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Zu jedem komplexen Problem gibt es eine einfache und leicht verstdndliche, aber
falsche Losung.
Harald Lesch [1]



Abstract

The effect of light on electrochemical processes is often investigated in cells using a lig-
uid electrolyte. Work on solid state photoelectrochemical cells, however, is scarce. This
study therefore combines the fields of photoelectrochemistry and solid state electro-
chemistry, focussing on the fundamentally interesting aspects of light-induced defect
chemical changes.

From literature the response of the oxygen incorporation kinetics to the irradiation with
UV light is known for the “model materials” SrTiO; and TiO,. These studies suggest
that UV light accelerates the oxygen incorporation into the material after a sudden in-
crease in the oxygen partial pressure of the surrounding atmosphere. In the present the-
sis these two oxides were investigated under constant atmosphere to check the effect of
light on (more or less) equilibrated samples. The two materials were used as electrodes
in high-temperature solid state photoelectrochemical cells that were exposed to UV ra-
diation while monitoring the voltage change or performing electrochemical impedance
spectroscopy (EIS). Parameters such as oxygen partial pressure, temperature, current
collector material or geometry were varied.

SrTiO; samples had an yttria-stabilized zirconia (YSZ) thin film electrolyte, deposited
by PLD (pulsed laser deposition) on the single crystalline SrTiO; working electrode.
On the TiO, samples the working electrode was a titania thin film which was deposited
on single crystalline YSZ by sputtering of Ti and subsequent annealing in air. On
both types of samples photolithographically microstructured metal current collectors
were deposited by sputtering. The electrochemical cells were completed by a porous Pt
counter electrode.

Several light effects were observed in voltage-time curves as well as in EIS measure-
ments.

® On SrTiO; electrodes time-resolved EIS was performed and showed a decrease in
SrTiO; bulk resistance of up to two orders of magnitude under UV light. Decrease
with light and re-increase of resistance after turning off the light showed different
time behaviour.

* Onboth types of electrodes the same typical voltage-time evolution was observed.
It was interpreted as a mixture of at least two voltages: a photovoltaic and a
Nernst voltage (battery voltage), caused by oxygen incorporated into the elec-
trode material during illumination.

* On TiO, electrodes a kinetic effect was observed in impedance measurements.

The oxygen stoichiometry change could be caused by the acceleration of the oxygen in-
corporation reaction at the electrode surface, which is in agreement with literature. The
altered defect chemical state is then reflected in a changed photovoltaic voltage (differ-
ent “dopant concentration”), the battery voltage as well as the enhanced conductivity.



Kurzfassung

Die Auswirkung von Licht auf elektrochemische Prozesse wird oft in Zellen mit fliis-
sigem Elektrolyt untersucht. Arbeiten an photoelektrochemischen Zellen, die
ausschliefSlich aus Festkorpern bestehen, sind allerdings rar. Diese Untersuchung kom-
biniert daher die Gebiete der Photoelektrochemie und der Festkorperchemie, wobei
der Schwerpunkt auf grundlegend interessanten Aspekten der Licht-induzierten de-
fektchemischen Anderungen liegt.

Aus der Literatur ist der Effekt von UV-Licht auf die Sauerstoff-Einbau-Kinetik der
,Modellmaterialien” SrTiO; und TiO, bekannt. Diese Studien zeigten, dass UV-Licht
den Sauerstoff-Einbau, hervorgerufen durch ein plotzliches Ansteigen des Sauerstoft-
Partialdrucks in der umgebenden Atmosphaére, beschleunigt. In der vorliegenden Dis-
sertation wurden diese beiden Oxide in konstanter Atmosphédre untersucht um den
Effekt von Licht auf (mehr oder weniger) dquilibrierte Proben zu erkennen. Die bei-
den Materialien wurden als Elektroden in photoelektrochemischen Hochtemperatur-
Festkorper-Zellen verwendet, die UV-Licht ausgesetzt waren, wihrend Spannungs-
messungen und elektrochemische Impedanzmessungen (EIS) durchgefiihrt wurden.
Parameter wie Sauerstoffpartialdruck, Temperatur, Stromsammler-Material oder Geo-
metrie wurden variiert.

Die SrTiO;-Proben hatten einen Diinnschicht-Elektrolyt aus yttrium-stabilisiertem Zir-
koniumdioxid, der mittels gepulster Laser-Deposition (PLD) auf der einkristallinen
SrTiO;-Arbeitselektrode abgeschieden wurde. Die Arbeitselektrode der TiO,-Proben
war eine Titandioxid-Diinnschicht die auf einkristallinem yttrium-stabilisiertem Zir-
koniumdioxid durch Sputtern von Ti mit anschliefendem Tempern in Luft aufgebracht
wurde. Auf beiden Typen von Proben wurden photolithographisch mikrostrukturierte
Stromsammler aus Metall mittels Sputtern abgeschieden. Die elektrochemischen Zellen
wurden durch eine pordse Pt-Gegenelektrode vervollstandigt.

Mehrere Licht-Effekte wurden sowohl in den Spannungs-Zeit-Kurven als auch in den
EIS-Messungen beobachtet.

¢ Aufbeiden Arten von Proben wurde das gleiche typische Spannungs-Zeit-Verhal-
ten beobachtet. Es wurde als Uberlagerung von mindestens zwei Spannungen
interpretiert: Einer photovoltaischen und einer Nernst-Spannung (Batterie-Span-
nung), die durch Sauerstoff-Einbau in das Elektrodenmaterial wihrend der Be-
leuchtung bewirkt wird.

¢ An SrTiO;-Elektroden wurde zeitaufgeloste EIS durchgefiihrt und zeigte ein Ab-
sinken des Bulk-Widerstands von SrTiO; um bis zu zwei Grofsenordnungen unter
UV-Licht. Das Absinken mit Licht und das erneute Ansteigen des Widerstands
nach dem Abschalten des Lichts zeigten ein anderes zeitliches Verhalten.

¢ An TiO,-Elektroden wurde in den Impedanzmessungen ein kinetischer Effekt be-
obachtet.



Die Anderung der Sauerstoff-Stéchiometrie konnte durch die Beschleunigung der Sau-
erstoff-Einbau-Reaktion auf der Elektrodenoberfldche bedingt sein, was in Ubereinstim-
mung mit der Literatur ist. Der gednderte defektchemische Zustand zeigt sich dann in
einer gednderten photovoltaischen Spannung (andere , Dotierkonzentration”), der Bat-
teriespannung und verbesserter Leitfadhigkeit.



Contents

Preface 1

1 Introduction 3
1.1 Statusofresearch . . . . .. . . . . . . . . ... 3
1.1.1 Light-harvestingcells . ... ... .. ... ............. 3

1.1.2  Photocatalyticcells . . . . ... ... ... .. ... .. ...... 5

1.1.3  Solid state electrochemistry . . . . ... ... .. .......... 5

114 TiO, .. ... e 6

115 SITiO; . . ..o 11

1.1.6  Solid state photoelectrochemical studies . . . . .. ... ... ... 11

12 Aimsofthiswork . .. .. ... ... ... ... ... . . . 11

2 Experimental aspects 13

21 Sample preparation . . . .. ... Lo Lo 13

211 SrTiOgsamples . . . . . ... .o L 13

212 TiOpsamples . . . ... ... . ... 16

2.2 Measurementsetup . . . . . .. ... Lo 41

3 Results and Discussion 43

3.1 Istherealight effect on titania? . . . .. ... .. ... ... ... .. .. 43
3.1.1 Voltage vs. time measurements on titania compared to other ma-

terials . . . ... 43

3.1.2 Absorption of light in titania thin films . . . ... ... ... ... 48

3.1.3 Probing asingleinterface . . ... ... .. ... .. .. ..... 53

3.14 The “typical”effect . . . . ... ... ... 55

3.2 Isthere a light effect on strontium titanate? . . ... ... ... ... ... 59

3.3 Systematic voltage measurements . . . ... ... ... ... ... ... 60

3.3.1 Titaniumdioxide . . . . ... ... ... . . Lo oL 60

3.3.2 Strontiumtitanate . .. ... ... ... .. 0oL 69

3.3.3 Comparison of STO samples (s.c. WE) with TiO, samples . ... 75

3.4 Systematic impedance measurements . . ... ... ............ 75

3.4.1 Titaniumdioxide . . .. ... ... ... ... .. . L. 75

3.4.2 Strontium titanate . . ... ... .. .. oo Lo 88

3.5 Summarized interpretation . . ... ... ... ... ... .0 L 97

3.5.1 Summary of voltage and impedance measurements . . . . . . .. 97

352 Interpretation . . ... ... ... ... ... .. L. 98

4 Conclusions 112

Acknowledgements 113

Vi



Preface

This is my PhD thesis. According to the curriculum at Vienna University of Technology
a thesis proves the student’s ability to conduct independent scientific research, to use
scientific methods and to solve scientific problems [2]. In order to write a thesis it is
therefore necessary to know what science and its methods are. However, there is no
straightforward, general answer to this question. It is debated since several decades by
philosophers of science (cf. e.g. the title and page xix of [3]). How can, on this uncertain
basis, a scientifc work be carried out?

Even if there is no general answer it seems that there is currently a good agreement
between scientists in chemistry about what chemistry, its methods and its main impor-
tant theories are. Otherwise there wouldn’t be rather uniform teaching in chemistry
(textbooks, lectures, ...). In this case a scientific work can be carried out within this
framework of ideas.

Certainly, not all the scientists agree on the question whether a certain work is scientific
or not. Therefore every author has to bear the risk that his work will be rejected by the
scientific community.

Consequently, this thesis was carried out with the aim of using methods which are cur-
rently considered scientific, even if this pool of methods is not defined generally but
subject to social aspects and to change over time.

In many cases scientific activity has to be justified to funding bodies, politicians and
other people in general. A very clear statement about the purpose of science was given
by Wilhelm Ostwald in his book on electrochemistry published in 1869:

,Als letzter Zweck der Wissenschaft wird meist die Erforschung der Wahr-
heit bezeichnet.” [4, p. 4]

It can roughly be translated as “The final purpose of science is usually termed to be
the exploration of truth”. For him, truth is a well-observed fact and the purpose of
science is to describe these observations as completely and simply as possible. Several
arguments in favour of striving for such a kind of truth can be found:

e It's simply interesting (without any other purpose). With culture being “the act
of developing the intellectual and moral faculties” [5] science can be regarded as
a cultural asset because even if the strive for truth does not yield any (usable)
result, it still is considered an “expression of higher development of humankind”
(definition of culture by [6]).

The same argument is applied e.g. to efforts for preserving buildings defined as
cultural heritage or the the funding of arts.

¢ There might be future applications that push technological advance. Standard ex-
amples for the unexpected development of useful technologies are the develop-
ment of the laser and the application of electromagnetic waves in communication
technology [7, 8].



¢ Application in the near future is possible. A particularly enthusiastic view on the
importance of “electrochemistry for a better world” can be found in John Bockris’
1981 contribution to the Comprehensive Treatise of Electrochemistry [9], where he
predicted a huge impact of electrochemical technology on many aspects of human
life in the 21%' century.

For this work, the most important argument can be assigned to the first two categories
and is developed in the following chapter.



1 Introduction

Photoelectrochemistry in liquid electrolytes is a well-established field of research, and
so is solid state electrochemistry. However, few photoelectrochemical studies on high
temperature solid state materials have been reported (see section 1.1). Therefore, it is
interesting to combine these two fields. For the present work the model materials stron-
tium titanate (SrTiO3, STO) and titanium dioxide (TiO,, titania) were chosen. Using
these compounds we can draw from a large number of studies which helps in design-
ing and evaluating experiments.

The following section first illustrates the fields of photoelectrochemistry and solid state
electrochemistry and gives an overview over the relevant literature on the two particu-
lar materials that were mainly used in this study:.

1.1 Status of research

1.1.1 Light-harvesting cells

This subsection tries to classify the different types of ambient temperature photoelec-
trochemical cells (PECs) and establish a link to photovoltaic (PV) cells and natural pho-
tosynthesis. Comments on technologically important properties like efficiency, stability
and scalability are omitted because this work approaches the topic of high temperature
solid state photoelectrochemistry from a fundamental point of view. A thorough exam-
ination of technological issues can be found e. g. in a paper by McKone et al. [10].
Table 1.1 assigns light-harvesting cells to three different categories, according to wheth-
er they have an electrolyte and produce chemical compounds or electricity. If chemicals
are to be produced, an electrolyte is necessary to transport ions from one electrode to
the other. Therefore, the fourth category - a cell that produces chemicals and has no
electrolyte - is empty. These categories are described in the following.

Table 1.1: An attempt to classify electro(chemical) light-harvesting cells.

produces substances produces electricity

synthesis cells: different types of PECs

(e.g. based on Fe,O,, TiO,, SrTiO;), PV Regenerative PECs, incl. dye-sensitized
cell + electrolyzer, natural photosynthesis  solar cells (DSSCs)

in e.g. plants, bacteria or algae

Electrolyte

e.g. Si, thin film, plastic, perovskite solar

No electrolyte - cells, solid state DSSCs




Synthesis cells

In table 1.1 synthesis cells are located in the top left corner. Babu et al. [11] note that two
types of photoelectrosynthesis cells exist: Photoelectrolysis cells, for which the Gibbs
energy of reaction, A,G, is positive and photocatalytic cells, for which A,G is negative
and light only catalyses the reaction, but does not drive it uphill. The term “photo-
catalysis”, however, is not exclusively used for reactions where A,G < 0. It can also
denote a reaction where A,G > 0, so the reaction is driven uphill by light (see the first
section of [12]). This subsubsection only deals with the first type of cells (even if they
are called “photocatalytic”), the second type is mentioned at the end of this subsection.
Photoelectrolysis cells are being investigated in a variety of configurations.

Cell configurations McKone et al. [10] distinguish between different approaches from
a “macroscopic design” perspective and identify two limiting cases: One end of the
scale are PV cells connected to an electrolyzer (two separate devices), while the other
end are colloids in an aqueous solution, which produce H, and O, upon illumina-
tion, representing the most integrated cell design. A classification focusing on the
mechanism of voltage generation is given in [13]: Solar water splitting cells are cat-
egorized in photoanode PECs, photocathode PECs, photoanode/photocathode cells
(also termed p/n-photoelectrolysis cells because a p-type and an n-type photoelectrode
are used), photoanode-PV cells and photocathode-PV cells, which have an additional,
built-in PV cell, and finally PV-photoelectrolysis cells (= PV + electrolyzer). In these
cells light is absorbed in the semiconductor(s). The charge separation occurs at the
semiconductor/electrolyte-interface as well as at the p/n-junction, if present. For the
oxidation or reduction of redox-active species in the electrolyte to occur, the relative en-
ergetic positions of bands and redox couples are crucial. Since the semiconductor is a
key component of such a PEC it is also convenient to classify cells by working electrode
material.

Materials An impressive number of studies using TiO,, which has been the favoured
material [14] since the pioneering study of Fujishima and Honda in 1972 [15], is com-
piled in the review by Sheppard and Nowotny [16]. An interesting aspect of titania
as a photoanode is that its conduction band edge is at a slightly higher potential (vs.
the standard hydrogen electrode) than the potential of the H* /H, redox couple, which
is why an electrial or chemical bias (concentration gradient) between the two half-cells
has to be applied in order to effect water cleavage [13]. Many other examples for studies
on titania can be found throughout the decades (e.g. [17-19]).

Extensive lists of other electrode materials, which include perovskites (e.g. SrTiO; [17,
20]), modified perovskites, pyrochlores and traditional semiconductors like Si or III-V
and II-VI semiconductors are given in the reviews by Babu et al. and Walter et al. [11,
13]. Bora et al. [21] reviewed a-Fe, O3 as a photoelectrode material, which was also used
in e.g. [17, 22, 23]. Further materials include e.g. Ti-Nb-Zr-O nanotubes [24].

Finally, several PV-assisted systems, either with a built-in PV cell or with an external
one driving the electrolysis can be found [25-28].



Regenerative PECs

“Regenerative” PECs, or PEC solar cells [11] are electrochemical cells which reduce
electro-active species at the cathode and re-oxidise them again at the anode, so no net
change occurs. The aim is to generate an electric current and drive it through an exter-
nal load (see top right corner in table 1.1). The most common photoelectrode materials
used are III-V and II-VI semiconductors [14].

A special type of regenerative PECs are dye-sensitised solar cells (DSSCs), first pre-
sented by O'Reagan and Gritzel in 1991 [29]. The working electrode is made of a
mesoporous, nanocrystalline semiconductor on which one atomic layer of dye is chemi-
sorbed. When light strikes the dye electron hole-pairs are generated. If electrons are
transferred to the electrolyte faster than holes, the electrode is a photocathode and vice
versa [14]. Although titania is “the common choice” [30], other oxides like ZnO [31],
SnO, [32], BaSnOj; [33], SrTiO; [34], Nb,O5 [35] and NiO [36], but also chalcogenides
like CdSe [14] have been used.

Solar cells

Since the breakthrough in solar cell research at Bell Labs in 1954 [37] (at least) three
generations of solar cells have evolved [38]. In the context of photoelectrochemistry
and perovskite materials the appearance of two types of cells, which can be regarded
as descendants of DSSCs, is particularly interesting.

As the task of the liquid electrolyte in a DSSC is to conduct holes it can be replaced by
another type of hole conductor. If the electrolyte is removed the device is no longer
an electrochemical cell - that’s why it is listed with the other photovoltaic cells in the
bottom right corner of table 1.1. Several materials have been investigated as hole con-
ductors: CsSnl;_ F, [39], Cul [40], spiro-OMeTAD and arylamines, reviewed in [41], or
CuSCN [42]. P-type DSSCs using NiO were reviewed by Odobel et al. [43], hybrids
from DSSCs and hybrid polymer/metal oxide solar cells were reviewed by Bouclé &
Ackermann [44].

Perovskite solar cells [45] were the outcome of two modifications on a DSSC: First,
the sensitizer was replaced by a perovskite (CH;NH;PbX;, X = Br, I [46]), then a solid
hole conductor was used instead of the ion conductor (CH;NH;Pbl;  Cl, and spiro-
OMeTAD [47]; CH3NH;3Pbl; and spiro-OMeTAD [48]).

1.1.2 Photocatalytic cells

Adopting the nomenclature from [11] these devices only use light to accelerate the re-
action, so they do not “harvest” light energy. Hydrogen production by oxidation of
methanol on Cu-doped titania was investigated by Yoong et al. [49] while this strategy
was reviewed by Teets ef al. (“system 2”) [12]. Titania is also widely investigated as a
catalyst for photocatalytic waste decomposition [50].

1.1.3 Solid state electrochemistry

A large field of research in solid state electrochemistry is connected with the aim of
understanding and improving solid oxide fuel cells, as can be seen from textbooks on
the topic [51, 52]. In order to understand electrode kinetics it is necessery to investigate
the underlying defect chemical processes. Despite many poorly understood processes



there is a fair amount of standard models and methods [53, 54]. For the present study it
is important to have a set of proven tools at hand to tackle new phenomena that occur
by adding the influence of light to solid state electrochemical processes.

1.1.4 TiO,

Titania occurs in three different natural polymorphs: Rutile, anatase and brookite [55,
p- 1521], [56, p. 855], [57, p. 139]. Additionally, several high temperature phases are
known [56, p. 855]. Rutile is the thermodynamically stable phase [56, p. 855] [57, p.
139].

Natural titania is often mixed with iron oxides and therefore has a dark colour. It can be
cleaned up by the chloride process, which consists of turning TiO, into TiCl, by reaction
with carbon and chlorine at high temperatures, distillation of TiCl, and oxidation of
TiCl, back to TiO,. Alternatively, titania can be produced from ilmenite (FeTiO3). Due
to its application as a white pigment (e.g. in paint [58] or as additive E171 in food [59])
it is produced industrially. It is also used in sunscreens as an absorber of ultra-violet
(UV) light [60]. [55, 61]

Apart from these applications there are two streams of research on titanium dioxide
[62]: The main stream is concerned with its photocatalytic properties (see above), while
another stream of research is dedicated to solid state properties. Defect chemical equi-
libria of rutile have been investigated at least from the 1960s on - a summary is already
given in Kofstad’s textbook on binary metal oxides dating from 1972 [57]. More re-
cently, the defect chemical properties of TiO, were intensively investigated by ]J. Nowot-
ny’s group [62-77]. In 2006, M. K. Nowotny et al. [72] noted “substantial discrepancies”
between the available data and emphasized the need to generate well-defined data.
Their most recent publication on the defect model of TiO, is a review [78], where they
re-published defect diagrams calculated from equilibrium constants measured in [64]
but also in an earlier study by Kofstad [79]. In figure 1.1 a Brouwer diagram for TiO, at
800°C is shown. Apart from the formation of electrons and holes by excitation across
the band gap and the oxygen exchange with the atmosphere they consider the forma-
tion of threefold and fourfold positively charged Ti interstitials (Ti; ", Ti;" " ") as well as
Ti vacancies (Vg;""). All equilibrium constants were determined from measurements
above 850°C. Since this is one of the most comprehensive accounts of defect chemi-
cal equilibria in titania found in literature this model was the basis to estimate defect
chemical properties of titania thin films used in the present study. There are, however,
a few differences between the samples and measurement conditions that underlie the
data used by Nowotny et al. and this work:

Nowotny et al. [78] this work

bulk sample thin film
rutile anatase + unknown phase
T > 850°C 350°C < T <450°C

Due to these differences only estimations about the behaviour of the samples used in
this work can be made. To check their plausibility a conductivity (¢) vs. oxygen par-
tial pressure (p(O,)) curve was calculated from this defect model and an attempt was
made to compare it to other o vs. p(O,) measurements in literature. The defect chem-
ical equations given in [78] were numerically solved using the mathematics software



log [def] [[def] in molar ratio]

log p(O,) [p(O,) in Pa]

Figure 1.1: Brouwer diagram for TiO, at 800°C [63].

"Maple 18 (Maplesoft) to give the defect concentrations as a function of p(O,). The
unit of the defect concentrations calculated was ﬁ%oz, as in figure 1.1, which had to

be converted to defects per cm 2 for further use:

mol defect  FTi0, [g Cmfa}

mol TiOZJ Mro, [g mol_l}

ratio

‘Na [particles molfl] = concentration [particles cm*3] .

no. of moles per cm 3

(1.1)
The density p of the rutile phase is 4.17 gcm ™ [80], the molar mass of titania Mrio, is
79.865 gmol ! [81]. The symbol N, denotes Avogadro’s number (approx. 6.022 x 10?3
[82]). Then, the total conductivity was calculated according to

Ot = Oy + 0 + Uvé (12)
=[] po-e+ [W] - py e+ [VO] - pyy - 2e (1.3)

with it denoting the total conductivity and oy, 01, and oy, representing the electron,
hole and oxygen vacancy conductivity, respectively. The symbols jy, 1y, and py;; de-
note the respective mobilities, e is the elementary charge (approx. 1.602 x 10~ C [83]).
Contributions by Ti vacancies and interstitials were neglected because their mobility is
expected to be very low due to their high charge. In case of the Ti interstitials, their
concentration is additionally a few orders of magnitude lower than the concentration



of the other charge carriers. The mobilities for ¢’ and h* were taken from [68]:

pe = 0.106cm?V's™! (1.4)
6
uy = (1.05+0.89) % exp <— 0853 ik(%.073 eV) . (1.5)

The symbols k and T denote Boltzmann’s constant (approx. 8.617 x 107> eV /K [84])
and the temperature, respectively. The mobility for V§ was calculated from the self-
diffusion coefficient for oxygen vacancies Dy via the Nernst-Einstein equation [54, p.
260]:
_ pvgkT
Vo= e
The diffusion data for the oxygen vacancies were taken from [85]. There, the diffusion
coefficient was found to be independent of p(O,) and was given at 1000°C and 1100°C.
The mobility used for V{ is

pyy = 9:32 exp (—0'87 eV) em?V-1ls7l (1.7)

(1.6)

T kT

The thus obtained conductivity data were first compared to the conductivity data mea-
sured in [85]. Both studies are based on measurements on rutile at high temperatures,
so they should be comparable very well. The data points were read from a figure and
re-plotted together with the calculated data, see figure 1.2. Two versions of calculated
data are shown: For the calculation of the full line all defect chemical equilibria given in
[78] were used, whereas the dashed line was obtained by omitting the formation of Ti
vacancies. This was done because it takes a very long time until Ti vacancies are in equi-
librium with the surrounding atmosphere (several 1000 h at 850°C for a 2x3x10 mm3
single crystalline rutile slab [72, 75]) so this state might not always be established. The
quantitative agreement between the calculated values and [85] is acceptable, the values
are about one order of magnitude apart. However, the slopes are different, no matter
which curves are compared. These deviations cannot be explained without further in-
vestigation but the calculated values would be sufficient to get a good guess about the
conductivity’s order of magnitude.

For the calculation of conductivity in this work an extrapolation had to be done down
to the typical measurement temperatures (350-450°C). To estimate whether the extrapo-
lated data can be applied to anatase at lower temperatures literature data on conductiv-
ity under these conditions had to be found. Two suitable studies are [86] and [87]. They
share many common features (see table 1.2) so the data can be expected to be compa-
rable. However, there are substantial differences in the conductivity vs. p(O,) data in
these two studies. In [86] the slope of these curves was found to be —1/2 (figure 1.3),
whereas in [87] it was —1/5 or —1/6 (figure 1.4). The difference becomes especially
apparent if the values for the temperature around 580°C are compared. Given this un-
clear situation a comparison of the calculated and extrapolated data from [78] and [85]
is unfortunately meaningless. The calculations will still be used in this work for rough
estimations but with the possibility of committing systematic errors by extrapolation in
mind.
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Comparison of conductivity data at 1000°C

calculation from data by Nowotny et al., with Ti vacancies
— — -calculation from data by Nowonty et al., ignoring Ti vacancies

—— Lee et al., slope = -1/4
—— Lee et al., slope =-1/5
—— Lee et al., slope =-1/6
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Figure 1.2: Comparison of conductivity data calculated from [78] with Hvy, from [85] (full, black
and pink, dashed lines) with conductivity data from [85] (green, blue and red lines).

Table 1.2: Comparison of crucial sample preparation and measurement parameters in [86] and

(87]
Knauth & Tuller, 1999 [86] Weibel, Bouchet & Knauth, 2006 [87]

modification anatase anatase

preparation of powder  sulfate route, calcined at 300°C ;loﬂoff ée route, calcined in air for 1 h at
cold compacted at 0.2 GPa, then

preparation of pellets ~ pressed at 1 GPa for2 h pressed at 0.44 GPa and heated to
585°C for 2 h

grain size 35410 nm 70£35 nm

main impurity Na, ~1300 ppm Na, 930..1300 ppm

measurement method  impedance spectroscopy impedance spectroscopy
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Figure 1.3: Figure 3 from [86]. The slope of the log(c) vs. log(p(O,)) curve is —1/2.

log(P(O,)/Pa)

E -0.5
E 1.5
E 2.5

E -3.5

(,-wo g/0)60]

E 4.5
E 5.5

E 6.5

E 75

Figure 1.4: Figure 5 from [87]. The slope of the log(sigma) vs. log(p(O,)) curveis —1/5or —1/6.

10



1.1.5 SrTiO,

Just as titania, STO has been used in liquid photoelectrochemistry (see above) as well as
in high temperature studies that adress its defect related properties. In solid state ionics
it is considered a model material that generally represents electroceramic oxides, which
are for example used in capacitors, positive temperature coefficient resistors or sensors
and actuators, and particularly perovskites, which are widely used in solid oxide fuel
cells [51, 88]. Therefore, its defect chemistry was subject to numerous studies (e.g. [89-
91], and references therein). The works by Denk et al. [92] and Bieger & Maier [93]
are particularly interesting because they present a defect chemical model (including
mobilities for electrons, electron holes and oxygen vacancies) and chemical diffusion
coefficients and surface exchange coefficients for weakly Fe-doped STO, respectively.
In contrast to the defect data for TiO, the study by Denk et al. was conducted within
the same temperature range as the present work, so extrapolation is not necessary.

1.1.6 Solid state photoelectrochemical studies

To the best of the author’s knowledge the only investigations which deal with the influ-
ence of light on defect related properties of TiO, and STO were carried out by Gundlach
& Heusler [94, 95] and Merkle et al. [96], respectively.

Gundlach & Heusler grew TiO, thin films on a Ti metal substrate by anodic oxidation
in a liquid electrolyte. These films were subsequently reduced by placing the sample
in a vacuum. Then, air was admitted again and the mass change was monitored via
a quartz crystal microbalance (QCM). Upon irradiation with UV light that can excite
electrons across the band gap they observed the mass to increase faster than without
light.

Merkle et al. subjected a weakly Fe-doped STO single crystal to a jump in oxygen partial
pressure while measuring its oxygen content by optical spectroscopy. They observed
a faster oxygen incorporation when the sample was irradiated with UV light that can
excite electrons into the conduction band.

In short, both studies found the oxidation kinetics to be faster with UV light.

A more recent theoretical study using a combination of other materials was done by Ye
et al. [97].

1.2 Aims of this work

The studies by Gundlach & Heusler [94, 95] and Merkle ef al. [96] suggest that there
is an influence of light on the kinetics of the oxygen exchange reaction in TiO, and
SrTiO;. However, light may affect further defect chemistry related properties in oxides.
Therefore, the aims of this work are to

¢ find experimental setups that allow the observation of any kind of light effects on
oxide-based systems at elevated temperature

¢ find ways to prepare the needed (thin film) samples

¢ measure light effects as a function of defect chemically relevant parameters such
as temperature, atmosphere, dopant content, etc.

11



¢ relate the observed effects to defect chemical properties of the materials and in-
corporate them into the existing models.
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2 Experimental aspects

2.1 Sample preparation

2.1.1 SrTiO5 samples
Samples with a thick single crystalline working electrode

5x5x0.5 mm? STO single crystals polished on both sides were obtained from Crystec,
Germany. An approximately 900 nm thick Y 1521 g4 O3.s (YSZ) thin film was deposited
by pulsed laser deposition (PLD) using a Kr/F excimer laser (Lambda COMPex Pro
205F, wavelength A = 248 nm; PLD parameters see table 2.1). The same target as in
[98] was used (8 mol% YSZ from Tosoh, Japan - pressed, then sintered at 1200°C). After
deposition the crystals were sometimes broken into smaller pieces in order to obtain
more samples. On top of the STO single crystal a metal (Pt or Au) thin film with a
thickness of about 100 nm was applied by DC magnetron sputtering (BAL-TEC MED
020 Coating System, Pt and Au targets with 99.95% purity obtained from Ogussa, Aus-
tria; sputtering parameters see table 2.2). It was microstructured into a current collector
grid (stripes of 15 pm width with distance of 35 pm) by lift-off photolithography or
standard photolithography and subsequent ion beam etching (photoresist: micro re-
sist technologie ma-N 1420, developer: microresist technologie ma-D 553S). Finally a
porous Pt counter electrode was brushed on and dried for about half an hour at around
100°C (Pt paste obtained from Gwent Group, item number C2000904P3, United King-
dom).

metal grid

STO (100)

YSZ 900nm

Figure 2.1: Schematic representation of an STO sample.
For each metal one sample was produced.

A separate sample was prepared for characterization of the YSZ thin film
(STO-YSZ_XRD). It consisted of a YSZ thin film on single crystalline STO
(10x10x0.5 mm?, Crystec) only, deposited under the same conditions as the YSZ lay-
ers on the electrochemically measured samples. The morphology was investigated by
scanning electron microscopy (SEM; FEI Quanta 200 FEG), the crystal structure was de-
termined by grazing incidence X-Ray diffractometry (XRD). The data were recorded on
a PANalytical Empyrean diffractometer with PIXcel3D 1x1 detector, the Cu X-ray tube
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Table 2.1: PLD parameters for the deposition of YSZ and STF0.4

parameter YSZ STF0.4
desired film thickness/nm 900 150

distance target-furnace/cm 4 5.5

sample temperature/°C 590-640  approx. 650°C
O, pressure/mbar 4x1072 15x107!
pulse rate/Hz 10 5

laser energy per pulse/m] 400

deposition time/min 60 15

Table 2.2: Sputtering parameters for Pt and Au

value
parameter Pt Au
desired film thickness/nm 100
Ar pressure/mbar 2x1072 1x1072
current/mA 100 50
sputtering time/s 150 80

operating at 45 kV and 40 mA. The incident beam angle was 2°. PANalytical’s “High-
Score” software was used to compare the measured diffractogram to literature data in
the ICDD PDF-4+ 2014 database.

Figure 2.2 shows the resulting X-ray diffractogram of the YSZ thin film on sample
STO_YSZ_XRD. The layer can clearly be identified as YSZ.

The SEM micrograph in figure 2.3 (a) shows the cross section of the sample after it had
been broken apart. The YSZ layer with a thickness of approximately 930 nm can clearly
be seen. The measured thickness is in good agreement with the desired value of 900 nm.
In panel (b) a top view of the surface is shown. Small holes or dents are visible. In
panel (d) such a dent is magnified. From the data available by SEM it cannot be judged
whether the hole reaches down to the STO substrate or not. So, the possibility of a
parallel electronic short-circuit path has to be considered when interpreting the results
of the electrochemical measurements. Apart from the holes the layer looks dense (panel

().

Sample with a thin film electrode

A YSZ (100) single crystal (10x10x0.5mm?) was obtained from Crystec, Germany. A
SrTij g96Fe) 004O3.5 (STFO.4) thin film of about 150 nm thickness was deposited by PLD
(equipment see above, parameters see table 2.1, same target used as in [99, p. 24]), then
the crystal was broken into smaller pieces. Afterwards, a Pt current collector grid and
a porous Pt counter electrode were applied in the same way as for the single crystalline
STO samples.

14
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Figure 2.2: Grazing incidence X-ray diffraction pattern of sample STO_YSZ_XRD. By comparison

with the database pattern (PDF 04-018-5452; 6 mol% YSZ, blue lines) the layer can be
identified as YSZ.

mag O | WD det |spot | fit HFv N WD det |spot | W — ] L Re—

5.00kV | 50000 |10.3mm ETD | 20 |0 ar | 8.29 ym
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10.00 KV | 100000x 9.9 mm 4.14 ym

Figure 2.3: SEM micrographs of the YSZ layer on sample STO_YSZ_XRD. (a): The film thickness
is around 930 nm, which is close to the desired thickness of 900 nm. (b): The surface
has holes/dents (magnification in (d)). (c) Apart from the dents the layer looks dense.

15



Pt grid
SrTip.005F€0.00403.5 (150nm)

YSZ (100)
> ,:.,__\:.\\‘“ /

Figure 2.4: Schematic representation of the STF(0.4 sample

2.1.2 TiO, samples

The aim of the TiO, thin film preparation experiments was to produce a TiO, thin film
on YSZ which remains stable within several measurements.

The polymorphism of titania (see subsection 1.1.4) has to be considered when preparing
titania samples because a phase transition while measuring might cause artefacts that
are hard to identify. It turned out that measurements between approximately 400°C
and 600°C were most promising and the measurement durations were up to a couple
of ten hours (see chapter 3). If several measurements were to be performed on the same
sample it had to be stable for at least a few days at these temperatures. From literature
it is known that the anatase to rutile phase transition depends on many parameters
such as heating rate, impurities, volume of the sample, measurement technique and so
on [56, p. 858]. As a rough guideline this transition temperature can be regarded to
be around 600°C, but also lower temperatures have been reported [56, p. 862], [100].
Therefore, the first approach was to produce the rutile phase.

In order to check the phase of the resulting thin film grazing incidence X-ray diffraction
patterns (incident beam angle: 2°) were recorded on a PANalytical Empyrean diffrac-
tometer with a PIXcel3D 1x1 detector with the Cu X-ray tube operating at 45 kV and
40 mA. For phase identification literature diffractograms from the ICCD PDF-4+ 2014
database were compared to the measured data using PANalytical’s “HighScore” soft-
ware.

Sputtering

While there are several reports on the production of anatase thin films by sputter depo-
sition in literature (e.g. [101-104]), fewer studies deal with sputtered rutile thin films.
An example for rutile thin films deposited on quartz substrates by reactive DC mag-
netron sputtering from a Ti target is the study by Sarma et al. [105]. The DC magnetron
sputtering technique using a Ti target in Ar atmosphere was applied by [106] and [107]
(in the latter case the Ti target partially covered by TiO,).

As in these studies post-annealing was necessary also for reactively sputtered films
the experimentally easier method with pure Ar as a processing gas was chosen to be
attempted in the present study. Samples were prepared on the same equipment as
above using a Ti target (supplied with the BAL-TEC sputtering machine). Additionally,
a quartz crystal microbalance (QCM; BAL-TEC QSG 100) was used to monitor the film
thickness. Table 2.3 shows sputtering parameters from [106] and [107] compared to the
ones used in this study. The parameters used in this study differ from the ones found

16



Table 2.3: Sputtering parameters for Ti in literature and in this study

parameter [106] [107] this work

substrate quartz quartz quartz glass/YSZ (100)
desired film thickness/nm 170 ? 100-350

Ar pressure/mbar 1.07 x 1072 7.5 x107° 7 x 1073

measure for energy ? power =100 W current = 100 mA
sputtering time/s 900 3600 750...4120

in literature because due to the differences in equipment not all the parameters can be
taken from other authors (e.g. different target-sample distance, different vacuum range
accessible, different power control, etc.). Some values were even not reported.

After deposition the samples were annealed in air. Heat treatments in literature that
resulted in rutile formation were 1h/700°C [105, 106] and 1h/1100°C [107].

Table 2.4 shows annealing parameters and results in the present study (d. .. desired film
thickness, t;nneal- - - annealing time, Typpeal- - - annealing temperature, tspyt. .. sputtering
time, 7sput. . . sputtering rate, docwm. - - film thickness measured by QCM).

17
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Figure 2.5: X-ray diffractogram of sample YSZ_TiO2_Ana2-550_XRD_007. All peaks correspond
to the database anatase structure (PDF 00-004-0477 shown as blue lines), except for
the one at around 77.5°.

Figures 2.5 to 2.10 show X-ray diffractograms of samples YSZ_TiO2_Ana2-550_XRD_007,
YSZ_Ana2-550_XRD_008, Quarz_Ti_005, Quarz_Ti_008 (as deposited), Quarz_Ti_008 (af-
ter annealing) and YSZ_TiO2_Ana2-900_XRD_003 respectively, to exemplify the results
of the annealing experiments. The outcome of the XRD measurements in its entirety is
included in table 2.4.

Analyzing the results from all sputtering experiments, several observations can be
made:

* The conversion of the deposited material to rutile did not readily occur even at
annealing temperatures well above 600-700°C. Either the rutile phase formed (but
unexplained peaks in the XRD occurred), the anatase phase remained, or the film
became amorphous.

 Two different sputtering rates could be observed: 0.05...0.08 and >0.012 nms 1.

1. The higher sputtering rate appeared chiefly after long pre-sputtering (sam-
ples Quarz_Ti_008 and YSZ_TiO2_Ana2-550_002 or YSZ_TiO2_Ana2-900_002;
see also deposition rate during sputtering with spectroscopy, next para-
graph). The samples produced with this higher sputtering rate looked shiny
and golden, on one sample electrical conductivity could be measured with
a hand-held Ohm meter. By XRD the material was found to be TiN (see fig-
ure 2.8). Regardless of the substrate, the material converted to rutile after
annealing. If both sputtering rates occurred a mixture of rutile and anatase
resulted.

2. Samples produced with the lower sputtering rate looked mostly grey.

¢ Layers sputtered with the lower sputtering rate could be converted to anatase
by thermal treatment but often there were unexplained peaks. The production
of anatase (+ unidentified phase) thin films on YSZ was reproducible with 2 h
of annealing at 550°C in air (8 samples with YSZ substrate), but also with 2 h at
900°C (2 samples on YSZ, 2 samples on quartz glass).
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Figure 2.6: X-ray diffractogram of sample YSZ_TiO2_Ana2-550_XRD_008 compared to PDF 00-
004-0477 (anatase, blue lines). All of the peaks correspond to the anatase structure.
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Figure 2.7: X-ray measurement of sample Quarz_Ti_005 compared to PDF 01-079-6029 (rutile,
blue lines) and PDF 00-021-1272 (anatase, green lines). Anatase is not present, the
rutile phase can be identified, but there are several unexplained peaks, among them
the most intensive one at around 22°.
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Figure 2.8: X-ray diffractogram of sample Quarz_Ti_008, as deposited, compared to PDF 04-016-
4690 (TiN, pink lines). TiN can clearly be identified.
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Figure 2.9: X-ray diffractogram of sample Quarz_Ti_008, after annealing for 10 h at 1000 °C, com-
pared with PDF 04-003-0648 (rutile, green lines), PDF 04-016-4690 (TiN, blue lines)
and 00-004-0477 (anatase, grey lines). All observed peaks correspond to the rutile

phase.
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Figure 2.10: X-ray diffractogram of sample YSZ_TiO2_Ana2-900-003 compared to PDF 00-004-
0477 (anatase, blue lines). Apart from anatase reflections, there are several unex-
plained peaks.

As it turned out that the desired rutile thin films could be produced from annealing
TiN the origin of the different sputtering rates was investigated by optical spectroscopy
with the possibility for a rutile thin film production path in mind.

Sputtering with optical spectroscopy Inspired by commercial spectroscopic sputter-
ing control systems such as the PEM 05 by Von Ardenne Anlagentechnik, Dresden [108]
which was used in [103] (Ti emission line at ~453 nm), the sputtering process was mon-
itored via plasma emission by means of an external spectrometer (QE 65000 by Ocean
Optics, USA) placed next to the sputtering apparatus.

First, a UV/VIS transmission spectrum of the sputtering chamber’s plastic wall was
recorded using the spectrometer, Ocean Optics waveguides and a lamp which houses
both a tungsten and a deuterium light source (model BDS 130 by BWTek, USA). The
waveguides connected to the lamp and the spectrometer were clamped to laboratory
tripods with the device under test placed in the beam path.

The measurements show that the polymer is acceptably transparent down to a wave-
length of about 350 nm (see figure 2.11). The strong variation in the transmission be-
tween the three recorded spectra are due to the experimental setup which was very
prone to shaking which caused the wave guides to move slightly out of axis. The
sharp peaks in the spectrum result from saturation of the spectrometer’s detector at the
wavelengths of the characteristic deuterium emissions (approximately 486.0 nm and
656.1 nm [109]).

Then, the sputtering process was investigated. The setup is shown in figure 2.12. Sput-
tering rate (QCM), temperature (thermocouple type K placed in the middle of the recip-
ient) and UV /VIS spectra of the light emitted by the plasma were recorded as a function
of time. In order to record a typical spectrum without overloading the detector an in-
tegration time of 1 s was chosen and the average of two spectra was calculated by the
Ocean Optics Spectra Suite software. After 15 min of sputtering the integration time
was set to 20 s even though this caused detector overload in large parts of the spectrum
because a more sensitive measurement provides higher resolution to the small intensity
of the 453 nm Ti emission line which was the primary interest in this experiment.

22



100
%0
80 |
70-
60

40

transmission/%

30

20

10

T T T T T T T T T T T T T T 1
300 400 500 600 700 800 900 1000
wavelength/nm

Figure 2.11: Several UV /VIS spectra of the sputtering chamber’s plastic wall. It is acceptably
transparent for A > 350 nm.

The obtained spectra were compared with data from the NIST Atomic Spectra Database
[109]. This database calculates the intensities of atomic spectra as a function of electron
temperature T, (given as an energy in eV). Since the kinetic energy of the electrons
in the plasma is unknown the electron temperature value which fitted the measured
spectra best was chosen (1 eV). Figure 2.13 shows a spectrum with 1 s integration time
compared with a database spectrum for Ar I (the roman number indicates a neutral Ar
atom [110]). Many peaks can be clearly identified as Ar I emission lines.

At approximately 656 nm there is a peak with considerable intensity which does not
originate from an Ar emission. It can be identified as a hydrogen emission - H I has
several of its most intensive emission lines between 656.27 nm and 656.29 nm [109].
Also, two other H I peaks can be found. A comparison of a measured spectrum (inte-
gration time 20 s) with the H I database spectrum is shown in figure 2.14. Hydrogen
could be the product of dissociated residual water.

A comparison of the same measured spectrum with the Ti I database spectrum from
[109] is shown in figure 2.15.

The Ti lines cannot be identified in such a straightforward manner as for Ar. This might
be due to additional substances present in the gas which emit light in the same range
as Ti. However, the 453 nm Ti emission line can be observed as a small shoulder.

During the sputtering process the intensity of the whole spectrum decreased. This can
be witnessed in figure 2.16, where four spectra at different points in time during the
sputtering process are shown.

The decrease in intensity can be attributed to deposition on the recipient’s plastic wall
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Figure 2.12: Setup for sputtering with spectroscopic monitoring. Top left: recipient of the sput-
tering machine with spectrometer on the blue lifting platform. The light inlet of the
spectrometer was placed as close as possible to the recipient (top right). Thermo-
couple and QCM are shown inside the sputtering chamber in the bottom left image.
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Figure 2.13: Typical plasma emission spectrum (integration time = 1 s, averaged over 2 spectra)
compared with a database spectrum for Ar I (T, = 1 eV).
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Figure 2.14: Typical plasma emission spectrum (integration time = 20 s, averaged over 2 spectra)
compared with a database spectrum for HI (T, = 1 eV).
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Figure 2.15: The same measured plasma emission spectrum as in figure 2.13 compared with a
database spectrum for Ti I (T, = 1 eV).
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Figure 2.16: Comparison of 4 spectra: after 15, 49, 62 and 89 minutes sputtering time. Integration
time = 20 s, averaged over 2 spectra.

which makes it less and less transparent. It can be evaluated quantitatively by observ-
ing the intensity of an Ar line. The wavelength of 603.04 nm was chosen to be repre-
sentative for Ar because it is very close to an Ar emission line (~ 603.21 [109]) and lies
far enough from Ti emissions, of which the closest are at around 601.7 nm and 606.5 nm
[109]. The intensity of this Ar emission is shown in figure 2.17 in the bottom panel as
blue dots.

Likewise, the intensity of the 453 nm Ti emission line also decreased over time as a re-
sult of the plastic’s reduced transparency (see figure 2.17, bottom panel, black squares).
Assuming the emitted Ar I intensity is constant the overall decrease in measured in-
tensity can be accounted for by dividing the Ti signal by the Ar signal. The resulting
numbers are plotted in the same figure as red stars.

The QCM measurement yielded the two different sputtering rates already described on
page 19. Additionally, there is a small change in sputtering rate after about 45 min. It is
plotted in figure 2.17 in the top panel as red dots.

The measurement of the temperature shows an increase followed by a plateau, a small
step up and finally a bigger step towards lower values. The temperature values are
represented by the black squares in the top panel of figure 2.17.

Comparing sputtering rate, temperature and the corrected Ti emission intensity values

a small and a big step in all three parameters can be observed (at 45 min and 75 min
respectively).

26



60 - 0.25

1 i i X
55 4 [ , mEEE ant "m" ; e o o
- EEE ..-: :
.. : L = o 0.20
N - i n i Py
O 45 - | . "0
;E ] - | o H0.15 E
5 40 4 [ ] i E 9
8 | e : : ©
(@] [ |
£ 35- | - . do10 &
) : : @
< ° ° ° | e®e® O [ 3 I —
T 30~ ° © 0 00 0000000 000, ° o | =]
= . | | )
25 | . | L : - 0.05
T u o i i
o0 "™® : ;
——————T—— .: — T :. — 0.00
0 10 20 30 40 ' 50 60 70 ' 80 90
b time/min i
e ]
6x10° - T T | 5 5
] ‘ = counts @ 453.61 nm (Ti) : |
5x10% < | e counts @ 603.04 nm (Ar) LA &= 404
] ‘ * counts Ti/counts Ar | b E o <?
: N aites I
4x10° - ! N b=
k%) : el iy =
c ! LI ** 3
=] 4 | * KEk xdkX s
S 3x10" B . * ° : =
% * * | | 2]
i : | 402 €
| | =]
2x10* + ; “ S
n = . . ] i ° i
1x10°% - L . ’ =
| L | @
[ L} 1 '.
! (™ . i . ....
0 — T .I..!m 0.0
0 10 20 30 40 50 60 70 80 90
time/min

Figure 2.17: Results of the sputtering with spectroscopic monitoring. The top panel shows tem-
perature and sputtering rate as function of time. The bottom panel shows the inten-
sities of a Ti I and an Ar I emission line (= 453 nm and ~ 603 nm, respectively) and
their ratio.
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This observation can be explained by the following hypothesis: During the first 75 min
the native TiO, layer [61, S. 786] is sputtered off (with a small change at 45 min), then
metallic Ti is ablated. The increasing Ti intensity in the spectroscopic measurement
can be attributed to the “increased Ti content” in the sputtering target. Since TiO, is
sputtered more slowly than Ti the rate is smaller at first and rises strongly as the TiO,
layer vanishes. The changes in temperature can be explained by assuming that at the
Ar pressure of 7 x 1072 mbar heat transport by convection is negligible and occurs
mainly via radiation. As the spectrum of the emitted light changes, also the measured
temperature changes.

Summary of sputtering TiO, Combining the findings from spectroscopy, the XRD
and QCM measurements it can be concluded that during the first approximately 75 min
mainly TiO, is sputtered with a rate of about 0.07 to 0.1 nms~!. After annealing mainly
anatase is formed.

Then, Ti metal is sputtered which forms TiN on the sample. TiN can be thermally
oxidised to rutile, which was the desired product.

The downside of this rutile preparation method is the very long “pre-sputtering” time.
Also, a second shutter is needed to prevent deposition on the sample during pre-
sputtering while leaving the QCM open in order to control the process.

PLD

The deposition of rutile by PLD could not only provide an alternative way to sputtering
but also the possibility to deposit doped titania, which would open up a whole new
world of defect chemically interesting experiments. Therefore, the deposition of both
doped and undoped rutile was attempted.

Deposition of undoped rutile There are studies that show the successful deposition
of pure rutile by PLD on glass [111, 112] and on GaAs [113]. In the present study the
parameters used in [113] were slightly adapted to meet the conditions realizable on the
available PLD equipment. Both parameter sets are shown in table 2.5.

For the production of the target rutile powder (obtained from Aldrich, 99.99% trace
metals basis purity) was compacted by cold isostatic pressing (approximately 3000 bar,
20 s) and subsequently sintered at 1300°C for 5 h. The pellet was analyzed by XRD on
a Panalytical X'Pert Pro diffractometer (©/® geometry) with an X-ray tube with Cu
anode (40 kV acceleration voltage, 40 mA current) and an X’Celerator detector. In the
diffractogram no other phases than rutile can be identified (see figure 2.18).

Three thin film samples were produced, two with a deposition time of 50 min (samples
YSZ_TiO2_PLD_001 and YSZ_TiO2_PLD_XRD_002 ) and one with 16 min 40 s. Assuming
a similar deposition rate as in [113] (0.02-0.03 nm s~ !) the film thickness should be 300-
450 nm and 100-150 nm, respectively. After deposition of the thin film the samples were
annealed for 10 h at 1000°C in air.

The grazing incidence X-ray diffraction patterns (setup as described in subsubsection
2.1.2) showed varying results. A rutile thin film could be deposited successfully on
sample YSZ_TiO2_PLD_001, see the diffraction pattern in figure 2.19. From an SEM
micrograph (figure 2.20) the layer was observed to be dense and microcrystalline.
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Table 2.5: PLD parameters for deposition of TiO, in literature and in this work

parameter [113] this work
laser KrF, A = 248 nm

fluence at target/]J cm 2 2.5 1.5 [114]
laser pulse rate/Hz 5

target TiO, powder, sintered at 1000°C for 5h  see text
substrate GaAs (100) YSZ (100)
substrate temperature 700°C ~ 705-720°C
distance target-furnace/cm 4

deposition rate/nm pulse™!  0.02-0.03 ?

base pressure/mbar 5x 1070 ~5x107°
O, pressure/mbar 5x 1072
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Figure 2.18: Diffractogram of the rutile target pellet compared to a database diffractogram (ru-
tile, blue lines, PDF 01-076-1938). No other phases than rutile can be observed.
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Figure 2.19: Grazing incidence X-ray diffraction pattern of a TiO, thin film on YSZ (100) (sam-
ple YSZ_TiO2_PLD_001). Comparison with the rutile database pattern (PDF 04-003-
0648, blue lines) shows that only the rutile phase is present.
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Figure 2.20: SEM micrograph of the titania layer on sample YSZ_TiO2 PLD_001, top view. A
dense layer and grains in the micrometer size are visible.

In contrast to this, on sample YSZ_TiO2_PLD_XRD_002, which was produced according
to the same procedure as sample YSZ_TiO2_PLD_001, rutile reflections can be found in
the XRD pattern but there are two unknown peaks that have comparable intensity to the
rutile peaks (see figure 2.21). The preparation procedure of sample
YSZ_TiO2_ PLD_XRD_001 differed from the other two samples only in deposition time.
The grazing incidence diffraction pattern shows no rutile or anatase reflections, of
the three peaks present two could stem from an orthorhombic high temperature ti-
tania phase (see figure 2.22), although the origin of this phase is unknown. The non-
reproducible phase composition of the titania thin films raises the question in what
other ways the samples might differ.

All PLD settings (except the deposition time for YSZ_TiO2 PLD_XRD_001) were the
same. In spite of this, the temperature varied in an interval of 15°C (see table 2.5),
which is within the usual accuracy achievable on this instrument. However, this is
not expected to have an influence on the crystal structure because higher temperature
should only lead to higher mobility of the cations and facilitate the arrangement into a
thermodynamically stable compound.

A common observation on many samples deposited on the PLD apparatus used in this
work is the appearance of ring-shaped colourful structures, visible to the naked eye.
These could be light interference effects caused by inhomogeneous film thickness. This
phenomenon was observed on samples YSZ_TiO2_XRD_002 and YSZ_TiO2_XRD_001,
but not on sample YSZ_TiO2_PLD_001. If this inhomogeneity can cause either different
structure or artefacts in the XRD measurement should be the subject of future investi-
gations.

Deposition of doped rutile In literature several reports on the production of 1-6% Cr-
doped rutile by a simple solid state reaction can be found [115-118]. On the one hand,
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Figure 2.21: Grazing incidence X-ray diffraction pattern of sample YSZ TiO2_PLD_XRD_002
compared to database reflection positions of rutile (PDF 04-003-0648, blue lines),
anatase (PDF 00-004-0477, green lines) and YSZ (6 mol% Y,0O5, PDF 04-018-5452).
Some peaks can be identified as originating from rutile but there are two unidenti-
fied peaks at around 20 = 58°.
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Figure 2.22: Grazing incidence X-ray diffraction pattern of sample YSZ TiO2_PLD_XRD_001
compared to database reflection positions of anatase (PDF 00-021-1272, light green
lines), rutile (PDF 04-003-0648, brown lines), YSZ (6 mol% Y,0O;, PDF 04-018-5452,

grey lines) and an orthorhombic high pressure TiO, phase (PDF 04-014-5355, light
blue lines).
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Figure 2.23: XRD pattern of the Cr-doped rutile pellet, compared with a database pattern of
Tij 97Cr( 030, (PDF 04-015-2312, green lines) and TiO, (PDF 04-003-0648, blue lines).
The only non-rutile reflection can be found at approximately 2@ = 29°.

the synthesis seemed to be straightforward but on the other hand, no X-ray diffraction
patterns were included in any of the cited papers to confirm phase purity.

In [115] the samples were prepared by mixing TiO, and Cr(NO3); powder followed by
isostatic pressing under 2000 bar for 1 h. It can be assumed that sintering took place
during the measurements at 1000°C.

The authors of [117] refer to the method of [116], who sintered mixtures of TiO, and
Cr,0O5; powders for 10 h at 1420 K.

Also in [118] mixtures of TiO, and Cr,O5; powders were sintered but no further com-
ment on the conditions was given.

In the present study the synthesis of 3% Cr-doped rutile (Tijq,Cr(30,.5) was tried.
2.0338 g TiO, (Alfa Aesar, 99.99% metals basis purity) was mixed with 0.0620 g Cr,0O4
(Sigma Aldrich, > 99% purity), then cold isostatically pressed (approximately 3000 bar,
20 s) and subsequently sintered at 1300°C for 72 h. An X-ray diffractogram was recorded
on the same setup as for the pure rutile target, it is presented in figure 2.23. Comparison
with a database diffractogram shows that all reflections but one, at 20 = 29.3774°, can
be attributed to a compound having rutile structure. Since TiO, and Ti;, 9;Cr 30, have
very similar diffraction patterns with the peak positions additionally depending on the
amount of oxygen vacancies, further analysis would be necessary in order to find out
whether or not Cr was successfully inserted into the TiO, lattice.

As far as the unknown peak is concerned, it is remarkable that this peak has an intensity
of 2.67% of the highest peak in the pattern. This value is close to the nominal dopant
content of 3%. A possible explanation for this similarity is that the small peak is in fact
the strongest reflection coming from a second phase which contains large parts of the
dopant. An observation which gives further hints about the nature of the unidentified
phase is the fact that the pill is weakly magnetic (see figure 2.24). CrO, is a candidate
material to unite the above observations: It is a magnetic Cr compound [55, p. 1572]
and it shows an X-ray reflection at 2@ = 28.526°, which is about 0.85° left of the ob-
served peak. However, this deviation cannot be explained. Furthermore, the fact that
according to literature it decomposes at temperatures above 200°C [55, p. 1572] is puz-
zling.
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Figure 2.24: The product of the attempted synthesis of 3% Cr-doped TiO, (dark pill) is attracted
by a magnet.

v

M ;
Counts T H ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ H

XCEL_5_100_1h_TiO2_rutil_dot_AI_Ni

40000 —

10000 —

:

L T T T T
10 20 30 40 50 60 80 90
Position [°28] (Copper (Cu

i b

Figure 2.25: X-ray diffraction pattern of the synthesis product of the Tij 9gNij g; Alj g;O,.5 sSYyN-
thesis compared to a rutile database pattern (PDF 04-003-0648, blue lines). There
are several unexplained reflections, marked by the black arrow tips on the upper
edge of the image.

Provided, however, that CrO, formed on cooling and that the target temperature in the
PLD does not exceed the decomposition temperature, this magnetic phase could still
be present.

A second attempt of doping rutile via a solid state reaction was made. The aim was to
produce the co-doped compound Tij ggNij 51 Alj 91 0,5 by mixing and grinding 0.0158 g
Ni powder (Riedel de Haén, 99.8% purity), 0.0132 g Al,O5 (Sigma Aldrich, purity
99.998%) and 2.0607 g TiO, (Aldrich, 99.99% trace metals basis purity). The mixture
was cold isostatically pressed (approximately 3000 bar, 20 s) followed by a sintering
step (1300°C, 65 h). An X-ray diffraction pattern (setup as for the pure rutile target) is
shown in figure 2.25. There are several unexplained peaks and so it is assumed that
doping was (partially) unsuccessful. Then, a thin film was deposited by PLD using this
target (sample named YSZ_NATO11.001; same deposition parameters as for sample
YSZ_TiO2 PLD_001). The grazing incidence XRD pattern revealed the rutile structure
of this layer (see figure 2.26). Also, an SEM micrograph of the thin film surface was
recorded (figure 2.27). Grains in the micrometer range are visible, confirming again
the crystalline nature of the film. However, there are segregations present on the sur-
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Figure 2.26: X-ray diffraction pattern of sample YSZ NATO11.001 (Ni and Al-doped TiO,).
Comparison with the database pattern for rutile (PDF 004-003-0648) shows good
agreement.
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Figure 2.27: SEM micrograph of sample YSZ_ NATO11_001, an attempt to produce a Ni and Al-
doped rutile thin film on YSZ. Clearly, micrometer-sized grains and segregations
are visible.
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face, which is not the case for the undoped rutile thin film deposited by PLD (sample
YSZ_TiO2_PLD_001). Considering the unidentified reflections in the XRD pattern of the
PLD target these particles can be interpreted as another hint that doping with Al and Ni
was not successful: The dopant elements probably accumulated on the surface instead
of being integrated into the host lattice.

Summary of deposition of TiO, by PLD Pure rutile could be successfully deposited
by PLD once, but couldn’t be reproduced. Doping rutile with 3% Cr by a “shake and
bake” synthesis was reported to be successfully performed in literature, but was not
confirmed in this work. A new combination of dopants for rutile was tried out, the
result are multiple phases.

Summary of TiO, deposition

The goal of the titania deposition experiments was to reproducibly deposit TiO, layers
which are stable during a few measurements. Rutile could be produced by thermally
oxidising a layer sputtered from a Ti target, but pre-sputtering for more than 75 min
and a separate shutter for the sample were necessary, making this process rather incon-
venient.

PLD of pure rutile was successful once but irreproducible, the preparation of phase-
pure doped rutile targets by solid state reaction was not successful, even though Cr-
doping by this method was reported in literature.

While rutile was complicated to obtain by sputtering, anatase formed readily, even with
different annealing procedures. As mentioned in subsection 2.1.2, there was an unex-
plained reflection in many X-ray patterns of samples annealed for 2 h at 550°C. Also
the treatment at 900°C for 2 h yielded anatase, but there were also unexplained peaks in
the XRD patterns. However, the deposition of this substance(s) was reproducible: This
was shown for the 2 h/900°C-method for 2 samples on quartz glass, 2 samples on YSZ,
for the 2 h/550°C-method for 8 samples on YSZ.

In order to assess the stability of the anatase thin film during a series of measurements
samples  YSZ_TiO2_Ana2-900_XRD_001 (annealed 2 h at 900°C) and
YSZ_TiO2_Ana_XRD_001 (annealed 2 h at 550°C) were fired for 99 h at 500°C in air,
which corresponds to typical, prolonged measurement conditions. X-ray patterns of the
samples after annealing are shown in fig 2.28 (sample YSZ_TiO2_Ana2-900_XRD_001)
and 2.29 (sample YSZ_TiO2_Ana_XRD_001). The heat treatment does not change the
sample which was produced via the 2 h/550°C-way, but the 2 h/900°C-sample shows
unexplained reflections. This does not necessarily mean that the sample has changed.
Several XRD measurements on the same sample have shown that the intensity of these
unknown peaks, especially the one which appears at 20 ~ 77° depends on the orienta-
tion of the sample in the diffractometer. Therefore, if only one orientation was probed, it
can be assumed that this reflection might have appeared in another orientation and that
the phase causing it is present anyway. The appearance of unexplained XRD peaks is
acceptable because it seems to be reproducible. This type of sample can still be used for
electrochemical measurements since the only requirements are reproducibility, stability
and electrochemical effects worth studying, all of which were given. One cannot speak
of “anatase samples”, though. Rather, they are “samples containing mainly anatase and
and unknown phase”.
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Figure 2.28: X-ray diffractogram of sample YSZ_TiO2_Ana2-900_XRD_001 after firing for 99 h at
500°C, compared to PDF 00-004-0477 (anatase, blue lines). There are unexplained

peak, the intensity of one of them is comparable to the highest anatase reflection.
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Figure 2.29: X-ray diffractogram of sample YSZ_TiO2_Ana_XRD_001_110 after firing for 99 h at
500°C compared to PDF 00-004-0477 (anatase, blue lines). Only anatase reflections
are visible.
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Therefore, sputtering of Ti followed by one of these two annealing programmes was
used to produce the samples for the electrochemical measurements.

Table 2.6 gives an overview of nominal and approximate real layer thicknesses of all
TiO, samples used in this work. For several samples a “control sample” was pre-
pared along with the electrochemically measured samples, which was coated in the
same sputtering procedure. On some of these “control samples” the thickness of the
titania layer was determined by SEM. In the table these values are given. It is also in-
dicated which of these samples correspond to which electrochemically measured sam-
ples. Parts of the data were already presented in table 2.4 but are listed again for better
comparability.
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Figure 2.30: SEM micrograph of sample YSZ_TiO2_Ana2-900_XRD_003’s titania thin film surface
showing a dense layer with micrometer-sized grains.

From this table it can be seen that most samples with a nominal thickness of 100 nm
were produced by sputtering 750 s without QCM or around 1800 s with QCM. As-
suming a similar sputtering rate the first group of samples has an approximate layer
thickness of 750 - 0.07 = 52.5 nm. The SEM micrographs, which are the most reliable of
the used methods to determine the film thickness, show that the layers are roughly 10%
thicker than expected from the QCM measurement. Therefore, most of the samples can
be assumed to have a titania film thickness of around 60 or 110 nm.

On one sample, YSZ_TiO2_Ana2-900_XRD_003 (produced by sputtering and subsequent
annealing at 900°C for 2 h in air) an SEM micrograph of the titania surface was recorded
(figure 2.30). The film has microcrystalline structure and is dense.

Different types of TiO,-samples

The titania thin films obtained by these two preparation procedures were deposited on
5 x 5 x 0.5 mm?® YSZ single crystals (Crystec, Germany) and on polycrystalline YSZ
disks with a diameter of roughly 1 cm. For the polycrystalline substrates 8 mol% yt-
tria doped zirconia powder (Tosoh, Japan) was pressed and subsequently sintered at
1550°C for 5 h (see [119, p. 10], [120, p. 11]). The thin films were microstructured into
various shapes by standard photolithography and subsequent ion beam etching or by
lift-off photolithography. Current collector metals (Pt, Au) were deposited by sputter-
ing and microstructured in the same way (see subsubsection 2.1.1). For an overview
of the used cell geometries see figure 2.31. Figure 2.32 shows an optical microscope
image of sample YSZ_Ti-Pt-Kreise_005 to illustrate the real appearance of some of the
electrodes.

For samples LSC64-TiO2_Hutetc.001, and -002, LSC64-TiO2.001.c and
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Figure 2.31: Overview of cell geometries.

Figure 2.32: Microscope image of different electrodes on sample YSZ_Ti-Pt-Kreise_005.

LSC64-TiO2.003_a and -_b LajSry4Co0O5 5 (LSC) was used as a current collector in-
stead of a metal. The LSC target prepared in [114] was used. The PLD parameters from
[114] were slightly adapted and are given in table 2.7. The counter electrode was porous

Pt paste (see subsection 2.1.1).

Table 2.7: PLD parameters for deposition of Lay ¢Srj ,CoO5 5 [114]

parameter value
laser KrF, A = 248 nm
fluence at target/J cm 2 15

laser pulse rate/Hz 5

target LSC
substrate YSZ (100)
substrate temperature/°C 550
distance target-furnace/cm 6
intended film thickness /nm 100
deposition time/s 610

O, pressure/mbar 4 %1072
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Figure 2.33: Measurement setup. (a) Sketch showing an STO sample in the measurement setup,
the voltmeter symbolises an electrochemical measurement. (b) Photograph of the
setup, without lamp.

2.2 Measurement setup

For the electrochemical measurements a micro-contact heating stage was used (figure
2.33). This apparatus is described in detail elsewhere [121]. The oxygen partial pressure
could be changed by filling the apparatus with different gas mixtures. Using N, or Ar
(Air Liquide Alphagaz 1, O, impurity <2 ppm) a p(O,) of approximately 10 ppm is as-
sumed due to leakage in the gas pipe system. A reducing atmosphere was created with
moistened hydrogen gas: 2.5 % H, in Ar (Air Liquide Arcal 10) was bubbled through
a gas washing bottle filled with deionized water at room temperature. Equilibrium be-
tween H,, O, and H,O was assumed to be established at the measurement temperature.
The contacting tips were gold-plated steel acupuncture needles of type “EGON” and
“Blum Diamant”. For voltage measurements Keithley 2000 or Keithley 616 voltmeters
were used. Electrochemical impedance spectroscopy (EIS) was usually performed with
an Alpha-A High Performance Frequency Analyzer (Novocontrol Technologies, Ger-
many) with a ZG-2, ZG-4 or POT/GAL interface, except for sample STO_002_b, where
an HP 4192A Impedance Analyzer was preferred for its high measurement speed.

AC voltage amplitudes were usually 10 mV (RMS), and only sometimes increased to
20 mV (RMS) when necessary. DC measurements were carried out on a Novocontrol
Alpha A with the POT/GAL interface or alternatively on a Keithley PA 6487 picoaam-
peremeter with voltage source.

Light-emitting diodes (LEDs) were mounted above the sapphire window. Two types of
LEDs were used: a red one (Led Engin LZ4-00R300; 740 nm, 6.3 W electric power) and
a blue one (Led Engin LZ4-00U600; 365 nm, 11 W electric power). The distance from
sample to LED was roughly 2.4 cm. Methods for the calculation of the intensity of both
LEDs from the data sheet as well as an in-depth measurement of the intensity and its
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Figure 2.34: Transmission spectrum of the micro-contact measurement setup’s sapphire win-

dow. It is almost completely transparent down to wavelenghts in the ultraviolet
range.

spectral distribution with a spectrometer and a host of light sensors was done in [122]
and the data given in this work are taken from there. LEDs identical in type and similar
in time used were characterized in [122], so the data can be applied also for the devices
used in the present study.

For the 365 nm LED the analysis of the data sheet yields a power of around 60 mW cm 2.
In contrast to this, the measurement results suggest a value of 6.2 or 8.6 mW cm ™2 (dif-
ferent data sets available).

The values for the 740 nm LED are about twice as high as for the 365 nm LED.

Thanks to the broad transparency range of the sapphire window in the measurement
apparatus the power arriving at the sample is still 80-90% of the emitted value. This can
be seen in the spectrum in figure 2.34, which was recorded with the spectrometer de-
scribed in subsubsection 2.1.2, but for the present measurement the waveguides were
held in place by hand.

Optical microscope images of the samples were recorded on a Zeiss Imager.M1m.
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3 Results and Discussion

The results chapter is roughly divided into two parts. The first part, sections 3.1 and 3.2,
aims at finding out if the materials of interest are responsible for any kind of light effect
and if so, what the features of a typical response are. In the second part mostly system-
atic measurements are presented that should shed light on how the typical light effect
depends on the characteristics of the sample (geometry, materials combination,...) and
on measurement parameters such as oxygen partial pressure and temperature.

For any measurements that are compared to others it is required to either hold all pa-
rameters but one constant or to assume that the effect of changing a certain parameter
is negligible. While the experiments in the second part hold as many parameters as
possible constant and make few negligibility assumptions, the opposite is the case for
the rough measurements in the first part. There, the samples sometimes have only very
few features in common, while the differing properties, that are assumed to have little
effect on the interpretation, are numerous. This allows more samples to be included
into the first overview and at the same time makes the comparison more meaningful. If
a common light response can be found on those samples despite their differences this
effect is general and not limited to very special conditions. In contrast to this, the second
part takes advantage of the very similar samples from which more detailed information
about the effects of light can be obtained.

3.1 Is there a light effect on titania?

3.1.1 Voltage vs. time measurements on titania compared to other
materials

To find out whether light has any high temperature solid state electrochemical effect
cells of type WE|YSZ|Pt were prepared with different geometries (WE... working elec-
trode). The voltage U was measured as a function of time t between working and
counter electrode while the sample was irradiated with blue (wavelength A = 365 nm)
and red (A = 740 nm) light. While the blue light should be able to excite electrons over
the band gap of TiO, (~3.2 eV, corresponding to ~387 nm for anatase [56]) the red light
can not and only for blue light an effect is expected. Therefore, a sample is termed to
show a light effect if there is a significant qualitative and quantitative difference in the
voltage response following illumination with blue compared to red light.

A good example for a sample that shows no light effect is LSC64_001 (100 nm LSC on
YSZ). The working electrode is a circular microelectrode with a diameter of 200 um.
The measured voltage as a function of time at 400°C set temperature (represented by
the symbol T) is shown in figure 3.1. The voltage changes upon turning on the light are
small and almost the same for blue and red light. An additional conclusion is that the
Pt paste counter electrode, which is illuminated as well through the YSZ single crystal
(cf. figure 3.2) is photoelectrochemically inactive. This is an important confirmation of
our expectations.
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Figure 3.1: U vs. t curve for sample LSC64_001. Blue and red light cause similar, small changes
in the voltage, so the response is decided to be no light effect.

contacting tips

—

200.um ‘ | t ‘ \

100 nm LSC

Figure 3.2: Microscope image (left) and sketch (right) of sample LSC64_001. In the left panel the
dark dots are LSC thin film microelectrodes. Next to the LSC circles the Pt counter
electrode can be seen through the YSZ single crystal.
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Table 3.1: Samples with grid-type WEs and results of U(t) measurements

sample name  material 1 material 2 U(t) behaviour

YSZ_001a 20nm TiO,  100nm Pt 30 mV change with blue light
YSZ_001b 20 nm TiO, 100nm Pt 60 mV change with blue light
YSZ_002 20nm TiO,  100nm Pt 30 mV change with blue light

YSZ_003bl 20 nm Cr 100 nm Pt no effect
YSZ_003b2 20 nm Cr 100 nm Pt no effect

YSZ_001cl

YSZ_001c2 100 nm Pt - slow change of 20 mV with blue light

YSZ.001c3

YSZ.003d 100nm O, - 100...300 mV with blue light, depending on read-out

method

YSZ_004al 20 nm TiO, 100nm Au  3...10 mV change with blue light
YSZ_004a2 20 nm TiO, 100 nm Au  25...40 mV change with blue light
YSZ_004b1 20 nm Cr 100 nm Au  no effect

YSZ._004b2 20 nm Cr 100 nm Au  no effect

YSZ_004cl 100 nm Au - 2 mV change with blue light
YSZ_004c2 100 nm Au - 5 mV change with blue light
YSZ _poly 005 100 nm Pt - no effect

YSZ poly 006 20nm TiO,  100nmPt 20 mV change with blue light
YSZ poly 007 100 nm TiO, - 150 mV with blue light

The first series of samples to probe the light response of titania thin films has grid-
shaped WEs consisting of one metal or two materials stacked one above the other (see
tigure 2.31, “grid”). Titania was not prepared as described in the experimental section
(subsection 2.1.2) but was simply assumed to form from sputtered Ti during heating
on the furnace in the sample holder. The assumption that titania is present even with-
out a separate annealing step is supported by the hypotheses made on the sputtering
process (initial sputtering of TiO, then Ti metal, see subsubsection 2.1.2, page 22). All
measurements were carried out at 400°C set T in air.

Table 3.1 specifies the type of WE on each sample and lists the corresponding change in
voltage caused by illumination. All samples have a WE geometry as sketched in figure
2.31 (grid) except for sample YSZ_002, where the grid was further microstructured into
circles with a diameter of a few 100 pum.

The samples containing TiO, showed a light effect which was biggest on a pure TiO,
WE grid (100...300 mV) but the measurements on this type of electrodes were ex-
tremely sensitive to interferences. The light effect occurred on single and polycrys-
talline YSZ substrates. It was bigger on a TiO, /Pt WE (25...60 mV) than on TiO,/Au
(3...40 mV). Figure 3.3 shows a U(t) curve for a titania grid WE on a single crystalline
YSZ substrate. The effect of blue light can clearly be observed. Interestingly, also on
pure Pt and Au WEs a light effect occurred. On Au WEs it was only a few mV but on
Pt WEs a change of up to 20 mV occurred after switching on the blue light. However,
the time behaviour was different than for the titania-containing samples. An example
for such a U(t) curve is shown in figure 3.4. On samples with a Cr/Au or a Cr/Pt grid
no effect was observed. A representative measurement is shown in figure 3.5. It can be
concluded from this first series of measurements that several materials (combinations)
cause a light effect but it is biggest if TiO, is involved. The effect also seems to de-
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Figure 3.3: U(t) curve for sample YSZ_003d (pure TiO, grid). The lines indicate when blue light
was switched on and off. Irradiation with blue light leads to a change in voltage of
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Figure 3.4: U(t) curve for sample YSZ_003c3 (pure Pt grid). On this type of sample irradiation
with blue light lead to a change in voltage of up to 20 mV. The time behaviour,
however, is different from titania-containing samples.
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Figure 3.5: U(t) curve for sample YSZ_003b2 (Cr/Pt grid). The response to irradiation with blue
and red light is similar and very small, so this sample is defined to show no light
effect.

pend on the other materials present and on the film thickness. Additionally, results on
nominally identical samples vary, as can be seen on samples YSZ_004al and YSZ_004a2.

The second series of measurements was performed on samples with 100 nm thick Pt or
TiO, circular WEs that were 300 pm in diameter (except for one electrode which was
75 ym in diameter). Samples YSZ_Ti-Pt-Kreise_004 and YSZ_poly_8 were sintered at
900°C for 2 h in air, sample YSZ _Ti-Pt-Kreise_005 was sintered at 1150°C for 10 h. For
the elementary considerations on the light effect which are presented in this section this
difference in preparation procedure will be neglected. The substrates were single and
polycrystalline YSZ. Table 3.2 lists the measurement results.

Table 3.2: Samples with mostly 300 pm circular WEs and results of U(t) measurements.
s.c....single crystalline, p.c.... polycrystalline

sample name electrode name  substrate WE material  U(t) behaviour

YSZ _Ti-Pt-Kreise 004 Ti 1E s.c. YSZ = TiO, 150 mV change with blue light
YSZ_Ti-Pt-Kreise_005  Ti 2E s.c. YSZ  TiO, 100 mV change with blue light
YSZ_Ti-Pt-Kreise_005  Ti 2F s.c. YSZ  TiO, 150 mV change with blue light
YSZ_poly_8 Kreis Nr. 1 p.c.YSZ  TiO, 300 mV change with blue light
YSZ_poly_8 Kreis Nr. 2 pc. YSZ  TiO, 75 mV with blue light

YSZ _poly_8 Kreis Nr. 3 p.c. YSZ  TiO, 60 mV with blue light
YSZ_Ti-Pt-Kreise 004 75 pm s.c. YSZ Pt no effect

YSZ_Ti-Pt-Kreise_ 005 Pt 1C s.c. YSZ Pt no effect

YSZ Ti-Pt-Kreise_ 005 Pt 1E s.c. YSZ Pt no effect

YSZ_poly_8 Pt-Kreis p.c.YSZ Pt <1 mV with blue light
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Figure 3.6: U(t) curve for sample YSZ_Ti-Pt-Kreise_005, electrode 2F (pure TiO, circle). Voltage
changes of about 150 mV upon irradiation with blue light can be observed whereas
red light causes almost no change in voltage.

Samples with a TiO, WE respond to blue light by a voltage change of 60 to 300 mV,
with a mean value of around 140 mV. An example for a U(t) measurement is shown
in figure 3.6. In contrast to this, samples with a Pt WE showed only a response to blue
light of around 1 mV if at all. This set of measurements shows a strikingly clear dif-
ference between these two WE materials compared to the first series of measurements.
This is attributed to the thicker TiO, films and the controlled Ti oxidation. Noisy mea-
surements on pure titania WEs and strong variation of voltage changes measured on
different microelectrodes on the same sample (see sample YSZ_poly_8) remained an
issue.

3.1.2 Absorption of light in titania thin films

The experiments presented in the last subsection show that if TiO, is used as a working
electrode a change in voltage results when blue light is turned on. In the present sub-
section it is explored how the TiO, layer is irradiated and how much light is absorbed.

How light reaches the titania layer

It is not immediately clear how light can reach the titania layer in samples with a hat-
or grid-type geometry (see figure 2.31) because the thin film is covered by an intrans-
parent metal layer. However, since the surface of the YSZ single crystal is not fully
covered, light passes through the YSZ, is reflected at the counter electrode and finally
reaches the TiO, layer from below. This works even when a circular TiO, microelec-
trode is completely covered by Pt, as will be shown in subsection 3.1.4. This situation
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Figure 3.7: A TiO, microelectrode fully covered with Pt is illuminated from below by reflection
of light at the counter electrode.

paper polycrystalline YSZ

Figure 3.8: A laser spot on polycrystalline YSZ compared to paper. The black bar indicates the
spot size of the laser (a few mm). Light is scattered strongly in YSZ.

is sketched in figure 3.7.

The effect of using a polycrystalline substrate on the irradiation conditions can be es-
timated by the experiment shown in figure 3.8 where a red laser beam hits a polycrys-
talline YSZ disk. Considerable intensity can be observed in a distance of more than
half a millimeter next to the edge of the light spot. This can be explained by scattering
of light at grain boundaries. Assuming that the scattered intensity is similar for other
wavelengths light can still reach a covered TiO, microelectrode.

Optical spectroscopy

To check if the used titania thin films absorb the light emitted by the 365 nm LED opti-
cal transmission spectra of titania thin films on quartz glass were recorded. The spec-
troscopy equipment was the same as described in subsubsection 2.1.2 but a custom-
built spectroscopy furnace was used as a sample holder/heater. This apparatus is de-
scribed in detail in [122]. Figure 3.9 shows optical transmission spectra of six different
samples. All samples consisted of a TiO, layer on quartz glass which was produced by
sputtering of Ti and (often) subsequent thermal oxidation. The temperature at which
the spectrum was recorded, the heat treatment and the sputtering time are indicated in
the legend. If no heat treatment is given the thin film was only subject to the mea-
surement temperature. Accordingly, e.g. sample SZ_003a, which was measured at
room temperature, was not oxidised deliberately. Comparing the spectra of samples
Quarz_Ti_002 and SZ_003a with Quarz_Ti_004, which differ by roughly a factor of four
in sputtering time, we notice that there is a difference in transmission. However, it is

49



g E
(= c
1.0 2 8
1 TN/
0.9 4
0.8
0.7 H
c 0.6
RS 1
n
L 0.5 *
g - v
*x
c 0.4 X
® . , )
o= Quarz_Ti, sputtering 600 s, 400°C
0.3 4 Quarz_Ti, sputtering 600 s, 600°C
Quarz_Ti, sputtering 600 s, room temp.
] SZ_001, sputtering 750 s, 600°C
2 = uarz_Ti_002, sputtering 750 s, sintering 2 h/900°C, room temp.
0.2 Q c
i Quarz_Ti_004, sputtering 2997 s, sintering 2 h/900°C, room temp.
Quarz_Ti_008, sputtering 1540 s, 10 h/1000°C, room temp.
= _003a, sputtering s, room temp.
0.1 $Z_003 ing 750
] ¥
oo+— - ¥ 4=

— T 1
200 300 400 500 600 700 800 900 1000 1100

Alnm

Figure 3.9: Optical transmission spectra of five different titania thin films on quartz glass. Sam-
ples differ in band gap energy.
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not as big as could be expected from Lamber-Beer’s law [123, p. 432]:
[ =Iye 4 (3.1)

In this equation I, Iy, &, ¢ and d denote the light intensity after passing the sample, the
initial light intensity, the absorption coefficient, the concentration of absorbing species
and the sample thickness, respectively. Introducing the transmission T,

I
T=— 2
o (62
and comparing the transmission T; of a sample with thickness d with the transmission
T of a sample with thickness 4d we realize that

4
e G I (3.3)

For a transmission of approximately 0.6 at 350 nm an increase in film thickness by a fac-
tor of four should result in a transmission of 0.6* = 0.1296. The measured transmission,
however, is roughly 0.4, see figure 3.9.

A temperature dependence of the band gap is expected for two reasons:

¢ The lattice expands with increasing temperature, influencing the band structure.

* From the change in oxygen vacancy concentration an enlargement of the crystal
lattice is expected because due to the missing oxide ions the repulsion between
cations increases.

In contrast to this, the three spectra of sample Quarz_Ti, which were recorded at room
temperature, 400°C and 600°C set T, are almost identical. This could be owed to lit-
tle lattice expansion combined with slow equilibration kinetics (heating time was only
about ten minutes).

Also, samples SZ_003a, Quarz_Ti and Quarz_Ti_004 show similar spectra even though
the oxidation conditions for Ti were different. The Ti layer on SZ_003a was measured as
deposited (without heat treatment), Quarz_Ti was oxidised in the spectroscopy furnace
for around 10 min at 600°C set T and Quarz_Ti_004 was subject to 2 h at 900°C in air.
From this observation it can be concluded that already directly after deposition TiO,
is present instead of metallic Ti. This is in agreement with the hypothesis put forward
in subsubsection 2.1.2, which states that the native TiO, layer is sputtered from the Ti
target prior to deposition of Ti metal.

Assuming that the influence of sample preparation and film thickness on the spectrum
are negligible we can identify spectra of two samples which differ from the other three:
The spectra of samples SZ_001 and Quarz_Ti_008 are shifted towards longer wave-
lengths. A comparison with literature was done to check if the observed shift could
be a random.

A small collection of literature data is displayed in table 3.3. Apart from the band gap
E, the wavelength of the first visible peak in the spectrum which occurs in the wave-
length region with higher transmittance is listed. This number is used as a measure for
the position of the steep section of the spectrum when no band gap energy was given
and serves to compare the spectra to those measured in the present study, where no
band gap energy was determined. In literature there is also some variation within the
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Table 3.3: Overview of properties of optical spectroscopy measurements on TiO, thin films in
literature compared to this work

film reparation ~ A at 1t

ref. thickness/nm gletlilod substrate peak/nm Eg/ev

[124] 145 sol/gel quartz glass 370 3.19 or 3.26

[125] ? sol/gel quartz glass 360 -
reactive DC

[104] 130...220 magnetron sput-  glass 375 3.28 or 3.31
tering
reactive DC

[126] 102...391 magnetron sput-  -90Ped SN g4, -

; coated glass

tering

[106] 170 DC ~magnetron .tz glass 380 3.12...32
sputtering

[127] 300 RE —magnetron .7 glass 375 3.23...331
sputtering
reactive RF

[128] 600 magnetron sput- quartz glass 370 3.25...3.33
tering

this study 100 (nominal) bc magnetron quartz glass 365 -
sputtering

position of the steep section in the spectrum. Except for the spectra of samples SZ_001
and Quarz_Ti_008 the data for the position of the first peak in the high transmittance
part of the spectrum measured in this work (360...375 nm) correspond acceptably to
the data observed in literature, but the literature value for the first peak after the steep
section in the spectrum tends to be at slightly higher wavelengths. Therefore, another
parameter is likely to cause the right-shift. Among the literature data given in table 3.3
the only study using rutile samples is [106], all other measurements were carried out on
the anatase polymorph. Interestingly, the position of the characteristic peak indicated
in the table is similar for anatase and rutile, and also film thicknesses are comparable.
This is surprising because due to the different band gap of rutile (3 eV corresponding
to 413 nm [56]) a shift in the spectrum is expected. Nevertheless, the right-shift in the
spectra of samples SZ_001 and Quarz_Ti_008 is attributed to the rutile crystal structure
of these two samples. For Quarz_Ti_008 this was found from an XRD measurement (see
table 2.4 on page 18). Sample SZ_001, for which no X-ray diffractogram was recorded, is
therefore also assumed to have rutile structure. The unusually high band gap of rutile
in the study by [106] remains unexplained.

Concerning the absorption of light with A = 365 nm, which we set out to check, this
wavelength will practically not be absorbed. Better absorption was expected from the
literature value for the anatase band gap of 3.2 eV (see table 3.3) which corresponds to
around 387 nm. The used LED also emits wavelengths shorter than 365 nm, but their
intensity is very low, see figure 3.10. For example, blue light with 350 nm is emitted
with an intensity of a little less than 5% compared to the intensity at 365 nm. At 350 nm
the used TiO, layers are expected to absorb at least a little bit of the incident light. It is
however not clear, how the considerable electric effects could be measured given this
faint absorption. This needs further investigation. While the spectra shown here were
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Figure 3.10: Spectrum of the 365 nm LED taken from the datasheet [129].

recorded on titania thin films on quartz glass it would be interesting to measure trans-
mission spectra on YSZ|TiO, samples because this is the materials combination used
in electric measurements. This could perhaps clarify if absorption occurs by interface
states at the YSZ|TiO, interface.

The absorption behaviour of single crystalline STO is very different to the situation
described for titania. STO absorbs light with 365 nm completely and the band gap
decreases with temperature (see [122] for details).

3.1.3 Probing a single interface

To find out more about the origin of the voltage changes observed on TiO, WEs it would
be advantageous to examine the metal|TiO, and the TiO,|YSZ interface separately be-
cause they might cause charge separation due to the electric field present at the inter-
face. In this subsection it is shown why this is experimentally extremely challenging.
The two most obvious sample geometries for such an experiment are shown in figure
3.11. Cell type (a) depicts a cell with a titania layer on YSZ, topped by a Pt current
collector. This type of cell was already used for testing titania as a photoelectrode mate-
rial. The current collector and also the titania layer can be microstructured into different
shapes, the Pt grid on a macroscopic titania layer in figure 3.11 is just an example. Also
the substrate can be varied. If the voltage is measured between the current collector
and the titania layer the photoactivity of the metal|titania interface should be probed.
Cell type (b) has an additional Pt current collector underneath the titania layer. This
type was not used in this work because it has two Schottky contacts which are both
illuminated. If a voltage is produced at one interface a voltage equal in magnitude but
opposite in sign is expected to occur at the other Schottky contact as well, so they will
cancel and no statement is possible if the metal|TiO,-interface in our cell contributes to
the overall voltage.

The measurement results on (a)-type cells are summarized in table 3.4. All measure-
ments were carried out at 400°C set temperature on titania layers with a desired thick-
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Figure 3.11: Two possible samples geometries for probing the metal| TiO,-interface. (a): An elec-
trochemical cell could be measured instead of a single interface. (b): Two Pt|TiO,
interfaces can be within the mean free path of electrons and holes.

Table 3.4: Summary of measurements aiming at the investigation of the Schottky-contact

metal|TiO,
sample name electrode heat treatment substrate light effect
S7.001 . . 10 min/600°C quartz glass none
macroscopic, Pt stripes .

5Z_003c with 25um. distance during measurement quartz glass none
SZ_004a, SZ_004c 100um En "i"iO 2 h/900°C MgO none
SZ_005a, SZ_005b H 2 2h/900°C s.c. YSZ 5...40 mV

) . Pt circle (2= 200 pm) on 5
YSZ_Ti-Pt-Kreise_004 TiO, circle (= 300 pm), #1 2h/900°C s.c. YSZ 40 mV

. . Pt circle (= 200 pm) on 5
YSZ_Ti-Pt-Kreise_004 TiO, circle (= 300 pm), #2 2 h/900°C s.c. YSZ none

. . Pt circle (= 200 pm) on 5
YSZ_Ti-Pt-Kreise_004 TiO, circle (/= 300 pm), #4 2h/900°C s.c. YSZ none
YSZ_poly 8 Pt circle (2= 200 pm) on 5} gq00c pc.YSZ  100mV

TiO, circle (&= 300 pm)

ness of 100 nm. They were extremely prone to disturbances. However, in some cases
a light effect can clearly be observed. The most pronounced change in voltage upon
irradiation with blue light is shown in figure 3.12.

In spite of non-ideal measurements the results show a correlation between the appear-
ance of the light effect and the substrate. YSZ seems to be a necessary (but not sufficient)
condition for a voltage change when the blue light is turned on.

Explaining the influence of the substrate turns out to be not straightforward because
at first glance it is not part of the electric circuit and therefore the space charge at
the TiO,|YSZ interface should not play an important role. However, another circuit
is possible, see the yellow line in figure 3.11 (a). In this alternative circuit not only the
metal|TiO, interface can act as a voltage source but also the TiO,|YSZ interface. Addi-
tionally, since an electrolyte is involved, also a Nernst voltage, from whatever origin, is
conceivable. Therefore, this measurement setup cannot be used. It doesn’t make sure
that the only measurable voltage is the one originating from the metal|TiO, interface.
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Figure 3.12: U(t) curve for a circular microelectrode (Pt circle with = 200 pm on TiO, circle
with g= 300 um) where the voltage was measured between Pt and TiO,.

3.1.4 The “typical” effect

While optimizing the sample design of the metal|TiO,|YSZ system many different ge-
ometries and materials were tried out. The results varied but taking advantage of the
fair amount of samples and measurements the search for a light effect that is typical
in spite of the inhomogeneous ensemble of samples promises to yield a result. In this
subsection it is therefore attempted to divide measurements into two groups: (1) mea-
surements showing a similiar U(t) behaviour, which can be termed “typical”, and (2)
all other measurements. U(t) curves of group (1) samples are schematically depicted in
figure 3.13. Without irradiation there is a certain offset voltage which is termed Ugq,x.
When blue light is switched on there is a sudden voltage jump towards negative val-
ues. Since very quick voltage changes are typical for PV cells we call this initial fast
voltage change (vs. Ugark) Upy. Further investigations and interpretations follow in
the next chapters. Then the curve goes back towards more positive values and devel-
ops a steady state and the corresponding voltage compared to Uy, is given the name
Uss. There may be several inflection points in the voltage curve as it develops into the
plateau. Upon switching off the light there is again a fast jump towards positive val-
ues. The voltage remaining directly after switching off the light, compared to Ugy,y, is
given the name Uy, because it is like the voltage of a battery that has been charged
during illumination. Finally the voltage reaches its dark value again. In figure 3.13
not only these values but also differences are indicated because they will be listed in
subsubsections 3.3.1 for TiO, and subsubsection 3.3.2 for STO.
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Figure 3.13: Typical U(t) curve.

Table 3.5: Results of search for a typical light effect on TiO, WEs.

no. of samples  no. of electrodes  no. of measurements no. of geometries

typical effect 22 35 37 6
any other effect 20 25 25 7

Examples for measurements of typical and non-typical effects are shown in figure 3.14
(a) and (b), respectively. The measurements analysed here were all carried out in air at
a set temperature of 400°C or 500°C, the results are shown in table 3.5. The presumably
typical effect was observed on more samples and on more electrodes.

Variation between different samples

Are there samples on which both kinds of effects, typical and non-typical were mea-
sured? Yes, indeed. On six samples both the typical and the untypical effect occurred.
Therefore, the appearance of typical or untypical effects can be caused by random vari-
ations between samples, but not only. Consequently, the geometry dependence of the
light effect was analysed.
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Figure 3.14: (a) typical and (b) untypical U(t) measurements.
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Geometry dependence

A geometry dependence can be deduced from the data in table 3.6, where occurrence
of the typical and untypical effect is counted for all examined geometries.

Table 3.6: Data on geometry dependence of light effects

geometry effect
no. name sketch typical untypical
100 nm metal 20 nm oxide

EEEEERER

1 grid 3 7
2 lid 3 -
3 hat 4 3
100 nm metal [N
100 nm TiO,
4 pyramid 10 1

100 nm TiO,

N
o]

5 pure TiO,
Bof 0 o &l

100 nm Ti0, 100 nm Ti0,

6 micro-circle with grid 14 5
iolO"ITﬁg’I'IIIIIIII

7 macro-layer with grid - 1

8 grid-type micro circles ” - 1

The typical effect occurs preferably but not exclusively on geometries no. 2, 4 and 6,
whereas the untypical effect seems to be favoured by geometries no. 1 and 5. Interest-
ingly, geometries 2, 4 and 6 have two features in common: They have micro-electrodes
and Pt does not fully cover TiO,.
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Random variation and geometry dependence combined

There are five samples on which both the typical and the untypical effect were observed
on the same electrode geometry. So, is the “typical” light effect still typical if it can not
be attributed to certain samples or geometries?

Further samples with STO as WE showing the typical behaviour will be presented in
subsections 3.3.2 and 3.4.2. The appearance on different materials further supports the
hypothesis that the effect is typical.

3.2 Is there a light effect on strontium titanate?

Absorption of light by the STO single crystal is expected due to its band gap of 3.3 eV
(extrapolation to 0 K) or rather 2.9 eV at 350°C (measured for weakly Fe-doped STO in
ref. [93]). In-depth measurements of the absorption of STO single crystals and thin films
were carried out in [122]. A plot taken from [122, 130] showing transmission spectra of
an STO single crystal is displayed in figure 3.15.
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Figure 3.15: Transmission spectra of a nominally undoped STO single crystal measured in the
same setup as the TiO, thin film samples. Plot reprinted from [122, 130].

There are only three STO samples (YSZ_STF0.4_.001, STO_001, STO_-002b) which all be-
have typical. They will be presented in detail in subsection 3.3.2. Three samples would
not be enough to make any statement about the type of effect but given that many TiO,
samples behaved similarly the three STO samples can be classified to be typical.
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3.3 Systematic voltage measurements

3.3.1 Titanium dioxide

In the present subsection the response of a typical U(t) curve’s features to systematic
variation of parameters such as current collector material, p(O,) or temperature is dis-
cussed.

Equilibration time

Since very little is known about the influence of light on the defect chemical properties
of MIECs the interpretation of measurement results is easier if the effect of light can be
investigated with or without an additional driving force. Therefore, the time needed
for equilibration of a thin film sample in a new atmosphere has to be estimated.

First, the rate-limiting process must be determined. It can be either associated with the
oxygen exchange on the electrode surface or with chemical diffusion in the electrode
bulk. Nowotny et al. measured the kinetics of the gas-solid reaction on rutile single
crystals at temperatures above 800°C in atmospheres with p(O,) between 1 x 10713
and 7.5 x 10* Pa. The authors found out that bulk diffusion is rate-limiting under these
conditions [74]. Further long-term investigations by this group (more than 1500 h) re-
vealed two kinetic regimes, both of which were governed by bulk transport phenomena
[75]: Kinetic regime I was associated with the movement of oxygen vacancies, kinetic
regime II with the slower motion of titanium vacancies.

At low temperature, however, the rate-limiting process could change, as is the case in
STO, for example [93], due to a change in activation energy of the diffusion process.
Surface-controlled reaction kinetics are additionally favoured by thin films compared
to bulk samples [93].

For titania thin films at low temperature (200...325°C) Rothschild et al. did find that
the oxygen incorporation kinetics is dominated by a surface process within the first few
minutes [131, 132]. Then, however, the diffusion into the film became rate-limiting. The
authors emphasized the role of grain boundaries as diffusion paths in nanocrystalline
thin films in a different paper [133]. In contrast to this, Gundlach & Heusler pointed
out that ”an interfacial reaction must determine the rate at which oxygen is incorpo-
rated into the oxygen deficient oxide” [95]. It is clear from the text that this limitation
by surface reaction persists for the majority of the investigated time, and not only in
the beginning. Rothschild et al., who quoted Gundlach & Heusler [132], do not resolve
this apparent contradiction by stating that the reaction occurred ”in two stages with
first chemisorption of oxygen, involving rate-determining electron transfer to oxygen
adsorbates followed by incorporation into the non-stoichiometric oxide by diffusion”.
A reconcilement of both studies is perhaps possible by taking into account the measure-
ment temperature. Gundlach & Heusler measured at 77°C and below which is about
123°C lower than in the study by Rothschild et al. and could be enough for a change in
mechanism to happen.

A worst-case scenario for the equilibration time of the thin film samples used in this
work can be estimated using the chemical diffusion coefficient “associated with the
transport of Ti vacancies” measured in [75] in an atmosphere of 0.75 bar oxygen, which
has to be extrapolated from the high temperature (850. .. 1050°C) to the low temperature
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regime (350...450°C). This diffusion coefficient describes the ambipolar diffusion of
Ti vacancies and positive counter charges such as holes and therefore is the chemical
diffusion coefficient of Ti. As a rule of thumb the time needed for the sample to be more
or less in equilibrium with the surrounding atmosphere can be calculated as 10 - t from
the equation for the diffusion length L = /Dt by inserting the extrapolated chemical
diffusion coefficient for Ti for D and the sample thickness for L. This is of course a very
rough estimation by no means least because the time needed for equilibration to a new
atmosphere depends on the defect chemical state that the sample is in after preparation.
The result is approximately 167 h for a 100 nm thin film at 350°C and 4.6 h at 450°C.

It follows from this consideration that equilibration should be possible by heating a
sample overnight in the new atmosphere at 500°C set temperature. This was done for
samples YSZ_TiO2-Pt_Ana2-550_009 to ...012.

For samples measured at 400°C set T, which corresponds to roughly 360°C (see subsub-
section 3.4.1), equilibration might not be possible overnight. Since many samples were
equilibrated for an even shorter time (around 1/2 h) it was attempted to assess the influ-
ence of the equilibration state on the voltage measurements. On eight samples (100 nm
nominal film thickness, oxidised by heat treatment 2 h/550°C in air, different current
collector materials (Pt, Ag, Au), micro-circles with grid (geometry no. 6, table 3.6)) the
difference in light effect observed shortly after the beginning of the measurement and
after about 16 h was judged. In only two cases there was a significant change in voltage
response upon blue light. Figure 3.16 shows an example for a slight and a significant
change (top and bottom panel, respectively). As the time of illumination was not the
same every time it is possible that this parameter also affects the voltage response. It
follows from these measurements that either the samples were equilibrated more than
estimated or that the defect chemical state of the thin film did not change significantly
during the measurement. Both possibilities are acceptable and do not hamper the inter-
pretation much. However, assessing whether blue light can cause defect concentrations
in a MIEC to deviate from their equilibrium values, thus representing a driving force,
is only possible on equilibrated samples. In contrast to this, a change in voltage is also
expected on a sample on its way to equilibrium, which is e.g. accelerated by blue light
(catalytic effect).

Current collector

Varying the current collector material and position is a very interesting experiment be-
cause it changes the properties of the metal MIEC interface which might have an in-
fluence on the voltage change upon irradiation with blue light. In the first part of this
subsubsection different metals used as current collectors are treated. The second part
deals with LSC on top of titania electrodes.

Metals as current collectors All samples had a TiO, layer with a nominal thickness
of 100 nm that was produced by oxidation of the sputtered film at 550°C in air for 2 h.
They were equilibrated in air at the measurement temperature for different periods of
time. Equilibrating at 400°C set temperature might not be enough to fully equilibrate
the thin film but as was shown in the previous subsubsection this influence is likely to
be not dramatic. Additionally, the comparisons made in the present subsubsection are
still valid because the light effect is only assessed in a very rough manner: The highest

61



unv

unv

Figure 3.16: Examples for the effect of equilibration time on the voltage response upon irradi-
ation of blue light (samples YSZ_TiO2-Pt_Ana2-550_002 and ...006, WE = micro-
circle with grids). (a): Slight change from measurement after around 1 h (top panel)
to measurement after around 18 h (bottom panel). (b): Significant change within

-0.02

-0.04

-0.06 4

-0.12+

-0.14

-0.16

-0.18 4

-0.06

-0.08

-0.10

-0.12

-0.14

-0.16 4

-0.18

-0.104

-

-0.08 ]

(a)
\——\

blue light on

0

T T T T
6000 8000 10000 12000

ts

T T
2000 4000

blue light on
< >

T T T T T T T T T T
60000 62000 64000 66000 68000 70000 72000 74000 76000 78000
t/s

about the same time.

-0.15

-0.20 |

025 -\ .

-0.30 |

unv

-0.35

-0.40

-0.45

uv

62

blue light on

T T T T 1
3000 4000 5000 6000 7000

t/s

T T
0 1000 2000

-0.200

blue light on

-0.225

-0.250

028 L__

-0.300

T
64000

-0.325

T T T
68000 70000 72000

t's

T
66000



Table 3.7: Comparisons of Umax and Uy, with Ag or Pt current collector on top.

comparison 1 comparison 2
set temperature/°C 500 400
Udark / mV Umax / mV Udark / mV umax / mV
results pPt010 5 70 pPtoo4 50 150
pt012 10 80 Pt010 40 150
Ag002 30 25 Pt0o09 75 150
Ag001 20 20

Table 3.8: Effect of current collector position (on top of the titania layer or buried underneath) on
voltage offset and maximum voltage. Pt current collector, 400°C set temperature, air.
The data for the samples with the current collector atop are the same as in table 3.7,
comparison 2.

on top buried
sample  Ugax/MV  Umax/mV  sample  Uga/mV Umax/mV
Pt004 50 150 Pt006 80 80
Pt010 40 150 Pt008b 25 50
Pt009 75 150

deviation from the offset voltage is taken as a general measure for the photoactivity
(Umax)- Also, the voltage offset Uy, itself is extracted here and subject to analysis. All
voltages are approximate absolute values.

Table 3.7 shows two comparisons of samples with Pt and Ag current collectors, de-
posited on top of the titania layer. Samples in comparison 1 were equilibrated overnight,
except for sample Pt 009, which was only equilibrated for 4000 s. It was included in the
comparison anyway because no significant change occurred within the last 2000 s of
the measurement. These data suggest that while the voltage offset is similar for Pt and
Ag current collectors the Pt current collector causes higher photo-effects compared to
Ag. In each comparison there is only one sample with a Ag current collector but this
disadvantage is compensated by considering two different comparisons.

The influence of the current collector’s position (on top or buried) can be evaluated
from the data in table 3.8. Measurements were performed at 400°C set temperature in
air. The samples with the current collector on top are the same as in table 3.7. Sample Pt
006 was equilibrated for 60000 s, sample Pt 008b only for 4000 s, but they are included
in the comparison by the same argument as above. While the voltage offset is compa-
rable for both types of samples the photovoltage is considerably smaller when a buried
current collector is used.

Finally the influence of Au compared to Pt on the voltage offset was investigated. To

do this Ug,x was compared for different types of typically behaving samples with Au
or Pt current collector, regardless of their geometry or equilibration state.
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Table 3.9: Voltage offset Uy, on Au samples at 400°C in air. All samples were equilibrated for
at least 10000 s.

sample geometry no. (see table 3.6) Ugark/mV

Au 004 6; p-circle with grid, current collector on top 250
Au 002  p-circle with grid, buried current collector 275
Au001 2;1id 325

If, despite these differences in geometry, a tendency can be observed this results in a
quite general statement. From the Pt samples treated so far we can extract an offset
voltage between 5 and 80 mV. When comparing this range to Ugak for the Au samples
presented in table 3.9, which is >250 mV, it is clear that the use of Au as a current
collector material enhances the voltage offset.

LSC as a current collector The use of current distributing metal structures on tita-
nia is expected to limit the zone which is active for the oxygen exchange reaction to
the triple phase boundary TiO,-metal-gas because no oxide ion transport is possible
through the bulk of a metal. For Pt it was suggested that a bulk path, most likely along
grain boundaries, exists at low temperatures [134], but using a MIEC with high elec-
tronic and ionic conductivity as well as low surface exchange resistance promises to
facilitate oxygen exchange and transport, thereby maximising the active reaction area
and increasing the chance to not only measure a photovoltage but also a photocurrent.
On two samples with titania on YSZ (produced by oxidation of Ti in air for 2 h at 900°C)
LSC was deposited by PLD (see subsubsection 2.1.2) and microstructured into lid- and
hat-type electrodes (for geometry sketches see table 3.6). Three lid-type as well as three
hat-type electrodes were measured at 400°C set T in air on each of the two samples.
Electrodes with the same geometry behaved similarly with only one exception. Typi-
cal U(t) curves for lid- and hat-type TiO,/LSC and TiO, /Pt electrodes (also produced
via the 2 h/900°C method) are compared in figure 3.17. Here, on the LSC-containing
samples only a small voltage change upon illumination with blue light was observed.
Almost no permanently changed voltage remained while the light was on. Compared
to the TiO, /Pt samples the voltage changes were faster. As a consequence of the almost
vanished light effect LSC could not be used as a current collector material.

LSC electrodes next to TiO,

With the possibility of measuring a significant photocurrent on a kinetically fast elec-
trode in mind U(t) curves were recorded on LSC electrodes located close to TiO, elec-
trodes but without LSC touching TiO,. As shown in subsubsection 3.1.1 LSC electrodes
are not photoactive themselves.

Samples with four different geometries were investigated at 400°C in air. The geome-
tries and resulting U(t) curves are shown in figure 3.18. Only one sample of each type
was measured. The only sample on which a light effect was demonstrated is sample
LSC64-TiO2_001c, shown in figure 3.18 (a). It consisted of stripes of TiO, and LSC which
were about 45 pm wide and around 2.5 mm in length. They were separated from each
other by a channel that was about 10 uym wide. The U(t) curve shown in figure 3.18
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current collector material at 400°C set T in air compared to TiO, /Pt electrodes with
the same geometry under the same conditions. Light effects on TiO,/LSC are very
small and decay times are fast compared to the TiO, /Pt samples.
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(a) depicts the voltage changes between LSC as a working electrode and the porous Pt
counter electrode. Clearly a change of approximately 80 mV occurs, although the shape
of this response cannot be classified as “typical”. U(t) curves during use of blue light
were also recorded for the titania strip as a WE vs. CE and for LSC vs. TiO,. The tita-
nia electrode measured vs. CE behaved typically. When LSC was measured vs. titania
also a “typical” response to blue light was recorded. When the steady state voltages
(corrected by the offset) during the illumination are added for TiO, vs. CE and LSC
vs. CE, they are in good agreement with the voltage measured between TiO, and LSC.
These findings were demonstrated on two different spots on this sample and suggest
that LSC acts a voltage probe on YSZ, which is polarized next to TiO,. Considering the
absence of a metal on TiO, in this experiment these findings could be interpreted to
imply a photoactivity of the TiO,|YSZ interface.

Sample LSC64-TiO2_002_c, shown in figure 3.18(b), featured LSC circles (2= 20 pm)
in various distances from a big (~mm?) titania area, the closest LSC electrode being
around 5 ym away. No light effect could be measured on this sample for LSC vs. CE.
Sample LSC64-TiO2_003a, presented in panel (c) of figure 3.18, consisted of a titania
layer with circular holes (nominal = 350 um) into which LSC circles (nominal &=
300 um) were inserted. The distance titania-LSC was between 25 and 35 pm. No light
effect was observed when LSC was measured vs. CE.

Sample LSC64-TiO2_002b had an LSC grid with stripes of around 2 pm width (figure
3.18 (d)). Into the free spaces titania squares were inserted that did not touch the LSC
on large parts of the sample. When LSC was contacted as a WE and the voltage was
measured as a function of time vs. the Pt counter electrode using blue light no effect
could be noticed.

To sum up, the effect of LSC being polarized when in proximity to titania could only be
measured on one sample, but two times. The results of measurements of LSC, titania
and counter electrode vs. each other are consistent and indeed suggest a polarization of
LSC during illumination without being in contact with TiO, and even though the ma-
terial itself prove to be not photoactive. This “distance effect” could not be reproduced
on samples with similar LSC-TiO, distances but other geometries.

Oxygen partial pressure

The oxygen partial pressure dependence of two voltage values in a typical U(t) curve
(see figure 3.13) was investigated on four samples at 500°C set temperature: The voltage
offset Ug,rk and the voltage change compared to Uy, remaining directly after switch-
ing off blue light, Uy

Three different p(O,) were used (see also section 2.2): Ambient air (0.21 bar),
~1 x 107° bar (10 ppm O, impurities in N,) and ~1 x 10~ bar (H,/H,O mixture?).
The resulting values for Ug,x and Up,y at these three p(O,) are presented graphically
in figure 3.19. Generally the values vary strongly in air and N, but not in reducing
atmosphere, where both Ug,,k and Uy, almost vanish. Due to the untypical behaviour
of samples Pt 009 and Pt 001 only two data points are available in air.

12.5% H, (in Arcal 10 gas mixture) were assumed to be in equilibrium with the vapour pressure of water
at room temperature (22°C, gas washing bottle; ~26.5 mbar [135]). Using data from NIST [136-138]
the equilibrium partial pressure at the estimated measurement temperature of 450°C was calculated to
be 1.17 x 107 bar.
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Figure 3.19: Dependence of Ugak (a) and Upay (b) on p(O,) for samples YSZ_TiO2-Pt_Ana2-
550.009...012.

Table 3.10: Useful data for titania samples YSZ_TiO2-Pt_Ana2-550_009...012 and YSZ_TiO2-
Pt_Ana2-550_004.

Pt010 Pt012 Pt 009 Pt 010 Pt 011 Pt 012 Pt009 PO010 Pt004

Tset/°C 500 500 500 500 500 500 400 400 400
p(O,)/bar 0.21 0.21 1x107° 1x107° 1x107° 1x107> 021 021 021
Ugark/mV 5 -10 0.1 4 5 2 -75 -40 -50
Upy/mV -50 -80 -48 74 -110 93 -147 -150  -185
Upatr/mV 65 45 70 73 77 47 115 85 140
Uss/mV 2 -30 19 13 -19 -41 -67 -80 95
Upatr — Uss/mV 67 75 51 60 9 88 182 165 235
— (Upy — Uss)/mV 48 50 67 87 91 52 80 70 90

The voltage offset is very small in air and N, as well, compared to the values at 400°C set
T in air, presented in subsubsection 3.3.1 (5...80 mV). It can be positive or negative.
Both voltages Upa and Uy, showa a maximum in N,. However, the maximum of
Ugark needs further investigation because it only results from taking the mean value of
the two points measured in air, which are far apart.

Summary of useful data and comparison

Table 3.10 gives an overview of interesting voltage values and differences that can be
read from a typical U(t) curve (see figure 3.13). The samples included are YSZ_TiO2-
Pt_Ana2-550_009...012 and sample YSZ_TiO2-Pt_Ana2-550_004, for which the prepara-
tion conditions were optimized. The oxidation programme was 2 h at 550°C in air. Data
are given for measurements in air and N,. Again, measurements on samples YSZ_TiO2-
Pt_Ana2-550_009 and ..._011 in air had to be excluded because the were untypical.

The most interesting comparisons within this data set involve samples
YSZ_TiO2-Pt_Ana2-550_009... 012 in N, because four data sets are available. The re-
sults are summarized below.
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Figure 3.20: Plots generated from data in table 3.10 (samples YSZ_TiO2-Pt_Ana2-550_009...012
and YSZ_TiO2-Pt_Ana2-550_004, Pt current collector). (a): Ugs increases with in-
creasing Upy, one data point does not match. (b): — (Upy — Uss) increases with
increasing Upqgt.

* There is a considerable variation of Upy (approximately a factor of two), whereas
Upqyy is almost the same for three of the four samples. This indicates that these
two values are largely independent from each other.

¢ The voltage Uss varied in sign, meaning that sometimes it was greater than Ug,,x,
sometimes smaller. When plotting U as a function of Upy it is revealed that Uss
increases with increasing Upy, except for one data point (see figure 3.20 (a)).

e The value — (Upy — Uss), which is a measure for the difference between the fi-
nal point of the fast initial jump and the plateau, increases with increasing Uy,
(figure 3.20 (b)). However, this value does not depend on Upy.

Voltages measured at 500°C set T were generally smaller than the ones measured at
400°C set T.

3.3.2 Strontium titanate

Voltage measurements as a function of time were performed on three STO samples:
two had an STO single crystalline working electrode (STO_001: Pt current collector,
STO_002b: Au current collector) and a YSZ thin film electrolyte (see subsection 2.1.1),
one had a weakly Fe-doped STO thin film electrode and a Pt current collector on a YSZ
single crystal (sample YSZ_STF0.4.001). For STO_001 and STO_002b the oxygen partial
pressure (air, N,, H, /H,0) and the temperature (400°C, 500°C, 600°C set temperature)
were varied, YSZ_STF0.4_.001 was only tested in air at 400°C set temperature.

Equilibration time

As for TiO, the equilibration time was estimated for STO samples. Chemical diffusion
coefficients D and surface exchange coefficients k are available for weakly Fe-doped
STO single crystals (0.03...0.29 mol% Fe) [93, 139]. It was found that below about
477°C the surface reaction is rate-determining, while the diffusion-controlled regime
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is above this temperature [92]. With the k value at 500°C? being 1 x 107® cms~! and
an STO thickness L of 0.5 mm the formula t = L/k gives approximately 0.58 days
for t. According to the rule of thumb mentioned in subsubsection 3.3.1 (= 10 - t until
equilibrium is reached) this gives about 6 days. Considering that the real measure-
ment temperatures are around 350°C and 450°C for 400°C and 500°C set temperature,
respectively, it is clear that these periods of time are unfeasible for measurements of
several samples under several conditions. Therefore, samples were only equilibrated
overnight. At 600°C set temperature (~=550°C real temperature), however, the bulk dif-
fusion process is rate-limiting. Taking the D value from [139] at about 500°C and using
L = /Dt the resulting time ¢ is only around 10 min. Measurements at 600°C set tem-
perature can thus be considered to be performed on an equilibrated sample.

Sample STO_001: Pt current collector

All U(t) curves are typical. Curve shapes in reducing atmosphere differ from those
in air or N,. Examples at 500°C set temperature are shown in figure 3.21. Given the

0.2- N blue light on B
B 0.02+ red light
on off
0.1 5 0.01 A
E) 0.00 4 r—
0.0 2 < >
o] -0.01 .
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S 0.1 S 002
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-0.24 | -0.04
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’ 0 20‘00 40‘00 60‘00 8(;00 10600 12(;00 Méoo 16600 18(‘)00 20:)00 22600 0 10‘00 20‘00 30‘00 40‘00 50‘00
t/s t/s

Figure 3.21: Two typical STO measurements (sample STO_001, Pt current collector) at 400°C set
T (a) in air and (b) under reducing atmosphere (right).

similarly shaped curves at high and low temperature the measurements at 400°C and
500°C set T are considered at least qualitatively reasonable results despite the samples
being not in equilibrium with the surrounding atmosphere.

The results of all measurements are given in compressed form in figures 3.22 and 3.23.
Both Ugark and Uy are considerably smaller in reducing than in oxidising atmosphere
and show a maximum absolute value in N,. Up,y only vanishes at 600°C, it can be
measured at 400°C and 500°C set temperature. The absolute values of both voltages
decrease with increasing temperature.

sz looking at the k value at the high temperature of 500°C, which is already slightly above the surface-
controlled regime, we get an estimation that favours a short equilibration time because surface ex-
change is assumed to be faster at higher T
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Figure 3.22: Ugay (left) and U,y as a function of p(O, ) for sample STO_001 (Pt current collector).
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Figure 3.23: Ugqarx and Uy, as a function of temperature for STO_001 (Pt current collector) (ap-
proximate real T is indicated in the diagrams).
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Sample STO_002b: Au current collector

Measurements in N, and air were typical. Despite showing a strong response to blue
light at 400°C set T the measurement in H, /H,O has to be described, as all measure-
ments in this atmosphere, as untypical. Two examples for U(t) curves are shown in
tigure 3.24. The dependence of Uy, and U,y at 400°C, 500°C and 600°C set T are
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Figure 3.24: Two typical measurements on STO_002b (Au current collector) at 400°C set T in air
(left) and under reducing atmosphere (right).

depicted in figure 3.25, the dependence on temperature at a certain p(O,) is plotted
in figure 3.26. At 600°C no reasonable values for Ug,x and Upay could be read from
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Figure 3.25: Ugapk (left) and Upyy as a function of p(O,) for STO_002b (Au current collector).

the data. The voltage offset has its maximum in N, at 400°C and 500°C set temper-
ature. The ”“battery voltage” has a maximum in N, at 500°C, and in air at 400°C set

temperature.
Both voltages decreased with increasing temperature in all atmospheres investigated.
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Figure 3.26: Ugqari and Up,ay as a function of temperature for STO_002b (Au current collector).

Sample YSZ _ STF0.4.001

U(t) curves were recorded on this sample at 400°C, 500°C and 600°C set T, in air. They
are shown in figure 3.27. The effects observed are typical but rather small. The voltage
evolves into a steady state much more quickly than on most of all the samples treated
so far.

Summary of useful data and comparison

This subsubsection is the analogue to the last part of subsubsection 3.3.1 for titatia and
shows data for samples STO_001 (Pt grid) and STO_002b (Au grid) for 400°C and 500°C
set T in air and N.

Table 3.11: Useful data for STO samples.

STO.001 STO-001 STO.001 STO.001 STO-002b STO.002b STO-002b  STO_002b

current collector Pt Pt Pt Pt Au Au Au Au
Teet/°C 400 500 400 500 400 500 400 500
p(O,)/bar 0.21 0.21 1x107° 1x107° 021 0.21 1x107>  1x107°
Ugark /MV -180 31 -230 -130 -180 15 261 74

Upy /mV -109 -1 -137 0 -563 -164 -529 -346
Upagt 320 57 385 160 313 51 298 121
Uss/mV 306 56 370 159 -58 13 -299 -176
Upaye — Uss/mV 14 1 15 1 371 64 -597 297

— (Upy — Uss)/mV 415 57 507 159 505 151 827 467

Measurements in H,/H,O on STO_002b were all untypical, while they were not on
STO_001. The results of the most interesting comparisons are listed below:

e Ugark was similar for STO_001 and STO_002b at 400°C set T in air and N.

e U was similar for STO_001 and STO_002b at 400°C set T in air and at 500°C set
T in air and Nj,.

¢ In particular, the voltage Up,y in air is almost the same for both samples (different
current collector materials), despite a massively different Upy.
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Figure 3.27: U(t) measurements on sample YSZ_STF0.4.001 (SrTij goqTig 004O3.s thin film elec-
trode on YSZ) at different temperatures in air. A small but typical effect upon irra-
diation with blue light is visible.
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¢ The fast jumps in voltage when the light is switched on or off, Upy and
— (Upy — Uss), are much bigger when the Au current collector was
used (STO_002b).

¢ The voltage measured during illumination with blue light, Uss, is smaller than
Ugark on STO_002b but greater than Uy, on STO_001.

The absolute values of all voltages decrease with increasing temperature.

3.3.3 Comparison of STO samples (s.c. WE) with TiO, samples

By comparing STO and TiO, samples we get further general information about the
interaction of light with MIECs. The measurements on the two materials only have one
point in common without restriction: All voltages decrease with increasing temperature
on all samples. For other comparisons we have to take a closer look:

¢ Under the same conditions the voltage offset Uy, is smaller for titania samples.

* On the titania samples Au as a current collector material seemed to enhance the
offset voltage. This was not observed on the STO samples.

® On the titania samples Uy, was smaller than on STO at 400°C set T in air and at
500°C set T in N,. At 500°C in N,, however, the results for Uy, were comparable.

¢ Under certain conditions on both samples Up,y is similar for samples with vary-
ing Upy (either randomly or induced by different current collector materials).

¢ In H,/H,O Uy, was practically zero for the titania samples, which was not al-
ways the case for the STO samples.

3.4 Systematic impedance measurements

3.4.1 Titanium dioxide
Impedance spectra without illumination

Typical impedance spectra of samples with TiO,-WE having a nominal film thickness
of 100 nm measured in air are shown in figure 3.28. Spectra on samples with three dif-
ferent geometries (see table 3.6) are displayed. The left column of figure 3.28 shows a
spectrum measured on a sample with circular microelectrodes and a grid-shaped cur-
rent collector. Measurements on pyramid-type WEs (Pt circle (= 200 um) on top of
a TiO, circle (g= 300 pm)) are shown in the middle column of this figure. The right
column depicts data collected on Pt microelectrodes (= 300 pm) for comparison.

The spectra show a high-frequency semi-circle, one or two mid-frequency features and
the onset of a low-frequency semi-circle. This description applies to spectra measured
on samples with geometries no. 2 (lid), 3 (hat), 4 (pyramid) and 6 (micro-circle with
grid), as well as on pure Pt circles. The preparation conditions varied (2 h/900°C for
geometries 2, 3 and 4, vs. 2 h/550°C for geometry 6) and also the equilibration times
were different, but qualitatively these features can be distinguished on all types of sam-
ples. The shape of the mid- and low-frequency features vary with geometry: On a
circular microelectrode with grid (figure 3.28 (a)) there is a pronounced hump followed

75



500°Cset T 400°Cset T 400°Cset T

p-circle with grid pyramid pure Pt

ol W ﬁl”l |

100nm TiO, M0, 100 nm TiO,

8x10 2x10° 2x10°
~ —— pyramid 2D —Pt1C
0.036 Hz 2%10° —— pyramid 2F 1x10°+ ——Pt1E
6x10'1 001 Hz
, ~—0.01Hz , ‘
1x10° 4 9x10’
. G c
S 4x10' s s
E E 8x10° E 6x10'
I 2x10 1 I '
4x10°H 3x10’
0 i 7 ! 7 r 7 o j 8 ! 8 ! 9 j 9 9 0 r 7 J 7 J 7 J 8 8
0\  2x10° 4x10° 6x10' 8x10 0\ 4x10° 8x10° 1x10° 2x10° 2x10 3x10" 6x10° 9x10" 1x10° 2x10
Re(2)/Q Re(2)/Q Re(2)/Q
4x10° 3x10° 3x10°
—— pyramid 2D —Pt1C
——— pyramid 2F ——Pt1E
5
3x10 A . .
2x10 4 2x10 4
c o, G
S 2x10° 1 S S
E E s 251.2 kHz E .
' ' 1x10 4 | '+ 1x10 A
1x10° 136.4 kHz ! 284.6 kHz
'
0 : : : 0 . . 0 - :
0 1x10° 2x10° 3x10° 4x10° 0 1x10° 2x10° 3x10° 0 1x10° 2x10° 3x10°
Re(2)/Q2 Re(2)/Q Re(2)/Q

Figure 3.28: Typical impedance spectra of samples with a titania thin film working electrode in
air compared to Pt electrodes. Left column: micro-circles with grid, middle column:
pyramid-type electrodes, right column: Pt electrodes. For the Pt and pyramid-type
electrodes two spectra, measured on two different electrodes, are shown. The bot-
tom row shows the same measurements as the the spectra in the middle row, but
zooms in on the high-frequency region.
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by a shoulder. On a pyramid-type electrode (figure 3.28 (b)) there is no hump but al-
most a straight line between the high frequency semi-circle and the other features at
lower frequency. The mid-frequency shoulder is visible, though. The Pt spectrum is
shaped as known from literature [134] with only one mid-frequency feature, which is a
small shoulder.

High-frequency semicircle Usually, this semi-circle is attributed to the spreading re-
sistance, Rspr, in the YSZ substrate [140, 141]. It can be calculated according to

1

Rspr = > dme

0ysz (3.4)

with dme being the micro-electrode diameter and cysz the conductivity of the YSZ sub-
strate [142]. A fit with an R||CPE (CPE... constant phase element) equivalent circuit and
use of formula 3.4 with the known electrode diameter yields the YSZ conductivity.
While determining the active area relevant for the YSZ feature in the spectrum is
straightforward for lid- and hat-type electrodes (the complete area; see figure 3.6 on
page 58, geometries 2 and 3) it is more difficult for the pyramid-type Pt/TiO, elec-
trodes. The lateral conductivity in the electrode is crucial for the size of the active area
and therefore influences the parameters extracted from the fit. If the conductivity is too
small the outer parts of the electrode will not be affected by potential changes during
the EIS measurement and the parts of the YSZ lying underneath cannot be polarized,
leading to an apparently lower YSZ conductivity. The Pt layer forming the top of the
pyramid is laterally highly conductive. The lateral conductivity of the TiO, layer can
be estimated from defect chemical calculations based on [78] and [85] presented in sub-
section 1.1.4 and also from impedance measurements as is shown in the following.
According to equation 3.4 the electrode diameter can be calculated if the conductiv-
ity and the resistance are known. The conductivity of the substrates used was deter-
mined in [143, pp. 48,68,89], the resistance was measured here. In order to obtain the
conductivity from [143] the temperature is needed. It can be estimated from EIS mea-
surements on Pt microelectrodes for which the active diameter is known (the whole
electrode area). This was done on two different samples, the results are given in ta-
bles 3.12 and 3.13, in the top parts. The calculated temperatures of around 360°C are
reasonable values for 400°C set temperature.

The mean temperature calculated from several measurements was inserted into equa-
tion 3.4 for the pyramid-type electrodes and the electrode diameter was computed.
The results are shown in the bottom parts of tables 3.12 and 3.13. All active electrode
diameters obtained for the pyramid-type electrodes are below 200 um, which was the
minimum active diameter assumed. Therefore, it is concluded that this type of elec-
trodes does not show enough lateral conductivity in the titania layer to polarize a YSZ
area bigger than 200 ym in diameter. The deviation of the calculated diameter values
from the ideal value of 200 ym is attributed to variations in temperature which is very
plausible because thermal contact to the furnace can vary between measurements. It is
worth mentioning that oxygen ion conductivity in the titania or Pt layers is not neces-
sary to polarize the YSZ substrate. Even with a completely ion-blocking electrode the
YSZ semi-circle can be measured.

To further support the assumption of only the Pt part of a pyramid-type electrode being
active the resistance for a current flowing from the Pt circle to the outer edge of the
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I d...thickness

Figure 3.29: Sketch of the simplified geometry used to determine the lateral resistance in a
pyramid-type electrode. The current is assumed to flow radially (along the arrows)
from the inner cylinder (light blue) to the ring coloured dark blue.

titania circle was estimated. The conductivity ¢ was calculated from the model based
on [78] and [85] (see subsection 1.1.4) for 360°C and air (21% oxygen at 1 bar). The
geometry factor was calculated using a simplification: The volume in TiO, beneath the
Pt circle was assumed to have no resistance, then current only flows laterally (see figure
3.29).

In the general formula

1 dr
dR = =y (3.5)
the area A is the ”shirt cuff”-like surface coloured blue in figure 3.29 which depends on
the radius r and is calculated according to

A=2rm-d (3.6)

with d denoting the thickness of the titania layer. Integration from the radius of the Pt
circle (r;, 100 um) to the radius of the titania circle (r,, 150 pm) gives the resistance for a
current flowing from the “inner shirt cuff” to the “outer shirt cuff”:

R 1 dr 1 fa 1 1
/0 dR_/ri o 2rm-d  o2nd r; ;dr_a27'[d (In7)
_ 1 Ta
= 54 <ln 7’i> (3.8)

Inserting the numbers yields a resistance of 4.6 x 101 (), which is practically insulat-
ing. Even if the “outer shirt cuff” were at a distance of only § pm from the assumed
well-conducting zone beneath the Pt circle (r, = 0.5 pm) the resistance would still be
5.6 x 107 Q).

The lateral resistance even increases when the simplification is omitted and the inner
zone is allowed to be resistive. This resistance can be estimated assuming a cylindrical
current path beneath the Pt circle,

" (3.7)

R= (3.9)

d
rim’

1=

and has a value of around 2 x 10° ), which is also considerable. Therefore, neglecting
lateral current in the titania circle is a reasonable assumption.

78



Table 3.12: Estimations of temperature and active electrode diameter of electrodes on sample
YSZ _Ti-Pt-Kreise_005. Top part of the table: Calculation of T from R; on Pt elec-
trodes. Bottom part: Calculated T was used to estimate active electrode diameter on
pyramid-type electrodes (details see text).

electrode diameter/pm

electrode name R;/Q) conductivity /S cem ! . T/°C (calculated)
(given)

Pt 1C 725 % 10° 2.3 x107° 300 364.0

Pt1C alt. meas. 9.71 x 10° 1.71 x 107 300 354.8

Pt 1E 9.61 x10° 1.73x10* 300 355.1

mean temperature = 359.4°C

electrode name Ri/Q) conductivity /S cm ™! electrode diameter/pm  T/°C  (mean  value
(calculated) from above)

Tof 2D 1.65 x 10°  1.99 x 107 152.3 359.4

Tof 2F 1.58 x 10°  1.99 x 107 159.5 359.4

Table 3.13: Estimations of temperature and active electrode diameter of electrodes on sample
YSZ _Ti-Pt-Kreise_006. Top part of the table: Calculation of T from R; on Pt elec-
trodes. Bottom part: Calculated T was used to estimate active electrode diameter on
pyramid-type electrodes (details see text).

electrode diameter/pm

electrode name Rq{/Q) conductivity /S cm~! . T/°C (calculated)
(given)

Pt 2E 8.97 x 10°  1.86 x 107° 300 357.3

Pt 2F 849 x 10° 196 x 107° 300 358.0

mean temperature = 358.1°C

electrode name Ry /Q) conductivity /S em-1 electrode diameter/pum  T/°C (mean value from
(calculated) above)

Tof 3A 1.58 x 106 1.91 x 107 166.1 358.1

Tof 3B 1.32 x 106 1.91 x 1075 197.9 358.1
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Table 3.14: Comparison of the extrapolated Rpc for various types of Pt(/TiO,) samples.

electrode type Tieal °C  extrapolated Rpc/€Q)  Rpc/Q) (corrected if necessary) for comparison
Pt ref. [134] 350 1% 10°

Pt ref. [134] 450 4% 108

Pt this study 350 1 x 10° 2.25 x 10°

hat 350 1% 10° 2.25 x 10°

lid 350 2.5...5 x 10°

pyramid 350 1.5 x 1010

p-circles with grid ~ 450 6 x 108 1.2 x 10°

Mid-frequency feature In the mid-frequency range one or two features appeared. A
slight shoulder next to the onset of the low-frequency arc could be observed on all sam-
ples. The hump-shaped feature, which appears at higher frequencies than the shoulder,
is most pronounced on circular micro-electrodes with current collector grid. It can be
identified on pyramid-shaped electrodes as well, but it is certainly smaller. On hat-
type electrodes and Pt electrodes this feature did not occur. This suggests that it is
connected to the TiO, layer. The hat-type electrodes are a mixture between Pt elec-
trodes and TiO, /Pt electrodes since they have a zone where Pt touches YSZ. It can also
be concluded that this phenomenon depends on the electrode geometry. Giving further
interpretations about its origin is beyond the scope of this work.

Low-frequency arc The low-frequency arc is usually assigned to the oxygen exchange
reaction on the electrode surface [140, 141, 144-146]. The consistency between spec-
tra measured on different samples and geometries within this group of samples and
compared to literature was assessed by fitting the beginning of the low frequency arc
with an R||CPE element and extrapolating it to the intercept with the abscissa (Rpc).
Apart from circular Pt electrodes (= 300 um) the following Pt/TiO, electrode types
(cf. table 3.6) were included in the analysis: pyramid-type electrodes, hat-type elec-
trodes (outer = 300 pm, inner g= 200 um), lid-type electrodes (&= 200 pm) and
circles (g= 300 pum) with current collector grid. Only the last type of electrodes was
measured at 500°C set T, the rest was investigated at 400°C set T. Literature data was
taken from figure 10 (a) of reference [134].

The fit quality can be judged from figure 3.30. It is acceptable for pyramid-type Pt/TiO,
and Pt electrodes. The low-frequency arc of hat- and lid-type electrodes as well as cir-
cular microelectrodes with Pt grid cannot be described with an R||CPE element very
well. This indicates that the surface exchange process might be complex and geometry-
dependent. Nevertheless this extrapolation is enough for the rough comparison that
this subsubsection aims at since it would require further investigations to find a mean-
ingful equivalent circuit for the samples under consideration, which would take us
beyond the aims of this study.

A comparison of the extrapolated Rpc values measured in this study (see table 3.14)
reveals that Pt and hat-type electrodes have a very similar Rpc. The lid-type electrodes
were smaller in diameter but can be compared to Pt and hat-type electrodes if this size
difference is taken into account. Since in the investigated temperature regime a current

80



2x10™° 2x10°

—=— measurement —=— measurement —=— measurement
—— extrapolated fit extrapolated fit 6)(108 | —— extrapolated fit
10 o : 400°C set T, hat-type electrode ° =5 i :
2x10"° 4 400°C set T, pyramid-type electrode 500°C set T, p-circle with grid
1x10°
S (o] g 4x10°
= 1x10" = =
£ E . 0.001 Hz E
! ' 5x10 4 / z 5
5¢10° - 2x10 4
< 0.01 Hz ~—0.036 Hz
0 T T T Y T T 0 T T T
0 5x10° 1x10" 2x10° 2x10” 0 5100 1x10°  2x10° 0 x10°  4x10°  6x10°
Re(2)/Q Re(2)/Q Re(2)/Q
5x10°
1x10° { —=— measurement —— measurement
—— extrapolated fit | = extrapolated fit
1x10° - 400°C set T, Pt electrode 4x10"1 400°C set T, lid-type electrode
8x10° 3x10°
x10°
g . g 0.004 Hz
N 6x10 ) o ¥
E £ 2x10 A
' 4x10° '
9
2%10° 1x10
-—0.028 Hz
0 T 0 T T T T
0 2x10%x10°6x10°8x10°1x10°1x10 0 1x10° 2x10° 3x10° 4x10° 5x10°
Re(2)/Q Re(2)/Q

Figure 3.30: Examples for extrapolated fits of the low-frequency arc of different Pt/ TiO, sample
types. All measurements were carried out in air.

path through the electrode bulk is predominant [134] Rpc for hat-type and Pt electrodes
was multiplied by a factor of

Area (hat) 150% 7
Area (lid) 10027

— 225, (3.10)

which results in an Rpc value of about 2.25 x 10° (), agreeing very well with values
for lid-type electrodes (~2.5...5 x 10° Q)). As was shown above, the active electrode
area on pyramid-type electrodes is 200 pm and therefore did not have to be corrected.
The value is about 1.5 x 10 Q) which is higher by a factor of ~7 compared to the other
electrode types, but within the order of magnitude. It suggests that this geometry has
an influence on the rate-determining step in the oxygen exchange reaction.

The Rpc value for a Pt electrode taken from [134] at 350°C is approximately 1 x 107 ()
for a microelectrode with a diameter of 200 pm and is in good agreement with the value
of 2.25 x 10° Q) measured in this study.

Assessing the agreement between the extrapolated Rpc on TiO, microelectrodes with Pt
grid (500°C) and pure Pt microelectrodes measured in [134] (where it was ~24 x 108 Q))
requires another correction. In the light of the conductivity considerations from above,
it must be assumed that on a sample with Pt grid only the area covered by the grid is
active for oxygen exchange. The grid used had stripes with a width of 15 yum, separated
by 35 pm of void. This gives a surface coverage of 51% that has to be taken into account.
The corrected Rpc value is 1.2 x 10? (), again in good agreement with literature.
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The present results at 400°C set T deviate from the literature values by a factor of up
to five for the majority of the electrode types, including pure Pt electrodes, or 15 for
pyramid-type electrodes. At 500°C the deviation is roughly a factor of three. This
acceptable compliance is a strong indication for the absence of major artefacts.

From this comparison, but more importantly, from the comparison between Pt and
Pt/ TiO, electrodes measured in this study, it can be concluded that the titania layer
does not inhibit the oxygen exchange reaction greatly despite its low conductivity.
However, the inaccurate fit of the low-frequency arc by an R||CPE, which is in con-
trast to [134], indicates a change in mechanism induced by the insertion of the TiO,
layer.

Impedance spectra with illumination

Sample series 1 EIS measurements under illumination with red and blue light were
carried out on samples with titania layers produced by oxidation of sputtered Ti films at
900°C for 2 h in air. Lid-, hat- and pyramid-type geometries were used. The measure-
ments can be described in three groups. The first group deals with spectra recorded
with blue light using the usual EIS setup. As the Novocontrol impedance analyzer
short-circuits the sample during measurement, a current flow is possible [134]. If this is
the case, the impedance is not probed in the origin of the current-voltage curve of the
electrode under investigation but in another point. Then, the impedance can be differ-
ent if the U-I curve is non-linear. To avoid this, the second group of measurements was
performed using a capacitor, inserted into the lead between one of the sensing termi-
nals and the sample in a pseudo-4-point arrangement. This method was described in
more detail in [134]. Finally, the third group of measurements consists of miscellaneous
investigations that should complete the picture of EIS with light on sample series 1.

The electrodes belonging to group 1 are: five lid-type electrodes on sample YSZ_Ti-Pt-
Kreise_004, three hat- and two pyramid-type electrodes on sample YSZ_Ti-Pt_Kreise_005
and two hat- and two pyramid-type electrodes on sample YSZ_Ti-Pt_Kreise_006. On
each electrode a measurement without light and with blue light was performed. Mea-
surements with red light were carried out on one sample for at least one type of geom-
etry. An overview of typical results is given in figure 3.31. The findings are similar for
all three types of geometries. Red light had almost no effect, except for a small shift in
the high-frequency semi-circle. By the same method as in subsection 3.4.1 this can be
related to a change in YSZ spreading resistance, most likely caused by a slight change
in temperature, which can be estimated to be a few degrees celsius. The same effect is
caused by illumination with blue light but additionally, the estimated extrapolation of
the low-frequency feature to the abscissa, Rpc, decreases by about one to two orders
of magnitude. Also, a second low-frequency feature appears with blue light. This new
element is hump-shaped rather than semi-circle-like. No change was observed in the
mid-frequency part of the spectrum.

The measurements assigned to group 2 were performed on the same samples and elec-
trodes as the ones in the group above, but not on all of them. The electrodes probed
were two hat-type and two pyramid-type electrodes on sample YSZ _Ti-Pt_Kreise_005 as
well as on sample YSZ_Ti-Pt-Kreise_006. It was already shown in the above measure-
ments that red light has no significant effect. The capacitors blocking the DC current
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Figure 3.31: Typical EIS measurements (group 1, no DC-blocking capacitor) with blue, red and
without light, carried out at 400°C set T in air. The cell was short-circuited by the
impedance analyzer during the measurement, leading to a current flow when blue
light was turned on. Every column contains the same data: An overview (first row)
and two zooms to higher frequencies (second and third row).
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Figure 3.32: Typical EIS measurements (group 2: DC-blocking capacitor) with blue, red and
without light, performed at 400°C set T in air. With blue light and the DC-blocking
capacitor an effect is visible, but smaller than without the capacitor (group 1 sam-
ples, figure 3.31).

were charged by completing the circuit that connects sample, impedance analyzer and
capacitor (Novocontrol Alpha A with POT/GAL interface in “connect” mode). The
sample acted as a voltage source providing voltage Uy that charged the capacitor up
to a certain degree U /Uy, where U is the voltage at the capacitor at time t. The ratio
U /Uy = 99% was chosen to be sufficiently high. The time necessary to charge the ca-
pacitor with capacitance C and the sample acting as a resistor with resistance R (known
from the extrapolated EIS measurement) was calculated from the U(t) dependence dur-
ing charging a capacitor

1—exp <—th>

Since the capacitor represents a high pass filter the cutoff frequency f. had to be deter-
mined using

u=U = t=-RCIn <1 - i) . (3.11)

1

Je=2nre
The selected C values of 10 nF or 100 nF gave a cutoff frequency in the 1-10 mHz range
and a charging time of around 10 min. The effect of the capacitor on a measurement
without light was tested at least once for each sample and was judged to be insignifi-
cant, see figure 3.32. This figure also shows the effect of blue light on the impedance
spectrum, which was similar for all electrodes. Rpc was again estimated by extrapola-
tion and was found to be 3 to a bit more than 1 order of magnitude lower than without
illumination. In the other parts of the spectrum the changes were similar to the mea-
surements without capacitor.
To check if the capacitor had the desired DC-blocking effect the inhibition of direct
current flow was brought about by another means as well: A voltage equal in absolute
value but opposite in sign to the measured photovoltage was applied during a measure-
ment with blue light. This test was carried out on one electrode only but yielded the

(3.12)
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Figure 3.33: Impedance spectra of a pyramid-type electrode (400°C set T in air) without light
(steepest arc), with blue light and DC-blocking capacitor as well as with blue light
and “counter-bias” (identical - smaller arcs).

expected result: Impedance spectra with capacitor and with ”counter-bias” are identi-
cal (see figure 3.33). These findings suggest that the current flowing during illumination
contributes in conjunction with a non-linear current-voltage curve to the observed de-
crease in resistance.

Therefore, the effect of bias without light was investigated as well to further support
the hypothesis of resistance decrease by bias on a non-linear current-voltage curve. The
voltage produced by the cell during illumination with blue light was known from U (t)
measurements and so a bias voltage with the same value and sign could be applied to
the electrodes during impedance spectroscopy. The electrodes used were two hat-type
and two pyramid-type electrodes on sample YSZ _Ti-Pt-Kreise_005 and also on sample
YSZ _Ti-Pt-Kreise_006, typical results are shown in figure 3.34. The impedance decreases
with bias which supports the assumption of non-linear current-voltage behaviour.
Finally two Pt electrodes were measured during illumination with blue and red light,
results of both samples are shown in figure 3.35. There is no effect on the low- and mid-
frequency features either by red or blue light. As for the other types of electrodes, the
high-frequency semi-circle decreases slightly in diameter, most probably due to heating
by light.

Three pyramid- and three hat-type electrodes on two samples were inspected under the
optical microscope before and after each type of measurement (light, bias...). On four
of them none of the measurements changed the surface visibly except for the measure-
ment with blue light and without the capacitor (see figure 3.36). After the measurement
it looked rough. On two samples no optical change was observed. There was no pre-
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Figure 3.34: Typical EIS measurements with and without bias, measured at 400°C in air.
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Figure 3.35: No significant light effect on Pt electrodes (400°C, air). Data from two different
Pt electrodes on sample YSZ_Ti-Pt-Kreise_005 are shown, each in darkness as well
as under red and blue light (in both diagrams). The right panel is a zoom on the
high-frequency part. The small change in the high-frequency feature is attributed to

heating by a few °C.
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sample YSZ_Ti-Pt-Kreise_006, electrode Tof 3A (pyramid-type)

contacting tip

contacting tip

2N

Figure 3.36: (a): Pyramid-type microelectrode before measurement with blue light under short-
circuit conditions. The surface looks smooth. (b): The same electrode after the mea-
surement. The surface looks rough.

ferred geometry for the appearance of this effect. The reason for the surface becoming
rough after measuring with blue light could be an anodic current that causes bubble
formation upon excorporation of oxygen. This phenomenon was studied in detail in
[147]. The direction of the current implies that in the electrode process electrons have
to be transferred from oxide ions to the cable. This is in agreement with the sign of the
voltage usually measured during illumination with blue light: It was negative (with
terminal + on the voltmeter connected to the electrode, see figures 3.14, 3.16, 3.17),
indicating that electrons want to leave the electrode and go into the outer circuit. As
shown in [147] the formation and cracking of bubbles leads to an increase in triple phase
boundary length and hence to an increase in current, provided the preferred reaction
path is via the triple phase boundary. So not only a kinetic light effect and a non-linear
current-voltage curve but also this geometric phenomenon have to be considered as a
contribution to the decreased impedance in the measurements with blue light under
short-circuit conditions.

While this conclusion is consistent in itself and in agreement with literature roughening
was also observed on some electrodes that were not measured at all. Explaining this
phenomenon, however, would result in speculation.

Sample series 2 This series of samples contains the already mentioned samples Pt 009
to Pt 012 (circular microelectrodes with Pt current collector grid, 500°C set T). Measure-
ments were performed in air, N, and H, /H,0O. Measurements both with DC-current-
blocking capacitor and without were carried out.

In air measurements on only two of the four samples could be evaluated because of
noise. Another reason to exclude a sample from analysis was strong disagreement be-
tween dark measurements with and without capacitor. On both remaining samples a
slight decrease in impedance was observed upon illumination with blue light, regard-
less of the capacitor’s presence (see figure 3.37). In N, an effect with blue light only
occurred on one sample out of four, so it has to be classified as untypical and no reac-
tion to light is the conclusion.

In H,/H,0O one sample had to be excluded because there was a difference between
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Figure 3.37: EIS measurements on sample Pt 010 (micro-circle with Pt grid, 500°C set T, air) with
and without light. A slight change can be observed with blue light, no matter if the
capacitor C was used or not (blue and light blue curves).

measurements with and without capacitor. The other samples showed no effect.

3.4.2 Strontium titanate

EIS measurements were done on both samples with a thick, single crystalline WE and
thin film YSZ electrolyte (STO_001 with Pt, STO_002b with Au current collector grid).

Impedance spectra without illumination

Figure 3.38 shows an impedance spectrum measured on sample STO_001 after it had
been subject to 6 h of heat treatment at 450°C set T followed by firing at 700°C in the
measurement heating stage and subsequent dwelling back at 450°C set T in order to
bring it into a state near equilibrium with the surrounding air. Three features can be
identified: A high-frequency semi-circle, a small mid-frequency shoulder and the onset
of a big low-frequency feature. As will be shown in the following subsubsection it
was most interesting to study the time evolution of impedance spectra after the blue
light had been switched on. This was only possible on an impedance analyzer with
high measurement speed (HP 4192A), where one measurement only took about 20 s or
less. This machine, however, can only measure frequencies in the range of 13 MHz to
5 Hz. Under these conditions only the high-frequency feature can be recorded and so
the interpretation of all impedance spectra focusses on the high-frequency semi-circle.
A typical impedance spectrum measured on STO_002b (with the HP 4192A Impedance
Analyzer and therefore no mid- and low-frequency data) is shown in figure 3.39.

One semi-circle is clearly visible.

The high-frequency arc can be fitted with an R||CPE equivalent circuit very well on both
samples (figure 3.40). To assign this feature to a material or process the capacitance was
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Figure 3.40: Impedance spectra (high-frequency part) measured on samples (a) STO_001 and (b)
STO_002b including a fitted curve (R||CPE).
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calculated from the fit parameters R, n and Q of the R||CPE circuit using the formula
given in [148]:

C= (Rl—” : Q)'ll . (3.13)

Results were approximately 5x 107! F (STO.001, 450°C set T, air) and
8 x 10712...1.2 x 1071 F (STO_002b, at different T and p(O,)). For comparison, litera-
ture values were computed assuming a parallel plate capacitor with STO as a dielectric:

C= €O€r§- (3.14)

The area A was the electrode area determined from optical microscope images by mea-
surement in Zeiss” Axio Vision software or using Adobe Photoshop CS3. The relative
dielectric constant €, was taken from [149]. ¢y and d denote the electric field constant
and the thickness of the sample, respectively. The obtained literature values were in
the same order of magnitude as the measured ones: 1.1 x 1071 F for STO_001 and
1.8 x 107! F for STO_002b.
From systematically recorded impedance spectra on STO_002b (400°C, 500°C and 600°C
set T in air, N, and H,/H,0) more information about the high-frequency semi-circle
can be obtained. Despite the fit quality being generally very good it was often necessary
to exclude the first three or four data points at the highest frequency from the fit in order
to obtain a good result. Ignoring the first few points is necessary because the HP 4192A
Impedance Analyzer gives unreliable results at frequencies above 1 MHz [150].
The measured data were often close to an ideal capacitance (n often close to 1) which
is expected for a homogeneous single crystalline material since the CPE usually repre-
sents a distribution of capacitance [148]. In some fits, however, n was even below 0.8,
and it is not entirely clear why this should represent the same single crystalline material
as the other, almost ideal capacitances. One reason for a non-ideal capacitance could
be the inhomogeneous distribution of V{j during illumination, before a steady state is
reached. Another reason could be a second process whose impedance feature overlaps
with the high-frequency arc under consideration.
The measurement of the capacitance as a function of temperature (figure 3.41) gives
further clues about its origin being dielectric or chemical. It decreases with increasing
temperature, a typical behaviour for a dielectric capacitance (e.g. [151]) as opposed
to a chemical capacitance which is dominated by the temperature behaviour of the
charge carrier concentrations [152]. If the values are extrapolated to the measurement
temperature of the literature value the agreement is even better.
In addition to the capacitance the conductivity associated with the high-frequency semi-
circle was evaluated as a function of T and p(O,). The results for the temperature
dependence are given in figure 3.42 as an Arrhenius plot. Apart from the band-band
excitation and the surface exchange reaction the model given in literature includes also
a trapping equilibrium:

Fep, = FeFe' +h- (3.15)

Therefore, to perform any calculation the dopant concentration had to be chosen. It
was assumed that the STO single crystal is p-doped by impurities and in equilibrium
with the surrounding atmosphere at 550°C (see subsubsection 3.3.2, p. 69). Therefore,
a value for the Fe dopant content was chosen that results in a calculated conductivity
corresponding to the measured one at this temperature. Then, the measured data and
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Figure 3.41: The capacitance C measured on sample STO_002b (Au current collector) as a func-
tion of temperature T, compared to a value calculated using e, from literature [149].
Three points are missing because no fit was possible due to noise. The agreement is
good and gets even better when C is extrapolated to room temperature, where the
€, from literature was measured.
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Figure 3.42: Arrhenius plot of conductivity extracted from the high-frequency semi-circle mea-
sured on sample STO_002b (Au current collector; full symbols) compared to data
calculated from [92] (open symbols). A dopant concentration equivalent to 5 x 107
Fe cm~3 was assumed. The deviation of the measured conductivity at 350 °C com-
pared to the value calculated from literature suggests that no equilibrium could be
reached at this temperature.
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Figure 3.43: Dependence of conductivity on p(O,) measured on sample STO_002b (Au current
collector). The values between p(O,) = 0.21 Pa (air) and p(O,) = 1 Pa (N,) were
joined by a straight line to evaluate the slope.

those from literature are of course identical for 550°C in air in figure 3.42. At 450°C in
air the agreement of the conductivity data is still excellent. At 350°C the agreement is
still overall acceptable, the values are not even half an order of magnitude apart (mind
the In on the y-axis). However, it is appropriate to exclude this point when calculating
the slope for the data in air. Then, it is very close to the literature values. If the point at
350°C were included, this would alter the slope drastically and it would not be as com-
parable to the literature value as without this point. In H, /H,O atmosphere only two
points could be extracted by fitting the impedance data. The absolute values and also
the slope agree very well with literature. However, the data point at 350°C is further
away from the calculated value. In N, fitting the impedance data was only possible for
one point, which is close to the calculated conductivity. It is interesting that the points
at the lowest temperature, 350°C, seem to deviate the most from literature data. This
could be due to the very sluggish equilibration kinetics at this low temperature (see
subsubsection 3.3.2). At 550°C in air, however, the sample can be considered in equi-
librium in these experiments. It is therefore justified to exclude the data point at 350°C
from the calculation of the slope and to estimate the dopant concentration by using the
data at 550°C.

The p(O,) dependence of conductivity is presented in figure 3.43. An evaluation was
possible by comparing the slopes of measured and literature data between air and N,
because in this partial pressure regime the conductivity is an almost linear function of
p(O,). To do this, the two points at p(O,) = 0.21 Pa and p(O,) = 1 Pa were joined by a
straight line. The literature value for the slope is close to %, the measured one is about
0.16, which is close to ;. This difference could be simply caused by measurement errors,
but also by different defect chemical reactions, which are determined by the unknown
impurity dopant.

To sum up, the numerical values and also the temperature dependence of the capac-
itances extracted from the high-frequency semi-circle of the impedance spectra sug-
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gest that the dielectric capacitance of STO was measured. The absolute values and the
temperature dependence of the conductivity evaluated from the fitted impedance data
agree very well with the total conductivity calculated from the model by Denk et al. [92],
assuming an impurity dopant level of 5 x 10! ecm~3 and poor equilibration at 350°C.
In contrast to this, the partial pressure dependence of the conductivity shows a slight
deviation from the expected value (about ; instead of %). Nevertheless, the investigated
high-frequency semi-circle can be assigned to the STO bulk with high probability.

Impedance spectra with illumination

Impedance measurements probing the influence of light were performed on both sam-
ples STO_001 (Pt current collector) and STO_002b (Au current collector). The analysis
focussed only on the high-frequency arc. All impedance measurements were carried
out without a DC-blocking capacitor.

On STO_001 the response of the impedance to light was investigated at 400°C set tem-
perature in air with low time resolution (Novocontrol Alpha-A Impedance Analyzer
with ZG-2 interface), on STO_002b it was measured in air, N, and H,/H,O at 400°C,
500°C and 600°C set temperature with high time resolution (HP 4192A Impedance An-
alyzer).

The results for STO_001 are shown in figure 3.44, panel (a) gives an overview. The
large curve with the clearly visible semi-circle was measured without, the small curve
barely discernible with blue light. The first enlargement (panel (b)) shows the high-
frequency arc and its time evolution after first switching on red and then blue light.
Red light causes almost no change, the feature only becomes a little smaller. Upon
illumination with blue light, however, the semi-circle starts to decrease in diameter.
For better visibility a second magnification is shown in panel (c). Since the semi-circle
changes its size continuously, it can cause a loop in the measurement. After turning off
the blue light it starts to increase in diameter and reaches a value near its starting point
after a few measurements.

On STO_002b similar measurements, but with higher time resolution, are shown in
figure 3.45. The effect of blue light is similar: When switched on, the high-frequency
semi-circle starts to shrink, after switching off its diameter increases again.

This time dependence was investigated more closely by varying temperature and oxy-
gen partial pressure. The STO impedance spectra were fitted with an R||CPE equivalent
circuit and Rsto was then plotted as a function of time t when light was switched on
and off. The resulting Rsto(t) curves are plotted in figure 3.46.
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Figure 3.44: Impedance measurements on sample STO_002b (Au current collector) without and
with blue light. (a): Overview. With blue light the impedance drops drastically.
(b): Zoom to STO-semicircle without light. The numbers in the legend indicate
the order in which measurements were carried out. With blue light the semicircle
shrinks, after switching off it only re-grows slowly. (c): Zoom to STO semi-circle
under illumination with blue light: When blue light is switched on the impedance
decreases rapidly. Due to the comparatively slow measurement (=~ minutes) a loop
appears in the spectrum. After switching off blue light the impedance increases

towards its original value.
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in which the measurements were performed. After switching off blue light the
impedance increases only slowly, whereas it drops sharply upon switching on.
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The time evolution of Rgyp is similar for all measurement in air and in N,. When blue
light is switched on it drops sharply and quickly reaches a minimum value which is
almost constant during illumination. When the light is switched off Rsro starts to in-
crease again, but the change is slower than upon switching on. The difference between
resistance with and without blue light is about two orders of magnitude at 400°C set
T and decreases with temperature. In reducing atmosphere the resistance does not de-
crease, but instead it increases. This effect, however, is small compared to the changes
in air and N,. In N, and H,/H,0 at 600°C set T no difference between measurements
without, with red or with blue light was observed.

The change in capacitance upon illumination was evaluated by comparing the value
without light and the capacitance extracted from the first impedance spectrum mea-
sured during illumination. The results are compared in figure 3.47 and show only slight
changes which are decided to be insignificant.

a
12x10M4 o
A
B air, dark
1.1x10™" 1 " ® N, dark
A H/H,0, dark
w | A n O air, blue light
G 1.0x107 1 O N, blue light
o s A H,/H,0, blue light
9.0x1072
(@)
[ J
8.0x10™" :

3€|'>O I 4(I)O I 450 I 5(|)0 ' 5&1')0
T/°C

Figure 3.47: Comparison of STO bulk capacitance with and without blue light, measured on
sample STO_002b (Au current collector). Almost no change is observed.

3.5 Summarized interpretation

3.5.1 Summary of voltage and impedance measurements

Voltage measurements were divided in (by definition) typical and untypical ones. A
typical U(t) curve often had a non-zero voltage offset called Uy, Upon switching on
blue light it was characterized by a fast jump to more negative voltage values (Upy),
followed by a period where the voltage exhibited increasingly positive values. The
voltage Upy is defined as the difference of the peak voltage to Ug,k. Subsequently,
it evolved into a plateau (Uss). Again, Uss is the difference of the steady-state value
to Ugark- The difference between Upy and Usgs is — (Upy — Uss). When the light was
switched off a fast jump to more positive values than Uy, resulted. This peak was
termed Up,y, and is the difference of the highest voltage value to Ugak. The distance
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to the plateau value is Up,t — Uss. Finally Uy, faded away until it reached the inital
value, Ugark-

On TiO, samples the typical effect appeared preferentially on pyramid-type and micro-
circle with grid electrodes but this phenomenon was not further elucidated. The equi-
libration state of the samples was estimated from high temperature data which bears
certain risks but is an appropriate means to gain a first hint. According to these esti-
mations the samples measured at 500°C set T are in equilibrium after firing overnight,
whereas the ones measured at 400°C are not. However, measurements over longer pe-
riods of time suggested that the shape of the light effect was often similar at different
equilibration states. An influence of the current collector material on Ug,. and also the
photoeffect was found. Also, the position of the current collector altered the photore-
sponse. On samples YSZ_TiO2-Pt_Ana2-550_009 ...012 in N, Upy varied but Uy, was
approximately constant. It was found that Uss correlated with Upy. The decrease in
absolute value of the measured voltage after the sharp peak (=(Upy — Uss)) correlated
with Up,y but not with Upy. The most straightforward conclusion from experiments on
p(O,) dependence was that under reducing conditions both U,y and any photoeffects
were negligibly small.

Voltage-time curves on STO with Pt current collector were all described as typical, while
on STO with Au current collector untypical U(t) curves in H, /H,O were observed. The
Au current collector apparently lead to higher jumps upon switching on the light but
did not change Ug,,x much. Rather, Uy, and also Upay were similar on those two sam-
ples under most conditions.

On TiO, samples impedance measurements with blue light under short circuit condi-
tions lead to a decreased impedance of the feature presumably connected to the elec-
trode reaction. An additional feature appeared in the spectrum, but not when a DC-
current-blocking capacitor was used. Also, the impedance decrease was smaller than
under short circuit conditions. Electrodes short-circuited during the measurement of-
ten changed their appearance from smooth to rough after the measurement. This could
be explained by the formation of bubbles during an anodic current flow, but interest-
ingly the rough looks were also noticed on electrodes that were not measured at all.
Impedance spectroscopy on STO samples focussed on time-resolved analysis of the
tirst semi-circle’s impedance, which was assigned to the STO bulk. A systematic anal-
ysis was carried out on the sample with Au current collector. In air and N, the Rgro(t)
curve can be described as follows: When blue light was turned on the diameter of the
semi-circle decreased quickly and became almost constant. After turning off the light
it started to increase very slowly, eventually reaching its original value. In H,/H,0O,
however, the effect was not only much smaller but the impedance increased upon irra-
diation with blue light.

3.5.2 Interpretation
The voltage offset

TiO, samples Given the asymmetrically heated setup substantial temperature gradi-
ents can arise [153] causing a thermovoltage. This issue was adressed by [144] for a
cell with Pt microelectrodes on a YSZ single crystalline electrolyte. It was shown that
the measured thermovoltage between a Pt microelectrode and the counter electrode in-
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creased with increasing heater temperature, which is the expected behaviour. At 700°C
set T it was approximately 30 mV. Considering the lower set temperature in the present
study the temperature gradient will also be smaller. Since the largest temperature gra-
dient occurs across the YSZ single crystal and metals usually have smaller Seebeck
coefficients than semiconductors, the most relevant Seebeck coefficient is the one con-
nected to YSZ. As this parameter is almost independent of temperature [154] a voltage
offset smaller than 30 mV is expected, but values beyond 250 mV were measured in
extreme cases. Additionally, Ug,,«x decreases with set T. It is therefore concluded that
a thermovoltage as described by [144] must be expected but cannot be the only contri-
bution to Ug,rk. Given the dependence of Uy, on the current collector metal, its origin
could be an effect connected to the interface metal|TiO,. This assumption is supported
by the considerable variation of Uy, between samples, which could be due to different
space charge layers as a consequence of variations in sample preparation.

SrTiO; samples  Also for STO samples a similar temperature gradient as for YSZ sam-
ples is expected, given the same measurement setup and thickness of the single crys-
talline substrate. Since more reliable defect data are available for STO and equilibration
issues seem to be critical only at 400°C set T the Seebeck coefficient can be estimated
from defect chemical data. Only contributions from electrons and holes were taken into
account, any ionic effects were neglected. This is possible because the ionic conductiv-
ity is low at the partial pressure points considered. The contributions to the Seebeck
coefficient by electrons and holes, S, and Sy, respectively, were calculated according

to [54, p. 469]:
k no
Se¢ = — (e) In ([e'] ) (3.16)

S, — +<’;> In (ﬁ) (3.17)

In this equations ng is the number of sites available for defects to be located at, in this
case it was taken to be the number of Ti sites per cm~3. An additional additive constant
considering vibrational entropy [54, p. 469] was omitted because trends in thermovolt-
age rather than absolute values are used in the comparison. S, and S;- were combined
to give the total Seebeck coefficient, S, following Nowotny et al. [155]:

_ Uelse/ + O Sh'

S (3.18)

Uges
Using the data calculated from the defect model already mentioned [92] the total See-
beck coefficients for three partial pressure points (air, N, and H, /H,0O) were computed.
A plot of S as a function of p(O,) is shown in figure 3.48. It is clearly seen that the de-
pendence on temperature and partial pressure does not explain the measured thermo-
voltages. Due to the temperature gradient increasing with set T the Seebeck coefficient
would have to decrease considerably in order to give a decreasing, almost zero Ugax
at 600°C set T. This is not the case. Also a very small value for S should be expected
if the very small Uy, observed in reducing atmosphere were a thermovoltage only.
Instead, the calculated S adopts large negative values in H,/H,O. These estimations
do not exclude a contribution from thermovoltage in Uy, but suggest that it is not the
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Figure 3.48: The Seebeck coefficient S for STO as a function of oxygen partial pressure (calcula-
tion see text).

only one. Despite the dependence of Uy, on the current collector metal not being as
pronounced as for the TiO, samples, possibly the metal|STO interface is involved here
as well. Conversely, the dependence of Uy, on p(O,) is more pronounced on STO.

Two additional phenomena contributing to Ugak are conceivable: (a) Very sluggish
equilibration of the WE at low temperatures, leading to a mixed potential and (b) a
thermoelectric generator driven by a lateral temperature gradient. Concept (b) is ex-
plained in [156] and adapted to the situation in the present work in figure 3.49. The
cold contact tip not only creates a temperature gradient from the furnace to the contact
point but also a lateral gradient. The current collector and the WE materials act as the
two components of a thermocouple. The current collector is contacted by the needle, the
WE material is contacted via YSZ and the CE and so a thermovoltage can be measured.
This system would explain the dependence of Uy, on the current collector material as
well as on the temperature. When T rises, the electric field between current collector
and WE becomes smaller since the thermally activated diffusion current against the di-
rection of the field increases. Therefore, this contribution to Uy, eventually vanishes
because the thermocouple is short-circuited internally.

Voltage and impedance response to light

Voltage response: The first, quick jump (Upy) The results of U(t) measurements
showed a dependence of Upy on the current collector material and was in the
10...100 ps range (described in the following, see tables 3.15, 3.16). This fast response
and dependence on the metal indicates a connection to the metal|WE interface, which
is a Schottky barrier that can act as a solar cell. Let’s therefore assume this part of the
voltage response is a photovoltage. As the voltage change has to be measured between
WE and CE the separation of charge carriers excited by light, which occurs only locally
at the Schottky barrier, must change the electrostatic potential at the CE with respect to
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Figure 3.49: A lateral thermoelectric generator as a hypothesis to explain a large part of Ug,yk.

the WE. The spreading of this potential occurs by movement of charged particles, but
without electrochemical production of substance, so it can be called a charging current.
By pushing a charge into a certain direction (separation in the electric field at the Schot-
tky barrier) all the other charges with the same sign are repulsed and move a little bit.
As this current spreads across the cell (WE, electrolyte, CE) it experiences a resistance
which influences the time evolution of the PV voltage.

This time evolution will be estimated in the following. First, the cell has to be described
by a rough equivalent circuit model (figure 3.50). The junction acting as a PV cell is

PV cell Wcﬁg{ Pt|YSZ

NIIEC SZ

Figure 3.50: Equivalent circuit used to describe the voltage evolution upon switching on blue
light.

simply represented by a voltage source. The MIEC and the electrolyte are interpreted
as R||C elements. At the interfaces MIEC|YSZ and Pt|YSZ there are double layer capac-
itances.

For the STO samples this model is simplified by making the following assumptions:

¢ The dielectric capacitances of STO and YSZ, Csto and Cysz, are very small, smaller
than the interface capacitances. Since they are in parallel to the resistors they are
instantly charged (assuming a voltage source with no internal resistance). Then
the current only passes through the resistors Rsro and Rysyz.

This assumption is plausible because Csto was shown to be in the range of
1 x 107! F (figure 3.47), and Cysz can be calculated to be about 1 x 10~ F (rela-
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tive dielectric constant €, = 27 [157]), whereas Cpyys can be expected to be in the
range of 1 x 107> F [144]. Also the interface capacitance Csto|ysz can be expected
to be larger than the dielectric capacitances due to the small thickness of a space
charge layer (nm range) compared to the thickness of STO and YSZ (um range).

¢ The ohmic resistance in YSZ, Rysy is negligible because the YSZ layer is very thin.
It was estimated to be approximately 200 () using data from [143].

The resulting simplified circuit model for an STO cell is shown in figure 3.51. It only

PV cell Cso|vsz

‘hﬂ A A | L.
.\‘/ \\;‘/ | ‘ ‘ I

RSTO CPt |YszZ

Figure 3.51: Simplified equivalent circuit used to describe the voltage evolution upon switching
on blue light in an STO cell.

consists of the STO resistance in series with the two double layer capacitances. The
capacitance Cgrolysz can be estimated by assuming a depletion of charge carriers at
the STO|YSZ interface (Schottky model). The real nature of this interface is unknown
but making this assumption we can at least roughly estimate a value for Csrojysz by
inserting the depletion layer width W into the formula for a parallel plate capacitor.
Furthermore, we assume that the space charge layer in YSZ is negligibly short due to
its high concentration of charge carriers and only a one-sided space charge layer has to
be considered. Its width was calculated using the formula for W given in [158, p. 89],

2€ubi
W=,/ , 3.19
zeNg ( )

where €, Uy, z, e and Np represent the dielectric constant of STO (= ¢ - €,(STO)),
the built-in potential, the charge number of the dopant, the elementary charge and the
dopant concentration, respectively. Typical space charge potentials Uy; are between
500 mV (for grain boundaries in STO [88], for example, but also for a Ge pn-junction
[158, p. 87]) and 1,2 V (for a GaAs pn-junction [158, p. 87]). Insertion of Uy; = 500 mV
and the dopant concentration of 5 x 107 cm™! (with z = 1) already assumed in sub-
section 3.4.2 yields a depletion layer width of approximately 200 nm and it follows
for sample STO_002b that Csrojysz &~ 5 x 1078 F. Since in this model only the dopant
content is considered and not the concentrations of the free charge carriers Csro|ysz
is independent of oxygen partial pressure. To compare the theoretical time behaviour
with the experiments we can calculate a theoretical time constant Ty, = Rgst0 - Ciot using
the STO resistance measured by EIS or calculated from the defect model [92] (dark, in
N,; too high to measure). The 1, values were compared with the measured time be-
haviour. Both the time development after switching on blue light and switching it off
was evaluated. Even though the time evolution was not exponential a time constant
Tmeas Was estimated by searching the data point which was nearest to the point where
the voltage had decreased to a fraction of 1/ngy, of the total voltage jump (with ngyer
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Table 3.15: Sample STO_002b (Au current collector): Comparison of calculated time constants
for the voltage evolution as a function of time during switching on and off blue light
and those estimated from measurements. Set T was 400°C.

air N,

switching on  switching off ~switching on switching off

W/nm 192

Csro|ysz/F 472 x 1078

Cpyjysz/F 1.54 x 107°

Ciot/F 457 x 108

Rg10/Q 8 x 10° 9.57 x 10° 1.28 x 10° 1.38 x 10*
Tin /s 0.037 44 %1074 0.059 6.3 x10%
Tmeas /S 0.062 0.078 0.062 0.234

being Euler’s number) and evaluating the time elapsed since switching on or off blue
light. This was done for measurements on sample STO_002b (Au current collector grid)
in air as well as N, at 400°C set T. For sample STO_001 (Pt current collector grid) and
other conditions the voltage evolution as a function of time fast too fast to be resolved.
The results are summarized in table 3.15. The theoretical and measured values for T
are in good agreement when switching on the light, not when switching it off. In par-
ticular, the time constants are similar for air and N, which is reflected in the model by
W being independent of p(O,). The different theoretical time constants when switch-
ing off blue light indicate a more complex situation than assumed by this simple model.

In the case of samples with a titania WE the circuit model in figure 3.52 results after
simplification of the general model (figure 3.50) by analogous arguments as above, but
in this case neither of the two resistances Rrjo, or Rysz can be neglected. The resistance

PV cell
CTio2 |Ysz Ch|vsz

AANAANA

Rtio, Rysz

Figure 3.52: Equivalent circuit used to describe the voltage evolution upon switching on blue
light in a TiO, cell.

was calculated using the spreading resistance formula (equation 3.4, page 77) and data
measured in [143] rather than taking the measured R values. This was done because
the samples used for this comparison had a current collector grid on the weakly con-
ductive titania layer and so the active surface area is unknown (see subsubsection 3.4.1,
p- 77 ff.). The vertical resistance in the titania layer was estimated from the defect chem-
ical data already mentioned [78, 85]. The capacitance value for Cpysz; was calculated
using the same literature data as above [144]. For the capacitance Crio,|Ysz the same
capacitance per unit area as for Cpyjysy was assumed as a first approximation.
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Table 3.16: Comparison of calculated time constants for the voltage evolution as a function of
time during switching on and off blue light and those estimated from measurements.

500°C set T, air.
Pt 010 Pt011

onl on2 off1 off2 onl on2 offl off2
CTiOZ‘YSZ/F 353 X 10_8
Cpyysz/F 2.5x107°
Crot/F 353 x10°8
Rio, /0 7 x 10*
Rspr/O 6.96 x 104
Tin/s 5x 1073
Tmeas /S 034 030 024 025 023 025 025 025

The resulting 7y, were compared to the experimental behaviour, which was, in the same
way as above, quantified with a time constant Tpeas in spite of the fact that the U(t)
curve was not an exponential function. Measurements were carried out on microelec-
trodes with @ = 300 pm and a Pt current collector grid. An overview of the results
is given in table 3.16. The calculated time constant is about two orders of magnitude
smaller than the measured one. This is a clear disagreement, not least because the es-
timation favours a large time constant with Cro,|ysz being calculated from the same
capacitance per area as Cpyysz. In reality, Crio,|ysz is smaller because the space charge
layer is larger at the TiO,|YSZ than at the Pt|YSZ interface, which is due to the small
number of charge carriers in TiO,. This comparison shows that the electrochemical pro-
cesses are even more complex than in STO and can not be described by the proposed
model.

Voltage response: Battery voltage and steady state Following the relatively fast
jump, the voltage decreases in absolute value and becomes more or less constant. Since
it was found in literature that light may only affect the oxygen incorporation kinetics
of MIECs (see subsection 1.1.6) an oxygen incorporation driven by light from a rather
equilibrated state is conceivable. Only one reaction direction of the dynamic equilib-
rium would be changed and so net incorporation could be reached under light. As-
suming this, the voltage response in this part of the typical curve could stem from an
altered defect state in the MIEC, formally a different oxygen partial pressure in the ma-
terial. This has two consequences: First, the PV voltage is altered. The changed defect
concentrations influence the space charge at the Schottky barrier and as a consequence
also Upy changes. Second, the new defect state in STO also causes a Nernst voltage
across the electrochemical cell. The altering of the PV voltage happens faster because
the Schottky interface is at the surface of the STO crytal, so the incorporated oxygen
only has to diffuse a short way to create an effect. In contrast to this, the Nernst voltage
has to be transmitted via the STO|YSZ interface. The oxygen takes longer to diffuse
there and so the response of Uy, is slower.

Both these effects can be imagined to occur simultaneously. Upy, Upay and the resulting
sum voltage are depicted in the schematic U(t) curve in figure 3.53. The PV contri-
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Figure 3.53: Scheme of a typical U(t) curve, showing the contributions of a photovoltaic and
stoichiometric light effect ("battery effect”).
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bution is represented by a green, hatched line: After the fast change upon switching
on blue light its absolute value decreases as a consequence of altered defect concentra-
tions in the MIEC. The red, dotted line represents the "Nernst” contribution to the total
voltage, which is also a result of oxygen exchange with the atmosphere during illumi-
nation. The black, full line is the sum of the above contributions. Eventually, a constant
value, U, is reached.

Upon switching off the light the PV voltage is gone almost instantly (see analysis above).
The stoichiometry change brought about by light is also reversed by excorporation of
oxygen. Since the decrease of the photovoltaic contribution can still be assumed to be
very fast compared to the chemical changes the highest peak that follows switching off
blue light is termed Up,t.

By varying the different contributions of photovoltaics and the degree of oxygen incor-
poration with blue light even the U(t) curves so far classified as “untypical” could be
explained.

Voltage response: Comparison with measurement on STO without YSZ Voltage-
time measurements were also carried out on an STO single crystal (without electrolyte)
by [122]. The measurement geometry and results are sketched in figure 3.54. When blue
light is turned on the voltage jumps to a negative value very quickly, then increases
again and evolves into a plateau. This part of the U(t) curve is similar to the ones
measured in this work but are interpreted in a slightly different way. The first jump is
also assigned to a PV voltage, produced at the Schottky contact between Pt grid and
STO. Furthermore, oxygen incorporation into STO during illumination with blue light
is assumed as well, which alters the PV voltage. However, since there is no electrolyte,
no Nernst voltage can build up. The MIEC can be imagined to be short-circuited in-
ternally by electronic conduction. So, upon switching off the light, no battery voltage
remains and the voltage returns to its inital value, even though the crystal still has dif-
ferent stoichiometry. Comparing the U(t) curve in figure 3.54 with the measurement on

@ o

STO (100)

Pt (sputtered)

146930 146940 146950 146960 146970 146980

t/s

Figure 3.54: U(t) measurement on STO single crystal (without YSZ) by [122]. (a): Sketch of sam-
ple and measurement setup. The sample is an STO single crystal with Pt electrodes
only, no electrolyte was used. (b): Typical U(t) curve measured on this type of
sample.

STO_001 under the same conditions (400°C set T, air; see figure 3.21, page 70) reveals a

more pronounced jump when blue light is switched on (Upy) on the sample measured
by [122] (= —160 mV as opposed to —109 mV on STO_001). Another, difference is dis-
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covered when Ugs are compared. While on STO_001 Uss ~ Upat ~ 306 mV, meaning
that during illumination the photovoltaic contribution was practically erased, on the
sample from [122] the PV voltage remaining in the steady state was —110 mV vs. Ugak.
In the latter case, since the PV part is the only voltage present, it has not vanished at all.
One difference in the experimental conditions that could account for these quantitative
disagreements could be the light intensity. In [122] a wave guide was used to increase
the light intensity, whereas in the present study no waveguide was used. In order to
fully elucidate the differences in these two systems more measurements under identical
conditions would be needed.

EIS measurements on titania samples: Kinetic light effect In EIS measurements
on TiO, it was shown that the electrode resistance decreases during illumination with
blue light. This is a second kind of light effect since it concerns both directions of the
oxygen surface exchange, not only one, as discussed above. In U(t) measurements this
acceleration of kinetics with blue light should also be visible: The evolution into the
plateau is assumed to be faster than the time behaviour when the light is switched off.
This effect was observed in some measurements (see e.g. figure 3.14 (a), page 57) but
data are not sufficient to allow a reliable analysis.

EIS measurements on STO sample: Overview of Rgro(t) curves Impedance mea-
surements on STO have to be interpreted differently since the analysed feature does
not describe the oxygen exchange reaction but the STO bulk (conductivity and capaci-
tance). The rather fast jump in Rsto when switching on blue light could be associated
with photoconductivity (see figure 3.46, page 96). For a conductivity change to be mea-
surable it has to occur throughout large parts of the bulk, so the mean free path of
electronic charge carriers must be assumed long.

Following the change due to photoconductivity the conductivity changes slightly ow-
ing to oxygen incorporation. When blue light is turned off the resistance value only re-
turns to its initial value very slowly. This can be explained by oxygen incorporated dur-
ing illumination being excorporated sluggishly. The altered defect equilibrium leads
to higher conductivity as can be seen from a Brouwer diagram of a MIEC in the p-
conducting regime. Incorporation of oxygen needs electrons to form oxide ions, thereby
creating electron holes and enhancing hole conductivity. In the Brouwer diagram the
illuminated compound could be described by a shift towards higher p(O,).

Another effect may influence the STO conductivity during illumination: While un-
der open-circuit conditions the built-in PV cell could not polarize the mixed conduct-
ing STO, during the EIS measurement, when current is allowed to flow (through the
impedance analyzer), stoichiometry polarization in STO will be the consequence, just
as if an external voltage source was used. This charging of the chemical capacitance
by the photovoltage should also have an influence on the conductivity and its time
evolution.

EIS measurements on STO sample: diffusion of oxygen under illumination The
incorporation of oxygen into the oxide and also its distribution into the bulk of the
single crytal must take place during the time when blue light is switched on, which
was for example 100 s in the experiment at 400°C in air (figure 3.46, page 96, top left).
During this time enough oxygen has to be incorporated to effect a stoichiometry change
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Figure 3.55: Comparison of behaviour of U and Rgro as a function of time (400°C set T in air).
The time from switching on blue light until the battery voltage is built up signif-
icantly is evaluated. This time is compared to an analogous time for Rgrp. Data
under several T and p(O,) combinations are given in table 3.17.

which is visible as a Nernst voltage and also as a change in Rsro which is not caused
by photoconductivity but by the stoichiometry change and therefore re-increases only
sluggishly after turning off blue light. Therefore, the time scales for the build-up of
Upate in @ U(t) curve and the decrease of Rgro in the time-resolved EIS measurement
must be the same. The results of this check are summarized in table 3.17.

The time to build up Up.y was read from a U(t) curve in two different ways. First, the
time from switching on blue light until the voltage became constant or started to change
direction was evaluated (fp,). Second, a time constant, T, was estimated (procedure
as described before in this chapter). Both ways are just rough estimations. Figure 3.55
illustrates this for measurements at 400°C set T in air. Both tp, and Ty are given in
the top part of table 3.17. Also for the time behaviour of Rsro two characteristic values
were estimated: The time needed for Rgyp to become almost constant in a series of EIS
measurements, which is denoted by fr.,,, and the corresponding time constant, g,
They are given in the bottom part of the table. Both values are very rough estimations
because of various experimental limitations: The time resolution is only approx. 10 s
(minimum time between two impedance spectra), a steady state for Rsto was not al-
ways reached and Rsro (dark) could not always be measured (out of range). The values
for tpay correspond very well to tgy .. The values for T, differ from each other at the
most by a factor of five. Among the Tz, values the one at 500°C in air is small com-
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Table 3.17: Comparison of time needed to build up Upayt (fpatt, Thatt) and to decrease Rgro sig-
nificantly (trg;,, Trero)- They are comparable which supports the theory of the two
phenomena having the same cause.

Voltage measurements

sample current collector material ~ Teet/°C  p(Oy)  fpae/S  Thart/s
STO.001 Pt 400 air 500 6
STO_001 Pt 500 air 500 20
STO_001 Pt 400 N, 500 10
STO.001 Pt 500 N, 600 4
STO.002b Au 400 air 600 13
STO.002b Au 500 air 50 4
STO.002b Au 400 N, 400 18
STO.002b Au 500 N, 500 16

EIS measurements

sample current collector material ~ Tset/°C  p(Oy)  trgo/S  TRero/S
STO.002b Au 400 air 100 24
STO.002b Au 500 air 54 8
STO.002b Au 400 N, 200 70
STO.002b  Au 500 N, 150 13

pared to the others. Nevertheless, Ty, and Tgg,, are comparable. Furthermore, when
comparing them at the same conditions (T, p(O, ), sample), they are in very good agree-
ment which further supports the assumed model.

The time needed for oxygen to diffuse into the STO bulk can also be estimated from
literature data. Since there is no data for undoped STO single crystals available and
assuming that the nominally undoped crystals used are p-doped by impurities, defect
data for weakly Fe-doped STO [92] was used, as several times before in this study.
For this system a chemical diffusion coefficient for oxygen was published [93]. It was
pointed out that trapping of holes at the Fe** ions leads to a diffusion coefficient which
is several orders of magnitude smaller than without trapping (see figure 3.56). Reading
the values from this diagram at 350°C we find values of about 10773 ~ 5 x 1078 cm?s !
and 1 x 107* ecm?s~! with and without trapping, respectively. To estimate the time
needed to fill the STO bulk with a new concentration of oxygen the rule of thumb for
the diffusion length L, L = /D¢, with D and t being the chemical diffusion coefficient
and the time, respectively, is rearranged into t = %2 and yields about 5 x 10* s with
trapping and approximately 25 s without trapping. This time constant agrees rather
well with T, and gy, (table 3.17). After five to ten times this time constant most
of the stoichiometry change should have taken place and hence this value is in good
agreement with t, and fr.,,. The irrelevance of trapping could be explained by the
large number of electrons and holes created by illumination with blue light. Consider-
ing that oxygen vacancies and electrons must both move to cause ambipolar diffusion
of oxygen the increased number of electrons can be responsible for the acceleration of
oxygen distribution in the STO bulk. This hypothesis fits very well into the overall
picture of that light causes fast incorporation of oxygen into STO.
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Figure 3.56: Figure 8 from [93] showing an Arrhenius plot of the chemical diffusion coefficient of
oxygen in weakly Fe-doped STO. The measured data can only be explained when
trapping of holes at the Fe>* atoms is taken into account. Without trapping the
diffusion coefficient is expected to be several orders of magnitude larger.

It must be noted, however, that nominally undoped STO single crystals were used,
so the actual dopant elements are unknown and trapping could be absent altogether.
Then, the oxygen diffusion would be fast anyway.

EIS measurements on STO sample: Rsto after switching off blue light The hypoth-
esis of oxygen being incorporated quickly during illumination and excorporated slowly
afterwards implies that the chemical capacitance of STO is charged and discharged in
this cycle. Therefore, it should be possible to link the time needed to excorporate oxy-
gen to the chemical capacitance calculated from defect data. So, a time constant for the
Rsto curve after switching off blue light was estimated for measurements of STO_002b
at approximately 350°C, 450°C and 550°C (corresponding to 400°C, 500°C and 600°C set
T, respectively) in air and for 450°C in N,. These measurements were plotted in subsub-
section 3.4.2 in figure 3.46, page 96. Since the curve did not show exponential behaviour
the time constant Ty, light off, meas Was estimated as described above for Tmeas-
When we assume that during the impedance measurement (HP 4192 A impedance an-
alyzer) the sample is short-circuited the oxygen will be released via the counter elec-
trode, while a current flows in the outer circuit. This path has much lower resistance
than excorporation at the surface, which is hindered by the slow exchange reaction.
Then, the relevant resistance is the oxygen vacancy resistance in STO, Rsro,v;;- During
illumination Rgro,v;; decreases (compared to darkness) because as oxygen is incorpo-
rated oxygen vacancies vanish. After illumination Rsro,v;; starts to increase again. The
time evolution can therefore be expected to be complex because Rsto,v;; changes con-
stantly. Furthermore, Rsro,v; is unknown under illumination. The theoretical time
constant was therefore calculated using Rsro,v; in equilibrium (darkness), which can
be computed from literature data. So, the formula used for the theoretical time constant
TRgrolight off, th 1S

TRso light off, th = Rs10,v;; * Cehem: (3.20)

Since Rsro,v; is underestimated by this procedure the real value for Trg, light off, th 1S €x-
pected to be higher. The chemical capacitance Cepem and Rsro,v;; were once again calcu-

lated from defect concentrations for weakly Fe-doped STO [92] ([Fe] = 5 x 107 cm ™).
The formula for Cihen, was taken from [152], trapping of holes was taken into account
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Table 3.18: Measured and calculated time constants for the increase of Rgro after switching off
blue light. Temperatures are values estimated from the set T, which is ~50°C higher.

conditions TRSTO,light off, th /s TRSTO,Iight off, meas /s

350°C, air 57 2738
450°C, air 40 612
550°C, air 31 45
450°C, N, 2 342

by inserting the trapping factor x [53, p. 327]:

1
N Xn 1
Corem =37V \ 2 0] T 22 [V 32D

where z is the charge number of the respective species (=1 for holes and 2 for oxygen
vacancies) and V represents the volume of the sample. The trapping factor is given by

2

(1 + Kirap [h'])

Xh = 3 (3.22)

(1 + Kirap [hD + [D] Kirap

where [D] denotes the total dopant content and Kir,p is the mass action constant for the
trapping equilibrium
Fep,” = Fep,' +h - (3.23)

Table 3.18 shows the results for the measured and calculated time constants. The dif-
ference in calculation and experiment is mostly about one to two orders of magnitude.
Considering that the theoretical time constant was underestimated by taking the value
for Rsro,v;; in darkness the disagreement can at least partially be explained. It is how-
ever possible that additional processes, which are not considered in this estimation, are
important.

EIS measurements on STO sample: Rgro(t) under reducing conditions Under re-
ducing conditions Rsro in the steady state was observed to increase during illumina-
tion with blue light. The charging of Cihem by Upy is consistent with this phenomenon.
Also under reducing conditions the PV voltage was negative. A measured negative
voltage means that electrons accumulate in the current collector and holes go to the
MIEC electrode. Under reducing conditions the majority charge carriers are electrons
and enriching the STO bulk with holes by oxygen incorporation leads to an increase in
resistance due to recombination between electrons and holes. Under oxidising atmo-
sphere the same direction of charge separation leads to a decrease in resistance because
the majority charge carriers are holes.
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4 Conclusions

Single crystalline strontium titanate and TiO, thin films were investigated as electrodes
in high-temperature solid state photoelectrochemical cells. Effects were most pro-
nounced and reproducible in air and N, atmosphere at temperatures between approx-
imately 350°C and 450°C, so measurements focussed on these conditions.

Voltage-time curves were recorded while blue and red light was switched on and off.
Blue light caused a voltage change of up to several hundred mV, depending on mate-
rial and geometry, while red light only lead to small effects (several mV) which were
attributed to heating by the incident irradiation. The shapes of U(t) curves were di-
verse but could be separated into typical and untypical ones. The characteristics of
typical behaviour were the same for both SrTiO; and TiO, electrodes.

Impedance measurements showed an effect of blue light on the electrode kinetics of
titania electrodes. On SrTiOj; electrodes the bulk resistance of STO decreased by up to
two orders of magnitude during illumination with blue light and took several 1000 s
(350°C, air) to regain its initial value.

The phenomena were analysed in the light of light-induced defect chemical changes
in the electrode materials. It was found that at least two separate phenomena occur
upon irradiation with blue light: A photovoltaic and a defect chemical effect. The time
evolution of the PV voltage when blue light was switched on (10...100 ps) could partly
be explained by the spreading of the electrostatic potential through the cell considering
the capacitances and resistances involved.

Defect chemical change was suggested to occur by incorporation of oxygen driven by
blue light. The light-induced stoichiometry change had at least three consequences.
First, it influenced the PV voltage by altering the space charge potential at the junction
responsible. Second, it created a Nernst voltage (battery voltage) across the electro-
chemical cell. Third, it enhanced hole conductivity (in STO). When PV and battery
voltages were added typical U(t) curves could be modelled qualitatively.

From the combination of U(t) curves and time-resolved measurements of the SrTiO;
bulk conductivity by EIS it was concluded that the incorporation and distribution of
oxygen in the bulk of the material is rather fast when blue light is turned on. This is
also in agreement with the very few literature data on this topic. For instance, it took
only several 100 s to reach the plateau of a conductivity or voltage change when light
was switched on. In contrast to this, excorporation was slow. It typically occurred on
a timescale of several 1000 s. This model was also supported by the kinetic light effect
observed on titania electrodes.

Hence, in the present study novel effects of light on defect-related properties such as
conductivity and Nernst voltage of a solid state photoelectrochemical cell could be
identified and characterized.
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