a common approach
for the optimization of the film composition or film structure is the modification of deposition
parameters (laser fluence, oxygen partial pressure, etc.) such that deviations of lattice constants
vanish.

In this work, we study Fe-doped SrTiOz films deposited using different parameters and target
stoichiometries to elucidate their effect on the resulting layers (cation stoichiometry, structure and
conductivity). The cation non-stoichiometry in 2 % Fe doped SrTiOz thin films is studied using
HR-XRD, ICP-OES (inductively coupled plasma optical emission spectroscopy), positron
annihilation lifetime spectroscopy (PALS) and by measuring across plane conductivities by means
of electrochemical impedance spectroscopy (EIS). Film properties are modified by varying the
PLD deposition parameters (laser fluences ranging from 0.55 J/cm? to 1.375 J/cm?) and by using
non-stoichiometric targets (ranging from 3 % to 11 % Sr excess). The latter approach turns out to
be highly efficient when aiming at stoichiometric Fe:SrTiOz films with conductivities close to those
of macroscopic bulk Fe:SrTiOs. The sensitivity of the different tools for quantitative evaluation of

the cation non-stoichiometry is compared.
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2.2 Experimental

Thin film preparation: Fe-doped SrTiOz (Fe:STO) thin films were prepared on different substrates
by pulsed laser deposition (PLD). The laser source was a 248 nm KrF excimer laser (COMPex Pro
201F, Coherent, The Netherlands) with a pulse duration of 25 ns. The system was operated at two
different pulse frequencies, 5 and 1 Hz, respectively. Laser fluences ranging from 0.55 J/cm? to
1.375 J/cm? were achieved by using nominal laser energies between 200 and 500 mJ. In the
following, unless specified differently, a combination of 5 Hz and 1.1 J/cm? is used (see Ref. [60]).
In all cases, substrate temperature and oxygen partial pressure were 650°C and 0.15 mbar,
respectively, with a substrate to target distance of 55 mm. Not surprisingly the film thickness
changes with changing laser fluence, laser frequency or target composition. In this study,
deposition times were adapted such that all resulting films were of similar thickness for the
impedance measurements, i.e. in the thickness range of about 150 to 350 nm for electrochemical
measurements. Film thicknesses were measured by means of profilometry. Polycrystalline Fe
doped SrTiOs with 2 % Fe per SrTiOs unit cell was used as target material for most films, see

below. Deposition parameters are summarized in Tab. 1.

Table 1: Pulsed laser deposition (PLD) parameters used for the preparation of the Fe-doped
SrTiOz thin films. Temperature and substrate material are the same for all samples, only frequency
and — most importantly — laser fluence were varied. As a substrate, Nb:SrTiO3 (0.5 wt% Nb) was
used for electrochemical characterization and positron lifetime annihilation spectroscopy, MgO
and STO were used for XRD and RSM, respectively, and MgO was used as a substrate for chemical
analysis.

Parameter set | | 1l Il v V Vi Vil Vi IX X

fluence 055 | 074 | 0825 |11 1.375 11 11 11 11 11 11

[J/cmz]

frequency 5 5 5 5 5 1 1 5 5 5 5

[Hz]

pressure 0.15 | 0.15 | 0.15 0.15 0.15 0.15 0.15 | 0.15 0.15 0.15 0.15

[mbar O2]

temperature 650 | 650 | 650 | 650 650 650 650 | 650 650 650 650

[°C]

target Stoichiometric polycrystal (PC) Single | PC 3 % Sr|5 % Sr|{7 % Sr|11 % Sr
crystal excess PC | excess PC | excess PC | excess PC
(SC)
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Polycrystalline targets: The polycrystalline targets were prepared by a mixed oxide route, starting
with SrCOs, TiO2 and Fe;Osz (Sigma Aldrich, Germany). Stoichiometric as well as
nonstoichiometric (3, 5, 7, and 11 % Sr excess compared to the sum of Fe and Ti) amounts of the
solids were accurately weighed, thoroughly mixed in an agate mortar and calcined at 1000 °C for
2 h under ambient conditions. For a stoichiometric cation composition (i.e. for a Sr amount
corresponding to the amount of Ti + Fe), this preparation step already led to phase pure SrTiO3
powders. Afterwards the powders were crushed, cold isostatic pressed and sintered at 1200 °C for
5 h in air, resulting in targets used for PLD. The nonstoichiometric powders were calcined under
the same conditions, but showed several different phases after the 1000 °C calcination.
Nonetheless, the powders were crushed, pressed and sintered at 1200 °C for 5 h. (X-ray
characterization still showed different additional phases) and at 1400 °C for 4.5 h, yielding a target
material that consisted of SrTiOz with some Sr3Ti>O7 as an additional phase, see Results.
Substrate material: Fe:SrTiOs thin films for conductivity measurements were grown on Nb-doped
SrTiOz (Nb:STO) single crystals (0.5 wt% Nb content, CrysTec GmbH, Germany). Owing to the
high conductivity of Nb:SrTiOs, this substrate acts as an electrode and allows across plane
conductivity measurements of the thin films. Moreover, slightly doped Nb:SrTiO3z has the
advantage of a very similar lattice parameter compared to undoped or slightly Fe-doped SrTiO3
[54, 64, 71], which favours an epitaxial growth of the layer. Films grown on Nb:SrTiO3 were also
used for the reciprocal space mapping (RSM) measurements. Fe:SrTiOz thin films grown on MgO
(CrysTec GmbH, Germany), on the other hand, were used for additional gracing incident X-ray
measurements and for the chemical analysis by ICP-OES. The MgO substrate leads to
polycrystalline thin films, allowing a clear identification of the SrTiOs phase in XRD. Moreover,
the chemical analysis of the films can be performed in a standard manner, i.e. by dissolving the
layer without quantification problems due to some substrate dissolution.

Chemical characterization of the SrTiOs films: The information on the elemental composition
became accessible by dissolving the films and subsequent analysis by means of solution based ICP-
OES (iCAP 6500, Thermo Fisher Scientific, USA). The SrTiOsz films on MgO were dissolved in 3
% v/v HNO3z and 0.3 % v/v HF for 30 min at 25 °C. Quantification was done via external calibration
with liquid standard solutions. For a more detailed description, see section 2.5.1.

Structural characterization: Different types of X-ray measurements were used to get information
on the phase purity of the target (measurement in Bragg-Brentano geometry, BB), phase purity of
the thin films (measurement in grazing incidence geometry, GID) and on the lattice mismatch of
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SrTiOs layers compared to the substrate (reciprocal space mapping, RSM). For the phase
identification of SrTiOs targets, a PANalytical XPert Pro (MPD) powder diffractometer was used.
A 20 angle range of 15 to 90° was scanned, allowing a clear identification of SrTiOs. GID thin film
measurements and reciprocal space mapping (RSM) were done on an Empyrean multipurpose
diffractometer (PANalytical, Netherlands). The diffractometer was equipped with a Cu-anode
operating at 45 kV and 40 mA providing a wavelength of A=1.5406 A (Cu K Alpha 1) and A=1.5444
A (Cu K Alpha 2). A hybrid monochromator (2xGe(220)) with a % divergence slit and a 2 mm
mask was located within the incident beam path. On the detector side, a PIXcel 3D detector in
scanning mode with an anti-scatter slit of 7.5 mm was used. For the gracing incidence
measurements, again a range between 15 and 90° was mapped. Reciprocal space maps were
conducted for the (002) reflex (20 =46.4752°) and the (113) reflex (20 = 81.7327°). The scan range
around these two reflexes was 1° 20 with a step size of ® of 0.0015° and a continuous scan of 20,
resulting in a measuring time of around 12 h.

Positron annihilation lifetime spectroscopy: Variable energy positron annihilation lifetime
spectroscopy (VEPALS) measurements were conducted on Fe:SrTiOz samples at the Mono-
energetic Positron Source (MePS) beamline at HZDR, Germany [72]. A digital lifetime CrBrs3
scintillator detector [51 mm diameter (2”) and 25.4 mm length (1”)] coupled to a Hamamatsu
R13089-100 PMT was utilized. The detector was a pi-metal shielded and housed inside a solid Au
casing. For the data acquisition a homemade software was employed, executed from a multi-
channel digitizer (SPDevices ADQ14DC-2X) with 14 bit vertical resolution and 2GS/s horizontal
resolution. The time resolution of about 0.210 ns was achieved. The resolution function required
for spectra analysis uses two Gaussian functions with distinct shifts and intensities, which depend
on the positron implantation energy, Ep. All spectra contained at least 1-107 counts. Typical lifetime
spectrum N(t) is described by N(t)=% (1/7i) li exp(-t/ti), where t; and I; are the positron lifetime and
intensity of the i-th component, respectively (£li=1). All the spectra were deconvoluted using the
non-linearly least-squared based package PALSTit fitting software [73] into two discrete lifetime
components, which directly evidence localized annihilation at 2 different defect types (sizes; T2 and
12). The corresponding relative intensities reflect to a large exten the concentration of each defect
type (size) as long as the size of compared defects is in the similar range. In general, positron
lifetime is directly proportional to defects size, i.e., the larger is the open volume, the lower is the
probability and longer it takes for positrons to be annihilated with electrons [74, 75]. The positron

lifetime and its intensity have been probed as a function of positron implantation energy E,, which
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is proportional to the positron implantation depth.

Electrical characterization: The electrical characterization was performed by means of
electrochemical impedance spectroscopy (EIS) on Fe:SrTiOs films deposited on conducting
Nb:SrTiO3z. A sketch of the set-up is given in Fig. 1. Pt top layers were sputtered using a high
voltage magnetron coating device (BAL-TEC MED 020, Germany) and microelectrodes with
diameters in the range of 100-300 um were prepared by lift-off photolithography. Pt/Ir needles
were used to contact the microelectrodes for impedance measurements.

Electrical measurements were then performed in a homogeneously heated furnace [76] within a
temperature range of 250 °C to 720 °C (though meaningful conductivities could be deduced for
some films only in a limited temperature range). Impedance spectra were obtained for frequencies
from 0.9 MHz to 1 Hz with a resolution of 10 point per frequency decade, measured by an Alpha-
A High Resolution Analyzer (Novocontrol, Germany). To ensure the probing in a linear regime,

an AC rms amplitude of 20 mV was applied.

Circular Pt

Fe:STO thin
electrode _
Impedance / film

analyzer =R =R=
= /= /= = = =

Porous Pt counter electrode

Fig 1: Sketch of the sample consisting on the Nb:SrTiOsz (Nb:STO) substrate, the Fe:SrTiOs
(Fe:STO) thin film and a porous Pt counter electrode as well as circular Pt microelectrodes on
top.
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2.3 Results and Discussion

2.3.1 Pseudo-intrinsic conductivity of films from stoichiometric targets

Fig. 2 shows a typical spectrum for SrTiO3 thin films prepared from 2 % Fe doped stoichiometric
targets. In addition to the somewhat distorted main arc, a well-separated much smaller arc appears
at high frequencies. The permittivities deduced from the capacitance of the high frequency arc are
very close to the expected SrTiOs film bulk capacitances while the capacitance of the main arc is
substantially larger (see also below). Typically, two separated arcs may either result from two serial
processes, e.g. bulk transport and space charges at interfaces [77] or from two parallel processes
such as electron and ion conduction in a mixed conducting material, provided one of the two
processes (paths) is blocked at the electrodes [78]. SrTiOs is known to be a mixed conductor [33]
and our set-up leads to a blocking of ions at one or both electrodes. Thus, use of a parallel path
model is realistic here. More specifically, we employed the transmission line impedance model
suggested in literature for such materials [79-81]. This model consists of an electronic rail (Reon)
and an ionic rail (Rion), which are connected via the chemical capacitance (Cchem), and a
displacement rail (Cgeom). The ionic rail is blocked by an interfacial capacitance (Cint), as sketched
in Fig. 2.b. (In order to avoid over-parameterization, the same Cixt is used for both electrodes.) This
model excellently fits the measurement data of our 2 % Fe-doped SrTiOsz films (see Fig. 2.a). Three
arguments considering the DC resistance as well as the resulting capacitances shown in Fig. 2.d
support the validity of the model and the corresponding data interpretation. Those are discussed in
section 2.5.2.

An Arrhenius-type diagram of the resulting DC conductivity (i.e. electronic conductivity) of the
thin films is shown in Fig. 2.c. For comparison purposes, the electronic bulk conductivity of the
corresponding 2 % target material is also shown in Fig. 2.c. (the polycrystalline target leads to a
bulk and a grain boundary arc in the complex impedance plane and only the bulk arc is considered
here). As clearly visible in Fig. 2.c., values of the 2 % Fe-doped SrTiOz thin film are three to five
orders of magnitude lower than the expected ones (depending on temperature). Moreover, in
accordance with literature data on 0.4 % Fe doped films [32], the electronic conductivity of the 2
% Fe films and its temperature dependence fit very well to that of intrinsic SrTiOs, calculated for
the materials parameters from literature [29], i.e. a band gap Eg of 3.3 eV — 6.0%10* eV*T, a hole
mobility of 8.9*10° (T/K)2% cm2*V-1*s?, an electron mobility of 4.5*10° (T/K)?? cm2*V1*s!
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and Ko = 7.67*10% cm®. Here, “intrinsic” means identical hole and electron concentrations (ce, Ch)

—E, /KT

as for a pure semiconductor without any further defect, i.e. ce=cnh = \/K,6 " (k = Boltzmann

constant, T = temperature). Please note that electron and hole concentrations at 400 °C are thus in
the range of 3*10° /cm? and in a usual situation this requires purity levels of semiconductors in
the 0.01 ppb range. An exact mechanistic explanation of this pseudo-intrinsic behaviour of
Fe:SrTiOs thin films, seemingly independent of the dopant concentration in the range between 0.4
to 2 % Fe doping, is beyond the scope of this paper, but the following XRD and chemical analysis

gives important empirical information on possible reasons.
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Fig 2: (a) Impedance spectrum of an Fe:SrTiOs thin film deposited at 1.1 J/cm? from a
stoichiometric polycrystal with 2 % Fe measured at 551 °C. Fitting was done with the transmission
line model of a mixed conductor (b), consisting of an electronic rail, a blocked ionic rail and the
displacement rail. The conductivity calculated from the DC resistance (= electronic resistance
Reon) is plotted in an Arrhenius diagram in (c) and compared with the bulk conductivity of a
polycrystalline pellet (2 % Fe) as well as the calculated electronically intrinsic (ce = cn)
conductivity[29]. Temperature dependent geometrical and chemical capacitance values for the 2
% Fe doped film (370 nm thick) are shown in (d).
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Fig. 3: Electronic and ionic conductivities of SrTiOs thin films deposited at 1.1 J/cm? from 2 % Fe
doped stoichiometric polycrystals. Both are deduced from the transmission line fits. For
comparison, ionic conductivities are also shown for other laser fluences. The intrinsic conductivity
oeon Was calculated using Ref. [29].

lonic conductivities of the same films are plotted in Fig. 3 showing one to two orders of magnitude
larger values than the pseudo-intrinsic electronic conductivity. Fig. 3 further displays variations of
the ionic conductivities for films prepared with other fluences, see below. Different ionic defects
are most probably also the reason behind differences in spectra shapes found between our 2 %
doped films and 0.4 % Fe doped films [32, 63]. The yet not interpreted distortion of the spectra for
0.4 % Fe thin films in Refs. [32, 63] thus probably comes from the mixed conduction. This is

detailed in section. 2.5.3.

2.3.2 Structural, chemical and defect analysis of pseudo-intrinsic SrTiOs
films

In the following, results from the structural, chemical and defect analysis of these pseudo-intrinsic
SrTiOz films are shown. First, we consider the XRD data of the films. Fig. 4 displays results from
reciprocal space mapping (RSM) measurements on a thin film deposited with a repetition rate of 5

Hz and a fluence of 1.1 J/cm2. This high-resolution X-ray diffraction method can resolve deviations
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in the microstructure between the thin film and the substrate material [82]. The diffraction vector
Q<o002> normal to the surface is indicated. The detector streak (DS) as well as the monochromator
streak (MS) can be attributed to the measurement set-up. The streak normal to the g, axis is the so-
called crystal truncation rod (CTR), which is a diffraction phenomenon originating from the fact
that the sample has finite dimensions.

The measurement around the symmetric (002) reflex (Fig. 4.a) reveals a small deviation of the
layer reflex in comparison to the substrate reflex. The substrate can be identified by the reflex
position, which gives a lattice constant of 3.906 A, in very good agreement with literature data for
undoped SrTiOs [71, 83, 84]. Moreover, the substrate reflex shows the highest count intensity. The
thin film reflex (smaller count intensity) is slightly below the substrate reflex, indicating an

expansion Ac of the out-of-plane lattice constant c.
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Fig. 4: Reciprocal space mapping measurements for Fe:SrTiOsz standard thin films deposited from
2 % Fe doped stoichiometric targets on Nb:SrTiOz substrate material (PLD parameters [laser
fluence, frequency, temperature, pressure, time]: 1.1 J/cm?, 5 Hz, 650 °C, 0.15 mbar and 20°). The
out-of-plane measurement in close proximity of the (002) reflex is shown in (a). Arrows point at
the substrate reflex as well as the thin film reflex. The differences indication a lattice expansion Ac
are shown. The same sample was also measured around the (113) reflex (in-plane measurement).
The resulting reciprocal space map is shown in (b). For clarification, arrows and dotted boxes
indicate the direction of the diffraction vectors Q<oo2> and Q<113>, respectively.

A relocation of the measuring spot on the asymmetric (113) reflex gives the reciprocal space map
shown in Fig. 4.b. Again, an arrow indicates the diffraction vector Q<i113>. The measurement was

performed using a gracing incident angle giving negative values for g,. The lattice expansion of
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the thin film normal to the layer|substrate interface is confirmed by this measurement. In case of
the asymmetric measurement, additional information on the in-plane lattice constant can be
extracted. For the sample in Fig. 4.b, the lattice parameter of the thin film parallel to the surface is
perfectly matching the substrate, i.e. the layer reflex is located at the position r = 0. This indicates
that the layer undergoes a pseudomorphic growth on top of the single crystalline SrTiO3 substrate.
Hence, we find a film growth with in-plane lattice constants as for the substrate, but significantly
different out of plane lattice constants of substrate and film. This phenomenon is well-known in
literature [48, 59, 85] and is commonly attributed to the existence of cation vacancies, i.e. to films
with a Sr/(Ti+Fe) ratio differing from one [45, 46, 86, 87]. For example, Wicklein et al. report that
a broad range of different target materials lead to thin films showing either a reduced Sr-content,
meaning that Sr vacancies are present, or Ti vacancies in the thin films [60]. Furthermore, adding
Fe to the target material can cause a very different ablation. The ablation behaviour changes due to
an increased thermal conductance of the target [88, 89], which then causes an increased heat
penetration depth and a different dissipation of introduced laser energy [89]. This leads to less
material being ablated when Fe is present in the target material. Further mechanistic reasons for
this non-stoichiometric deposition are discussed in Refs. [88-90]. In accordance with all the known

literature we thus conclude that also our films exhibit a cation non-stoichiometry.

Table 2: Composition of Fe:SrTiOs thin films prepared from stoichiometric targets by different deposition
parameters and measured by ICP-OES. A pronounced Sr deficiency was found for all samples prepared
from stoichiometric targets with 2 % Fe and from the single crystal (SC) with 0.16 % Fe.

Sr Ti Fe Sr/(Ti+Fe)
PC, 2 % Fe, 0.55 J/cm?, 5 Hz 0.94 1.01 0.051 0.88
PC, 2 % Fe, 0.825 J/cm?, 5 Hz 0.94 1.04 0.023 0.88
PC,2 % Fe, 1.1 J/cm?, 5 Hz 0.94 1.02 0.035 0.90
PC, 2 % Fe, 1.375 J/cm?, 5 Hz 0.95 1.03 0.027 0.90
PC,2%Fe, 1.1 J/cm?, 1 Hz 0.94 1.02 0.014 0.89
SC, 1.1J/cm?, 1 Hz 0.96 1.03 0.008 0.92

The estimated cation non-stoichiometry of the film was quantified by chemical analysis of the films. The
quantitative data of the ICP-OES analysis of a standard film on MgO is shown in Tab. 2 and Fig. 6. The
film shows a drastically reduced Sr content. Assuming that Fe occupies the B-site, we find an A/B site ratio

in the film of 0.90 and thus a Sr deficiency in the range of 10 %. Here, the error is well below 1 % for main
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components (Sr, Ti) and in the range of 5 % for the Fe dopant, e.g. 0.02 + 0.001.

1 1 =4
@ 1 substrate (002) reflex (b) 1 substrate (002) reflex ' \| l
£ layer reflex 3 layer reflex \
= \
l o l I
[\ :

0

1.375J)/cm?,
PC

1.10 J/cm?,
PC

log (Intensity / a.u.)
log (Intensity / a.u.)

d
L)

Fig. 5: w-26 scans for various thin film samples. In (a), a comparison of SrTiOs films (2 % Fe doped
stoichiometric targets) prepared with different laser fluences is shown (all other deposition parameters are
held constant). The HR-XRD measurements were conducted around the (002) reflex. A black line indicates
that the substrate reflex is in the same position for every sample. As reference the pure Nb:SrTiOj3 substrate
was measured. Arrows indicate the substrate reflex and illustrate the shift of these reflexes for changing
deposition parameters. In (b), the laser fluence was kept constant at 1.1 J/cm?. Varying laser frequency (1
and 5 Hz) as well as target material (polycrystalline, 2 % Fe doped, stoichiometric and single crystalline
targets) result in thin films with a distinctly decreased lattice expansion. (Shifting of the layer reflex towards
the substrate reflex.) The four RSM images belong to the four curves in b).
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In addition, positron annihilation lifetime spectroscopy (PALS) was performed and the
implantation energy dependent positron lifetime 11 is shown in Fig. 7. The positron lifetimes for
lower energies probe the thin film and reveal Sr vacancies as predominant cation based point defect
species for the thin film deposited from a stoichiometric target. Positron lifetime 11 basically
overlaps with the calculated literature value of 281 ps for Sr vacancies [59]. At the same time, the
relative intensity I1 is close to 100 % indicating that Sr vacancies are the most abundant defect type,
a typical scenario of large defect concentrations. For larger implantation energies, we see the
transition to bulk properties. For films with 5% Sr excess, the film related positron lifetime
decreases close to a literature value of 11 = 225 ps indicating the emergence of a new smaller
dominant defect type, arguably a complex of Ti vacancies and oxygen vacancies [48, 91]. (Please
note that a Sr vacancy is a larger and stronger positron trap). Concomitantly a drop in Iz intensity
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reflects a larger chance for positrons to diffuse, as a consequence of a lower number of vacancy

traps, and to annihilate with surface states.
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Fig. 6: Composition of different SrTiOs thin films on MgO measured by ICP-OES highlighting
differences in the Sr content for different deposition parameters (targets without Sr excess: 2 % Fe
in PC, 0.16 % Fe in SC) and for different Sr excess in the target. A stoichiometric thin film is only
obtained by using a target with a 7 % Sr overstoichiometry. At 11 % Sr excess, a slight Sr excess
is present in the thin film. In all other cases, a Sr deficiency can be seen. Fe is counted as B site

ion in all cases.

Accordingly, the cation vacancies detected by RSM can be attributed to the A-site. In literature, Sr
deficiencies in this range and similar out of plane deviations of lattice parameters were reported
[45, 46, 86, 87]. Interestingly, also the Fe content detected in the films was consistently too high,
indicating that the PLD process led to an enrichment in Fe, at least in the centre part of the plasma
plume used to deposit the films. Measurements showed that indeed an inhomogeneous cation
composition is expected in the PLD plasma used for SrTiOz deposition and thus deviation of cation
compositions compared to the target are not surprising [60, 85]. Similar non-stoichiometries
introduced by the PLD process are reported in literature for other materials as well [92-102].
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Fig. 7: Positron annihilation lifetime spectroscopy measurements on Fe:SrTiOz thin films
deposited from 2 % Fe doped targets with different cation stoichiometry on Nb:SrTiO3s substrates
(5 Hz, 1.1 J/cm?). The thin film deposited from a stoichiometric target (labeled 0 % Sr excess)
clearly shows a positron lifetime which fits excellently to Sr vacancies. For larger implantation
energies, transition to bulk values is seen. For films prepared from targets with 5 % Sr excess,
V1iVo clusters are found as the predominant defect type present in the respective thin film,
highlighting a severe transition in defect chemistry induced by the introduction of Sr excess to the

PLD targets.

We consider it as most plausible that such a severe A/B site non-stoichiometry in the SrTiO3 film
is the origin of the pseudo-intrinsic film conductivity. We think that interplay of the Fe dopant (Fe
acceptor states), a deep electron trap (possibly site defects [103], e.g. Ti on the A-site [104-106]
acting as a donor) as well as a mid-gap state (Sr-vacancies [30]) causes a pinning of the Fermi level
close to the centre of the band gap. Different gap states have also been reported for nominally
undoped SrTiOz thin films [107]. However, a detailed mechanistic discussion of this phenomenon
needs further investigation and is beyond the scope of this paper.

All together, the complementary tools used here (conductivity measurements, RSM, chemical
analysis by ICP-OES, and PALS) directly or indirectly reveal the strongly non-ideal character of

the grown SrTiOz films (non-ideal in the sense of non-bulk SrTiOs like). In the following, we
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discuss how this non-ideality can be reduced or even eliminated and how sensitive the tools are to

monitor cation non-stoichiometry of the film.

2.3.3 SrTiOs film tuning by controlling the deposition conditions
(stoichiometric targets)

One common strategy for reducing the cation non-stoichiometry is the variation of the deposition
parameters in PLD grown layers. It is reported that lowering the laser fluence reduces the Sr
vacancy concentration [47, 60, 67]. In this work, a range of laser fluences was employed, from 0.55
Jlem? to 1.375 J/em? (section 2.3.1. reports on 1.1 J/cm?). Moreover, different laser frequencies
were employed (1 and 5 Hz) and also a Fe:SrTiOs single crystal was used as the target (though
with a lower Fe content of 0.16 % Fe). In Fig. 5, rocking curves for thin films deposited using
different laser fluences (0.86 J/cm? to 1.375 J/cm?), repetition rates (1 Hz, 5 Hz) and target materials
(polycrystal, single crystal) are shown and reveal that the higher laser fluence indeed enhanced the
out of plane lattice mismatch while lower laser fluence lowered the mismatch. However, within
the given fluence range and for 5 Hz deposition rate a clear indication of a lattice mismatch
remained. Reducing the frequency lead to thinner films and thus less pronounced signals but the
lattice mismatch itself remained and therefore also indication of the film non-stoichiometry. The
thin film prepared from the 0.16 % doped Fe:SrTiOs single crystal showed least indication of a
cation non-stoichiometry in RSM curves.

Data from the chemical analysis of the films are summarized in Table 2 and Fig. 6 and reveal that
the pronounced Sr deficiency is not much affected by the different preparation conditions. Also the
film prepared from the single crystal exhibits a slightly smaller but still severe A-site deficiency.
In all samples, again more Fe is found than in the target and on average the Fe content is almost
twice the nominal one. The impedance spectra were similar to those of the films in section 2.3.1,
but the distortion of the main arc became even more prominent in some cases (see Fig 8.a). The
fitting procedure for these impedance spectra was carried out as described in section 2.3.1, i.e. with
a transmission line based model, and the electronic conductivity, ionic conductivity, relative
permittivity and chemical capacitance were deduced. Again, the DC resistance corresponds to the
electronic conductivity. The ionic conductivity (Fig. 3) as well as the chemical capacitance (Fig.
8.d) show some fluence dependency. The moderate deviation in bulk permittivity (from Cgeom) are
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probably due to non-idealities of the fit model. However, the electronic conductivity does not
change due to the different deposition parameters (Fig. 8.b). Rather, again pseudo-intrinsic

conductivity values were found for the samples investigated (0.74 and 0.825 J/cm?).
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Fig. 8: Impedance spectra of STO thin films deposited from 2 % Fe doped stoichiometric targets
using different laser fluences (1.1 J/cm? and 0.74 J/cm?) at 551 °C and 553 °C, respectively,
showing a strong distortion for both semicircles (a). The dc ( = electronic) conductivities of thin
films deposited at different laser fluences are plotted in an Arrhenius plot (b) and are compared to
the bulk conductivity of a polycrystal and the electronic intrinsic conductivity calculated using Ref.
[29]. Bulk permittivity values and chemical capacitances deduced from the transmission line model
are shown in (c) and (d), respectively.

2.3.4 SrTiO3 film tuning using different target compositions

Based on the knowledge that Sr deficiencies (in the range of several percent) result in films
deposited by PLD, we prepared different targets with a Sr surplus of 3 to 11 % (details on the target

preparation are given in the experimental part). XRD of these targets clearly revealed the Sr over-
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stoichiometry by reflexes from a second phase, namely Sr3Ti>O7, and its amount increased with Sr
content, see section 2.5.4. The films grown from these targets, however, did not show any
indication of a secondary phase, neither in XRD measurements of polycrystalline films on MgO
(see section 2.5.5) nor in RSM measurements (see Fig. 9). Rather, their reflections could not be
distinguished from the substrate reflections in rocking curves, at least for 3-7 % Sr, see Fig. 9. Only
11 % Sr surplus again caused a shoulder in the RSM curve which is most probably due to Ti

vacancies in this case.

Table 3: Composition of differently prepared Fe:SrTiOs thin films, deposited from
overstoichiometric targets and measured by ICP-OES. The Sr excess in the target material
counterbalances the loss during the PLD process, leading to A:B-ratios closer to unity.

Sr Ti Fe Sr/(Ti+Fe)
2% Fe, 0% Sr, 1.1 J/cm? 094 1.02 0.035 0.90
2 % Fe, 3% Sr, 1.1 J/cm? 098 0.98 0.034 0.97
2 % Fe, 5% Sr, 1.1 J/cm? 098 0.98 0.043 0.96
2% Fe, 7 % Sr, 1.1 J/cm? 1.00 0.96 0.032 1.01
2% Fe, 11 % Sr, 1.1 J/cm? 1.03 0.94 0.032 1.06

On the basis of XRD data, all three films with 3, 5 and 7 % Sr surplus are compatible with
stoichiometric compositions. This conclusion, however, was only partly confirmed by the chemical
analysis. Tab. 3 and Fig. 6 show the results from ICP-OES measurements. Indeed, the A/B site
ratio was much closer to unity for those three films compared to films prepared from the
stoichiometric target. However, for 3 and 5 % Sr excess the nominal A/B site ratio is still only 97
or 96 %, respectively (with errors well below £1 %). The even slightly lower nominal value for 5
% Sr excess compared to 3 % Sr is within the error bar. Moreover, in these calculations, Fe is
always counted as a B site ion, which is not necessarily the case if many A-site vacancies are
present. The 7 % Sr film, on the other hand, showed almost exact A/B site stoichiometry in ICP-
OES measurements, though still more Fe is present than in the target. For 11 % Sr excess, A/B of
1.06 is measured (see Tab. 3), in accordance with the shoulder in the rocking curve indicating too
much Sr (see Fig. 9). Please note, that most of these films have Sr/Ti ratios which can hardly be
distinguished by XPS or XRD studies with typical errors in the 5 % range [47, 108, 109].
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Fig. 9: w-20 scans for various thin film samples deposited from 2 % Fe-doped SrTiO3
polycrystalline targets with different Sr overstoichiometry. The HR-XRD measurements were
conducted around the (002) reflex. The black dashed line indicates that the substrate reflex is in
the same position for every sample. Laser fluence was kept constant at 1.1 J/cm?. At the right hand
side, the corresponding reciprocal space maps are shown as well.
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The impedance spectra of these films are very different from those of the pseudo-intrinsic standard
films. As an example, we show a spectrum for the 7 % Sr excess case in Fig. 10. At 330°C, it
becomes obvious that the spectrum consists of three arcs with dramatically different sizes, a very
small high frequency arc or shoulder, a medium sized medium frequency arc and a very large low
frequency arc (see Fig. 10.a). However, the total resistance of the large low frequency arc is still
much smaller than the main arc measured for the standard films prepared from stoichiometric
targets. This is illustrated by comparing spectra of the pseudo-intrinsic standard films with the films
from 7 % Sr excess targets measured at 555 °C (see Fig. 10.b). At this temperature, only the low
and the medium frequency arcs are still visible in the measured frequency range of the 7 % excess

film. The entire dc resistance of the 7 % Sr excess film (sum of three arcs) is not much larger than
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the high frequency arc of the pseudo-intrinsic film. In general, the high frequency arc of the 7 %
Sr excess films is orders of magnitude smaller than that of the standard films. This strongly
indicates that also a reinterpretation of the spectra is required for these Sr-excess films.

A fit to three serial R-CPE elements works very well and the interpretation of the spectra is done
based on the corresponding capacitances. The capacitance of the high frequency arc (visible in Fig.
10.a) fits well to the geometrical capacitance expected for the entire SrTiOz film, i.e. it leads to a
very reasonable permittivity in the range of 150 [110]. Hence, this arc is attributed to the total bulk
conductivity of the corresponding SrTiOs thin films. The other two capacitances are about 10 and
20 times larger than the high frequency capacitance and thus correspond to SrTiO3z layer regions in
the 10 or 20 nm range assuming bulk permittivity. Those are most probably interfacial space
charges at the two electrodes, see also 2.5.6. Those come into play since the electronic conductivity
is no longer at its lowest possible value (intrinsic). Accordingly, the ionic conductivity plays no

longer a role in this interpretation.
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Fig. 10: (a) Impedance spectrum of a thin film deposited from a 2 % Fe doped target with 7 % Sr
overstoichiometry measured at 327 °C. The magnification reveals a medium frequency shoulder
and an additional small high frequency semicircle. Only the high frequency semicircle (Rsto) is
attributed to the Fe:SrTiOgz bulk according to the geometrical capacitance The medium frequency
shoulder and the big low-frequency semicircle are attributed to space charge regions (Rscri,
Rscr2). (b) Impedance spectrum of the same thin film measured at 556 °C and the respective
impedance spectrum of a thin film deposited from a stoichiometric target as a reference (measured
at 551 °C), highlighting the dramatic change in absolute resistance.
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Based on this interpretation, the high frequency arc is used to determine the bulk conductivity of
these thin films. For the other Sr excess cases, the spectra have also a high frequency arc with bulk-
like capacitance, though partly only one additional interfacial arc is visible. The same type of
analysis is thus performed also for the other films. These bulk conductivities of the films prepared
from over-stoichiometric targets are shown in Fig. 11. The film prepared from 3 % Sr excess target
exhibits bulk conductivities which are higher than the electronic ones of pseudo-intrinsic films (and
similar to ionic conductivities of those), but those are still far off the expected electronic bulk
conductivity of polycrystalline SrTiOs. Hence, the improved cation stoichiometry is sufficient to
strongly reduce structural deformations (c.f. the rocking curves in Fig. 9), but defect chemical non-
idealities are still so large that orders of magnitude lower electronic conductivities are found. This
also shows that XRD curves have reduced sensitivity towards off-stoichiometries, i.e. they may
indicate severe deviations from the desired cation stoichiometry while absence of rocking curve

shoulders cannot be taken as an indication of excellent stoichiometry or defect chemical ideality.
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Fig. 11: The total conductivities of Fe:SrTiO3 thin films deposited from targets with 2 % Fe and
different Sr overstoichiometry are plotted in an Arrhenius diagram and compared with the
electronic bulk conductivity of a polycrystal as well as the electronic intrinsic conductivity
calculated using Ref. [29]. Here, the increase in conductivity of the samples with 5 % and 7 % Sr
overstoichiometry up to electronic bulk conductivity of a polycrystal can be seen.
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The films prepared from 5 % Sr and 7 % Sr excess, however, show bulk conductivities very close
to the expected bulk electronic conductivity of pellets. This agreement supports the interpretation
that the total bulk conductivity in the thin film is now largely electronic, as in the bulk sample.
Hence, stoichiometry deviations occurring during the deposition process seem to be largely
counter-balanced by the Sr excess in the target. In the case of the sample prepared from the 7 % Sr
excess, the bulk-like behaviour of the thin film is also in agreement with the excellent stoichiometry
revealed by ICP-OES. For the 5 % Sr-excess the agreement between film and bulk pellet is even a
bit surprising since the exact stoichiometry is still not hit: A site deficiency is present with a rather
large Fe content (4.3 % Fe). However, those deviations (Sr deficiency and Fe excess) might partly
counterbalance each other for example by Fe on the A site. Transition metal ions on the A site are,
for example reported also for Mn [111]. In any case, the rather ideal conductivity also fits excellent
to the PALS experiment, where for 5 % Sr excess no Sr vacancies, but instead associates of titanium
vacancies and oxygen vacancies (V1iVo) are found, compared to the Sr vacancies for the thin film
prepared from a stoichiometric target (see Fig. 7). The conductivity of the films with 11 % Sr excess
is again rather low, but still larger than that of pseudo-intrinsic SrTiOs thin films.

All in all, our study reveals the importance of the deposition process in SrTiOs thin films and the
need for a characterization beyond XRD to ensure a proper stoichiometry and, therefore,
functionality since a rather small deviations from the main cation stoichiometry strongly affects
the conductivity. Here, we propose an efficient way for preparing stoichiometric Fe:SrTiOs films
by using Sr-rich targets (i.e. non phase-pure targets). Since it is known that PLD layers may
strongly vary between different systems, the optimal Sr-excess found here might need readjustment
in other equipment. Finally, a simple methodology for properly deciding whether a stoichiometric
film has been prepared or not seems to be only found in the measurement of the conductivity at
elevated temperature, yielding drastically lower conductivities even for rather small deviations

from the cation stoichiometry.

2.4 Conclusions

Fe:SrTiOs thin films prepared from stoichiometric targets show severe Sr deficiencies which are
quantified by ICP-OES, revealing about 10 % nominal A-site deficiency, but also enhanced Fe

content. Off-stoichiometries are also clearly visible in RSM measurements by additional reflections
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due to different out-of-plane lattice constants (compared to single crystalline SrTiO3). Moreover,
PALS measurements show the presence of Sr vacancies. The conductivity of such layers is many
orders of magnitude lower than the electronic conductivity of the polycrystalline target material
and almost perfectly matches the expected electronic conductivity of ultra-high purity intrinsic
SrTiOs (with mid-gap fermi level). Variation of PLD deposition conditions affects the out-of-plane
lattice constant measured in XRD measurements. However, chemical composition and
conductivity of these films are not substantially changed. The use of Sr-rich targets enhances the
Sr content in the deposited films and, especially, laser ablation of 7 % Sr-excess targets results in
films with the correct A/B cation stoichiometry. Moreover, these stoichiometric films exhibit
conductivities almost matching the bulk conductivity of polycrystalline Fe:SrTiOz. The
measurement of the conductivity is thus the most sensitive tool for finding the conditions for which
stoichiometric films can be obtained. Opposite, RSM and out-of-plane lattice parameter analysis
(often employed as single characterization) only indicates non-idealities for rather pronounced

deviations from cation stoichiometry.

2.5 Supplementary Information

2.5.1 ICP-OES measurements

To determine the actual composition of the SrTiOz thin films, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was used. Therefore, samples with about 100 nm film thickness
were deposited on 5x5 mm? YSZ single crystals. These layers were dissolved in 5 mL of 3 % (v/v)
nitric acid (65 mass%, EMSURE®) and 0.3 % (v/v) hydrofluoric acid (40 mass%, Suprapur®).
The dissolving agent was prepared by mixing deionised water obtained by Barnstead™ Easypure
™ JI (18.2 M cm™), the concentrated acids and 1000 mg kg Eu single element standard
(Certipure®, Merck, Germany). The final concentration of Eu was adjusted to 1 mg kg in the
diluted acid mixture and was used as an internal standard to correct for possible signal drifts. After
30 min of dissolving time, the obtained sample liquid was transferred into a new polypropylene
sample tube to remove the remaining substrate and to stop a possible dissolution process of the
substrate. This whole process was conducted under ambient conditions at room temperature and

the derived sample solutions were measured without any further dilution.
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For signal quantification, single element standards (for details see Table 2) were mixed with the
diluted acid mixture (3 vol% HNOs, 0.3 vol% HF) already containing the internal standard to
performe an external calibration. Standard solutions with varying concentration levels from 0.2 to
12.6 mg kg for the main components Sr and Ti and 0.002 to 0.126 mg kg™ for the Fe dopant were
prepared. With the obtained signal intensities, regression lines were derived to calculate the analyte

concentration of the unknwon samples.

Tab. 4: Optimized ICP-OES parameters used for measurements.

RF power
exposure time
nebulizer gas flow
type of nebulizer

sample flow rate

pump tubing

cooling gas flow
auxiliary gas flow
viewing height above load-coil

Spectral range

1200 W

10s

0.75 L min* argon
MiraMist®

0.7 mL min't
Tygon®, 0.64 mm ID
(color code: orange-
yellow)

12 L mint argon
0.8 L mint argon
10 mm

Visible

Elements
Sr
Ti
Fe
Eu

Emission line [nm]
421.55%*, 346.45, 216.60
334.45*, 232.45, 338.38
259.94, 238.20*, 240.49
381.97*, 412.97

Emission lines marked with * used for evaluation.

Samples and standards were analyzed with an iCAP 6500 ICP-OES spectrometer (ThermoFisher
Scientific, Bremen, Germany) equipped with a MiraMist nebulizer and a cyclonic spray chamber
(Glass Expansion, Port Melbourne, Australia). Sample-uptake was achieved with the peristaltic

pump of the instrument (25 rpm, 0.64 mm ID pump tubing). Background-corrected emission
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signals were recorded in the radial viewing mode and processed using Qtegra software (Thermo
Scientific, USA). Six replicates with an integration time of 10 s each were measured for samples
as well as standard solutions. The optimized ICP-OES parameters and the monitored emission lines
are summarized in Table 1. For each element several intense but non interfered emission lines were
measured.

Observed signal intensities were normalized using the signal response for the internal standard
(Eu), and finally converted into concentration units by means of the external calibration. By using
the molar masses of each element, the mole fractions of the cations present in the investigated
samples were calculated. Obtained Eu signals were constant over each measurement session (less
than 5% relative standard deviation for the whole measurement period, indicating the absence of
temporal trends), and no significant difference in Eu-response between samples and calibration

standards was observed.

Tab. 5: Single element standards used for signal quantification.

Concentration levels

Element Product information, lot number for calibration
[mg kg™]
Sr HC87301854 0.2,0.4,0.8,1.6, 3.2,
Ti HC99678363 6.4,12.8
Certipure®, Merck, Germany 0.002, 0.004, 0.008,
Fe HCB86803426  0.016, 0.032, 0.064,
0.128
Eu Specpure®, Alfa Aesar, Germany 35753 1.0

2.5.2 Three arguments supporting the use of a transmission line based
fitting model of impedance spectra obtained for thin films deposited
from stoichiometric targets

We used a transmission line based fitting model with parallel ionic and electronic paths for
impedance spectra of thin films deposited from stoichiometric targets. Here, three arguments are

given supporting the validity of this approach. The first argument refers to the electronic resistance
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Reon. This resistance is essentially the dc resistance and the resulting conductivity ceon IS plotted in
Fig. 2.c in the main paper. The conductivity found for the thin film deposited from a target with 2
% Fe doping exhibits an activation energy of 1.57 eV and agrees very well with the intrinsic
conductivity of a hypothetical ultrapure SrTiOs film. Such an excellent agreement cannot be
accidental and can hardly be understood from a simple serial impedance model. The second
argument refers to the geometrical capacitance Cgeom in the fit (which depends mainly on the high
frequency arc) — cf. Fig. 2.d in the main paper. The permittivity deduced from this value is rather
close to that of SrTiOs (ca. 140 — 180 [110], depending on temperature), which supports the
appropriateness of the model. The chemical capacitance resulting from the fit gives a third
argument and is also shown in Fig. 2.d in the main paper. It comes mainly from the large arc and
is about one order of magnitude larger than the geometrical capacitance. Its significant increase
with temperature is typical for chemical capacitances, which originate from oxygen stoichiometry
changes and thus defect chemical processes in the material upon the application of an alternating
voltage. (An even stronger temperature dependence is found for other fluences, see main paper Fig.
8.d). Hence, we conclude that the model is meaningful and the dc resistance is the electronic
resistance (due to ion blocking electrodes). The high frequency arc, on the other hand, corresponds

to the total conductivity of ions and electrons.

2.5.3 Comparison with data from literature on films from 0.4 % Fe doped
targets

The pseudo-intrinsic behaviour of SrTiOs thin films was already reported in Ref. [32] for films
prepared from 0.4 % Fe doped stoichiometric targets. Interestingly, the rather pronounced high
frequency shoulder found in our study on 2 % Fe doped films was not present for the 0.4 % Fe
doped films discussed in Ref. [32, 63]. In order to exclude the relevance of artefacts and to further
understand the different shape of the spectra, we also prepared 0.4 % Fe doped films here (1.1
Jlcm?, 5 Hz, investigated with LaoeSro4CoOs.s microelectrodes prepared as described in Ref.
[112].) All results shown in the earlier studies were excellently reproduced for these 0.4 %
Fe:SrTiOs films. Fig. 12.a shows a typical EIS spectrum for 0.4 % Fe which consists of one
depressed and asymmetric arc with a high frequency intercept, very similar to the earlier study.
The conductivity calculated from the low frequency intercept of the main arc (i.e. the dc resistance,
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Roc) is shown in the Arrhenius plot of Fig. SI 1.b. The values match very well to those of Ref. [32],

i.e. they are again pseudo-intrinsic.
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Fig. 12: (a) Impedance spectrum of a Fe:SrTiOs thin film deposited from a stoichiometric target
with 0.4 % Fe doping. A distorted arc is visible. Fitting can be done with either using a serial fit
or a transmission line base model, see below. The conductivity obtained from the DC resistance
(highlighted using an arrow in (a)) is plotted in (b) for different temperatures and compared with
the electronic intrinsic conductivity [29] as well as with literature data [32], showing great
agreement to both.

The more or less distorted arc with a high frequency intercept found here and in Ref. [32] for 0.4
% Fe doping can be fitted by a serial circuit of a R followed by one or two R-CPE (CPE = constant
phase element). The serial R is a contact resistance and is not further considered. For main arcs
with little distortion, one R-CPE element is sufficient and the corresponding capacitance then
corresponds very well to the expected bulk capacitance of the thin film. However, not surprisingly,
also a fit is possible with the transmission line model suggested in the main paper and representing
the mixed conducting character of the SrTiOs films. Based on this model the small high frequency
arc for 2 % Fe doped films indicates a total conductivity which is much higher than the pseudo-
intrinsic electronic conductivity due to parallel ion conduction. The absence of the high frequency
arc for 0.4 % Fe, on the other hand, thus suggests that either the ionic conductivity is very low and
does not strongly enhance the total conductivity, or the corresponding chemical capacitance in the

transition line model becomes too small to allow a separation of the arcs, or both.
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We think that the appearance of some distortion in Fig. SI 1.a (0.4 % Fe) has essentially the same
reason as the much smaller high frequency arc for 2 % Fe, namely an enhanced total conductivity
due to ion conduction. However, for 0.4 % Fe doped films the enhancement is only minor since
the corresponding ionic conductivity is still in the same range as the pseudo-intrinsic electronic
conductivity or even lower. Thus, either only the distortion of the main arc or simply nothing at all
indicates existence of some ion conduction in the film, in contrast to the 2 % Fe doped films where
the small high frequency arc is caused by the much higher ionic conductivity therein.

2.5.4 XRD of Sr overstoichiometric targets

Fig. 13 shows the X-ray diffraction patterns obtained for pellets prepared with Sr
overstoichiometry.
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Fig. 13: X-ray diffraction measurements performed for polycrystalline targets of 2 % Fe-doped
SrTiOs with 3 %, 7 % and 11 % Sr excess (a). The pellets consisted mainly of SrTiOs but also
showed Sr3Ti207 as additional phase. Not surprisingly, the amount of the secondary Sr rich phase
directly correlated with the amount of excess Sr in the pellet. This can be seen in (b) and (c) of this
figure. The highest Sr excess gives the highest amount of secondary phase after the described
temperature treatment.
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2.5.5 XRD of thin films deposited from overstoichiometric targets

Fig. 14 shows the X-ray results for thin films deposited from overstoichiometric targets.
Surprisingly, the thin films appear to be phase-pure, even though the target pellet were not phase-

pure, see Fig. 13.
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Fig. 14: XRD results for Fe-doped SrTiOs thin films on MgO deposited from 2 % Fe doped targets
with Sr overstoichiometry of 3 %, 7 %, or 11 %, respectively. The obtained thin films are phase
pure according to XRD as only SrTiOz reflexes are visible.

2.5.6 Discussion of the capacitances found for the thin films deposited
from Sr overstoichiometric targets

As mentioned in the main part, the high frequency arc in the impedance spectra found for thin films
deposited from Sr overstoichiometric targets is attributed to the SrTiO3 bulk due to the match with
expected geometrical capacitances. The capacitances of the two other R-CPE circuits fit pretty
well to space charge layers; for bulk SrTiO3 with 2 % Fe, a relative permittivity of 150 and a space
charge potential of 600 mV, for example, ca. 6 nm result for one space charge [113]. It is thus
reasonable to assume that the corresponding capacitances are due to the space charge layers at the

two electrodes, with the Nb:SrTiO3/Fe:SrTiOs junction probably having the smaller capacitance
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(due to two similarly thick space charge zones in both SrTiOs parts). Hence, the large low
frequency arc would be the space charge between SrTiOsz film and Pt. From the measured peak
frequencies, we can estimate the space charge potential and a rather realistic value of ca. 700 mV

is found [113].Accordingly, the dc resistance does no longer reflect the electronic conductivity.
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Chapter 3: Unravelling the origin of ultra-low
conductivity in doped SrTiOs thin films: Sr vacancies as
the key driver for Fermi level pinning

The results presented in this chapter were prepared for submission as a scientific paper.

3.1 Introduction

The electrochemical bulk properties of SrTiOs (STO), a perovskite-type oxide, have been
thoroughly investigated in many studies and different bulk defect models are available for doped
and undoped SrTiOs [29, 30]. These models are well in line with the corresponding experimentally
found conductivities at different temperatures and oxygen partial pressures. Therefore, SrTiO3
often serves as a model material for other perovskite-type titanates (e.g. BaTiOz, Pb(Zr,Ti)Oz) [33],
since its bulk properties and bulk defect concentrations are so well understood. SrTiOz is a mixed
conductor [33], enabling tailored conductivity ranging from predominantly electronic (i.e. via
electrons or electron holes) to ionic (via oxygen vacancies), depending on temperature and on
oxygen partial pressure [29, 113, 114].

Another way of tailoring the conductivity of SrTiOs to one’s needs is the introduction of dopant
elements. Donor doping can be achieved via trivalent ions on the A-site (e.g. La®*) or pentavalent
ions on the B-site (e.g. Nb®). In this case, cation vacancies or electrons compensate the charge.
Accordingly, acceptor dopants in SrTiOz are monovalent ions on the A-site (e.g. K*) or trivalent
ions on the B-site (e.g. Fe**). In such a material, the charge is compensated by oxygen vacancies
or electron holes. Also, co-doping (e.g. SrixLaxTiiyCryOs) is possible and allows to change
optical, catalytic and electrochemical properties of SrTiOs for different purposes [115, 116].
Furthermore, the existence of trivalent “magic dopants” (e.g. Mn®") is reported in literature [111],
acting simultaneously as a donor and as an acceptor, depending on the site occupation, which is in
line with a self-compensation mechanism suggested in theoretical studies for trivalent dopants [34].
Also, for other dopant elements including chromium [117], erbium [118], magnesium [119] and
rhodium [120, 121], both A- and B-site occupation are discussed in SrTiOs. In addition, Ti antisite
defects are reported for SrTiOgz thin films [104-106, 122]. Note that the change in site occupation
for Ti** from the B-site (T'i7;) to the A-site (Tig.) is accompanied with the introduction of donor

states.
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Furthermore, vacancies strongly influence the defect model of SrTiOs and, thus, change the
conductivity. While the direct influence of oxygen vacancies as charge carriers on the conductivity
is easily accessible via ionic conductivity, the impact of their cation counterpart (i.e. cation
vacancies) is less clear. In many cases, cation vacancies are immobile due to the higher
temperatures needed for cation migration [31]. However, they can still affect the activation barrier
of other defects (e.g. oxygen vacancies [31, 123, 124]). Furthermore, vacancies also act as dopants,
I.e cation vacancies act as acceptor dopants and oxygen vacancies act as donor dopants [31, 125-
128], thereby strongly affecting the respective concentration of charge carriers and properties of
SrTiOs.

For doped materials, the interplay between the deliberate dopant and (usually unintended) doping
via cation nonstoichiometry has to be considered — especially in the field of thin films, where cation
nonstoichiometry is easily introduced during the deposition process [47, 48, 60, 61, 67, 68, 85,
129-131]. Thin films are becoming more and more interesting, e.g. in the field of resistive switching
[20, 21, 32, 54, 55, 132-134] and for various light induced phenomena [13, 40-42, 77, 135] of the
emerging field of opto-ionics [51]. SrTiOs thin films as well as other perovskite-type thin films are
known to show different behavior than their bulk-like single or polycrystalline counterparts [31,
32, 63, 113, 136]. Structural differences (interfaces, strain, stress) [137-139], dominating space
charge zones [113, 140] or nonstoichiometry accommodation [31, 48, 59, 141] have been discussed
for thin films in literature and could be reasons for their deviating behavior. Even pseudo-intrinsic
electronic conductivity was previously reported for Fe doped SrTiOs3 thin films, meaning that a
mid-gap Fermi level leads to almost identical and extremely low electron and hole concentrations
in differently doped samples [32, 63]. A correlation with Sr stoichiometry was found, obtaining
this ultra-low conductivity only for substantial Sr vacancy concentrations [142].

In this study, doped as well as undoped SrTiOs thin films were characterized via electrochemical
impedance spectroscopy (EIS) and their conductivity was investigated. For a broad range of
dopants (Fe, Ni, Al) and dopant concentrations (up to 10 %), pseudo-intrinsic behavior with
extremely low conductivities was found. To explain this rather unique thin film property, different
additional characterization methods were employed, revealing specific details of elemental
composition via inductively-coupled plasma optical emission spectroscopy (ICP-OES) and
Rutherford backscattering spectroscopy (RBS), structure via X-ray diffraction (XRD) and X-ray
standing wave (XSW), and defect chemistry via X-ray absorption spectroscopy (XAS) and positron
annihilation lifetime spectroscopy (PALS). Combining all these pieces of information, a model is
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deduced explaining the ultra-low conductivity of many doped and undoped SrTiOs films and
compared to theoretical calculations. This model suggests that similar phenomena may exist also
in many other large band gap multicomponent oxides.

3.2 Experimental

3.2.1 Sample preparation

Different SrTiO3 powders were prepared via a mixed oxide route, starting with SrCOs, TiO2 and
depending on the dopant Fe;O3, NiO, or Al2O3 (Sigma Aldrich, Germany). Stoichiometric amounts
of the respective materials were weighed and then mixed for at least 40 min in an agate mortar.
Subsequently, the pressed powders were calcined at 1000 °C for 2 h under ambient conditions.
After an additional milling step, the powders were pressed using a cold isostatic press and
subsequently sintered at 1200 °C for 5 h in air. X-ray diffraction measurements confirmed the phase
purity of the obtained pellets, which were then used as targets for pulsed laser deposition (PLD).
A summary of all targets used here is given in Tab. 6. Different substrates, namely undoped SrTiO3
(STO, Crystec GmbH, Germany) Nb doped SrTiO3z (Nb:STO) single crystals (0.5 wt% Nb content,
CrysTec GmbH, Germany) and yttria doped zirconia (YSZ, Crystec GmbH, Germany), were used
in this study. For conductivity measurements, Nb doped SrTiOs was used as a substrate due to its
high conductivity. Thereby, the across-plane conductivity (or resistance) of the different thin films
can be measured. In addition, the good agreement in the lattice parameter between undoped or
slightly doped SrTiOs and the Nb:SrTiOs substrate leads to an epitaxial growth of the thin films.
For this very reason, undoped SrTiOsz substrates were used for X-ray diffraction measurements and
reciprocal space mapping (RSM). For the chemical analysis, YSZ was used as a substrate. In this
case, no epitaxial growth is expected. However, the YSZ substrates do not contain significant
impurities from elements relevant for the SrTiOs thin films (Sr, Ti, Fe, Ni, Al) and, thus, are highly

suitable for elemental analysis.
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Tab. 6: Compositional analysis via ICP-OES and RBS/ERDA of different SrTiO3z thin films
deposited from stoichiometric targets. The values here are calculated for two cations per formula
unit.

Target material Thin film composition Method
Sr Ti dopant
SrTio.996F€0.00403 | - - - -
SrTiogoFe€0.010s | 0.950 1.041 0.009 ICP-OES
SrTiogsFe0020s | 0.945 1.020 0.035 ICP-OES
SrTioesFeoosOs | 0.937 1.015 0.048 RBS (Sr, Ti), ERDA
(Fe)
SrTiooFeo103 0.960 0.953 0.087 ICP-OES
SrTio.996Ni0.00403 | 0.944 1.046 0.010 ICP-OES
SrTio.g97Al0.00303 | 0.988 1.007 0.005 ICP-OES
SrTiO3 0.957 1.043 - ICP-OES

SrTiOz based thin films (undoped, acceptor doped or donor doped) were prepared by pulsed laser
deposition (PLD) using a 248 nm KrF excimer laser (COMPex Pro 201F, Coherent, Netherlands)
and a pulse duration of 25 ns. For the deposition process, a pulse frequency of 5 Hz, a laser fluence
of 1.1 J/cm?, a substrate-target distance of 55 mm, an oxygen pressure of 0.15 mbar and a substrate
temperature of 650 °C were set. For the sake of comparability, the thin films investigated here were
all in the range of 80 nm to 350 nm in thickness [32].

Circular Pt thin film microelectrodes were prepared on the SrTiOs thin films. The corresponding
Pt thin films were sputtered with a high voltage magnetron coating device (BAL-TEC MED 020,
Germany) and subsequently micro-patterned by lift-off photolithography. Only the 0.4 %
Fe:SrTiOs film has LageSro.4C003.5 microelectrodes prepared as described in Ref. [112] for better
comparison with literature. The microelectrodes were contacted with Pr/Ir needles during

impedance measurements. A schematic representation of the sample design is given in Fig 15.
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Fig. 15: A sketch of a typical sample for electrochemical characterization is shown. A (doped or
nominally undoped) SrTiOsz (STO) thin film is on a Nb-doped SrTiOs (Nb:STO) substrate. For

well-defined electrical contact, circular Pt microelectrodes (300 um in diameter) are used on top
of the SrTiOsthin film as well as a porous Pt counterelectrode at the bottom of the Nb:SrTiO3
single crystal.

3.2.2 Impedance spectroscopy

In order to investigate the conductivity of the thin films, we used electrochemical impedance
spectroscopy (EIS) with an Alpha-A High Resolution Analyzer (Novocontrol, Germany). For
temperature control, all electrochemical measurements were performed in a homogeneously heated
furnace described in Ref. [76] within a temperature range of 380 °C to 740 °C. The impedance was
probed in a frequency range from 0.9 MHz to 1 Hz with a resolution of 10 points per decade, using

an AC rms amplitude of 20 mV.

3.2.3 Elemental analysis

First, the thin films on YSZ were dissolved in 3 % v/v HNO3z and 0.3 % v/v HF for 30 min at 25
°C and the obtained solution was subsequently analyzed via solution based ICP-OES (iCAP 6500,
Thermo Fisher Scientific, USA). For quantification, liquid standard solutions were used for
external calibration. For more details, see section 3.6.3.

For comparison, the Sr/Ti ratio of nominally 5 % Fe doped SrTiOs was investigated using
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Rutherford backscattering spectrometry (RBS). Experiments were performed at the ETH
Tandetron accelerator using a 2 MeV He beam. Backscattered particles were detected by a silicon
PIN diode under 168 ° and data was analyzed by comparison with RUMP simulations [143]. The
Fe/Ti ratio was subsequently investigated using time-of-flight heavy ion elastic recoil detection
analysis (ToF-ERDA). 13 MeV 1271 was used as primary beam and recoiling sample atoms were
analyzed by the combination of a ToF spectrometer with a gas ionization detector [144].
Biparametric data was converted to mass spectra and analyzed using custom software.

3.2.4 X-ray diffraction

In order to investigate the lattice mismatch of deposited SrTiO3z thin films and the nominally
undoped SrTiO3 substrates, reciprocal space maps of the (002), (103), and (113) reflexes were
recorded, since this high-resolution X-ray diffraction method is especially suitable for highlighting
differences in the (micro-) structure between the thin film and the substrate [82]. The measurements
were conducted on an Empyrean multipurpose diffractometer (Malvern Panalytical Ltd, UK) with
a Cu-anode operating at 45 kV and 40 mA, which yields a wavelength of 1=1.5406 A (Cu Kq
radiation) and A=1.5444 A (Cu K radiation).

A hybrid monochromator (2xGe(220)) with a 1/32 divergence slit and a 4 mm mask was placed in
the incident X-ray beam, while on the detector side we used a GaliPI1X 3D detector in the frames
based mode. This specific detector adjustment allowed us to measure 6.8672 ° of 26 without
moving the GaliPIX, the resolution was 0.01434 °. The need of only scanning ® with a step size of
0.00716 ° reduced the required time for data acquisition tremendously. Reciprocal space maps were
measured for the (002) (o = 23.2376 °, 20 = 46.4752 °), the (103) (0 =20.1378 °, 20 = 46.4752 °),
and the (113) (o = 15.6000 °, 26 = 46.4752 °) reflexes. The (103) and (113) reflexes also depend
on the angle ¢. In order to optimize the obtained signals, ¢ had to be adjusted before each
measurement (rotation along the axis perpendicular to the sample’s surfaces). In total four different
thin films (from nominally undoped, 0.4 % Ni doped, 0.3 % Al doped, and 1 % Fe doped SrTiO3
targets) deposited on nominally undoped SrTiOs single crystals oriented in the (001) direction were

measured at ambient conditions.
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3.2.5 Positron annihilation lifetime spectroscopy

Variable energy positron annihilation lifetime spectroscopy (VEPALS) measurements were
conducted on nominally undoped SrTiOs and Fe:SrTiOs single crystals as well as thin films at the
Mono-energetic Positron Source (MePS) beamline at HZDR, Germany [72]. We used a digital
lifetime CrBrs scintillator detector [S1 mm diameter (2”) and 25.4 mm length (1°)] coupled to a
Hamamatsu R13089-100 PMT. The detector was p-metal shielded and housed inside a solid Au
casing. For data acquisition, a homemade software was employed, executed from a multi-channel
digitizer (SPDevices ADQ14DC-2X) with 14 bit vertical resolution and 2GS/s horizontal
resolution. The time resolution of about 0.210 ns was achieved. The resolution function required
for spectra analysis uses two Gaussian functions with distinct shifts and intensities, which depend
on the positron implantation energy, Ep. All spectra contained at least 1-107 counts. Typical lifetime
spectrum N(t) is described by N(t)=% (1/7i) li exp(-t/ti), where i and I; are the positron lifetime and
intensity of the i-th component, respectively (X1i=1). All the spectra were deconvoluted using the
non-linearly least-squared based package PALSTit fitting software [73] into 2 discrete lifetime
components, which directly evidence localized annihilation at 2 different defect types (sizes; 1l
and 12). The corresponding relative intensities reflect to a large extent the concentration of each
defect type (size) as long as the size of compared defects is in the similar range. In general, positron
lifetime is directly proportional to defects size, i.e., the larger is the open volume, the lower is the
probability and longer it takes for positrons to be annihilated with electrons [74]. The positron
lifetime and its intensity have been probed as a function of positron implantation energy E,, which

is proportional to the positron implantation depth.

3.2.6 X-ray standing wave measurements

The X-ray standing wave (XSW) technique is able to gain real space information with a resolution
of pm. Such measurements were conducted at PETRA 11l P24 beam line located at Deutsches
Elektronen-Synchroton (DESY) in Hamburg, Germany. Thereby, an interference field (X-ray
standing wave) was generated by the incoming beam and by Bragg reflected plane X-ray waves of
the Fe:SrTiOsz thin film (deposited on an SrTiOs single crystal). Photo-absorption and, thus,
fluorescence of the probed atoms strongly depend on the intensity of this interference field. Atoms

located at the maxima show enhanced fluorescence whereas atoms at position of destructive
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interference show reduced or even no fluorescence at all. By changing ® or the energy of the
incident beam, the interference field can be varied, resulting in specific changes in the fluorescence
yield of the probed atoms depending on their position (e.g. interstitial, A, and/or B site). Here, the
o dependency of the Fe K-fluorescence yield was measured. To investigate whether Fe is located
at a lattice site (A-site and B-site) or at an interstitial site, the (002) reflex was probed. To
distinguish between A- and B-site occupancy of Fe, the (001) or (003) reflex can be used. At the
(003) reflex, the probed sample volume is smaller, thus minimizing the potential influence of
spatial variation of the substrate (e.g. due to substrate imperfections). Therefore, omega scans of
the (002) and (003) reflexes were carried out at 220 nm thick Fe doped SrTiOs thin films deposited
from PLD targets with a stoichiometric composition of SrioTioosFe0020s as well as a Sr
overstoichiometry of Sri.05TiogsFe0.0203 to compensate Sr loss in the preparation process [142].
For all measurements, we used an incident beam energy of 8.4999 keV, corresponding to a
wavelength of 1.4586 A. Subsequently, the obtained results were compared to simulations for
different Fe occupancies (A-site, B-site, mixed, interstitial). All XSW experiments were carried

out at ambient conditions.

3.2.7 X-ray absorption spectroscopy

X-ray absorption spectroscopy was performed at the Surfaces/Interfaces: Microscopy (SIM)
Beamline using Endstation ES3 at Swiss Light Source (SLS) at Paul Scherrer Institute (PSI),
Switzerland. We measured the absorption of linear polarized X-rays in energy ranges of 521.0 -
589.0 eV (O K-edge), 441.0 - 479.0 eV (Ti Lo3-edge), and 691.1 - 749.0 eV (Fe L23-edge). At least
four spots were probed for each sample. Here, we used a 220 nm thick thin films deposited from a
stoichiometric target with 2 % Fe, at first directly after deposition without any further treatment as
well as after subsequent annealing for 12 h at 700 °C in air. For these samples, the total electron
yield as well as the fluorescence yield were measured, with fluorescence mode being more bulk
sensitive [145] while the information depth of total electron yield measurements is in the range of
several nm [145, 146] and thus fits rather well to the width of space charge layers [113]. The
obtained spectra were normalized to the incident beam intensity using a gold mesh and processed

using the Athena program [147]. Interpretation of the XAS spectra is supported by linear
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combinations of simulated spectra of Fe in different oxidation state, i.e. Fe?* and Fe®*, in octahedral
geometry using TM4XAS [148].

3.3 Results

3.3.1 Conductivity measurements

All films were characterized via electrochemical impedance spectroscopy. Typical impedance
spectra for several doping situations are plotted in Fig. 16. The spectra for different thin films differ
in the degree of distortion, from rather undistorted (e.g. 0.4 % Ni doped) to a rather pronounced
distortion (e.g. 2 % Fe doped). The tiny low-frequency features found in some spectra are not
further considered here. We can see in Fig. 2 that the low frequency intercepts of the large arcs
(Rpc) at approx. 530 °C are rather similar (i.e. in the range of 180 kQ to 280 kQ) despite vastly
different doping situations, from 0.4 % to 5 % dopant. (Please note that slightly different
temperatures and film thicknesses are in play, but still the excellent agreement in the order of
magnitude of resistance is surprising.) A detailed discussion of such impedance spectra of SrTiOs
thin films is given elsewhere [142]. Here, we only summarize the main aspects deduced there:
Since SrTiOs is an ionic and electronic conducting material, a transmission line model [79-81] with
ionic and electronic rails is appropriate for describing the spectra. Since the ionic conduction path
is blocked at one or both electrodes, the DC resistance corresponds to the electronic resistance of
the film and an electronic conductivity can be calculated from its value. This electronic
conductivity seems to be the same for all samples shown in Fig. 16. Depending on the exact ionic
conductivity and the chemical capacitance, however, additional features may appear and give rise
to the measured distortions. Here, however, we focus on the electronic DC conductivity of the
films. The temperature dependent DC conductivity (i.e. electronic conductivity) of the 0.4 % doped
film is plotted in Fig. 17.a. Interestingly, this electronic conductivity is several orders of magnitude
lower than the expected bulk values from literature in Refs. [32, 149]. Moreover, the film
conductivity almost perfectly matches the electronic intrinsic conductivity of SrTiOs calculated by
assuming a mid-gap Fermi level and thus equal hole and electron concentrations. The calculated
pseudo-intrinsic conductivity value is obtained using literature data [29], i.e a band gap Eg of 3.3
eV - 6.0 x 10 eV x T, a hole mobility of 8.9 x 10° (T/K)>% cm2 x V! x s, an electron mobility
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of 4.5 x 10° (T/K) %2 cm2 x V1 x st and Ko = 7.67 x 102 cm™. This pseudo-intrinsic behavior was
also reported in [32, 142], but was not understood so far. There must be a fundamental difference
between the acceptor-type bulk conductivity and the pseudo-intrinsic thin film conductivity and

this is further investigated and explained in the following.
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Fig. 16: Electrochemical characterization of different SrTiOzthin films deposited from targets with
0.4 %, 2 % and 5 % Fe as well as 0.4 % Ni doping doping at the B-site. The measurement
temperatures deviate slightly for the individual samples, but are all in the range of 527 °C to 533
°C. Film thicknesses are in the range of 130 nm to 370 nm. The DC resistance of the main arc
(Roc) is indicated for the different impedance spectra with an arrow and is in the range of 180 kQ
to 280 kQ. Different degrees of distortion can be identified, e.g. nearly undistorted for 0.4 % Ni to
heavily distorted for 2 % Fe doping.

Also an increase in doping concentration does not lead to an increase in the DC conductivity for
Fe:SrTiOs thin films. This is plotted in Fig. 18.a for different Fe doping concentrations (0.4 %, 1
%, 2 %, 5 %, 10 %). Not only does the conductivity remain unchanged for this vast increase in
dopant concentration, the DC conductivity also always stays at the calculated pseudo-intrinsic
conductivity. For the sake of comparison, we also measured the conductivity of thin films deposited
from a target with 30 % Fe (STF73). The conductivities of 30 % Fe-doped SrTiO3 films are about

five orders of magnitude higher at 350 °C (and these thin films can even be used as thin film
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electrodes in fuel cells), thus showing that we face a rue thin film effect and not an artefact. In a
separate paper, we demonstrated that the Sr stoichiometry of the target strongly affects the film
properties with 7 % Sr overstoichiometric targets finally leading to much higher conductivities
(close to the expected bulk value) [142]. Common defect models fail to predict or explain such a
pronounced doping independent conductivity behavior with mid-gap Fermi level pinning.
Furthermore, the conductivity of a thin film deposited from a target containing 0.4 % Fe doping is
independent of the oxygen partial pressure over an oxygen partial pressure range of five orders of
magnitude (see Fig. 17.b), which is also in contrast to Fe doped bulk SrTiOs [114]. For further
characterization, films from nominally undoped SrTiOs as well as Ni doped SrTiO3 and Al doped
SrTiO3 targets were measured (see Fig. 18.b). The DC conductivity of these thin films again

perfectly matches the calculated very low pseudo-intrinsic conductivity (i.e. Ch = Ce).
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Fig. 17: Electrochemical characterization of Fe doped SrTiOs3 thin films deposited from a target
with 0.4 % Fe doping. The DC conductivity obtained from the DC resistance for is plotted in (a)
and compared with the expected conductivity values for bulk samples [32, 149] and with the
calculated conductivity of pseudo-intrinsic electronic conductivity (ch = ce) [29]. Surprisingly, the
conductivity of the Fe:SrTiOzthin film deposited from a target with 0.4 % Fe is orders of magnitude
lower than the respective bulk value from literature, but perfectly matches the intrinsic conductivity
of SrTiOs3, despite doping and being measured in air. The corresponding band structures for the
respective conductivities are highlighted. Here, intrinsic conductivity corresponds to a mid-gap
Fermi level. In (b), the oxygen partial pressure dependence of the conductivity of a Fe doped thin
film deposited from a target with 0.4 % Fe is shown for three different temperatures (555 °C, 603
°C and 650 °C). No variation of the conductivity is observed in an oxygen partial pressure range
between 10 ppm oxygen to 1 bar oxygen, the conductivity matches the pseudo-intrinsic
conductivities of the respective temperature.
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Fig. 18: The DC conductivity of Fe doped SrTiOz thin films deposited from targets with different
doping concentrations ranging from 0.4 % up to 10 % is plotted in (a) and compared to the
electronically intrinsic conductivity (ch = Ce) [29]. Surprisingly, no significant increase in
conductivity is observed for increasing dopant concentrations. In contrast, the various DC
conductivities are all in perfect agreement with the intrinsic conductivity. Futhermore, the DC
conductivity of nominally undoped SrTiOz thin films and slightly acceptor doped thin films with
different dopings (Ni:SrTiOs, Al:SrTiOz) matches the calculated intrinsic conductivity (b),
highlighting the more general nature of this effect.

Thus, for a vast number of different films, doping does not affect the conductivity. Neither the
dopant concentration nor the dopant itself (Fe, Ni, Al) changes the pseudo-intrinsic conductivity,
highlighting the extremely robust nature of this effect. We thus conclude that we do not face a
special feature of Fe doped SrTiOs, but an inherent property of many SrTiOz thin films deposited
via pulsed laser deposition (PLD). Consequently, a phenomenon present in all our SrTiO3 films
should be the source of this effect. A first hint was already reported in a separate paper: When using
highly off-stoichiometric targets with 5 — 7 % Sr excess, SrTiO3z films result with “normal”
conductivity behavior (i.e. like doped bulk samples rather than pseudo-intrinsic) [142]. This Sr
excess in the target was shown to compensate the Sr vacancies otherwise present in the films. In
the following, we describe results from several methods applied to gain further information on

atomic reasons behind the pseudo-intrinsic behavior.

3.3.2 Elemental analysis

The results for the chemical analysis are plotted in Fig. 19 and summarized in Tab. 6. Different
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SrTiOs thin films, ranging from Fe doped or Ni doped to Al doped and nominally undoped, were
investigated using inductively coupled plasma optical emission spectroscopy (see Fig. 5.a). A more
or less pronounced Sr deficiency, i.e. a deviation of the Sr/(Ti+dopant) ratio from unity, is found
for all thin films. Note that the dopant is attributed to the B-site in this consideration. The amount
of dopant found in the samples also shows some deviations from the target compositions. Little
deviation was measured for a target with 1 % Fe, where 0.9 % Fe resulted in the thin film. Similarly,
for a pellet with 10 % Fe at the B-site 8.7 % Fe was found in the respective thin film. In case of the
Ni doped SrTiOs, 1 % Ni was found instead of the target concentration of 0.4 % Ni. The error for
these measurements is usually well below 1 % for main components (Sr, Ti), but is in the 5 % range
with respect to the given amount for minor components (i.e. dopants), e.g. 0.01 + 0.0005. Different
processes including preferential scattering and incongruent ablation during pulsed laser deposition
might lead to the discrepancy between the nominal and the experimentally found composition of
these thin films [67, 68, 88]. Similar differences are also reported for other materials, e.g. LaMnO3
[92], CazC0409 [94] and SrMnO3 [96].

The compositional results were confirmed by Rutherford backscattering spectroscopy (RBS), see
Fig. 19.b. Here, a Fe doped SrTiOs thin film (with a nominal Fe content of 5 % Fe at the B-site) on
a SrTiOs substrate was investigated. Using RBS, a clear difference between the thin film and the
substrate can be seen. This difference is attributed to a different Sr/Ti ratio of the thin film,
compared to the substrate, but also differences in the oxygen stoichiometry might play a role. For
the thin film, less Sr than Ti was found, whereas nominally less Ti would be expected. With RBS,
the Fe content could not be determined reasonably because of the huge background from the Sr
signal. The use of characteristic X-rays (PIXIE) was excluded since the substrate material and the
thin film are basically the same material, making it impossible to properly normalize the Fe X-ray
yield to another element. Therefore, heavy ion elastic recoil detection analysis (TOF-ERDA) was
performed. Here, a Fe/Ti ratio of 0.047+0.005 was obtained, which is in line with the nominally
expected value of 0.052, corresponding to a 5 % dopant concentration at the B-site.

Altogether, chemical analysis revealed Sr deficiency in all films. There are different ways for
SrTiO3z to accommodate this Sr deficiency, e.g via Sr vacancies in the lattice, by formation of
Ruddlesden-Popper phases, segregation of Ti rich secondary phases (e.g. TiO2) or antisite defects
(e.g. Tig. [104-106, 122]). In order to resolve the predominant effect in our films, further film

characterization was performed.
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Fig. 19: Elemental analysis of different thin films deposited from stoichiometric targets using
pulsed laser deposition (PLD). In (a), the results of inductively coupled plasma optical emission
spectroscopy (ICP-OES) are presented for different Fe doped thin films with Fe doping
concentrations of the respective targets ranging from 1 % to 10 %, a Ni and an Al doped SrTiO3
thin film as well as a nominally undoped SrTiOs. The ideal stoichiometry, corresponding to a
Sr/(Ti+dopant) ratio of unity, is highlighted as a red line, revealing Sr deficiency for all thin films
analyzed. Note that the dopants are attributed to the B-site here. As a comparison, a thin film with
a nominal Fe concentration of 5 % was also analyzed by means of Rutherford backscattering
spectroscopy (RBS), shown in (b), and elastic recoil detection analysis. Using RBS, a severe Sr
deficiency was found. Both methods are therefore in good agreement, highlighting the Sr deficiency
in thin films deposited from stoichiometric targets.

3.3.3 X-ray diffraction

In general, SrTiOs exhibits a cubic unit cell and all cell parameter obtained from the RSM
measurements were found to be ca. 3.9 A, which is in line with literature data [71, 83, 84].
However, the reciprocal space maps of the (002) reflexes plotted in Fig. 20 show an elongated ¢
cell parameter compared to the nominally undoped SrTiO3 substrate for all deposited thin films
except for the Al doped layer. As a result, two separated diffraction peaks, one originating from
the substrate and one from the thin film, can be seen. Further reflexes, namely the (103) and the
(113) reflexes were investigated. In each reciprocal space map of the (103) reflexes (see section

3.6.2), again two reflexes only differing in q. can be seen (except in the case of AlL:SrTiOs3),
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confirming the enlarged c cell parameters found in most of the deposited thin films. A deviation of
the in-plane cell parameters of the thin films from the substrate would result either in a shift in q
or in the intensities of the thin film peaks, which we did not observe.
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Fig. 20: Structural characterization of different SrTiOsz thin films on top of nominally undoped
SrTiOz single crystals oriented in the (001) direction. Thin films were deposited from nominally
undoped (a), 0.4 % Ni doped (b), 2 % Nb doped (c), 0.3 % Al doped (d), and 1 % Fe doped (e)
SrTiOz targets. Here, reciprocal space maps (RSM) for the (002) reflex are shown, revealing a
severe deviation in the lattice parameter for the thin films compared to the underlying SrTiO3
substrates. Except for the Al doped thin film (d) the c cell parameter from each of the prepared thin
films is elongated compared to the substrate. As a consequence, in the RSM two separated reflexes
can be found. The deviation between the thin film and the substrate can be attributed to cation
vacancies. Taking the Sr deficiency found by elemental analysis into account, the cation vacancies
are identified as Sr vacancies.

To further clarify this point, additional reciprocal space maps of the (113) reflexes were measured
(see Fig. 21), showing shifts only in q. direction (except for Al:SrTiOs exhibiting no shift at all).
(Note that Sr deficiency is also comparatively lower in Al-doped thin films than in the other thin
films, thus decreasing the difference in lattice parameter, as also observed in [142] for similar
cases.) Thus, no difference in the in-plane cell parameters are found for any thin film compared to
the single crystalline substrate. However, an elongation of the c cell parameter reduces the
symmetry of the thin films and leads to a tetragonal lattice. The results of the recorded reciprocal
space map are in line with literature data on SrTiOgz thin films [48, 59, 85] and are attributed to the

existence of cation vacancies, i.e. to films with a Sr/Ti ratio (or Sr/(Ti+dopant)) deviating from
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unity [45, 46, 86]. Thus, we can conclude that at least part of the nominal Sr deficiency found in
section 3.3.2 is materialized in the form of Sr vacancies. This is also in agreement with the

surprisingly high Sr vacancy concentration reported for SrTiOs films in literature [31].
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Fig. 21: Reciprocal space maps for the (113) reflex thin films deposited from nominally undoped
(@), 0.4 % Ni doped (b), 2 % Nb doped (c), 0.3 % Al doped (d), and 1 % Fe doped (e) SrTiO3 targets
on nominally undoped SrTiOs single crystals oriented in (001) direction. A difference between the
more intense substrate reflection and the thin film reflex indicates structural differences (found for
all investigated samples except for the Al doped thin film). The reflexes for substrate and thin film
shown in each map only differ in g, thus thin films and single crystals exhibit the same in-plane
(i.e. aand b) cell parameters, with elongation being present only in the out of plane axis (i.e. ¢ cell
parameter).

3.3.4 Positron annihilation lifetime spectroscopy

In Fig. 22.a, a nominally undoped SrTiOz thin film is characterized and compared with a nominally
undoped SrTiOs single crystal. The dependence of lifetime on implantation energies for the film
on the substrate reflects a depth dependent change of the main ionic defect. Comparing the near
surface signal of the film with the signal of the pure bulk sample reveals severe differences. In the
thin film, the predominant point defect is the Sr vacancy (lifetime: 281 ps), which is in agreement
with the chemical analysis (see section 3.3.2) as well as the RSM data (see section 3.3.3). This is
in contrast to single crystals, where the point defect chemistry is dominated by titanium vacancies

(lifetime: 189 ps). The same trend can be observed for an Fe doped SrTiOs3 thin film (deposited on
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Nb:SrTiOz and from a pellet with 2 % Fe), see Fig. 22.b, in which it is compared to an Fe doped
single crystal (0.15 % Fe). Again, Sr vacancies are found in the thin film, while titanium vacancies
are present in the single crystal. Taking the similar levels of Sr deficiency (obtained from ICP-OES
measurements in section 3.3.2) into account, Sr vacancies are probably also present in all the other
thin films investigated in this study. However, this does not mean that the entire Sr deficiency leads
to A-site vacancies. Rather, B-site ions on the A-site might reduce the A-site vacancy concentration
compared to the nominal Sr-deficiency. Ti on the A-site was found or discussed in several studies.

Another option is the dopant occupying an A-site, which is considered next.
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Fig 22: Positron lifetime annihilation spectroscopy (PALS) measurements to reveal the common
point defect in thin films and single crystals. In (a), a point defects found in a nominally undoped
SrTiOz thin film are compared to those of a nominally undoped SrTiOs single crystal. In (b), the
results for a thin film deposited from a 2 % Fe doped SrTiO3 target are contrasted with the
respective defects found in a Fe doped single crystal with 0.15 % Fe. A significant change in the
defects found in thin films and single crystals can be observed for both cases. In thin films, Sr
vacancies are the dominant point defect, whereas in single crystals titanium vacancies are present.

3.3.5 X-ray standing wave

X-ray standing wave (XSW) technique was used to determine whether Fe is located at an
interstitial, A- or the B-site. In Fig. 23.a, the normalized Fe K-fluorescence of the (002) Bragg

reflex is shown in dependency of . The fluorescence first has a minimum followed by a maximum,
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which indicates that Fe is not present at an interstitial position according to simulations. The sharp
peak at 20.16 ° is caused by the substrate and does not have any impact on our interpretation. This
reflection is sensitive towards lattice site and interstitial site. Here, we analyzed a sample deposited
from a target with 2 % Fe and 5 % Sr excess, corresponding to a stoichiometric thin film [142] as
a reference. As expected, in a bulk-like material, the Fe is located at a lattice site. To differentiate
between A- and B-site occupation of the Fe, we performed measurements on the (003) reflection,
which is sensitive towards the different lattice sites. The simulation in Fig. 23.b. show the change
of the normalized fluorescence yield when the Fe occupancy changes from only B-site (§ = 0) to
only A-site (§ = 1), with mixed occupation in between. The ratio of A/B-site occupation of Fe
determines the normalized fluorescence yield. A ratio of < 1 leads first to a maximum which is
followed by a minimum. If the ratio becomes > 1 a minimum is followed by a maximum, thus, the
sequential arrangement swaps. XSW measurements of the (003) reflex in Fig. 23.c thus suggest
that in Sr deficient films deposited from stoichiometric targets up to 30 - 40 % of Fe is located at
the A-site. On the other hand, in films deposited from a target with 5 % Sr excess (i.e.
Sr1.05Tio.98F€0.0203) in order to compensate Sr-loss in the deposition process [142], Fe is only
present on the B-site. The obtained data are in reasonable agreement with our simulations, even
though the small amounts of Fe ions in the thin films leads to a substantial scatter of the data. A
change in site occupation towards the A-site in SrTiOz was also reported for other transition metals,
e.g. Mn [111, 150]. Such redistribution of Fe towards the A-site in Sr deficient thin films has a
drastic defect chemical impact, since Fe at the B-site is an acceptor, while Fe at the A-site acts as
a (probably deep) donor. Thus, a severe change in the dopant type is found for the Fe-doped SrTiOs
thin films exhibiting pseudo intrinsic conductivity. To further investigate the differences between
intrinsic and bulk-like thin films, X-ray absorption spectroscopy was performed.
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Fig. 23: Using X-ray standing wave measurements (XSW) the position of Fe in Fe doped SrTiOs
thin films deposited on SrTiOssingle crystals can be determined. (a) Normalized Fe L-fluorescence
yield induced by the interference field of the (002) reflex of the Fe:SrTiOs thin film. The
measurement indicates that Fe is not present at an interstitial position, but exclusively at the A-
and/or B-site. To differentiate between A and B-site occupancy simulations (b) and measurements
(c) of the Fe L-fluorescence yield at the (003) reflex are necessary. & = 0 denotes to only B-Site
occupation, whereas in the simulation ¢ = 1 Fe is only present at the A-site. In the XSW
measurements of a thin film deposited from a target with no Sr excess (Sr1.00Tio.98F€0.0203+x) and a
thin film deposited from a target with 5 % Sr excess (Sr1.05Tio.0sF€0.0203+x) differences in the site
occupation of Fe can be found. The results suggest that up to 40 % of Fe is present at the A-site in
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the film deposited from the Sr1.00Tio.08Fe€0.0203 target. Sr excess in the target seems to prevent A-
site occupancy of Fe. (Please note that the SrTiOs substrate reflex is visible in the data of the thin
film deposited from the target with 5 % Sr excess. The substrate reflection for the thin film deposited
from a stoichiometric target occurs at higher angles, i.e. the difference between the lattice
parameter of the substrate and the thin film is more pronounced for the film deposited from the
stoichiometric target.)

3.3.6 X-ray absorption spectroscopy

Fig. 24.a shows the XAS spectra of the Fe L23-edge, Ti L3-edge, and O K-edge for Fe:SrTiO3
thin films deposited from a stoichiometric target with 2 % Fe in the fluorescence mode. In order to
gain a deeper understanding of the present Fe oxidation states, simulations and linear combinations
were carried out. Since the simulated Fe** spectra did not fit the experimental data (as also reported
in literature [140]), only Fe?* and Fe3* were considered in the following (see section 3.6.5). For the
simulation, we set the Slater integral reduction to 80 % and reduced core spin orbital coupling by
1.0 % for Fe** and 1.1 % for Fe?*. The valence spin orbital coupling amounted to 3.70 % and 3.25
% for Fe?* and Fe3*, respectivley. The crystal field parameters were fixed to 10 Dg = 1.5 eV and
the charge transfer parameters to A = 2 eV. Lorentzian broadening was set to 0.2 eV and Gaussian
broadening to 0.3 eV. Based on these parameters, best agreement between experimental data and
the calculated spectrum was achieved for 10 % Fe?* and 90 % Fe**. (Note that these values are only
rough estimates due to the fact that self-absorption, site occupation, and oxygen vacancies as well
as cation vacancies are not considered here, which migh also explain the deviation of the simulated
spectra from the measured ones at higher energies [140]). When comparing the sample measured
directly after the PLD process (0.15 mbar O2) at 650 °C with the sample with an additional
annealing step (200 mbar O) at 650 °C, no significant changes can be observed, which means that
the bulk ratio of Fe?* to Fe* is independent of the oxygen partial pressure in the range of 0.15 mbar
to 200 mbar. In bulk samples, oxygen incorporation is expected under these conditions,
corresponding to an increase in Fe oxidation state. However, this deviation from bulk behavior fits
well to the oxygen partial pressure independent conductivity measurements in section 3.3.1 (see
Fig. 17.b, please note: here a thin film with 0.4 % Fe was investigated). These results are also
addressed in section 3.4.2 with regard to donor states in Fe doped SrTiOs.

The O K-edge and Ti Lzs-edge spectra (see Fig. 24.b and c, respectively) do not change
significantly due to annealing as well and are both in good agreement with literature [151-153].
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The peaks in the O K-edge spectra can be assigned to electron transitions from the O(1s) level into
O(2p) orbitals hybridized with Ti(3d) orbitals at 532.2 and 534.6 eV, Sr(4d) orbitals at 537.2 and
538.9 eV, and Sr(5p) orbitals at 544.7 eV [151]. The Ti Lo3-edge spectra show as expected two pre
peaks [154] and splitting into tog and eq levels of the Lz edge (at 459.0 and 461.3 eV) and the L
edge (at 464.4 and 466.8 eV) [153, 154]. The results obtained for total electron yield for Fe L3 are

discussed in section 3.6.4.
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Fig. 24: XAS measurements in fluorescence mode showing the Fe L,3-edge(a), O K-edge (b), and Ti L2 3-
edge of Fe:SrTiO; thin films deposited from a stoichiometric target with 2 % Fe directly after the pulsed
laser deposition (green dots) and after an additional annealing step at 700 °C in air for 12 h (blue squares).
A linear combination of 10 % Fe®* and 90 % Fe** (orange dashed line) matches the experimental data best.

3.4. Discussion

3.4.1. Basic Model

Based on all these results we can now suggest and discuss a model that explains the pseudo-intrinsic
behavior of SrTiOz thin films and also the surprising robustness of this effect, occurring for
Fe:SrTiOs with Fe contents from 0.4 to 10 %, for Ni:SrTiOz and Al:SrTiOs, and even for undoped
SrTiOs. Also p(O) variations did not change conductivities between 10 and 1 bar. Essentially,
we have to explain why the Fermi level is pinned very close to the mid gap energy in all these
cases.

We start the model discussion with the truly intrinsic case with Fermi level mid gap and negligible
oxygen vacancy concentration, see Fig. 25.a, where CB denotes the conduction band and VB

denotes the valance band. This would require ultrapure SrTiOz films with impurity levels in the
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sub ppb range since, at 420 °C, for example, cn = c. values are as low as 10™* cm™. Such a
purification of the films during deposition completely contradicts the chemical analysis. Adding
an acceptor doping shifts the Fermi level towards the valence band (Fig. 25.b). The acceptor
dopants used in this study (Fe, Ni, Al) are known to act as deep traps for holes and thus the Fermi-
level is below the acceptor level and quite far from mid-gap. (Please note: In this first consideration
we neglect that oxygen vacancies are also formed by acceptor doping of SrTiOs, this is further
discussed below). Adding a donor dopant to the system shifts the Fermi level upwards, but only
for a very specific donor concentration the acceptors are exactly counter-balanced and a mid-gap
situation is met, Fig. 25.c. This case can also be excluded here due to the robustness of the effect.
Combining acceptor-type mid-gap states and the main acceptor doping does also not explain the
situation. This would leave the Fermi-level far from mid-gap (Fig. 25.d). However, a very robust
mid-gap situation results when combining acceptors, mid-gap acceptors and donors (Fig. 25.e). For
a comparatively broad range of concentration ratios, this indeed pins the Fermi level close to mid-
gap, see below. A similar three level model was also discussed for semi-insulating GaAs with Cr
impurities [155]. Actually, acceptor 1 is even not required; already mid-gap acceptor states and a
donor are sufficient to get a Fermi level pinning.

This model has a simple chemical analogy. Ultrapure water exhibits a pH value of 7. Adding a
(weak) acid lowers the pH value (corresponding to our acceptor case causing positive holes). When
adding NaOH solution the pH raises and for a very specific amount of NaOH the pH of the aqueous
solution might be 7 (see Fig. 28). However, the slightest deviation from this specific amount either
leads to acidic or alkaline solutions, respectively. When adding another acid with a pKs value of
seven to the first acid (instead of adding NaOH), the pH value becomes even slightly lower than
before. However, for a solution with weak acid one (= acceptor doping in our case) and weak acid
two (with pKs = 7, corresponding to the acceptor with mid-gap states here), we can “activate” the
pks = 7 buffer system with a proper amount of NaOH. (The proper amount is approximately the
amount of acid one plus half the amount of acid two). Accordingly, the pH-value is pinned around
pH = 7. This also works without acid one and also with further acids and is a very robust pinning
situation.

Accordingly, we have a basic model for explaining the pseudo-intrinsic behavior of SrTiO3 (or, in
our analogy, pH = 7 in water despite adding substantial amounts of acids and bases). The identity
of acceptor 1 in our doped SrTiO3z samples is obvious, it is either Fe, Ni, or Al. In undoped SrTiO3
we do not have to bother about it since the mid-gap pinning does not require such acceptor dopants,
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provided mid gap acceptor states and donors are present. In the following, we discuss what may
lead to the two essential states in our pseudo-intrinsic SrTiOszthin films, the acceptor-type mid-gap
states and the donor states.

3) () ) E— ©) (" —

d)/” e ©)

pinningstates (acceptor 2)
EF

Fig. 25: Band structure of SrTiOs for different cases. In (a), the Fermi level is mid gap,
corresponding to intrinsic concentrations in a semiconductor. This is the hypothetical case of ultra-
pure, defect-free, stoichiometric SrTiOz. With the introduction of acceptor states (acceptor 1), the
Fermi energy is adjusted accordingly (b). With both acceptor and donor dopants present, the Fermi
level shifts. For exactly equal amounts of acceptor and donor states, the Fermi level is mid gap (c).
When the acceptor/donor ratio differs from unity, the Fermi level moves to the more dominant
state. Hence, the Fermi level is not pinned mid-gap in a robust manner. If instead of the donor in
(c) a mid-gap acceptor (acceptor 2) is added, the Fermi level is mostly dominated by the acceptor
1 states (d). In (e), both acceptor (acceptor 1), donor and mid-gap states (acceptor 2) are present,
allowing robust mid-gap Fermi level pinning.

3.4.2. Specific states relevant in our SrTiO3 films

First, mid-gap states are considered. Elemental analysis (ICP-OES, RBS), structural analysis
(RSM) as well as defect analysis (PALS) point towards Sr (or A-site) vacancies as a common
feature present in all doped as well as undoped SrTiOs thin films. Such Sr-vacancies act as
acceptors in SrTiOs and lead to electron holes. (Partial counter-balancing by oxygen vacancies is
neglected at this stage, see below). We assume that the energy of the first hole trapping

Vir = Vil + h* (Eq. 7)
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is mid-gap while the second hole trap

VE 2 Vi + h° (Eq. 8)

is rather shallow [107]. Interestingly, such a midgap energy of Sr vacancies was already suggested
in Ref. [30], even though there it was an assumption without experimental evidence given. The
latter reaction thus simply adds further holes to those created by other acceptors dopants such as
Fe. The formation of Vg, by a hole trapping of Vg,., however, can pin the Fermi level in the mid
gap range. Please note, that the supposed mid-gap energy of the Sr-vacancy is accidental and can
be different in other perovskite-type titanates. Hence, such a pseudo-intrinsic behavior might also
be peculiar for SrTiOz, while in other titanates the “buffered” conductivity could be different.
Second, we have to consider possible donor states. As mentioned before, partial occupation of the
A-site by typical B-site cations is a realistic option. In literature, a redistribution of Mn to A-sites
was experimentally found [111, 150, 156-158] and changes in the site occupation were also
suggested for Cr [117], Er [118]and Rh [120, 121]. Moreover, such changes in site occupation are
discussed in other perovskite type titanates, e.g. Mg [159], Eu [160, 161] or Y [162] in BaTiOsg,
Mn [163] in CaTiOz and Al [164] in (Na,Bi)TiOs. The XSW measurements reported above
indicated significant amounts of Fe on the A-site.

A site change of Fe leads to a change of its dopant character, with Fe at the A-site being a donor
dopant according to

Fel. = Fes, + €. (Eq. 9)

Owing to the larger ionic radius of Fe?* (i.e.Fe¥.) compared to Fe3* the corresponding trapping
energy of Eqg. 3 might be substantial and the corresponding energy level can be expected far below
the conduction band. However, as long as the corresponding level is above mid-gap this site change
would not only reduce the energetically unfavorable Sr vacancy concentration but would also
introduce the supposed donor state to activate the mid-gap Fermi level pinning. The XSW
measurements (see Fig. 23) and XAS measurements (see Fig. 24) might give a first clue to the
position of the A-site Fe donor states. From the XAS study we can estimate about 10 % Fe?* and
90 % Fe®*, after annealing in air. The XSW measurements indicate that about one third of the Fe
is at the A-site. Evidently, all of Fe?* is attributed to the A-site, the rest of the Fe at the A-site is
thus in the Fe®" state, resulting in a mixture of one third Fe?* and two thirds Fe3* at the A-site. This
mixture in oxidation state tells us that the corresponding Fe donor states at the A-site are just
slightly above the Fermi level (which must be mid-gap according to conductivity measurements),

see Fig. 26. This estimate is certainly prone to some errors and also a very deep FeZ. level beneath
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mid-gap is conceivable. However, existence of Fe?* despite mid-gap Fermi level pinning excludes
that the FeZ. level is far below mid-gap and possibly this is not the donor states we are looking for

in our model. Below we detail the amounts of Fe required on the A-site to explain the pinning.

Tie, = Tifs + e

Fef = Fe. + e

——-—-=-—-c-c-=-—-=-=skE-c-c=-c=--==z====
Ve, = Vi + h°
Fe-;—-(i = Fe-}i‘l' h®
____________ I____________VS’§¢V§r+h'

Fig. 26: Suggested band structure of our pseudo-intrinsic Fe:SrTiOs thin films. Fe at the B-site
(Fer;/Fe;) works as an acceptor (black). We suggest V¢,./V4). states in the middle of the band gap
(black). Site changes caused by Sr vacancies lead to donor states. Most important is Ti on the A-
site, Tig/Tig, , corresponding to shallow donor states. The levels corresponding to Fes, defects
are deep donors, slightly above mid-gap. Sr vacancies also act as acceptor states close to the
conduction band (V5,/V<Y). For the states with an donor, the position of the respective states in the
band-gap is only a first estimate; our model does not depend on their exact position (within a
certain range).

Similarly, also for other acceptor dopants a site redistribution can lead to the presence of additional
electronic states (e.g. Ni on A-sites) , which may or may not act as the required donor states [34].
Moreover, also the pseudo-intrinsic behavior of undoped SrTiOs has to be explained.

Hence we suggest Ti on A-sites as the decisive donor which is present in all our different films.
Those were observed experimentally and predicted theoretically [104-106, 122, 165] and can act
as a donor according to
Tis, = Tig + €' (Eq. 10)

which we suppose to be distinctly above mid-gap, perhaps even close to the conduction band. This
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is also sketched in Fig. 26. Accordingly, already the existence of A-site vacancies and Ti ions on
A-sites can explain the pseudo-intrinsic behavior. Additional dopants such as Fe then add further
states depending on their site, but don not change the essential defect, i.e. the pseudo-intrinsic
conductivity. Accordingly, for all nominally acceptor-doped SrTiOs thin films as well as for the
undoped films we observe Fermi level pinning in the mid gap and thus with ultra-low conductivity.
So far we neglected oxygen vacancies, even though it is known that their concentration can be
substantial in acceptor-doped materials [166, 167]. Those may serve as donor dopants. However,
SrTiOs bulk defect chemistry models [29] suggest that for electronically intrinsic thin films (i.e.

low cn), the oxygen vacancy concentration is also very low due to the mass action law
[r°]?

K= oo (Eq. 11)
of the oxygen incorporation reaction
0+ V3 =2k, (Eq. 12)

Hence, neglecting free oxygen vacancies in our model seems to be justified. Indeed, ionic
conductivities are very low in low Fe-doped SrTiOz thin films, but increase for higher doping
concentrations [142]. Reasons behind this dopant dependence of the ionic conductivity in otherwise
electronically pseudo-intrinsic films are not known yet.

Defect associates may further modify the picture sketched. With Sr vacancy concentrations in the
percentage range, defect interaction between negatively charged Sr vacancies and positively
charged oxygen vacancies are not only possible, but rather likely [31, 123]. Also dopant vacancy
interaction can be expected [168, 169]. Such a defect interaction may increase the total oxygen
vacancy concentration compared to that of Eq. 11. However, the general model suggested here for
explaining the pseudo-intrinsic behavior (acceptor-type mid-gap species based on Sr-vacancies and
additional donor due to B-site cations on A-sites) is not affected by these complications.

Our model explaining pseudo-intrinsic behavior does not need a specific donor (e.g Ti on A-sites)
and thus even nominally donor-doped SrTiOs thin films with A-site deficiency might exhibit such
a behavior. Indeed measurements on such films (deposited from targets with 0.4 % Nb doping)
lead to very low conductivities, see section 3.6.1, even though somewhat higher than the pseudo-
intrinsic case. Possibly the added donor (Nb) drives the Sr vacancy buffer states to almost complete
filling (V<) and thus the Fermi level begins to leave the pinned mid-gap position.

Moreover, we expect a similar effect to be present also in other thin films of large band gap

materials which are prone to some cation nonstoichiometry due to the preparation process, e.g.
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PLD. The resulting cation vacancies may trigger some site changes and thus already all states are
present that may lead to Fermi level pinning at a position far from what is expected from the
deliberate doping. However, in general, this position is not expected to be mid-gap and thus even
if a doping insensitive conductivity may be reached this is probably not the pseudo-intrinsic case
present here.

This model is also in accordance with the experimental fact that bulk like conductivity can be
reached in SrTiOz thin films by using PLD targets with a rather pronounced Sr overstoichiometry
(of about 7 %) [142]. Such thin films are stoichiometric and show V1iVo clusters as predominant
point defects while no Sr vacancies being present. Thus, the Fermi energy is defined by the Fer;

acceptor level and indeed the hole conductivity expected from Fe doped samples is obtained.

3.4.3. Model calculations for testing the consistency

So far, we discussed that in a system consisting of donor states (T'ig,./Tig, in our case) and buffering
mid-gap acceptor states (Vs,/VE in our case) the Fermi level can be pinned to the intrinsic point
(i.e. mid-gap). By the following estimates and calculations, we show that this pinning situation is
quite robust with respect to changes in the acceptor/donor ratio.

Before we discuss the consistency of the model in more detail, particularly with respect to
calculations pertaining to our Fe:SrTiOs films, we briefly consider some general estimations about
this buffer system. In order to be effective, the concentration of mid-gap buffer (i.e. Sr vacancies)
needs to be higher than those of other dopants with possibly varying ionization, e.g. that of Fe
acceptor doping on the B-site. Thus, up to a few percent of Sr vacancies are required, at least in the
highly Fe-doped films. Furthermore, the amount of acceptor and donor doping must be in the same
concentration range. More specific, an ideal buffer situation is met if all Sr vacancies trap on hole,
50 % Sr vacancies trap a second hole and all other acceptors (here Fe on the B-site) are filled by
holes. The ideal singly charged donor concentration thus is 1.5 times the amount of Sr-vacancies
plus the amount of Fe-dopant on the B-site. Any deviation from such an ideal 1:1 ratio between
acceptor and donor dopant is then balanced by a (slight) shift of the Sr vacancy ionization between
Vs, and Vg, and thus the electron and hole concentrations remain close to intrinsic levels (i.e. like
in a chemical buffer). Thus, it is not required to have exactly fitting concentrations of donor states
(e.g. Ti on A-site) or Sr-vacancies for reaching pseudo-intrinsic conductivity.
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Tab. 7: Energy levels of electronic states in Fe:SrTiOz at 673 K used for calculating defect
concentrations and testing the consistency of our model. Energy levels are given in units of the
band gap Eg, relative to the upper valence band edge, and equilibrium constants Ki are given in
defects per unit cells (UC). The exact values of the guessed energy levels don not affect the

outcome of the calculation as long as they are comparatively close to the band edges

Reaction Mass action law Energy level Equilibrium Value
constant Ki ~ obtained
(/UC) from:
Vi, 2 Vil + h° K = [Vel] x [h°] Eg x 0.5 2.4 %1012 this study
V]
Vsr = Vs, + h° [Vs,r] x [A°] Eyx 0.1 4.7 x 10 guessed
Ky=—0rx—
[VSr]
Fes, = Feg + I [Fes, ] x [h°] Eg x 0.513 1.2 x 1012 this study
Ky =—0
[FeSr]
Tig, = Tig; + €' K = [Tisy] x [e'] Egx 0.9 4.7 x10° guessed
! [Tis, ]
Fef; = Fer;+ h' [Fer;] x [h"] Egx0357  176x10%  Ref.[29]
5= T . x31
[Fer;]

In the following, we further quantify this model for exemplary cases in order to show that it
explains the robustness of the pseudo-intrinsic behavior of our films with respect to changes of
acceptor or donor concentrations and oxygen partial pressure. For our specific Fe-doped thin films
yielding “pseudo-intrinsic” conductivity we numerically calculated the defect concentrations as
function of oxygen partial pressure and donor doping concentration (from any source, e.g.
originating from the change in site occupation of Ti). Assuming chemical equilibrium, the defect
chemical reactions listed above (see Eq. 7-10 and Eq. 12) and the hole trapping of Fe on the B-site
can be described by mass action laws. The corresponding equilibrium constants are either known
from literature [29, 30] or have to be estimated. Specifically, we assume the electronic energy
levels and corresponding equilibrium constants listed in Tab. 2.  Furthermore, we have to estimate
the amount of Sr vacancies as well as Fe and Ti on the A-site. Here, we restrict our considerations
to values that are in agreement with both the elemental composition determined by ICP-OES (see
Tab. 6) as well as the ratio of A-site Fe suggested by XSW measurements (i.e. approx. one third

Fe at A-site, see Fig. 23), both available for the thin films deposited from a target with 2 % Fe, and
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having a true composition of Sro.g45Ti1.020F€0.03503-5 (assuming two cations per formula unit, see
Tab. 6). In this case, only one degree of freedom remains, which is the amount of Ti at the A-site.
For oxygen partial pressure dependent calculations, we chose an amount that maximizes the buffer
effect (cf. Fig. 27.a). However, as we show below in Fig. 27.b, the effect is rather robust with

respect to the amount of Ti at the A-site and also holds true for deviating acceptor/donor ratios.
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Fig. 27: Defect chemical calculations. (a) A Brouwer diagram for Sr deficient Fe:SrTiOs is shown,
including partial A-site occupation by Fe?*/Fe** and Ti**/Ti**, with the site dependent chemical
formula (Sro.937Tio.0287F€0.0115)(Ti0.977F€0.023)O3.5. (b) The defect concentrations are plotted as a
function of A-site occupation by Ti, constrained to the elemental composition determined by ICP-
OES. (c) A magnification of (b) for electrons, holes and total electronic charge carriers. The
dashed lines indicate the intrinsic concentrations of electrons/holes and total electronic charge
carriers respectively. (d) A Brouwer diagram for Sr deficient (0.1 %) SrTiOz with 0.075 % Ti on
A-site.

For the calculations in Fig. 27.a, we assume 2.8 % Sr vacancies, as well as 1.15 % Fe and 2.87 %

Ti on the A-site, i.e. a formula unit of (Sro.937Tio.0287F€0.0115Vsr 0.028)(Ti0.977F€0.023)O3-5, With the
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chemical formula in each bracket denoting the composition on A- or B-site, respectively. The
resulting Brouwer diagram for this composition at 673 K is shown in Fig. 27.a. Both electron and
hole concentration remain at intrinsic levels over a wide oxygen partial pressure range, which is in
full agreement with the oxygen partial pressure independent electronic conductivity measured on
such Fe doped films (cf. Fig. 17.b).

Figure 27.b shows the defect concentrations at one bar oxygen as a function of the Ti amount on
the A-site. Despite appreciable variation of the Ti amount at the A-site (and thus the net amount of
donor doping), the concentration of electronic charge carriers stays close to the intrinsic level, see
also Fig. 27.c, where also the sum of electrons and holes, i.e. of mobile charge carriers, is hown.
Here, we directly see the Sr vacancy buffer in action. Without such a buffer, intrinsic electronic
charge carrier concentrations are only obtained if the concentration of donor and acceptor dopants
is almost identical. By contrast, with such a buffer, the A-site Ti amount (and thus the net dopant
concentration) can be varied between say 2.5 and 3.15 % without much conductivity change.
Lastly, nominally undoped SrTiOz is discussed in more detail. Sr vacancies occurring in this
material lead to Sr vacancy acceptor states [107] as well as Sr vacancy pinning states, while Ti at
the A-site is considered to be the most probable donor doping state. Again, it has to be considered
that not the total concentration of acceptor and donor dopants are relevant, but rather their relation.
Thus, for very low amounts of acceptor impurities or Sr vacancies already traces of donor dopant
might explain the Fermi level pinning. Fig. 27.d shows the Brouwer diagram for undoped SrTiO3
with 0.1 % Sr vacancies. Again, the electron and hole concentrations are at an intrinsic level over
a wide oxygen partial pressure range.

Interestingly, the amount of Ti transferred to the A-site seems to be never so large that almost all
Sr-vacancies are filled, otherwise we would get donor doped SrTiOg thin films.

3.4.4. Chemical Analogue

Essentially, our model for explaining the pseudo-intrinsic state of SrTiOs thin films consists of a
donor state (B-site ion on A-site), a mid-gap state which pins the Fermi level to the middle of the
gap (Sr-vacancy), and a further acceptor-state from the Sr vacancies. This limits the conductivity

to the intrinsic value despite partly very high dopant concentrations.
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Fig. 28: Chemical analogy of the pinning effect. The pH of a buffered solution (pKs = 7) in black
is compared to a mixture of strong acid and base in gray. For the buffered solution, only slight
deviation from 7 is observed, while the unbuffered solution ranges from strongly acid to slightly
alkaline, exhibiting pH = 7 only for exactly the same amount of acid and base. This can be
compared to the Fermi level pinning in our SrTiOs. For systems consisting of only a donor and an
acceptor, the Fermi level shifts between these two states. Additional mid-gap states, however, can
help pin the Fermi level robustly to the middle of the gap.

A chemical analogy for a better understanding of such a system is sulphurous acid (H2SO3) with
its two dissociation reactions (while omitting the sulfur dioxide formation at low pH values):
H,S0; = HSO3; + H* (pKsy = 2) (Eq. 13)

HSO3 = S0%2™ + H' (pKs, =7) (Eq. 14)

The pKs of 7 corresponds to the “mid gap” state of the pH scale, the chemical reaction in Eq. 7
corresponds to Eq. 13, and Eq. 8 to Eq. 14, respectively. In such a system, four species might occur,
H,S0s, HSO3, SO3~ (corresponding to the respective vacancy related defects Vs, V¢, and V4.) and
H* (corresponding to the mobile species h*). When H2SOs is added to water, it dissociates into H*
and HSO3 (and partially further to H* and S02™), leading to an acidic solution. This is equivalent
to the introduction of a neutral V& to the crystal, leading to the formation of holes and negatively
charged vacancies and thus a p-type material. When a base is added to the solution (e.g. NaOH),
the sulfite buffer consisting of the HSO3/ SO5~ system starts to work, buffering the pH around 7
(c(H") = ¢(OH)) according to the Henderson-Hasselbalch equation in Eq. 15:
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H = pK., +log (£%1 Eq. 15
pH = pKs, +log (5= (Eq. 15)

In this buffered solution, further addition of H™ or OH" shifts the ratio between HS03/S03~ without
significantly changing the pH (see Fig. 28). Similarly, the Sr vacancies lead to both acceptor states
and mid gap pinning states. Upon introduction of an appropriate amount of donor, the Sr vacancy
related “buffer” (Vg, /Vs,.) is activated, leading to a mid-gap Fermi level pinning, which explains
the intrinsic conductivity (ch = ce) and its robustness with respect to the specific concentrations of

the donor and acceptor levels. This donor seems to be Ti on A-sites.

3.5 Conclusion

Intrinsic electronic conductivity (ce = ¢n) was found for differently doped (Fe, Ni, Al) SrTiOs thin
films, a broad range of dopant concentrations, and also for nominally undoped SrTiO3 thin films.
Conductivities were several orders of magnitude lower than the corresponding bulk values. Thin
film characterization revealed a substantial Sr vacancy concentration. Fe:SrTiOs thin films were
further investigated by XAS and XSW, unraveling a redistribution of Fe towards the A-site of the
perovskite. Based on these observations we developed a model explaining the very robust pseudo-
intrinsic conductivity found in various SrTiOs thin films. Essential are Sr vacancies as acceptor-
type mid-gap states and a donor dopant, which together pin the Fermi level in the middle of the
gap. This is analogous to an aqueous system when adding a base to a weak acid of pKs = 7, thus
activating the corresponding buffer system and fixing the pH close to 7. Possible donor dopants
present in our thin films are discussed and the main source of donors is believed to be B-site ions
on A-sites, particularly Ti ions on A-sites. Accordingly, this effect of a dopant-independent
conductivity may not only occur under very specific conditions, but could be rather ubiquitous and

present in many other materials as well.

3.6 Supplementary Information:

3.6.1 Conductivity measurements for donor doped SrTiO3

In Fig. 29, the conductivities of Nb:SrTiO3 thin films deposited from targets with 0.3 % and 2 %
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Nb are plotted. While the conductivities are not pseudo-intrinsic as the acceptor doped
counterparts, the conductivities found for these donor doped samples are still far from bulk values.
Here, donors outweigh the acceptor states (i.e. only cation vacancies), even exceeding the “buffer
capacity” of the Sr vacancy based buffer system. Hence, an increase in conductivity (relative to the

intrinsic conductivity found for acceptor doped thin films) is observed.
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Figure 29: Conductivity measurements for donor doped SrTiOg, revealing an ultra-low
conductivity close to the intrinsic values.

3.6.2 Reciprocal mapping of the (103) reflection

In all RSM measurements in Fig. 30, either only one for the Al:SrTiOzthin film (d) or two reflexes
one directly below the other (at the same g value) ((a),(b),(c),(e)) can be found. In the (103)
direction the distance between the two reflexes becomes larger compared to the (002) direction.
Thus, they are easier to distinguish. However, the sample Al:SrTiOz (d) still exhibits only one
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reflex. These results confirm the findings of enlarged c cell parameters in the thin films (except for

Al:SrTiO3) compared to the single crystals.
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Figure 30: Reciprocal space maps of the (103) reflection for different thin films.

3.6.3 ICP-OES measurements

To determine the actual composition of the SrTiOs thin films, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was used. Therefore, samples with about 100 nm film thickness
were deposited on 5x5 mm? YSZ single crystals. These layers were dissolved in 5 mL of 3 % (v/v)
nitric acid (65 mass%, EMSURE®) and 0.3 % (v/v) hydrofluoric acid (40 mass%, Suprapur®).
The dissolving agent was prepared by mixing deionised water obtained by Barnstead™ Easypure
™ ]I (18.2 M cm™), the concentrated acids and 1000 mg kg Eu single element standard
(Certipure®, Merck, Germany). The final concentration of Eu was adjusted to 1 mg kg™ in the
dilluted acid mixture and was used as an internal standard to correct for possible signal drifts. After
30 min of dissolving time, the obtained sample liquid was transferred into a new polypropylene
sample tube to remove the remaining substrate and to stop a possible dissolution process of the

substrate. This whole process was conducted under ambient conditions at roomt temperature and
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the derived sample solutions were measured without any further dilution.

For signal quantification, single element standards (for details see Table 2) were mixed with the
dilluted acid mixture (3 vol% HNOs3, 0.3 vol% HF) already containing the internal standard to
performe an external calibration. Standard solutions with varying concentration levels from 0.2 to
12.6 mg kg* for the main components Sr and Ti and 0.002 to 0.126 mg kg™ for the dopant elements
(Fe, Ni, Nb, Al) were prepared. With the obtained signal intensities, regression lines were derived
to calculate the analyte concentration of the unknwon samples.

Table 8: Optimized ICP-OES parameters used for measurements.

RF power 1200 W

exposure time 10s

nebulizer gas flow 0.75 L min* argon
type of nebulizer MiraMist®
sample flow rate 0.7 mL min’*

pump tubing

cooling gas flow
auxiliary gas flow
viewing height above load-coil

Spectral range

Tygon®, 0.64 mm ID
(color code: orange-
yellow)

12 L mint argon

0.8 L min*t argon

10 mm

Visible

Elements
Sr

Ti

Fe

Ni

Nb

Al

Eu

Emission line [nm]

421.55*, 346.45, 216.60
334.45%, 232.45, 338.38
259.94, 238.20%*, 240.49
341.48*, 221.65, 231.60

316.34*, 309.42
396.15%*, 309.27
381.97%, 412.97

Emission lines marked with * used for evaluation.
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Samples and standards were analyzed with an iCAP 6500 ICP-OES spectrometer (ThermoFisher
Scientific, Bremen, Germany) equipped with a MiraMist nebulizer and a cyclonic spray chamber
(Glass Expansion, Port Melbourne, Australia). Sample-uptake was achieved with the peristaltic
pump of the instrument (25 rpm, 0.64 mm ID pump tubing). Background-corrected emission
signals were recorded in the radial viewing mode and processed using Qtegra software (Thermo
Scientific, USA). Six replicates with an integration time of 10 s each were measured for samples
as well as standard solutions. The optimized ICP-OES parameters and the monitored emission lines
are summarized in Table 1. For each element several intense but non interfered emission lines were
measured.

Observed signal intensities were normalized using the signal response for the internal standard
(Eu), and finally converted into concentration units by means of the external calibration. By using
the the molare masses of each element, the mole fractions of the cations present in the investiageted
samples were calculated. Obtained Eu signals were constant over each measurement session (less
than 5% relative standard deviation for the whole measurement period, indicating the absence of
temporal trends), and no significant difference in Eu-response between samples and calibration

standards was observed.

Table 9: Single element standards used for signal quantification.

] ) Concentration levels for
Element Product information, lot number ) )
calibration [mg kg]
Sr HC87301854 | 0.2,0.4,0.8,1.6, 3.2, 6.4,
Ti HC99678363 12.8
Fe ) HC86803426
| Certipure®, Merck, Germany 0.002, 0.004, 0.008,
Ni HC90700236
-] 0.016, 0.032, 0.064,
Nb HC398664
-] 0.128
Al HC42545101
Eu Specpure®, Alfa Aesar, Germany 35753 1.0
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3.6.4 XAS measurements for total electron yield

Here, the Fe:SrTiOz thin film is investigated by XAS using the total electron yield (see Fig. 31).
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Figure 11: XAS measurements of the Fe L2,3-edge of a Fe:SrTiOz thin film directly after the
pulsed laser deposition (green dots) and after an additional annealing step at 700 °C in air for
12 h (blue squares). The spectra were recorded in the total electron yield. Near the surface, a
significant amount of Fe?* is present. Annealing in air leads to the oxidation of some of the Fe?*
to Fe3*, increasing the Fe3* to Fe?* ratio. This can be seen in the decrease in the peak at approx.

710 eV (and a shift by 0.2 eV).

At first, we want to focus on the sample measured directly after the PLD process. The peak at
approx. 710 eV (attributed to Fe?* states) is strongly increased compared to the spectra measured
in the fluorescence yield mode (cf. Fig. 24.a in the main part)). Consequently, we believe that the
amount of Fe?* is increased near the surface (measured via total electron yield) compared to the
bulk value (obtained via fluorescence yield). Here, it seems that the surface is more reduced than

the respective bulk. Furthermore, such changes might be attributed to the space charge region,
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which is in the range of a couple of nm, which fits rather well to the information depth of the total
electron yield mode. After annealing the Fe:SrTiOz thin film for 12 h in air at 700 °C, the X-ray
absorption spectra (in total electron yield) is shifted by nearly 0.2 eV and the first peak becomes
smaller, which corresponds to a partial oxidation of Fe?* to Fe3*. Calculated spectra fit best the
experimental data in the lower energy region when 58 % (36 %) of the present Fe is assumed to
be Fe?* and 42 % (64 %) Fe** directly after the thin film deposition (after an additional annealing
step respectively). No such change in oxidation state was observed for the bulk measured in

fluorescence yield mode (cf. Fig. 24.a of our main contribution).

3.6.5 XAS simulation

In our main contribution, we discuss the shape of XAS spectra for different Fe oxidation states.
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Figure 32: Simulation of Fe®** (red line) and Fe?* (cyan dashed line) as well as Fe** (green
dashed line) X-ray absorption spectra at room temperature and in an octahedral symmetry.
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In Fig. 32, simulated XAS spectra for the oxidation states of +2, +3 and +4 are shown. By

comparison with Fig. 31 or Fig. 24, Fe?* and Fe** describe the obtained spectra best.
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Chapter 4: Cation nonstoichiometry in polycrystalline
SrTiO3z bulk: A different situation than in thin films?

This chapter is based on the diploma thesis written by Niklas Bodenmdiller.

4.1 Introduction

SrTiOs, a perovskite-type oxide, is a material relevant for different possible future applications,
such as photoelectrochemical cells [13, 42], gas sensors [170, 171] or memristive devices [20, 21,
32, 54, 133, 134]. Defects are essential for the functionality in all these cases. In SrTiOs, two
different kinds of nonstoichiometry can be present, namely cation (i.e. Sr or Ti) nonstoichiometry
or anion (i.e. oxygen) nonstoichiometry. In the densely packed perovskite structure, this
nonstoichiometry refers to the formation of the respective vacancies rather than interstitials [34,
44]. Oxygen vacancies are introduced in the material due to partial pressure dependent oxygen
release. This process is reversible (at sufficiently high temperatures to ensure proper Kinetics),
leading to oxygen uptake at higher oxygen partial pressures. Oxygen vacancies play an important
role in resistive switching [21], stoichiometry polarization [172], UV induced color change [41]
and photoelectrochemical processes [13, 42]. Cation vacancies can be formed due to Schottky
disorder [34]. In the case of SrTiOs, especially the partial Schottky reaction is important leading to
the formation of SrO and Sr vacancies and oxygen vacancies [34]. Furthermore, cation deficiency
(Sr as well as Ti deficiency) can also be introduced during the sample preparation, e.g. during thin
film deposition [31, 48, 59, 60, 85]. Here, the overall cation imbalance is irreversible, leading either
to cation vacancies present in the material or to the formation of secondary phases to accommodate
the cation nonstoichiometry. The effect of cation vacancies on electrical properties is much less
investigated compared to the effects of oxygen vacancies. In this study, we look into two different
ways of affecting cation stoichiometry in bulk samples, namely deliberate cation nonstoichiometry

introduced during preparation as well as Schottky disorder due to sintering at high temperatures.
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4.2 Experimental

4.2.1 Pellet preparation

Nominally undoped or cation vacancy doped SrTiOz pellets were prepared with different Sr/Ti
ratios using SrCOs (99.995 %, sigma Aldrich, USA) and TiO2 (99.995 %, Alfa Aesar, USA). In
comparison to thin films, bulk SrTiOz is known to accommodate only a slight cation
nonstoichiometry. Thus, Sr/Ti ratios were prepared deviating by 0.5 % from unity. The starting
materials were weight in, milled for 40 min by hand in an agate mortar and pressed isostatically
for 10 min. Then the pellets were calcined in a corundum crucible at 1150 °C for 3 — 4 h, with an
additional 1 h step at 400 °C during heating up. In order to avoid contaminations from the
corundum, excess SrTiOz powders were placed in the corundum crucible as a sintering bed. The
calcined samples were then milled again and pressed isostatically and subsequently sintered at 1500
°C for 12 h. Both oxidizing (air) and reducing (2.5 % H2 in Ar) atmospheres were used for this
sintering step. For better mechanical stability, this last sintering step was repeated. X-ray diffraction

(XRD) measurements were carried out to confirm the phase purity of the obtained samples.

4.2.2 Single crystal preparation

SrTiOz single crystals in (100) orientation with dimensions of 10 mm x 10 mm and a thickness of
0.5 mm (Crystec, GER) were used in this study. For the sake of comparison with polycrystalline
samples, the single crystals were sintered for 12 h in 1500 °C in air. For avoiding possible
contaminations during this step (e.g. AI** from the corundum crucible), the investigated samples

were placed on another SrTiOs single crystal. This heat treatment was then repeated twice.

4.2.3 Electrochemical impedance spectroscopy

Porous Pt electrodes were brushed on the polycrystalline SrTiOs bulk samples to enable good
electrical contact. For electrochemical impedance measurements, a symmetrically heated
measurement setup was used (see Ref. [76]). The samples were placed between two Pt sheets. The

impedance measurements were carried out using a Novocontrol Alpha A High Performance
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Frequency Analyzer (Novocontrol Technologies, GER) with a rms amplitude of 100 mV in the 0.9
MHz to 1 Hz frequency range with 10 points per frequency decade.

A general problem when measuring the conductivity of bulk samples is reaching the equilibrium
state in order to obtain reproducible and well-defined results. At low temperatures, equilibration
takes longer and longer and sometimes does not happen at practicable time scales. Therefore, the
samples were equilibrated at 700 °C for at least 12 hours for polycrystals and up to 2 days for the
single crystals. Impedance measurements were carried out at 700 °C. Subsequently, the samples
were quenched to room temperature, i.e. only small deviation from equilibration at 700 °C should
occur. At lower temperatures, the oxygen vacancy concentration should remain frozen in.
Therefore, conductivity measurements can be performed without the need for long equilibration
times. Impedance measurements were carried out between 200 °C to 400 °C with 25 °C steps.

4.3 Results and Discussion

4.3.1 Electrochemical characterization of polycrystals

A typical impedance spectrum of a polycrystalline SrTiOs bulk sample is shown for 280 °C (see
Fig. 33.a). A small high-frequency semicircle and a large mid- to low-frequency semicircle can be
seen, corresponding to grain and grain boundary, respectively. Two R-CPE (CPE = constant phase
element) circuits in serial connection were used for fitting. In contrast, for the pellets sintered in
reducing atmosphere only one highly distorted feature was visible at 280 °C (see Fig. 33.b),
complicating the fitting process. For the sake of comparison, the same equivalent circuits as in the
case for oxidizing sintering conditions were used. Taking the sample geometry into account, the
conductivity is obtained from the corresponding resistance. In this work, only the grain
conductivity is discussed. For more information on the conductivity of the grain boundary, see Ref.
[173].

The temperature dependence of the grain conductivity for samples sintered in oxidizing atmosphere
is plotted in Fig. 34.a between 144 °C to 370 °C. The activation energies are in the range of 0.91
t0 0.97 eV, which is in line with literature data for undoped or acceptor doped SrTiOs [37, 39, 174,
175]. Compared to the nominal Sr/Ti ratio of unity, Sr understoichiometry increases the

conductivity, while Sr overstoichiometry hardly changes the conductivity. Note that the nominal
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Sr/Ti ratio differs from the “real” defect situation due to Schottky disorder and possible segregation
at the grain boundaries, see below. From a defect chemical point of view, a higher influence of the
titanium vacancy (Vr;") is expected due to its higher charge, but is not found experimentally in this
study. Similar findings are also reported in literature [174].

Upon a further sintering step for 24 h at 1500 °C in air, the conductivities increased. This is plotted
for the sample with nominally ideal stoichiometry in Fig. 34.b. Interestingly, the differences in the
conductivities for samples with different nominal Sr/Ti ratios vanished after this sintering step (see
Fig 34.c). This is a good indication that the partial Schottky disorder, which readily occurs at a
temperature of 1500 °C, becomes the dominant factor at these sintering temperatures, defining the
defect chemistry of the material. Thereby, the partial Schottky reaction leads to a similar defect
state in the investigated samples, changing their initial Sr/Ti ratio in the bulk. Activation energies
were slightly lower than before, ranging from 0.88 to 0.92 eV.
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Fig. 33: Impedance spectra of SrTiOz pellet with a nominal Sr/Ti ratio of 1.000, sintered in air (a)
or in 2.5 % Hz in Ar (b) at 1500 °C. The pellet was equilibrated at 700 °C for 12 h, quenched to
room temperature and then measured between 144 °C to 370 °C. The impedance spectrum plotted
here were measured at 280 °C (a) and 274 °C (b), respectively. At high frequencies, the grain is
visible as a shoulder (see magnification) and the much bigger low-frequency arc corresponds to
the grain boundary of the SrTiOz pellet (a). In (b), the spectra is severely distorted and a separation
of grain and grain boundary is challenging.

The Arrhenius plot for the conductivities of samples sintered in reducing atmosphere is shown in

Fig. 34.d. A change in activation energy is visible in the range between 246 °C to 296 °C
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(depending on the respective nominal Sr/Ti ratio). At higher temperatures, the activation energies
are in the range of 0.91 to 1.07 eV. The conductivities of pellets sintered in reducing atmosphere
are up to one order of magnitude lower compared with the samples sintered in oxidizing conditions.
Again, the partial Schottky reaction discussed for oxidizing conditions might the explain enhanced

conductivity observed in samples sintered in oxidizing conditions.

_4 1 1 1 4 1 'l 1 1
a) . b)
-54 . F -54 . -
L 4 = ¢ . 24 h at 1500 °C
é 61 ¢ i g 61 e inair i
(%] 4 0 .
o SrTiO; polycrystals o .
o -8 J with different composition ¢ - o B4 - . -
sintered in oxidizing conditions SrTiQ, palyerystals (Sr/Ti = 1.000) 5
SriTi = 0.995 with different thermal treatment
.9 ¢ suTi=1000 i 94 12 h sintering at 1500 °C I
| 4 5nTi=1.005 | ® 36 h sintering at 1500 °C
16 1.8 2.0 2.2 24 16 1.8 2.0 2.2 24
1000/T [K'"] 1000/T [K]
-4 L L L L -4 I Il L I
ay c d 'SrTioa polycrystals
-54 A L 54 with different composition
A sintered in reducing conditions
—~ *a — SnTi=0995
! - D * STi=1.000
g -6+ h i g -6 . | & srTi=1.005 i
w A w 4 .
71 S § I
L SrTiQ, palycrystals ¢ L at o
o with different composition ¢ o - &
o -8 4 'sintered in oxidizing conditions a - o -84 % ' -
with an additional sintering step . d i
SK/Ti = 0.995 LI
-9 * SrTi=1.000 L 94 . L
| 4 Si/Ti=1.005 |
16 1.8 2.0 2.2 24 16 1.8 2.0 2.2 24
1000/T [K'"] 1000/T [K]

Fig. 34: Grain conductivities of SrTiOs polycrystals with different nominal composition, different
thermal history and sintered in different atmospheres. In (a), grain conductivities of SrTiO3 pellets
sintered in air show only small differences for nominal cation nonstoichiometry. In (b), the
influence of an additional sintering step for 24 h at 1500 °C in air is plotted and an increase in
conductivity can be observed. This effect is attributed to the partial Schottky reaction, leading to
Sr vacancies in SrTiOs. In fact, the cation nonstoichiometry imposed via the partial Schottky
disorder becomes the dominating factor for the defect chemistry of the material after this second
sintering step (c). Here, the small differences in the conductivity from (a) vanish completely and
no effect of the nominal composition can be seen. In contrast, sintering in reducing atmospheres
does not enhance the partial Schottky reaction and the nominal composition has a stronger
influence on the defect state of the material (d). Again, Sr vacancies are beneficial for the
conductivity.
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4.3.2 Comparison with single crystals

Here, nominally undoped and slightly acceptor doped SrTiOs single crystals (with Fe
concentrations of 0.008 % and 0.08 %) are investigated in an “as pristine” state (i.e. as delivered
by the manufacturer) as well as after one or two sintering steps at 1500 °C for 12 h in air. Due to
the formation of cation vacancies occurring in oxidizing conditions, only oxidizing conditions were
chosen for comparison here. Starting with nominally undoped SrTiO3 single crystals, no increase
in conductivity was observed for additional sintering steps (see Fig. 35.a). The conductivity of
slightly Fe doped single crystals (with 0.016 % and 0.16 % Fe) in Fig. 35.b is higher than the
corresponding conductivity of the nominally undoped SrTiO3 single crystal. Again, no increase in
conductivity is found after the high temperature treatment. The reason for this behavior deviating
from polycrystals might be the different situation in terms of cation diffusion. In polycrystals, rather
short diffusion paths are needed to reach the nearest grain-boundary or surface. Moreover,
enhanced cation diffusion along grain boundaries was reported for other perovskite oxides [176].
This might lead to a faster establishing of Schottky disorder in polycrystals of absence of an
equilibrium state of Schottky disorder in single crystals.

In Fig. 35.c, the conductivities of the different types of samples are compared. Here, the
conductivity of the nominally undoped SrTiOz single crystal is well in line with the conductivity
of the pellets sintered in reducing atmospheres. However, the conductivity for the polycrystalline
samples sintered in air is significantly higher than the conductivity of the nominally undoped single
crystal. The conductivities of the polycrystals sintered in air even exceeds the respective values of
the slightly Fe doped single crystals. According to the above discussion, oxidizing sintering of
polycrystals causes high Sr vacancy concentrations and those act as acceptor dopants here,
increasing the conductivity similar to a deliberate acceptor dopant (see Fig. 36.a).
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Fig. 35: Conductivity of nominally undoped and slightly Fe doped SrTiOs single crystals
equilibrated at 700 °C and quenched to room temperature. The conductivities measured at a
nominally undoped SrTiO3z single crystal in three different states is shown in (a). No change in
conductivity is observed after heat treatments compared to the undefined state (in terms of defect
chemistry) of the “as received” sample. Slightly higher conductivities are obtained for samples
with 0.016 % and 0.16 % Fe doping (b). Again, no influence of heat treatment can be seen. In (c),
the conductivities of different types of samples, e.g. single crystals and polycrystals with different
thermal treatment and different sintering atmospheres, are compared (A — SrTiOsz pellets with
different nominal composition sintered in oxidizing atmosphere, B — pellets after an additional 24
h sintering step; C — pellets sintered in reducing atmospheres; D — SrTiOz3 single crystals with
different heat treatment; E — 0.016 % Fe doped single crystal with different heat treatment; F —
0.16 % Fe doped single crystal with different heat treatment). Note that the conductivities of the
pellets (gray) cover a range of two orders of magnitude and exhibit mostly a higher conductivity
than the respective nominally undoped single crystals. Sr vacancy doped SrTiOs pellets even have
a higher conductivity than slightly Fe doped SrTiOs single crystals.

4.3.3 Comparison with thin films

Thin film conductivities investigated in chapter 2 and chapter 3 were measured in another mode,
i.e. equilibrium conductivities instead of measuring in a quenched state. Therefore, one cannot
directly compare the total conductivity values for the respective temperatures. However, we
observed that the impact of Sr vacancies in thin films and bulk is drastically different. As described
in chapter 2 and chapter 3, Sr vacancies are considered as the key driver for electronically pseudo-
intrinsic conductivity found in SrTiOz thin films. Here, Sr vacancies are beneficial for the

conductivity of polycrystalline SrTiOs.
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Fig. 36: Band structure of polycrystalline samples (a) and thin films from chapter2 and chapter 3
(b) and the impact on the conductivity (c). In polycrystals, Sr vacancies lead to mid-gap and
acceptor states (a), but without a donor present, no mid-gap Fermi level pinning occurs. Thus, the
acceptor states dominate the material’s defect chemistry, and a rather high conductivity results for
polycrystals (opoly) in (C). In contrast, thin films also have donors present (e.g antisite defects such
as Tis,). In this case, the Sr vacancy related mid-gap states lead to a Fermi level pinning to the
intrinsic state. Therefore, the conductivity of such thin films (o) matches the intrinsic electronic
conductivity (intr).

To solve this apparent contradiction, the different nonstoichiometry accomodation of thin films
and polycrystalline sample has to be addressed: With Sr/Ti ratios of 0.9, thus massively exceeding
equilibrium, antisite defects (T'is,) are likely in the thin film (see Fig. 35.b) and are reported for
thin films in literature. In contrast, Sr vacancies in polycrystals in this study are most prominently
introduced via Schottky disorder at high sintering temperatures and, thus, their concentration
corresponds to the equilibrium values. Therefore, at these high temperatures, there is no need for
antisite defects as a compensation mechanism. At lower temperatures, their concentration is frozen
in. Therefore, the existence of Sr vacancies without antisite defects as compensation is expected in
polycrystals, but not in thin films. This argument shows that donors in polycrystals might only
come from impurities, but not due to effects in the material itself (as it happens in SrTiOs thin films
with antisite defect donors). Without a donor, the Sr vacancy related mid-gap states cannot act as
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a buffer. Therefore, in polycrystalline bulk samples, the Sr vacancy related acceptor states
dominate, thus increasing the conductivity, see Fig. 36.c. To come back to the chemical analogy
from Chapter 3, this equals the addition of sulphurous acid (pKs1 = 1.81, pKs2 = 7) to water. Here,
an acid solution is the result. The buffer at pH 7 suggested in chapter 3 only becomes relevant,

once a base is added.

4.4 Conclusions

Cation nonstoichiometry was introduced in SrTiOz polycrystals via both deliberate deviation of the
Sr/Ti ratio from unity in the preparation process and Schottky disorder due to sintering at high
temperatures. A slight increase in conductivity is found for cation deficient polycrystals. Additional
sintering steps increase the conductivity of the polycrystals and level off any differences attributed
to the different nominal composition before. At high temperatures, the Schottky disorder becomes
the defining factor for the material’s defect chemistry, increasing the conductivity. This beneficial
effect of Sr vacancies in polycrystals vastly differs from their impact in thin films, in which Sr
vacancies are the key driver for intrinsic Fermi level pinning. To address the question from the title
of this chapter: Yes, the defect situation in thin films and polycrystals is drastically different. In
thin films, donor states are present, which lead to a buffer at Sr vacancy related mid gap states. In
polycrystals, no donors are present, thus Sr vacancies act as an acceptor, leading to the increase in

conductivity with more Sr vacancies present.
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Chapter 5: Interaction between SrTiO3 and (ultraviolet)
light: Photovoltage

This chapter is part of a review article, currently in preparation for submission.

A key interaction of semiconductors with light (above their bandgap) is the generation of electron-
hole pairs. Such photo-generated charge carriers in a material can lead to the formation of a

photovoltage via different processes/mechanisms.

a) Seperated materials b) Formation of a depletion ¢) Fermi level d) Absorber/collector
zone (space charge splitting under system
region) illumination (OC)
£ YA | Al
° e
CHRH (;f) o (=) ga_
\=) A=/ .:/:—‘,.:-/I @
@ S| (=) I L] -
/ + Chemi
p-type n-type R state
c £ —— —
¢ i e

Fig. 37: Schematic representation of the generation of a photovoltage at a heterojunction. A p-type
and an n-type material are brought into contact (a), forming a space charge region with a built-in
field (b). Under UV illumination and generation of electron/hole pairs, a splitting of the Fermi-
level occurs under open circuit conditions (c). Separation of charge carriers may also be achieved
in absorber/collector systems consisting of semiconductors and/or chemical systems (d).

Photo-generated electron-hole pairs can also lead to the formation of a photovoltage. In general, a
photovoltage can be created whenever charge separation happens due to the characteristics of the
present electronic band structures, i.e. when a band offset/band bending is present, e.g. at
heterojunctions, p-n junctions or surfaces/interfaces. A well-known example is a p-n junction.
Upon equilibration of the Fermi levels, a space charge zone is formed. The build-in field hinders
the transfer of the respective majority charge carriers, but not of the minority charge carriers. The
lateral extent of the space charge region can be different for the p-type and n-type semiconductor
and depends on the dopant concentration. Similarly, a p-i-n junction is formed, when there is an

additional intrinsic semiconductor between a p-type and an n-type semiconductor. This leads to the
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formation of a wider space charge region via the intrinsic material. If the n-type semiconductor in
a p-n junction is exchanged for a metal, a Schottky contact can be obtained. Here, the space charge
region only extends into the semiconductor. Another way of creating charge carriers is the use of
an absorber, which can also be a semiconductor or even an organic dye. An absorber has excitation
levels in a certain wavelength spectrum and absorbing light within this range leads to the generation
of free charge carriers (i.e. electrons or holes), which can then subsequently be separated and
partially transported into a (second) connected semiconductor. The overall principle for formation
of voltages is very similar for these cases and is depicted in Fig. 37. Above-band-gap energy light
generates charge carriers, which are then separated according to their charge, thereby creating a

photovoltage.
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Fig. 38: Schematic representation of the Dember effect showing the intensity driven depth
dependence of the generation of photo induced charge carriers (a) resulting in a voltage due to
differences in the mobilities of electrons and electron holes (b).

In addition, the Photo-Dember effect can lead to a lateral or vertical photovoltage. According to
the Lambert-Beer law, the intensity of light decreases with the depth, leading to a lower generation
of photo-induced charge carriers in deeper regions of the semiconductor (see Fig. 38). A gradient
of electron/hole concentration within the semiconductor is formed with a higher concentration of
electron-hole pairs close to the surface. The Photo-Dember effect is then based on the different

mobilities of electrons and holes (both diffusing from their point of generation with their respective

93



diffusion length) in a semiconductor, leading to a charge separation, given the diffusion lengths are
different. Thereby, a dipole and local voltages are created (see Fig. 38).

The photovoltaic effects are important for the surface voltage of SrTiOs with regard to
photocatalytic reactions [177] and can be used for e.g. solar cells [178] or photodetectors [179,
180]. The photo-response of such systems is usually fast (at moderate and low temperatures) -
owing to fast electronic processes - with rise times in the hundred ps range upon illumination with
a laser pulse [181]. However, recently high temperature devices with additional slow time
dependent processes have been reported with a voltage decay in the range of 10 to 100 s. This
behavior has been attributed to ionic effects under UV light [13, 51]. Therefore, we discuss
separately the lower temperature regime, in which primarily electron-hole generation and
subsequent charge separation are the source of the voltage, and a higher temperature regime, in
which a change in oxygen stoichiometry and oxygen transport under illumination have to be

considered as well.

5.1 Low temperature effects

Starting with undoped SrTiOs (STO) surfaces, the wavelength-dependent absorption of SrTiOs3
single crystals has been reported [181], showing a slight increase from 300 to 385 nm and a sharp
drop in absorption at 385 nm. The photovoltage measured between two indium electrodes
(remaining in dark at all times) in lateral geometry on these single crystals exhibits ultra-fast photo
response at 355 nm, with a rise time of 130 ps and a full width at half maximum time of 230 ps
with peak photovoltages upon UV laser irradiation of up to 52 mV [181]. In addition, a dependence
of the photovoltage on the tilt angle of miscut SrTiOs single crystals is reported [181], showing a
maximum in photovoltage at a tilt angle of approx. 20 ° with regard to the (100) direction. Similar
results were obtained for Nb doped SrTiOs single crystals [182]. The wavelength dependent
properties also have been used for UV-sensitive, but visible blind photodetectors with a lateral
electrode design on SrTiOs single crystals with a reported cut-off wavelength of 390 nm [179].
Regarding the origin of the SrTiOz single crystal based photovoltages, a model considering
contribution from photoelectronic processes and the Seebeck effect [181] and additionally, a
surface-barrier model with V" — Ti3* dipole centers oriented in the field [183] have been

suggested.
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The photovoltage of SrTiOs thin films can be tailored via the oxygen vacancy concentration [184].
By applying an electric field, oxygen vacancies move towards one or the other electrode and affect
the measured photovoltage via band bending and, consequently, two reversible photovoltaic states
(even with a change in the sign of the photovoltage) have been reported [184]. Also, SrTiOs single
crystals operated at a 10 V bias could be demonstrated as photodetectors with photovoltages of 2.4
V for one cell and up to 8.1 V for four cells in parallel when irradiated with a 375 nm laser with 10
mW/cm?2 [185]. However, using fewer cells (e.g. just one cell) results in a faster photoresponse in
the range of hundreds of picoseconds [185]. Moreover, SrTiO3z thin film based photodetectors
operated at 10 V show a photovoltage of approximately 0.25 V [180] with a rise time of 330 ps and
a full width half maximum of 700 ps when irradiated with a 355 nm laser pulse of 25 ps.

It has also been shown that the photoresponse of SrTiOs single crystals depends on the electrode
material, showing differences in photocurrent, photovoltage and rise time using Ag, Pt or Ni
electrodes [186]. Upon irradiation by a 15 ps laser pulse with a wavelength of 355 nm,
photovoltages of approx. 0.8 V, 1.0 V and 1.1 V with rise times of 301.5, 394.4 and 360.9 ps and
full witdh at half-maximum times of 537.2, 966.9 and 576.5 ps for Pt, Ni and Ag, respectively, are
reported [186]. A change in photovoltage was also observed for SrTiOz single crystals with
different metals (Au, Pt) on top, yielding slightly higher photovoltages for Pt in the temperature
range from 80 to 300 K due to the difference in work function and, thus, Schottky barrier height
[187].

As a further use of the photovoltage generated by undoped SrTiO3, SrTiO3z nanoparticles irradiated
by white light have been used as a photoelectrode for cathodic protection of different steels in a
sodium chloride solution [188].

Furthermore, SrTiO3 has been frequently employed in heterojunctions (e.g. Schottky or p-n
junctions) for the generation of photovoltages. For more information, the reader is referred to the
excellent review in Ref. [189]. Here, heterojunctions with different top layers are reported, ranging
from organic or metallic coatings to inorganic and oxide top layers. Photovoltages of several 100
mV can be achieved. For instance, Yamaura et al. reported photovoltages of up to 0.7 V in poly(3,4-
ethylenedioxythiophene) (PEDOT)/SrTiOs junctions [190, 191]. In addition, a multilayer
consisting of indium tin oxide (ITO), lead zirconium titanate (PZT), SrTiOs and GaAs yields a
photovoltage of up to 400 mV in simulated sunlight [192]. The probably best-known SrTiO3z based
interface is the one with LaAlOs (LAO), which is well researched and shows interesting effects,
such as a 2D electron gas at the interface [57]. A one unit cell thick layer of LaAlOz on SrTiOsz has
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been investigated by Liang et al. [193]. A dependence of the photovoltage on the work function of
the metal top electrode (Ag, Au, Pt) is found, increasing from 0.2 V for silver to 0.4 V for Pt. When
lowering the energy of the light source from 6.7 eV to below the band gap of LaAlOs, however,
the photovoltage decreases from 0.3 V to below 0.1 V for 3.4 eV and solar light. A residual polar
field in the ultrathin LaAlOs thin film is suggested, which influences the photovoltage [193]. The
photovoltage at the LaAlIO3/SrTiOs interface is therefore mostly influenced by LaAlO:s.
Beyreuther et al. investigated manganite/SrTiOs heterojunctions (for more information on such
heterojunctions, please refer to Ref. [194]) using surface photovoltage spectroscopy (SPV),
reporting SrTiOz related states [195] (i.e. optimization should focus on SrTiO3), in another work
thin film related states were detected as well [196]. Optimization of undoped SrTiOs can be
achieved via self-doping, i.e. the introduction of oxygen vacancies acting as donor dopant yielding
n-type SrTiOs. Different cells using self-doped n-type SrTiOs have been investigated, e.g.
SrTiOs/Si [27, 197], SrTiOs/GaAs [198] and SrTiOs/Pt [199]. A p-n junction is formed, consisting
of p-type Si and n-type SrTiO3 (via oxygen vacancies), yielding photovoltages above 100 mV [27,
197]. In the work of Wen et al., a n-type SrTiOs thin film is deposited on a p-Si substrate [197].
There, visible light can pass the SrTiOs thin film (bandgap 3.2 eV), but leads to the generation of
electron-hole pairs in the p-Si. The built-in field leads to charge separation by moving the electrons
to the n-type SrTiOaz. In contrast, when using UV light, the photo-induced charge carriers are
formed in the SrTiOs thin film. Then again, charge separation happens at the interface, leading to
a movement of the holes to the p-Si. However, the recombination rate of the photo-induced charge
carriers is higher in SrTiO3 and higher photovoltages were obtained for visible light (632.8 nm)
compared to UV light (355 nm) [197]. Jin et al. used SrTiOgz single crystals with Pt top electrodes
and vacuum annealed the SrTiOz single crystals at different temperatures [199]. The “as received”
sample obtained the highest photovoltage in the study with 1.1 V at 60 K, decreasing down to
approx. 200 mV at 300 K. In comparison, samples initially annealed at 650 °C in vacuum exhibit
a photovoltage below 100 mV at 60 K. However, between 200 and 250 K the measured
photovoltage peaks at approx. 0.5 V. This shows that reducing SrTiOs is an effective way of
tailoring the temperature dependence of the photoresponse of SrTiOz-based systems.

Solid solutions and composite materials based on SrTiOz powders also showed promising
photovoltaic properties. For example, a SrTiO3/TiO2 composite has an increased photoresponse
compared to both, SrTiOs and TiO2 [200]. This effect is attributed to the band structure of the
SrTiO3/TiO: interface enabling an enhanced charge separation and thus leading to a lower
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recombination rate of the photo-induced charge carriers [200]. In addition, the photoelectrical
properties of SrTiOsz and BiFeOz (BFO) solid solutions are discussed in [201], yielding
photovoltages above 1 V. As a notable example, for BiFeOs thin films on SrTiOs, a photovoltage
of 25 V has been reported [202]. However, this is a bulk BiFeO3 effect [202], not an effect due to
the interface with SrTiOs. Furthermore, other oxide materials are suggested as possible top layers
for charge separation, e.g. Fe2O3 [203], CdS/TiO2 [204] or BiVOs4 [205].

Owing to its n-type nature, pn-junctions are often investigated based on Nb:SrTiOs, frequently
using p-type (lanthanum) manganites. An overview of the manganite/Nb:SrTiOs heterojunctions is
shown in Tab. 10, and the results of other top layer materials on Nb:SrTiO3 is shown in Tab. 11.
Photovoltages up to 1 V have been reported, but comparison between values obtained in different
studies is difficult due to different excitation wavelengths (ranging from UV to VIS light), light

intensities, measurement modes (vertical vs. lateral), and temperatures.

Tab. 10: Parameters for manganite/Nb:SrTiO3 based heterojunctions

Material T range | Wavelength | Energy Voc Voc [V] at | Ref.

on (K) [nm] [MW/mm?] range RT

Nb:SrTiOs3 [mV]

Doped 20-300 | 365,473, 0.003 -0.7 0.2-20 |0.005 [28, 206,
PrMnOs 532 207]
Doped 17 -390 | 210-660 03-15 0.15 — | 0.0015-1 | [26, 206,
LaMnO3 (if specified) 1000 208-220]
Alkali 80 -300 | 248,473 25 -500 50-580 | 0.3 [221-223]
doped

LaMnOs

Other 80-300 | 365, 460, 2.6 2.2 — 0.345 [224, 225]
manganites 660 (if specified) 345

In cells using manganites as a top layer (see Tab. 10), the very importance of the thin film has been
reported [26, 214, 221-223], highlighting the effect of the metal/insulator transition on the

photovoltage. For instance, a maximum in photovoltage is reported for LagoLio1MnO3 at 240 K
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[223], close to the metal/insulator transition. The importance of magnetic properties is also shown
for Lao.7Ceo.3MnQO3 thin films. Introducing oxygen vacancies weakens the ferromagnetic ordering
and a lower photovoltage is observed [216]. In addition, the use of external magnetic fields may
affect the photovoltage. Magnetic suppression has been reported in literature [207] for Ca and Sr
co-doped praseodymium manganite. Wu et al. further investigated the temperature dependence of
NDb:SrTiO3 based PV cells with hafnium doped lanthanum manganite thin films as a top layer [212].
While magnetoresistance of the thin film could be demonstrated, no dependence of the
photovoltage on the magnetic state was found. Higher photovoltages found at lower temperatures
are attributed to a thicker depletion region or a higher diffusion voltage of the built-in field at lower
temperatures. Naturally, also the thickness of the films on top is affecting the photovoltage on
SrTiOs, e.g. for p-Cu20 [226] and for Lai-xSrxMnOs [209, 218]. For LaixSrxMnOz an optimum
thickness of the length of the depletion zone was found [209, 218]. Thicker thin films enhance
recombination, whereas in thinner film the build-in field is weakened. Another way of influencing
the photovoltage is via resistive switching, e.g. in Au/Pro7Cao3sMnOs/Nb:SrTiOsz/Au and
Au/Lag7Cao3sMnO3/Nb:SrTiOs/Au [206]. In this regard, a change in photovoltage was observed in
AU/NDb:SrTiOz systems with different resistive states of the junction, ranging from 0.003 mV at 70
MQ to 57.6 mV at 900 MQ [227].

Tab. 11: Parameters for Nb:SrTiO3 heterojunctions

Material T Wavelength Energy Voc range | Voc[V] | Ref.
on range | [nm] [MW/mm?] | [mV] at RT
Nb:SrTiOs | [K]
YBaxCusO7 | 40 — 355, solar light | 0.5-6 0.1-1040 |0.78 - [228-231]
350 1.04
Perovskite | 80 — 248, 266, 532 | 2.12-14.86 | 100 — 400 0.1 [232-235]
oxides 300 @if
specified)
Other metal | RT 248, 308, solar | unspecified | 3.3 —565 0.565 [226, 236,
oxides light 237]
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Also, different other oxides have been used as top layers in Nb:SrTiOz based photovoltaic cells
(see Tab. 11. Here, the YBa2Cu3O7 (YBCO)/Nb:SrTiOs heterojunction [228-230] yields overall
high photovoltages, e.g. 1.04 V in solar light. A dependence of the photovoltage on the repetition
rate of the laser has been reported. For example, a photovoltage of 0.78 V was obtained at 130 K
with a repetition rate of 30 Hz and a calculated result of 1.15 V for continuous illumination [230],
which is in good agreement with experimental data [229]. Hao et al. investigated the use of different
wavelengths, temperatures and intensities on YBa2CusO7/Nb:SrTiOs interfaces, showing higher
photovoltages at low temperatures, high light intensities and lower wavelengths [231]. Indeed, the
temperature dependence of the photovoltage shows a kink at 100 - 120 K. This temperature is
attributed to the phase transition from cubic to tetragonal SrTiO3 [231]. In addition, the band gap
increases from 3.2 eV at 4.2 K to 3.23 eV near the phase transition and decreases with temperature
after the phase transition. In contrast, the superconducting transition of YBa>Cu3O7 at 60 K does
not result in any significant feature in the temperature dependent behavior of the photovoltage
[231]. Furthermore, the YBa,CusO7/Nb:SrTiOs interface can also be affected by oxygen annealing.
Showing no photovoltaic effect at annealing oxygen pressures of 10 Pa or lower, the photovoltage
increases with oxygen annealing pressure up to a maximum of approximately 0.7 V at 102 Pa and
after a minimum at 10° Pa a stable plateau at 0.5 V in the 10* Pa region is reached. The oxygen
partial pressure dependence of the photovoltage correlates with the semiconductor-metal transition,
changing the interface from a p-n junction to a Schottky junction [228]. Another impact of oxygen
annealing (though at low temperatures) was also shown for another metal oxide as a top layer,
namely for NdNiOz (NNO)/Nb:SrTiOs heterojunctions (see Tab. 2). Here, oxygen annealing leads
to a dramatic change in the resistance of the NdNiOs thin films (thus the short circuit current),
while comparable photovoltages in the 0.18 to 0.22 V range were obtained [235]. In addition, the
use of an insulating SrTiOs layer in between NdNiOs and Nb:SrTiOs, forming a p-i-n junction,
doubled the photovoltage to 0.45 V. Similar results have also been shown for the Laj.
xSrxMnO3/Nb:SrTiOs interface when an additional SrTiOs or indium tin oxide layer between
Nb:SrTiO3z and LaixSrxMnOz was used as an insulator [210].

Regarding the substrate, the impact of different Nb doping concentration on the photovoltage was
reported in Ref. [226], showing an increasing photovoltage for higher Nb doping concentrations.
This is explained by the stronger built-in field that results for higher donor concentrations in the n-
type conductor of a p-n junction [226]. The angular dependence in the photoresponse was observed
in miscut Nb:SrTiOz single crystals [182] and also for LaixCaxMnOs (LCM) layers on top of
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miscut NDb:SrTiOz single crystals [238]. Additionally, a thickness dependence in the peak
photovoltage of miscut Nb:SrTiOs single crystals upon illumination with 248 nm laser was found,
yielding 180 pum as the optimal thickness. The vertical photovoltage was compared with the lateral
photovoltage due to the Dember effect [233, 239] and higher voltages with faster relaxation times
were found in the vertical case. In both cases, the transport of photo induced charge carriers is

supposed to take place mainly in the Nb:SrTiO3 substrate.

5.2 High temperature effects

In the temperature regime from nearly 0 to 300 K, usually higher photovoltages were found at very
low temperatures [231]. However, surprisingly high photovoltages can be reached when such
SrTiOz based photovoltaic cells are operated above 600 K [240]. In the work of Walch et al. [13],
SrTiOs single crystals were investigated between 400 to 500 °C in air using different metal current
collectors and also using yttria stabilized zirconia (YSZ) bottom layers. Most importantly, a time
dependent behavior upon switching the UV light on or off was found. The time scales here are not
in the ps to us range as they are for the low temperature counterparts, but rather in the couple of
minutes range. These slow processes are - in fact — not attributed to electronic processes, but to
ionic changes, particularly to a change in oxygen stoichiometry upon illumination via faster oxygen
incorporation [40, 41]. This change in oxygen incorporation influences the photovoltaic voltage,
as it has been demonstrated in the low temperature counterpart [228]. In Ref. [13], upon switching
off the UV light, the photovoltaic voltage goes down to zero almost immediately. However, the
changed oxygen stoichiometry persists and — without illumination — is no longer in equilibrium
with the gas phase. A Nernst-like (battery-type) voltage results due to the difference in the oxygen
potential. The excess oxygen is then slowly released, thereby leading to a slow decrease in this
battery type voltage, until the equilibrium with the gas phase is reached. Not surprisingly, a
complete electrochemical cell with an oxide ion electrolyte and a counter electrode is needed to
measure this battery type voltage. Different metals have been used as a current collector to change
the Schottky contact, with Au reaching higher voltages than Pt, in contrast with the results of low
temperature measurements [187].

The high temperature photovoltage can be increased dramatically by the use of different top

electrodes (at the illuminated side). Brunauer et al. demonstrated that LaosSro2CrOsz/SrTiOs
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heterojunctions coupled with a solid oxide fuel cell can be operated at temperatures between 400
and 500 °C with photovoltages close to 1.0 V [42]. Such cells can be combined with a solid state
electrochemical cell and the photovoltage from the solar cell can be used to pump oxygen through
the electrochemical cell. Thus, in principle, this combination could be used for photo-powered
water splitting and consequently hydrogen production.

Also, Nb:SrTiO3 based heterojunctions were operated at high temperatures and the temperature
dependence of Laz3CasMnO3z/Nb:SrTiOs heterojunctions was studied in the temperature range
from 293 to 723 K [240]. At first, a decrease in the peak photovoltage upon UV laser illumination
was observed from 142 mV at 293 K to 48.7 mV at 523 K. When increasing the temperature further,
an increase in photovoltage was observed up to 118 mV at 723 K. As the Schottky barrier height
is not expected to change with temperature, only the barrier width might change [240]. Indeed,
oxygen vacancies in the Laz3CazsMnQOz thin film are expected to migrate to the interface under
positive bias and vice versa. The changes of the oxygen stoichiometry at the interface are supposed
to cause the increase in photovoltage at elevated temperatures where oxygen transport is possible.
Ni et al. describe two factors affecting the photovoltage [240]: At higher temperatures the
recombination of UV induced charge carriers is enhanced, the lifetime of these charge carriers is
reduced. The decrease in voltage from 293 to 473 K is attributed to this effect. At higher
temperatures, oxygen migration leads to a change in oxygen stoichiometry at the interface and,
thus, to a change in band width. At higher temperatures, also tunneling of electrons through the
interface barrier is enhanced, which leads to the increase in photovoltage at higher temperatures.
The indium tin oxide/Nb:SrTiOs junction was studied at 873 K under UV illumination (365 nm)
with 261.2 mW/cm? under different oxygen partial pressures [178]. At 1 bar pO2, a photovoltage
of 123 mV was observed, which decreases with lower oxygen partial pressures, e.g. 30 mV at 10
bar. Oxygen partial pressure changes are expected to change the barrier height, thereby influencing
the photovoltage [178].
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Chapter 6: SrTiO3 based high temperature solid oxide
solar cells: Photovoltages, photocurrents and mechanistic
Insight

The results presented in this chapter were also submitted as a scientific paper to Solid State lonics.

6.1 Introduction

Finding clean and sustainable ways of providing energy is a major challenge of the 21% century
with global problems such as climate change and air pollution. One promising approach is
harvesting and storing abundant energy, such as solar energy. Photovoltaic cells are particularly
suitable here, by transferring solar energy directly to electrical energy. While solar cells based on
silicon or metal-organic perovskites are very popular and often investigated [241-248], the full
oxide counterpart is much less known [249]. Solid oxide based solar cells have been realized using
for example metal/Cu2O Schottky junctions [250-254], Cu20/ZnO bilayer heterojunctions [255-
257], nanocomposite heterojunctions with nano-structured ZnO or TiO2 on Cu20 [258-262], and
also BiFeO3z domain boundaries [202, 263], all operating at room temperature.

Also, many other oxides show interesting properties when irradiated by UV light, such as Nb.Os
[264, 265], SnO2 [266-269], and SrTiO3z (STO) [135, 270-274]. Among others, it was shown for
SrTiOs that the uptake of oxygen at elevated temperatures is tremendously enhanced by UV light
[40, 41]. Moreover, it is reported that voltages resulting from SrTiOs based cells under UV light
may consist of a photovoltaic (PV) and an electrochemical contribution (EC), the latter being the
result of a change in oxygen stoichiometry in SrTiOz due to the enhanced oxygen incorporation
under UV irradiation [13]. SrTiOz based heterojunctions, e.g. the SrTiO3/Si interface, generate
photovoltages at room temperature with a very fast response [27, 197]. Also, Nb: SrTiOz based pn-
junctions or Schottky junctions [28, 178, 206, 209-211, 220, 226, 231, 232, 236, 275, 276] have
been investigated as photovoltaic devices, mostly operating at room temperature. Recently, it was
found that the (La,Sr)CrOs (LSCr)/ SrTiOs junction can be used to obtain photovoltages up to 1 V
at temperatures above 300 °C [42]. Coupling such a high temperature solar cell with a solid oxide

electrolyzer cell (SOEC) yields a photoelectrochemical cell (SOPEC) which can pump oxygen and
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may ultimately even use UV light to split water, thereby transferring solar energy to electrical
energy and further to chemical energy [42].

This type of high temperature SrTiO3z based solar cells are in the focus of our study. Here, we show
why the illuminated surface of such solar cells is crucial and how photovoltages change with
different top layer materials. The dopant level of Sr was varied in LaixSrxCrOsz (LaCrOs (LCr),
La0.9Sr0.1CrO3 (LSCr10) and Lao.sSro.2CrO3 (LSCr20)) and Cr was replaced by Mn on the B-site of
the perovskite, yielding Lao.sSro.2Cri.yMnyOs (LSCrM). Other perovskite type oxides, including
Lao.eSro4FeO3s (LSF) and LaosSro.4Co0Os (LSC) and Pt and Au were tested as metallic top layers.
Moreover, we investigated self-enhancement effects under operation and the influence of the
SrTiOs substrate, with Fe:SrTiOs showing slower changes than undoped SrTiOsz. Further
mechanistic insight into the processes under UV is gained by impedance spectroscopic

measurements.

6.2. Experimental

6.2.1 Sample preparation and characterization

The solar cell consists of a single crystalline substrate, namely (100) oriented undoped SrTiO3 (10
x 10 x 0.5 mms, CrysTec GmbH, Ger) or Fe: SrTiO3 (10 x 10 x 0.5 mm3, 0.016 mol% Fe, Alineason
Materials Technology GmbH, Ger) and a thin top layer of another oxide or a metal. All sample
types are summarized in Tab. 12. The oxide top layers (e.g. LSCr) were deposited by pulsed laser
deposition (PLD) using a Kr/F excimer laser Lambda COMPex Pro 201F with a wavelength 248
nm. The repetition rate was 5 Hz with a nominal energy per pulse of 400 mJ, yielding a laser fluence
of 1.1 J/cm2. The LSCr and LSCrM thin films were deposited at 700 °C and 0.015 mbar and the
deposition time was varied. As a current collector, Pt stripes were deposited by DC magnetron
sputtering (BAL-TEC MED 020 Coating System; pressure: 2 x 102 mbar Ar, 100 mA) on top of
the oxide thin film. The structuring of the Pt thin film was carried out by lift-off photolithography.
At the bottom side of the sample, a porous Pt paste was brushed as a counter electrode. A schematic
representation of the sample is given in Fig. 39.a. Metal (Au, Pt) top layers with thicknesses mostly
of about 10 nm were sputter deposited in the same way as the current collectors mentioned above.

A quartz microbalance was used to determine the deposition rate of Au and Pt.
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Fig. 39: Typical sample consisting of an SrTiOz substrate and an LSCr thin film (a), the
measurement setup consisting of a quartz tube in a furnace, a waveguide with a UV lamp and a
sample holder with contacts for electrochemical measurements (b), and a detailed view on the
sample holder (c).

The oxide thin films on SrTiOs were characterized by X-ray diffraction (XRD) and cross-section
scanning electron microscope (SEM) imaging. Fig. 40.a displays the diffraction pattern of an
LSCr10 film on SrTiOs measured with a goniometric scan between the 2-theta angle of 10 ° and
99 °, using Cu Kg radiation. Only the (100), (200) and (300) reflexes are visible. In the
magnifications of the (100) and (300) reflexes, one can see the sharp reflexes of the SrTiOssingle
crystal (i.e. the substrate) and the broader thin film reflex of the LSCr10 layer. With only the (h00)
reflexes being visible, this suggests that the LSCr thin films grow epitaxially on the SrTiO3
substrates. However, nominally the LSCr10 reflexes are expected at higher angles than the
respective (h00) reflexes of SrTiOs. The shift towards lower angles is attributed to defects in the
thin film, most likely cation vacancies which are frequently found in different complex oxide thin
films prepared by pulsed laser deposition [48, 277]. The thickness of the ceramic thin films was

determined by profilometry as well as SEM cross sections (see Fig. 40.b). A cross section of the

104



interface between LSCr10 and SrTiOsis shown in Fig 40.b.
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Fig. 40: Thin film characterization. X-ray diffraction pattern of LSCr10 on SrTiOs, showing very
good agreement between the LSCr reflexes and the single crystalline SrTiOzreflexes of the
substrate, therefore highlighting the epitaxial nature of the LSCr/SrTiOs interface (a). SEM image
of the interface showing the LSCr10 thin film on top of the SrTiOs substrate (b).

6.2.2 Photovoltage and photocurrent measurements

For photovoltage and photocurrent measurements, the sample was placed in a quartz tube inside a
furnace. A quartz waveguide (10 mm in diameter) leads the UV light (A =365 nm, P =2.9 W) from
the lamp outside the furnace to the sample, as shown in Fig 39.b and c. A Keithley DMM2000
(Keithley Instruments, USA) was used for voltage and current measurements. The resulting voltage
was measured mostly in open circuit mode (OCV = open circuit voltage) and the current in short
circuit. All measurements were performed at 350 °C in air. The standard procedure for OCV
measurements was the following: The voltage was measured for 15 minutes without UV
irradiation, followed by 15 min under UV light and then again for 15 min after switching off the
light. Thereby, the dark voltage before the experiment, the time dependent evolution of a

photovoltage and the persistent [278-280] or decaying photovoltage after illumination can be
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observed. Short circuit measurements were done in a similar manner, though partly longer
illumination times were used or the current measurement was interrupted for an OCV measurement
upon UV. Moreover, time dependent power-voltage and power-current curves were obtained for

illuminated cells.

Tab. 12.: Thickness of the ceramic or metallic thin films on SrTiO3 substrates

Top layer Substrate Preparation Deposition Thickness
method time [min] [nm]
LaCrOs (LCr) SrTiOs (STO) PLD 25 180
Lao.eSro.1CrO3 (LSCr10) | SrTiOs3 (STO) PLD 5 50
Lao.eSro.1CrO3 (LSCr10) | SrTiOs3 (STO) PLD 25 240
LaogSro1CrOs (LSCr10) | Fe:SrTiOs PLD 25 240
(Fe:STO)
LaosSro2CrO3 (LSCr20) | SrTiOs3 (STO) PLD 25 230
La0.9Sr0.1Cro.8sMno 203 SrTiO3 (STO) PLD 25 240
(LSCrM)
Lao.9Sro.1Cro2Mno O3 SrTiOs (STO) PLD 25 240
(LSCrM)
Lao.sSro2MnOs (LSM) SrTiOs (STO) PLD 3 50
Lao.sSro2MnO3 (LSM) SrTiOs (STO) PLD 25 400
Au SrTiOz (STO) sputtering 0.16 10
Au SrTiO3 (STO) sputtering 3.3 200
Pt SrTiOz (STO) sputtering 0.26 10

6.2.3 Spectroscopic ellipsometry measurements

Spectroscopic ellipsometry (SE) measurements were carried out in a Horiba iHR320
monochromators UVISEL ellipsometry system, with spectral range 0.6 — 5.0 eV and step size 0.05
eV. The spectra were collected with a light incidence angle of 70° and with the modulator and
analyzer set at 0° and 45°, respectively. In order to measure the oxide films, sample replicas of the

106



materials in Tab. 1. Were prepared, i.e. LaCrOs, LaggSro2CrOs, Lao.gSro.1Cro2MnogOs and
Lao.sSro.2Mn0Os, on top of an AloO3 (0001) substrate. Modelling of the optical response was carried
using DeltaPsi2 software by Horiba. The model followed a geometry in which the material layer is
placed on top of a well-defined Al.Osz substrate. The thickness of the layers was fixed in agreement
with the SEM characterization. A 1 nm material-void (50% each) overlayer was fixed on top of the
material layer in order to simulate the contribution of the film roughness. The material was then
fitted with a series of 5xTauc-Lorentz (TL) user-defined-formula (udf) dispersion oscillators. The
use of TL oscillators has been widely reported to fit the dielectric properties of semiconductor
perovskites [281-283]. As a result, one can obtain data on the layers” optical constants.

For analyzing the optical properties of SrTiOs, a SrTiOz single crystal substrate was kept in the
PLD chamber at the deposition conditions of the oxide films (i.e. 25 min of deposition time) before
measuring the optical properties. Thus, the measurement is consistent with the nature of the SrTiOs
present in the photovoltaic device. The model chosen for SrTiOz was quite similar to the case of
the films, with the roughness overlayer directly placed on top of the substrate material. For properly
fitting the SrTiOs optical properties, a series of 4xTL oscillators were required. The general
expression of light absorption in a solid 1=lee™, where | is the is the transmitted light, lo is the
incident light, « is the absorption coefficient of the solid and t is the thickness was used to calculate

the percentage of adsorbed light at a given wavelength.

6.2.4 Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy was performed using an Alpha-A High Resolution
Dielectric Analyzer (Novocontrol, Germany) in frequency range from 1 MHz to 1 Hz with a
resolution of 10 points per decade and an rms amplitude of 20 mV. In special cases, the frequency
range was extended down to 31 mHz. Impedance spectra were measured under short circuit
conditions (bias 0 V). The obtained impedance data were parameterized by equivalent circuits
using ZView3.5 (Scribner, USA).
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6.3 Results and Discussion

6.3.1 Photovoltages

Fig. 41 displays the results of a standard OCV experiment on a sample with a 240 nm LSCr10 top
layer (15 min dark, 15 under UV, 15 min dark). Upon UV light, an immediate voltage step to
almost 730 mV is found, followed by a further increase within about 100 seconds to a nearly
constant value of ca. 930 mV. After switching off the UV light, the voltage is reduced but does not
immediately jump to zero. Rather, the decay to zero voltage requires several ten seconds or even a
few minutes. Generally, the time with a transient change of the voltage was longer after switching
off UV compared to switching UV on. The same phenomenon is also found for Fe-doped SrTiOs
as substrate (Fig. 41), however, the increase of the photovoltage under UV takes even much longer
in this case. These time dependencies are most probably caused by changes of the oxygen
stoichiometry in SrTiOsz upon UV light [13, 40, 41] and subsequent relaxation to the equilibrium
defect concentrations in dark. This is discussed in more detail below.

Qualitatively, the same features are found for many different oxide top layers. A representative
collection of layer variations is shown in Fig. 42. In Fig. 42.a, the Sr dopant concentration of
LaCrOs was varied between 0 and 20 %. For higher Sr concentration, the total conductivity of the
LSCr layer rises [284], but the thin film also changes in color, from a nearly transparent undoped
LCr thin films to the light brownish LSCr20. The highest voltage results for undoped LaCrO3 (LCr)
(1008 mV). The cell with LCr top layer also exhibits the slowest voltage relaxation after switching
UV off, possibly due to the slow oxygen exchange between LCr and the gas phase, which is
required to get the SrTiOz back to its equilibrium defect chemical state after UV.

When replacing Cr by Mn while keeping the deposition time constant (i.e. similar layer thickness),
we find a decrease of the photovoltage (Fig. 42.b). Fig. 42.c displays effects of the film thickness
for LSCr10 and LSM top layers. For LSCr10 thin films, the resulting OCV is very similar for
different layer thicknesses, with 930 mV for 240 nm and 990 mV for 50 nm. In case of LSM,
however, the thin layer with 50 nm achieved 910 mV while the thicker one with 400 nm only
reached 610 mV. Most probably, this is largely due to the much higher UV absorbance of LSM,
which makes it much darker than LSCr10 for similar layer thickness. Accordingly, much less light

reaches the heterojunction between top layer and SrTiO:s.
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Fig. 41: Time vs. voltage curves for LSCr10/SrTiOsz and LSCr10/Fe:SrTiOz samples at 350 °C in
air. At first, the voltage is measured for 15 min without UV light, then for 15 min under UV
illumination (A = 365 nm), then for 15 min after switching off the UV light. When switching on the
UV light, a time dependent change in voltage can be observed for both substrates, but the change
occurs at a different speed. When switching off the UV light, a voltage of several hundred mV
remains. Here, the time dependency of the decaying voltage appears to be similar for both cases.

These results also strongly suggest that UV absorption within SrTiOzis essential for the generation
of the photovoltage, i.e. SrTiOzacts as the absorber of our high temperature oxide solar cell.

Also, LSF and LSC perovskite-type top layers were tested. These thin films have an intense black
color and thus high absorption. Not surprisingly, only low photovoltages were obtained (e.g. 40
mV for LSF of 100 nm thickness). These findings are in line with the results on LSCr, highlighting
the importance of a high transmittance in the top layer. However, possibly the different electronic
band structure and/or the ionic defect energies in LSC or LSF contribute to the much lower

photovoltages as well.
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Fig. 42: Voltage-time curves at 350 °C in air for different material combinations before, under and
after UV illumination (2 = 365 nm), showing the influence of (a) different Sr dopant concentrations
in LSCr, (b) the introduction of Mn to the B site of the LSCr, (c) the thickness of LSCr10 as well as
LSM thin films, and (d) metallic thin films.

Very thin metal layers (10 nm Au, 10 nm Pt) with some remaining UV transmittance [285] were
also investigated as top layers. The results are plotted in Fig. 42.d. The photovoltages obtained for
Pt were only mediocre (400 mV range) but for the very thin Au layer we found 1100 mV at 350
°C and thus the highest value of all layers tested in this study. All these measurements also
demonstrate the “robustness” of the PV voltage of SrTiOz based high temperature solar cells; it is
not a peculiarity of a very special materials combination, but results for many different materials.
For the photovoltaic effect upon UV light, the SrTiOs single crystal is vital, meaning that the
relevant processes are located within the SrTiOz. The role of the top layer is most likely primarily

the introduction of chemical potential differences for electrons (and possibly also for oxygen
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vacancies) at the interface and thus the formation of a space charge region in SrTiOs. This space
charge layer in the slightly hole conducting SrTiOz acts as barrier for the holes (majority carriers)
while attracting photo-generated electrons in SrTiOs and swamping them into the top layer.
Therefore, many thin films with acceptably low absorption cause photovoltages upon illumination.
The space charge region is visible as a very large additional resistance (second semicircle) in
impedance spectra and its dependence on UV light is discussed in more detail below. The
recombination length of the electrons in our SrTiOsz single crystals is unknown and hence we do
not know from which depth photo-generated electrons can be collected and contribute to the

operation of the solar cell. The upper limit is certainly the absorption depth of UV in SrTiO:s.
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Fig. 43: Absorption spectra for the different materials under consideration (a). Percentage of UV
light absorbed (365 nm) as a function of material’s thickness. The horizontal dotted line indicates
the thickness at which 95% of UV light is absorbed (absorption depth) (b). Measured PV vs
percentage of light absorbed for different top layers (c).

This interpretation is also supported by optical SE measurements. The absorption of both oxide
thin films (top layers) and SrTiOs substrate was investigated. The resulting absorption spectra are

shown in Fig. 43.a. From here, considering a 365 nm UV light source (3.4 eV), the percentage of
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absorbed light as a function of the material’s thickness was calculated (Fig. 43.b). Please note that
the obtained spectra are in line with previous reports [283, 286-288]. It should be noticed, however,
that slight deviations may arise [114, 289], possibly due to differences in the synthesis method or

as a consequence of the technique used for the measurement.

Tab. 13: Absorption measurements. The percentage of UV light absorbed was calculated
considering the layers’ thickness as retrieved by SEM cross-section data.

Layer Absorption | Absorption | Percentage
coefficient | depth [nm] | light absorbed
at 365 nm [%0]

[em™]

LaCrOs (LCr) 81522 367 76.9

Lao.sSro.2CrOs 147603 203 96.6

(LSCr20)

Lao.9Sro.1Cro2Mno O3 | 156700 191 97.7

(LSCrMm)

Lao.sSro2MnO3 104185 288 40.6 (50 nm)

(LSM) 98.5 (400 nm)

SrTiOs (STO) single | 15405 1945 -

crystal

The relevant optical properties are summarized in Tab. 13 which also includes the absorption depth
of the films, i.e the thickness within which 95 % of the light is absorbed. The relation between
absorbed light in such a layer and the photovoltage is shown in Fig. 43.c. For layers with very
strong absorption the photovoltage decreases. (The intensities used here are rather high and thus
already less than 20 % transmitted light leads to very high photovoltages.) However, a slight
difference between Mn and Cr based perovskite top layers seems to remain irrespective of
transmittance, since the thin LSM layer with much more transmittance has still a slightly lower
OCV than LCr. As far as the SrTiOs substrate is concerned, an estimation of 2 um for the absorption

depth was obtained.
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6.3.2 Photocurrent under UV

For photovoltaic cells, current voltage curves are frequently reported. However, as will be shown
in the following, the current of our SrTiOz based PV cells is strongly time dependent and current
measurements are most probably accompanied by continuous oxygen stoichiometry changes
within the SrTiOz single crystals. Accordingly, the cells change continuously during current load
and steady state current voltage curves could not be determined. Hence, we focus the following
consideration on the short circuit current as the most extreme case of a current flow. This was
investigated for an LSCr10/SrTiOs cell with 240 nm LSCr10. When switching on the UV light for
the very first time, a rather low current in the 2-5 [1A range results (see magnification in Fig. 44a).
However, over time this current strongly increases by orders of magnitude. After 15 minutes 0.18
mA are reached but the current is still far from being constant (Fig. 44.a). Long-term measurements
in Fig. 44.b show that the current increase becomes slower, but persists on the time scale of many
hours. The almost linear long time current increase reaches almost 1 mA after 17 hours. Some
samples even showed photocurrents of up to 3.5 mA at 350 °C after several illumination cycles, all
for a nominal sample size of 1 cm2.

This current increase is not accompanied by a decrease of the OCV, as shown in Fig. 44.c: There,
5 minutes of OCV measurement under UV (reaching 1050 mV) are followed by a short circuit
period of 5 minutes with a strong current increase to the several 100 (][] range. Please note that
here the sample was already illuminated in a preceding experiment. The initial short circuit current
under UV is thus much larger than for the pristine sample, indicating that the sample changes
caused by the preceding illumination are still (partly) present. However, despite all these changes,
the subsequent OCV measurements show again more than 1V, indicating that the cell voltage itself
is hardly affected by the persisting sample changes upon current. In other words, the cell’s power
shows a very pronounced enhancement effect during operation. This becomes also visible in
continuous P versus voltage V measurements (and the power P versus current | curves) monitored
on an LSCr10/SrTiOz sample, see Fig. 45. A severe enhancement is found already within several
minutes. (Please note that sample changes take place also within a single P(V) curve which takes

10 seconds).
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Fig. 44: Current-time measurements for LSCr10 (250 nm thickness) on SrTiOz at 350 °C in air (1
point/0.5 s). The measurements show a steady current increase under UV light (A = 365 nm) on a
short time scale (a) but also a continuous increase even after 17 h under UV light (b). Consecutive
voltage, current and voltage measurements indicate only a small effect of the changes under
current on the photovoltage (c).

We suppose that the origin of these changes upon current lies within the very nature of the
measurement itself. As soon as current flows, there is a voltage drop not only at the external load
but also inside the PV cell at the internal resistance. In the specific case of short circuit even the
entire photovoltage of more than 1 V is “consumed” in the sample itself. SrTiOs is a mixed

electronic and ionic conducting material and the ions are strongly blocked at one or both electrodes
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used here. Applying a voltage of about 1 V to such a SrTiOz sample leads to oxygen stoichiometry
polarization, i.e. oxygen vacancy depletion in the SrTiOs bulk close to the positive electrode and
their accumulation close to the negative one [43, 172, 290]. Often this is associated with a resistance
degradation, since also reorganization of electrons and holes takes place for the sake of charge
neutrality [291, 292]. Higher conductive regions are formed near to the electrodes and then extend

more and more into the bulk. Hence, a steady decrease of the cell resistance results.
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Fig. 45: Power-voltage (a) and power-current (b) curve of a UV illuminated LSCr10/SrTiOs3 cell
at 350 °C in air (A = 365 nm), highlighting the self-enhancing character of the solar cell. One
measurement point requires 1 sec (i.e. 10 sec for one P(V) or P(l) curve); sample size 1 cm2.
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We expect the same taking place here, though the voltage is not applied by an external source, but
is a consequence of the UV illumination. This effect has two implications: Firstly, measuring a
well-defined current-voltage curve or a power-voltage curve is not truly possible for these SrTiO3
based systems, since the cell unavoidably changes during the measurement. Secondly, one can
benefit from this self-enhancing effect due to a decrease in SrTiOz resistance, leading to a better

performance under operation (“self-enhancing solar cell”).

6.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed on LSCr10/SrTiOs heterojunctions
at 350 °C without correction of the open circuit voltage, i.e. under short circuit conditions (U =0
V). Therefore, these measurements give mechanistic insight into the processes found for the current
measurements discussed above. The impedance spectrum of the solar cell before illumination is
shown in Fig 46.a. The three main features are a high frequency semicircle, a mid frequency arc
and a very large low frequency arc. The high frequency semicircle (r.h.s inset in Fig. 8a) reflects
the bulk resistance and capacitance of the SrTiOssingle crystal, with a relative permittivity of 170
calculated from the corresponding capacitance, in accordance with bulk SrTiOz at 350°C [110].
The low frequency feature is attributed to the space charge region (SCR) at the SrTiOs/LSCr10
interface [42] and represents the photoactive part of the cell, which ultimately separates the photo-
generated electron-hole pairs in SrTiOs. Some further details on this space charge impedance can
be found in Ref. [42]. Actually, it is nothing but a Schottky barrier found very often between
semiconductor/electrode interfaces. In accordance with Ref. [42] the intermediate frequency
feature is attributed to the bottom electrode of the PV cell.

The time dependent changes in the impedance spectra under and after UV light illumination are
shown in Fig. 46.b-d. The first spectrum measured immediately after switching on UV is
completely distorted due to the ongoing changes upon UV and can hardly be analyzed. The second
spectrum is started 3 minutes after onset of UV illumination and indicates a strong decrease of the
high frequency arc, which is now only partly visible in this measured frequency range. The low
frequency part with spiral-type tail indicates that the sample still changes while being measured
with frequencies sweeping from high to low values. In the third spectrum (started after 15 minutes)

the SrTiOs bulk resistance is only visible as an axis intercept and has a value which is two orders

116



of magnitude smaller than before UV. The remaining low frequency arc might be the remains of
the photo-active top space charge layer under UV or the impedance of the bottom
electrode/electrolyte contact. (Please note that even without being illuminated itself the bottom
layer space charge might change under illumination due to our supposed stoichiometry variation
in the SrTiOs bulk.) When switching off UV the huge top layer space charge is back already in the
very first spectrum (Fig. 46.c), while the high frequency arc of bulk SrTiOzonly slowly relaxes and
increases from spectrum to spectrum. After about 50 minutes the original value is again reached.
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Fig. 46: Impedance spectra of LSCr10/SrTiOssamples at 350 °C in air in darkness and under UV
light (A = 365 nm) with: (a) Impedance spectrum of a LSCr10/SrTiOs solar cell without UV
illumination (“dark”). The three main features are the high, mid and low frequency semicircle.
The high frequency semicircle (wp approx. 80 kHz) is attributed to the bulk SrTiOs. The low
frequency semicircle (wp approx. 0.080 Hz) originates from the space charge region (SCR) at the
LSCr/SrTiOsinterface. The mid frequency feature most likely comes from the bottom electrode. (b)
Time dependent evolution of impedance spectra during UV light illumination and (c,d) after UV.
The contributions of SrTiOz bulk resistance (STO) as well as the resistance of the space charge
region (SCR) are identified in the individual impedance spectra. Under UV light, two processes
take place: i) The very fast vanishing of the space charge resistance; ii) the continuous drop in
SrTiOz resistance upon switching on the UV light due to stoichiometry polarization.
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From this we conclude that indeed the conductivity and thus also the defect chemical state of the
SrTiOs bulk changes upon UV under short circuit conditions. As detailed above, this change is
most probably nothing but the well-known stoichiometry polarization often found in SrTiOs
samples upon a voltage, when one or both electrodes are strongly blocking for ionic current, i.e.

electrochemical oxygen exchange.

-300000 L L . L . L . L . L
1 Hz: Reference:
®m UVoff-> UV on . dark L
® UVon-—->UV off & e | JV 0N, 3 Min
-250000 - at® UV on, 15 min |
-200000 - =
5}' -6000 L ' i
@ -150000 - I| -
£ -4000+ |
)
-100000 - AN Q o~ -
7? 2000 A N4
& X OQ‘ _'_.//Il/
-50000 - . 3 i
NP e e | _
0 2000 4000 6000
0 =— T T T T T T T T T T
0 50000 100000 150000 200000 250000 300000
Re(2) [Q]

Fig. 47: EIS measurements of a LSCr10/SrTiOscell at 350 °C in air at only 1 Hz for a better time
resolution (the grey reference line represents the full spectrum in dark from Fig. 8). The process
of switching the UV light (2 = 365 nm) on leads to lower resistances (i.e. 1 order of magnitude)
within the time resolution of 1 second (blue squares). Under UV light, there is a slight, but steady
decrease in resistance. Upon switching off the UV light, a very fast increase in resistance (within
1 second) is observed (red circles).

In order to support the consistency of this interpretation, we further looked at the time dependence
of the large space charge resistance under and after UV. Since recording an entire impedance
spectrum takes several minutes, the time resolution was not sufficiently high to follow this very
fast process. Therefore, impedance was measured continuously at 1 Hz (see Fig. 47). This
impedance value is in the left half of the space charge arc measured in dark. The location of this

frequency within the corresponding arc changes under illumination. However, we also know the
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shape of the impedance spectra before, under and after UV light illumination (Fig. 46), which
makes analysis straightforward. We see that the impedance at 1 Hz and thus the entire space charge
arc changes immediately (i.e. within less than one second) and drastically when illuminating by
UV light. This is in line with the immediate changes found in current measurements in Fig. 42.
This immediate change under UV light is followed by a steady further decrease in the resistance,
which reflects the self-improvement of the cell discussed above. When switching back to dark the
huge space charge arc appears again within the first second and the subsequently following slight

shift in Fig. 47 might be simply due to the change of the SrTiOz bulk itself, which is much slower

6.3.4 Interpretation of the OCV measurements

One characteristic feature of these cells has still to be interpreted: It is the time dependence of the
cell voltage under OCV conditions (see Fig. 41). The space charge relaxes within a second when
UV light is switched off (see above) and thus zero voltage is expected immediately when stopping
illumination. Stoichiometry changes upon current flow (as in the short circuit case) can also not
explain these finding since no current flows under OCV. However, we are confident that
stoichiometry changes in SrTiOz upon UV still play a decisive role as discussed in the following.
Our explanations are based on interpretations of UV induced effects in SrTiO3z single crystals
reported in Ref. [13, 40, 41].

In Ref. [40], a strong enhancement of the oxygen incorporation rate into Fe-doped SrTiO3 was
found under UV illumination. Moreover, in Ref. [41], it was shown that substantial conductivity
changes result during and after illumination of such SrTiOs single crystals. Importantly, these
conductivity changes also affect the dark parts of the SrTiOz beyond the absorption depth. They
are associated with stoichiometry changes due to UV-accelerated oxygen incorporation.
Essentially, the hole conductivity of the entire SrTiOsz sample strongly increases under illumination
due to oxygen vacancies being annihilated under UV in the entire bulk. The corresponding time
dependence of the conductivity changes upon UV is governed by the chemical diffusion coefficient
of oxygen in SrTiOs. This chemical diffusion is slower for Fe-doped SrTiOz compared to undoped
SrTiOz due to the trapping of hole charge carriers [293]. In other words: the oxygen chemical
potential of an illuminated SrTiOs samples changes under UV due to oxygen incorporation and
when switching off UV, a very high chemical potential (nominal by high oxygen partial pressure)

remains in the sample. This can be measured in terms of a positive voltage, particularly when
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covering the bottom side of SrTiOz with an ion conducting yttria stabilized zirconia (YSZ) layer
and thus making SrTiOzto a kind of electrode in an electrochemical cell [13]. The measured voltage
is nothing but a Nernst-type voltage between the SrTiOs (no longer in equilibrium with the gas)
and the YSZ covered bottom side. This is sketched in Fig. 48.a, together with the typical voltage
curve found in such cells [13] with a mixture of fast photo-effect and slower stoichiometry effects.
Most important is the remaining voltage after UV (Upat) Which is due to the chemical potential
change in SrTiOs under UV and only slowly relaxes at ca 350 °C.

Compared to the cell in Ref [13], the top side is continuously covered in our solar cell, e.g. by
LSCr, and the ion conducting bottom YSZ layer is missing (see Fig. 48.b). As in the cell with the
free SrTiOgz surface, similar time dependencies are found, but first the voltage further increases
upon UV and second the remaining voltage after UV is negative in our case. The following
explanation of these phenomena is still hypothetical, but consistent with all data we have so far:
The chemical potential of oxygen po is given by the difference of the chemical potentials of ionic
and electronic species (Vo = oxygen vacancies, e = electrons, h = holes):

Ho = Mo — 2y = — [y, + 214 . (Eq. 16)

In contrast to cell type a in Fig. 48 (with free illuminated SrTiOs3 surfaces), UV light does not
directly accelerate oxygen incorporation Kinetics into SrTiOz since the surface of cell b is covered
by LSCr. However, in the illuminated part of SrTiOz (= 2-3 um deep as resulting from SE
measurements) the UV light causes a split of [J¢ into two quasi Fermi levels (one for electrons and
one for holes). Therefore, also two quasi chemical potentials of formally neutral oxygen result in
accordance with Eq. 16. Owing to a spatially varying absorbance, those quasi chemical potentials
show gradients and cause oxygen diffusion within SrTiOs. Depending on the local concentrations
of holes and electrons, the illuminated SrTiOs region gets either enriched or depleted of oxygen
vacancies. Supposed we pump some oxygen from the illuminated region into the dark part (by
chemical diffusion of vacancies and holes), a situation results where the illuminated part has a
different defect chemical state and thus also a different (quasi-)Fermi level compared to the initial
situation under UV. Not surprisingly the open circuit voltage changes during this oxygen relocation
inside SrTiOzand this is what supposedly causes the time dependence of the OCV voltage under
UV. In Fe-doped SrTiOs the change is simply slower since it has a smaller oxygen diffusion
coefficient due to its Fe-traps [293]. A simple estimate of a diffusion distance from the measured
time of voltage variation (ca. 1000 seconds for Fe- SrTiO3) and the oxygen diffusion coefficient D
in Fe- SrTiOs at this temperature (108 cm?/s [166, 294]) gives 3 [Im, which is well in line with the
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illuminated SrTiOs depth according to SE.
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Fig. 48: Schematic representation of a sample with Pt stripes on top of an SrTiOsz single crystal
and a YSZ bottom layer as an electrolyte used in Ref. [13] (a) as well as a sample with a LSCr top
layer on an SrTiOzsingle crystal (b). On the right hand side of each sample, the respective voltage-
time curve is sketched, highlighting the time dependent processes under UV light. The polarity of
the respective voltages, Upyv and Ugat, are indicated.

When switching off UV, all PV effects are gone but the formerly illuminated layer is still enriched
in oxygen vacancies and has a lower chemical potential of oxygen compared to the rest of the
SrTiOs. This causes a Nernstian cell voltage with an opposite sign compared to the cell in Fig. 48.a
(Here the required ion conductor is no longer YSZ, but the SrTiOs zone with oxygen vacancies.)
The oxygen chemical potential finally relaxes by diffusion inside SrTiO3 but also by some oxygen
incorporation across the top layer and rather quickly decays. Supposed the oxygen incorporation
via the top layer is the decisive process during this relaxation, also the same time dependence for
Fe:SrTiOszand SrTiOz can be explained. We are well aware that despite explaining our findings,
the given model is not sufficiently backed by independent measurements yet. However, the exact
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validation requires many further studies and is beyond the scope of this paper; it is the topic of

ongoing and future work.

6.4. Conclusion

Heterojunctions of SrTiOz with semi-transparent thin films of different LSCr compositions or Au
provide high photovoltages up to more than 1 V at 350 °C. The underlying effect seems to be very
robust as both metals and ceramic materials work as a top layer, provided sufficient transparency
of the thin film is given. The typically hole depleted space charges of the Schottky contact at the
SrTiOs/top layer interfaces are responsible for the photovoltaic effects. When measuring the
current of operating cells, a strong self-enhancing effect due to stoichiometry polarization in the
SrTiOssingle crystal is found. This may increase the current by orders of magnitude while leaving
the open circuit photovoltage at its high value. Electrochemical impedance spectroscopy revealed
details of the processes under UV light. Two processes under UV light could be identified:
Immediately “switching off” the resistance of the space charge region and a continuous drop of the
resistance of bulk SrTiOz due to stoichiometry polarization. A surprising time dependence of the
photovoltage and its slow decay in dark is associated with compositional changes in illuminated

SrTiOs due to formation of modified oxygen quasi-chemical potentials therein.
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Chapter 7. Completing the circle: Application of thin
films in SrTiO3 based solar cells

This chapter is based on the diploma thesis written by Niklas Bodenmuller.

7.1 Introduction

Photovoltaic applications including photovoltaic cells [26, 197, 213, 221, 222, 231] or photo-
sensors [179, 180, 185, 295] are reported for (doped) SrTiOs, mostly operating at room temperature
or even below. In oxide materials, at these temperature electronic processes dominate. However,
in organohalide perovskite solar cells, even low temperatures suffice for ionic contributions,
leading to the rather new and fascinating field of photo-ionics (or opto-ionics) [51]. At higher
temperatures, ionic processes also take place in oxides [40, 51]. For SrTiOgz, photo-induced ionic
effects are mostly studied for single crystals [13, 41]. In this study, the goal is therefore to evaluate
the application thin films in high temperature photovoltaic cells. The advantage of thin films is a
potential increase in power due to the lower expected resistance and smaller size, which is relevant
for energy micro harvesting applications [19, 296]. However, for thin films, strongly deviating
electrochemical behavior has been reported in literature [31, 32] and in Chapters 2 and 3. Therefore,
the influence of different defect states and especially the role of cation vacancies on the
photovoltage is investigated. Here, polycrystals were also used as a system to investigate the

influence of cation nonstoichiometry.

7.2 Experimental

7.2.1 Preparation of pellets

SrTiOz pellets were prepared with different Sr/Ti ratios using SrCO3 (99.995 %, sigma Aldrich,
USA) and TiO2 (99.995 %, Alfa Aesar, USA). The powders were weight in according to the

respective stoichiometry of Sro.g95TiO3, SrTiO3 and Sr1.005TiO3. For better mixing, the powders
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were milled for 40 min by hand in an agate mortar. Then, the powders were pressed for 10 min
using an isostatic press and the obtained pellets were calcined in a corundum crucible at 1150 °C
for 3—4 h. During heating up, the temperature was held constant at 400 °C for 1 h for outgassing.
Again, the pellets were milled and pressed isostatically. The obtained pellets were sintered twice
at 1500 °C for 12 h in air. At the bottom, porous Pt paste was brushed on as a counter electrode.
As a top electrode, Pt thin films were deposited via DC magnetron sputtering (BAL-TEC MED
020 Coating System; pressure: 2 x 10 mbar Ar, 100 mA) using a shadow mask.

7.2.2 Preparation of thin films

Different single crystalline substrates were used in this study, namely undoped SrTiO3 (STO, 10 x
10 x 0.5 mm3, CrysTec GmbH, Ger), 0.5 % Nb doped SrTiOsz (Nb:STO, 10 x 10 x 0.5 mm3, CrysTec
GmbH, Ger), and 9.5 % Y»03 doped ZrO> (YSZ, 10 x 10 x 0.5 mm3, CrysTec GmbH, Ger), all in
(100) orientation, and Al203 (10 x 10 x 0.5 mm3, CrysTec GmbH, Ger) in (0001) orientation.

Metal thin films as well as oxide thin films were fabricated in this study. For preparing the oxide
top layer, pulsed laser deposition (PLD) was employed. As a laser source a a Kr/F excimer laser
Lambda COMPex Pro 201F with a wavelength 248 nm was used with a repetition rate of 5 Hz and
a laser fluence of 1.1 J/cm2. LaoeSro1CrO3z (LSCr10) and LaoeSro4CoOs3 (LSC) thin films were
deposited at 700 °C and 0.015 mbar or 0.04 mbar, respectively. Nominally undoped and Cr or Fe
doped SrTiOs (STO, Fe:STO, Cr:STO) thin films were prepared at 0.15 mbar at 650 °C.
YBa>Cus07 (YBCO) thin films were deposited at 700 °C at 0.15 mbar. Pt thin films were used as
current collectors on top of the sample and were deposited using DC magnetron sputtering (BAL-
TEC MED 020 Coating System; pressure: 2 x 102 mbar Ar, 100 mA). The Pt film was structured
via lift-off photolithography. Porous Pt paste was used as a counter electrode. Continuous Pt top

layers with 10 nm in thickness were also used as current collectors.

7.2.3 Voltage measurements

Photovoltage measurements were performed in a quartz tube furnace with symmetrical heating or
in a micro-contact setup with asymmetrical heating, both described in Ref. [76]. UV light with a
wavelength of 365 nm and a power of 2.9 W is used in this study. Voltage measurements were
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carried out on a Keithley DMM2000 (Keithley Instruments, USA) at 350 °C in air. After
equilibration, the usual measurement program consisted of 15 min in dark, followed by 15 min
under UV light irradiation and, finally, again 15 min in darkness.

7.3 Results

7.3.1 Polycrystalline solar cells

Different SrTiOs polycrystals were investigated in regard to their photovoltage. A typical sample
is sketched in Fig. 49.a. (Note that these geometries do not have a thin oxide film as a top layer,
but rather correspond to the sample design in Ref. [13] for single crystals.) The samples differed in
their cation stoichiometry (i.e Sr/Ti ratio), with nominally Sr deficient, stoichiometric, and Sr
overstoichiometric SrTiOs, corresponding to a Sr/Ti ratio of 0.995, 1.000 and 1.005, respectively.
The real defect situation in these pellets, however, might differ from the nominal composition due
to the Schottky reaction at high temperatures (i.e. during sintering) [34, 44].

The photovoltages obtained for these three different compositions are plotted in Fig. 49.b. For the
dark voltage measured before UV illumination, only slight differences are visible. Upon UV
illumination, photovoltages in the range of up to 50 mV were measured, with slight deviations in
the total photovoltage for the different compositions. However, rather pronounced differences in
the time dependent behavior can be seen when switching the UV light off. Here, the photovoltage
of the nominally stoichiometric SrTiOz sample decays fast to the initial dark voltage. The sample
with nominal Sr overstoichiometry (i.e. titanium vacancies) takes significantly longer. For the
sample with Sr deficiency, the decay in photovoltage is the slowest in this study and the initial dark
voltage is not reached within 15 min after switching the light off. In single crystals, this voltage is
attributed to oxygen vacancy related processes in SrTiOs [13]. Here, the differences in cation
stoichiometry appear to influence the oxygen release and/or oxygen vacancy diffusion.

Alternatively, differences due to grain boundaries could play a role.
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Fig. 49: Photovoltage experiments on polycrystalline SrTiO3 (STO) samples. A sketch of the sample
consisting of a SrTiOs polycrystal with a Pt grid on top and a porous Pt counter electrode on
bottom is shown in (a). In (b), time dependent voltage measurements for SrTiOz pellets with a
different nominal Sr/Ti ratio are plotted. The first 900 s are in dark, revealing slight differences in
the dark voltage of the samples with different cation stoichiometry. Under UV, a time dependency
of the photovoltage is observed, with photovoltages in the range of 40 — 50 mV. Upon switching
the UV light off, we see a time dependent decay, with even more pronounced differences for the
different samples. Nominally stoichiometric SrTiOz decays the fastest, while the Sr deficient sample
takes much longer times.

7.3.2 Towards thin film cells: Introduction of additional SrTiOs layers in
single crystal based solar cells

In this case, nominally undoped or doped SrTiO3 layers (X:STO where X denotes the dopant) were
deposited on top of SrTiOz single crystals and, subsequently, LaooeSro1CrOs top layers were
deposited via pulsed laser deposition. A sketch of such a sample is shown in Fig. 50.a. The results

of the photovoltages are plotted in Fig. 50.b.
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Fig. 50: Photovoltage measurements for samples with interfacial SrTiOs thin films. The sample
consists of an SrTiO3 (STO) single crystal with a (doped) SrTiO3 (X:STO, with X being the dopant
element) thin film and an Lao.sSro.1CrO3 (LSCr10) thin film on top (a). For electrical contact, a Pt
grid is used on top and a porous Pt counter electrode on bottom (a). The time dependent
measurements reveal a strong influence of the dopant element of the SrTiO3 thin film on the
resulting photovoltage (b). No change in photovoltage is observed for a nominally undoped thin
film compared to a sample without an SrTiOs thin film (see chapter 6). Cr and Fe doping in the
thin film lead to severe changes in the photovoltage, with the most drastic decrease in photovoltage

occurring for a Fe:SrTiOz thin film deposited from a stoichiometric target (see chapter 2 and
chapter 3).

Here, the influence of additional SrTiOs thin films (doped or undoped) are easily visible:
Nominally undoped SrTiOs thin films do not change the photovoltage compared to the reference
consisting just of a SrTiOs single crystal and the respective LagoSro1CrOz top layer (see chapter
6). In contrast, doped SrTiOs thin films between the single crystal and the Lao.eSro.1CrOz top layer
lead to a significant change in photovoltage. In the case of Cr doped SrTiOs thin films with a
nominal Cr concentration of 5 %, a decrease in photovoltage by 150 mV is observed. For Fe doping,
an even more pronounced decrease in photovoltage is obtained. Here, two different Fe doped thin
films were used: The Fe doped thin film deposited from a stoichiometric target with 2 % Fe yields
about -200 mV, which corresponds to a decrease in photovoltage by 750 mV compared to the
reference. When using a thin film deposited from a 2 % Fe doped target with 7 % Sr excess (see

chapter 2), a photovoltage of approx. -450 mV is obtained, corresponding to a decrease by 500 mV
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compared to the reference. In both cases, a severe decrease in photovoltage is observed, but the
thin film with ideal stoichiometry (see chapter 2) yields more than double the photovoltage of the
Sr deficient thin films, thus revealing the drastic influence of cation stoichiometry on the
photovoltage. In this regard, the nearly unaffected photovoltage obtained with the undoped SrTiO3
thin film (which also has Sr deficiency, see chapter 3) is rather surprising. However, this effect is

addressed in section 7.4.

7.3.3 Thin film based solar cells

Since nominally undoped SrTiOz thin films worked for solar cells with interfacial thin films, solar
cells based on SrTiOg thin films were prepared. Three different geometries were investigated and
all are shown in Fig. 51.d-f. The photovoltage for the Nb:SrTiO3 based solar cell (see Fig. 51.d) is
plotted in Fig. 51.a. Here, a photovoltage of about 160 mV is found. Note that the sign of the
photovoltage is positive here. In chapter 6, only negative photovoltages were obtained for the
Lao.9Sro.1CrO3/SrTiO3 heterojunction. This suggests that the photovoltage measured in Fig. 51.a
does not originate from the LaogSro1CrOs/SrTiOz heterojunction, but rather from the
SrTiOs/Nb:SrTiOz p-n junction. For the yttria stabilized zirconia (YSZ) based sample in Fig. 51.e,
a photovoltage of -120 mV was measured (see Fig. 51.b). Thus, photovoltages are much lower than
for the SrTiOs single crystal based solar cells. Furthermore, a surprisingly high dark voltage was
found upon switching the UV light off. In Fig. 51.c, the results for the Al2O3 based sample (see
Fig. 51.f) is shown. With this sample geometry, next to no effect was found.
All these thin film based solar cells have an unexpectedly low photovoltage in common. Different
possible problems of these thin film based solar cells are identified:
e Pinholes: Pinholes, i.e. small areas uncovered by the respective oxide layer, might lead to
a short circuit when contacted with Pt (e.g. Pt current collector).
e Thin film related issues: As established in previous chapters, the defect chemistry of thin
films differs significantly from single crystals. Differences in the Fermi level influence the
photovoltage. Moreover, their often strongly increased defect concentrations may enhance

the recombination rate.
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e Substrate effects: The high photovoltage for the undoped SrTiOs thin film on top of a

SrTiOs single crystal in section 7.3.2 might not be a result of the thin film, but rather of the
underlying SrTiOs substrate.
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Fig. 51. Photovoltages on thin film cells. In (a), (b), and (c), the voltage vs. time curves are shown
for the respective sample geometries in (d), (e), and (f). For the measurement in (a) for sample (d),
a photovoltage in the range of 160 mV with a positive sign is obtained, while for
Lao.oSro.1CrO3/SrTiOs heterojunctions only photo voltages with a negative sign were obtained so
far in this study. Thus, the origin of the photovoltage could be the SrTiO3/Nb:SrTiO3 p-n junction.
The photovoltages measured in (b), corresponding to (e), are in the range of -120 mV, showing a
negative sign as expected. However, severe time depend changes occur after switching the UV light

off. In the voltage-time curve in (c) for the sample geometry in (f), next to no photovoltage is
obtained.

7.3.4 Microelectrode measurements

Since the first attempts of thin film based SrTiOz solar cells did not result in the expected
photovoltages, another approach was carried out. Four samples were fabricated which should help
distinguishing between the individual issues. Using microelectrodes, pinholes are expected to be
less problematic due to the smaller size. In addition, the substrate variation, using nominally

undoped SrTiOsz and Nb:SrTiOs. In the case of nominally undoped SrTiO3, a contribution of the
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substrate to the measured photovoltage is possible. When switching to Nb:SrTiOgz, a different
heterojunction is formed, which could influence the photovoltage in a different way. Pinholes (if
present in the thin films) are not expected to change the result for undoped SrTiO3z substrates, but
are expected to drastically influence the results for Nb doped SrTiO3z single crystals. Due to the
need for micro-contact measurements, the measurement setup was changed from the tube furnace

to an asymmetrically heated micro-contact setup described in Ref. [76].
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Fig. 52: Application of microelectrodes for photovoltage measurements. In (a), photovoltages
obtained for SrTiOz single crystals in two different geometries are compared: The sample with
microelectrodes shows good agreement with the “macro” geometry (which is the standard
geometry used so far) under UV light irradiation. Only in dark, the measurement with
microelectrodes is strongly influenced by noise. In (b), a Nb:STO single crystal is used as a
substrate and the macro geometry is compared to microelectrode measurements. Here, next to no
photovoltage is obtained for the macro geometry. In contrast, a photovoltage of 20 mV (note the
positive sign) is observed when using microelectrodes.

The results for the Lao.oSro.1CrO3/SrTiOs interface on top of a SrTiOs single crystal are shown in
Fig. 52.a. In dark, the measurement using microelectrodes is heavily dominated by noise. Upon
switching the UV light on, the noise vanishes and a photovoltage of -820 mV (further increasing
up to -860 mV) is measured, which is in line with the results for the macro sample. The higher
noise is attributed to the increased resistance. Therefore, microelectrodes can be a suitable tool for
photovoltage measurements in high temperature photovoltaic cells, with their results being well
transferable to macro geometries. For the Nb:SrTiO3 based macro sample in Fig. 52.b, only a
photovoltage in the range of -0.5 mV is found, which is significantly lower than the photovoltages
found in SrTiO3 based samples. Note that it is also significantly lower than the photovoltage for a
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similar sample measured in the tube furnace (see Fig. 51.a), highlighting the possible influence of
pinholes in this sample. When switching to the microelectrodes, a higher photovoltage of about 20
mV is found (cf. Fig. 52.b), accompanied with a change in the sign of the voltage. While the
photovoltage is still lower than in Fig. 51.a, these measurements are in line in regard to the change
in the sign of the photovoltage observed for this system. For microelectrode measurements, we do
not expect pinholes to be a problem as this setup was also used for all conductivity measurements
on SrTiOs thin films, yielding proper results, see chapter 2 and chapter 3. However, for the
photovoltage measurements, still a significant change in open circuit photovoltage between the thin
films deposited on the two different substrates is observed. Since pinholes are ruled out here, we
can pin down the problem to either thin film or the substrate or an interplay of both factors.

From these measurements we conclude that the photovoltages are strongly affected by the bottom
interface and it seems that the underlying SrTiOs substrate plays a crucial role for the high

photovoltages found in the respective sample geometries.

7.3.5 A new hope: Using an ohmic contact

As shown previously, photovoltages originating in SrTiOs single crystals are much larger than their
counterpart in thin film cells and SrTiO3 thin films on SrTiO3 single crystals seem to behave
different than the single crystal. In order to further analyze this effect, the top layer was adjusted
accordingly. YBa>CuzO7 (YBCO) is reported in literature as an ohmic contact for SrTiO3 [297].
Hence, photovoltaic cells consisting of SrTiOs/YBa,CusO7 or SrTiOs/SrTiO3/YBaCuzOz
interfaces were prepared. A sketch of these samples is shown in Fig. 53.a and 53.c, respectively.
The photovoltage measured for the sample shown in Fig 53.a is plotted in Fig. 53.b. Here, only a
small photovoltage of about -100 mV is observed. In contrast, the photovoltage measured for the
sample plotted in Fig. 53.c is in the range of -450 mV (see Fig. 53.d). In this case, the micro-contact
measurement was used, but — as established in section 3.4 — the differences between the different
setups are rather small voltages, tending to be even lower in the micro-contact setup than in the
tube furnace. Here, a drastic increase in photovoltage by nearly a factor of five is observed for the
addition of the SrTiOs thin film between the single crystal and the YBa>CuzO7. While we cannot
be completely sure as to where the photovoltage originates (at this point both YBa2CuzO7/SrTiOs
thin film and SrTiOsz thin film/SrTiOs single crystal interfaces might be the origin of the
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photovoltage), we can surely conclude that there is a significant difference between the SrTiOz thin
film and substrate in regard to photovoltage generation. The difference between the two sample
geometries is addressed in section 7.4.
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Fig. 53: Photovoltage measurements using YBa>CusO7 (YBCO) thin films. When using YBa>CuzOz
as a thin film on top of an SrTiOs single crystal (a), a rather low photovoltage in the range of -100
mV results. In contrast, when using an SrTiOs thin film between the YBa>CuzO- thin film and the
single crystal (c), a drastic increase in photovoltage is observed, yielding -450 mV (d). While the
origin of the photovoltage (i.e. either YBa>CuzO7/SrTiOs thin film or SrTiOs thin film/SrTiOs3
substrate) is unclear, we can conclude a deviation in the behavior of SrTiOs thin film and single
crystal in terms of photovoltage generation.

7.4 Discussion

In this study, a different behavior between thin film cells and single crystal based cells is observed.

Here, two systems are addressed, namely Lao.oSro.1CrOs/SrTiOz and the YBa;CuzO7/SrTiOz based
heterojunctions.
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Fig. 54: Sketched band structure of different SrTiOs based heterojunctions, highlighting the
difference between SrTiOz single crystals and thin films. The Lag.eSro.1CrO3/SrTiOsz heterojunction
based on single crystalline SrTiOs exhibits a difference in Fermi level, which under UV results in
a photovoltage (a). Note that the Fermi level for the nominally undoped SrTiO3 single crystal is
essentially slightly acceptor doped. For the SrTiOs thin film, mid-gap Fermi level pinning occurs
due to Sr vacancies (see chapter 3), leading to a shift in Fermi level compared to SrTiOs single
crystal (b). A mid-gap Fermi level for the SrTiOs thin film lowers the difference in Fermi level
between the Lao.sSro1CrOs thin film and the SrTiO3 thin film, thus lowering the photovoltage
obtained from only thin film based cells (e.g. in Fig. 3). The band offset between the SrTiO3 thin
film and single crystal might explain the high photovoltage observed in Fig 2.b. The opposite case
is shown for a YBa,CusOy thin film on top of a SrTiOs single crystal (c), which is known to be an
ohmic contact. Consequently, only a very small photovoltage is obtained. With the addition of a
SrTiOz thin film between the YBa>CuzO- thin film and the SrTiOz single crystal, rather pronounced
differences in the Fermi level are present (d). Indeed, an increase in photovoltage is observed for
such a sample (see Fig. 5). Taking the sign of the voltage into account, the SrTiO3 thin film/SrTiO3
single crystal is possibly the dominating interface, highlighting the vast difference in the defect
state of thin film and bulk SrTiOa.

In the first case, a high photovoltage is found for Lao.eSro.1CrOs thin film on a SrTiOzsingle crystal
(see Fig. 50.b, Fig. 52.a and chapter 6). In the band structure, Lao.9Sro1CrOs is p-type due to Sr
doping and the SrTiOs single crystal is also slightly p-type due to titanium vacancies (see Fig.
54.a). There is a Fermi level offset between the LageSro.1CrOz and the SrTiOs single crystal,
causing the high photovoltage under UV light. As discussed in chapter 3, Sr vacancies present in

SrTiOs thin films lead to a mid-gap Fermi level pinning. When adding such a thin film, the Fermi
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level of the thin film is higher than the Fermi level of the single crystal, coming closer to the
respective Fermi level of Lao.oSro.1CrOsz (see Fig. 54.b). Not surprisingly, no change in photovoltage
is observed for the addition of such a thin film to the previous system. However, the origin of the
photovoltage shifts from the LaogSro1CrOs/SrTiOz (thin film) interface to the SrTiOz (thin
film)/SrTiOz (single crystal) junction. With this in mid, it appears now much less surprising that
thin film based cells utilizing the Lao.9Sro.1CrO3/SrTiOs3 (thin film) interface yield overall very low
photovoltages, see Fig. 51. The other system is the YBa>CuzO7/SrTiOs heterojunction. When using
a YBa>CusOy thin film on top of a SrTiOz single crystal, only small photovoltages result, e.g. in
Fig. 53.b, indicating rather well-matched Fermi levels (see Fig. 54.c). In the case in Fig. 53.c-d, the
Fermi level of the additional SrTiOzthin film has a Fermi level well above both other materials (cf.
Fig. 54.d). With this pronounced difference in Fermi levels in Fig. 54.d, a higher photovoltage
would result for both junctions, but with opposite signs. Taking into account that the absorption of
the single crystal is much higher than the absorption of the thin film, the SrTiO3/SrTiOs junction
is likely to be the dominating factor. Not surprisingly, an increase in photovoltage is observed in
Fig. 53.d. Note that the photovoltages resulting for the cases in Fig. 54.a-d all have a negative sign.
Considering the difference in Fermi level, this fits with the SrTiOsz (thin film)/SrTiOs (single
crystal) junction as the origin of the photovoltage in Fig. 54.d. Here, we expect an even higher
photovoltage for the SrTiO3/SrTiOz interface, but a fraction of the photovoltage is “consumed” by
the YBa,CuzO7/SrTiOs interface. Hence, we can identify Sr vacancy induced mid-gap states in the
thin films as a possible reason for the vastly deviating photovoltaic behavior of thin films and single

crystals, thus completing the circle started in chapters 2 and 3.

7.5 Conclusions

Photovoltage measurements were carried out on different samples, using polycrystalline and single
crystalline substrates as well as thin film cells. For the polycrystals, a change in the time dependent
behavior upon switching the UV light off was observed. Here, cation vacancies and defect
interactions might influence this behavior. For thin film cells, a significant deviation from single
crystal based solar cells was found. It is shown that material combinations that work well for SrTiO3
single crystals can not be directly transferred to thin film applications, and vice versa. A

phenomenological explanation of the observed trends highlights the role of Sr vacancies for the
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photovoltages in thin film based heterojunctions. The Fermi levels of SrTiO3 single crystals and
thin films vastly differ, with Sr vacancies leading to mid-gap Fermi level pinning in the case of
thin films and titanium vacancies leading to acceptor states in single crystals. This finding is highly

relevant for the optimization of SrTiOz thin film solar cells.
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Chapter 8: Summary

In this work, point defects in SrTiOs thin films were investigated by different chemical and physical

characterization methods with emphasis on the role cation and oxygen vacancies for different

applications. More specific, as Sr vacancies proved to be the main source of the deviation between

thin films and bulk samples, special attention was drawn to these cation defects. The results are

discussed for thin film optimization and photovoltage separately. First, the main points concerning

the defect chemistry in thin films are summarized:

Slightly Fe doped SrTiOs3 thin films deposited from stoichiometric targets (using different
laser fluences) exhibit ultra-low conductivity, down to the electronic intrinsic point, i.e. the
lowest possible electronic charge carrier concentration (Ce = cn). These thin films are found
to exhibit severe Sr deficiency.

Sr vacancies are easily introduced in SrTiOs during the deposition process, often vastly
exceeding equilibrium vacancy concentrations.

By adding Sr excess to the PLD target, stoichiometric thin films are obtained, yielding bulk-
like conductivity values. Thus, using Sr overstoichiometric targets is a facile experimental
route to achieve optimized stoichiometry. Here, conductivity measurements prove to be
more sensitive towards thin film stoichiometry than lab-scale RSM measurements and,
thus, should be considered as a quality assessment tool for thin film optimization.

This ultra-low pseudo-intrinsic conductivity is not a peculiarity of a certain thin film
composition, but can be found for a vast range of Fe doping concentration as well as for
other acceptor dopants (Al, Ni) and even nominally undoped SrTiOs thin films. Thus, it is
a general property of SrTiOs thin films deposited via pulsed laser deposition.

We identified Sr vacancies as the common feature responsible for the massive decrease in
conductivity. In addition to Sr vacancies, the Sr deficiency can induce other defects ,
especially antisite defects. In this study, a change in site occupation of Fe from the B-site
(acting as an acceptor) towards the A-site (acting as a donor) was found. Similar changes
in site occupation are also reported in literature, most notably the lattice site change of Ti.
From these defects found in SrTiOgz thin films, we deduced a model featuring acceptor states

(e.g. Fe doping, Sr vacancies, impurities, ...), mid gap states (Sr vacancies) and donor states
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(antisite defects). This three-level system explains the robust Fermi-level pinning observed
for many films.

Sr compensation in SrTiOs thin films removes not only the mid-gap states attributed to the
Sr vacancies, but also the need for nonstoichiometry accommodation and, thus, the need
for antisite defects, i.e. the donor states.

Sr deficient SrTiOs polycrystals behave differently since in this case the Sr deficiency is
given by the Schottky disorder and is, thus, an equilibrium concentration (corresponding to
the equilibrium at 1500 °C). Hence, there is no need for antisite defect formation, which
removes the donor states from the sample. In this case, even aslight increase in conductivity
is found for higher amounts of Sr deficiency.

For photovoltages, single crystal based systems were investigated first, and the study was then

extended to thin film based cells as well. The most important results are listed below:

The Lao.9Sro.1CrOs/SrTiOs heterojunction yields high photovoltages of about 1 V.

The high temperature photovoltage effect is quite robust in SrTiO3 based systems, yielding
high  photovoltages also for other interfaces such as LaCrOs/SrTiOg,
Lao.sSro2Mn0Os/SrTiOs, and even Au/SrTiOs.

A time dependent change in photovoltage under light is attributed to the change in
photovoltage due to the change in oxygen stoichiometry at the interface. After switching
the UV light off, a battery-type voltage remains, which comes from the change in oxygen
content in the sample under UV.

In short-circuit conditions, a self-enhancing effect is observed for singe crystal based
photovoltaic cells, leading to higher current or power output under illumination. This effect
is attributed to stoichiometry polarization, leading to a decrease in SrTiOz3 resistance.
Mechanistic information obtained via impedance spectroscopy also shows the decrease in
SrTiOg resistance under light as well as a collapse of the space charge resistance as soon as
the UV light is switched on.

Thin films used as interfacial layers between the SrTiO3 substrate and the Lao.oSro.1CrO3
top electrode also influence the overall photovoltage. Doped thin films deposited from
stoichiometric targets lead to a more or less pronounced decrease in photovoltage. Using
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an undoped SrTiOgz thin film at the interface, however, does not affect the photovoltage
compared to the single crystal based SrTiO3/Lao.9Sro.1CrOz heterojunction.

e When using such an undoped SrTiOs thin film for a thin film based cell, severe differences
become visible. Interfaces yielding high photovoltages for single crystal based cells show
next to no photovoltage response when using a SrTiOz thin film, and vice versa. The
different behavior might be caused by the different Fermi level in the films due to their

drastically different defect chemistry.
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