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Abstract XV

Abstract

Boundary effects in mixed and ionic conductors and in particular space charge layer (SCL)
effects are a major field of research in solid state ionics since they are known to strongly affect
the electrical transport properties of the materials. In particular, in this study the boundary
effects of cerium oxide were investigated which due to its high ionic conductivity is a material of
large relevance for a wide range of applications such as solid oxide fuel cells (SOFCs), oxygen
membranes and catalysis. Here the thin film geometry was applied which offers the advantage
of a usually well defined microstructure allowing to access effects at both the film-substrate

interface (FSI) and the grain boundaries (GBs).

The cerium oxide thin films were grown with pulsed laser deposition (PLD) on various
substrates: Al203 <0001>, Al,03 <1102>, Si02 <0001> and MgO <100>. Depending on target
material and growth conditions hereby thin films were prepared of (1) different doping
contents (nominally pure, acceptor doped and donor doped), (2) different microstructures
(epitaxial and nanocrystalline) and (3) different thicknesses (between 20 and 450 nm). Their
microstructure was characterized with X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), high resolution TEM (HRTEM) and electron
diffraction. The defect chemistry and conductivity properties of the samples were investigated

with impedance spectroscopy at various temperatures and oxygen partial pressures (pOz).

Additionally, a software to numerically compute the SCL profiles and conductivity effects in
ceria was developed. Hereby a stepwise calculation of the electric potential, electric field and

local concentrations was applied to solve the one-dimensional Poisson equation.

The numerical approach allowed for the determination of all relevant SCL profile characteristics
(SCL potential, charge, extent, steepness, etc.) and for the correlation of them with both the
material properties (equilibrium constants, doping, etc.) and the resulting conductivity effects.

The conductivity effects were observed to be a function of not only the SCL potential and extent
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as entirely expected, but also the SCL steepness. Interestingly, in the Gouy-Chapman case the
SCL extent was found to depend not only on the doping content but also weakly on the SCL
potential, in comparison with the Debye length A which is potential independent. Also, it could
be demonstrated that the maximum value the SCL charge can reach is limited resulting in a
restriction of the conductivity effects in certain cases. In particular, for strongly doped samples
in the Gouy-Chapman case the relative excess conductivity was found to be limited to small

values only.

Notably, the numerical approach was observed to yield precise results without the use of further
assumptions also for asymmetric and mixed cases in contrast to the well known analytical
solutions which were observed to often produce rather unreliable results in these situations.
This allowed for a test of the assumptions made in the analytical solutions which resulted in the
development of improved analytical relationships to describe the effects of non-overlapping
SCLs. Remarkably, the new analytical approach which is not restricted to CeO: but generally
applicable was observed to yield very reliable outcomes even for complex situations, such as

low potentials, asymmetric and mixed cases.

In most cases the boundary effects were found to dominate the conductivity of the investigated
ceria thin films. Effects at both the film-substrate interface and at the grain boundaries were

observed.

As expected in the framework of the SCL theory no significant FSI effect was detected in strongly

acceptor doped films.

In epitaxial, nominally pure CeO: films grown on Al203 <0001> the conductivity was observed to
be reduced at the FSI. Qualitatively and quantitatively the observation was found to be in

agreement with the SCL theory.

In nanocrystalline, acceptor doped samples grown on SiO; <0001> a significant decrease of the
conductivity at the GBs was observed in accordance with a SCL potential of 0.32 +0.05V at
700 °C. For this set of samples furthermore a thickness dependence of the grain size was
detected resulting in a considerable change of the conductivity with film thickness that
otherwise is the typical fingerprint of an effect at the FSI. Therefore, it could be demonstrated
that a thickness dependent conductivity in polycrystalline samples can not always be assigned

to FSI effects. This finding is of relevance for a number of similar studies on interface effects.

Nanocrystalline, acceptor doped films grown on Al.03 <1102> and MgO <100> substrates were
found to exhibit a less significant decrease of the ionic conductivity compared with the films on
Si02 <0001>. The SCL potential was observed to be decreased to a value of 0.19+ 0.05V at
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700 °C. Here it is most probably the smaller lattice mismatch between substrate and CeO: film
which results in an only small misorientation of adjacent grains and, hence, less pronounced GB

core charges and SCL effects.

Thin films prepared at room temperature, characterized by a nanocrystalline microstructure
with very small grains, were measured to exhibit very pronounced SCL effects. Here for acceptor
doped samples the ionic conductivity was found to be decreased by three orders of magnitude
corresponding to a SCL potential of 0.30 £ 0.05V at 300 °C (compared with 0.22 +0.05V at
300 °C for nanocrystalline films fabricated at 720 °C). In addition to the rather high SCL
potential most likely here the Mott-Schottky assumption of a flat dopant profile is fulfilled much

better resulting in a particularly strong depletion of the oxygen vacancies in the SCLs.

Remarkably, for these samples the oxygen partial pressure of the onset of the electronic
conductivity, the electrolytic domain boundary, was found to be shifted by 29 orders of
magnitude compared with what is expected from an extrapolation of the literature bulk data to
low temperatures. Two superimposing effects were found to be the origin of this drastic shift:
(1) The pronounced SCL effects result in a decrease of the ionic conductivity and an increase of
the electronic conductivity which contributes to 16 orders of magnitude of the pO: shift. This is
comparable to a recently discovered shift of the transition p0O: in nanocrystalline SrTiO3
between n- and p-type conduction by 12 orders of magnitude due to SCL effects [Lupetin et al.,
Angew. Chem. Int. Edit. 49, 10123]. (2) Already in the bulk the electronic conductivity was
measured to be strongly increased resulting in a further shift of the p0O: by 13 orders of
magnitude and, hence, in the observed total shift by 16 + 13 = 29 orders of magnitude. Both
effects also affect the activation energies resulting in an increase of the ionic value and a
decrease of the electronic value. Notably, in this particular case the electronic activation energy
falls even below the ionic value. This resulted in the remarkable observation of an increase of
the electronic conductivity contribution for decreasing temperatures in marked contrast to the

properties typically observed in ceria.

Unexpectedly, in some of the nanocrystalline, acceptor doped or nominally pure CeO: films
prepared at high temperatures not only the ionic transport (due to the SCL effects mentioned
above) but also the electronic transport was found to be blocked at the GBs. This indicates that
- superimposed with SCL effects - also other boundary effects on the electronic conductivity are

present, such as changes of the reduction enthalpy and/or mobility effects.

Notably, also in the donor doped CeO2 samples the electronic conductivity was observed to be
decreased at the GBs. The recorded conductivity data indicates that either a negative SCL
potential or a change of the electron mobility at the GBs is the cause of this effect. The
investigation could also confirm the presence of oxygen interstitial defects in donor doped

cerium oxide which was suggested in earlier studies of this barely investigated material.
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Zusammenfassung

Die Erforschung von Grenzflicheneffekten und im Speziellen von Raumladungseffekten in
gemischten und ionischen Leitern ist ein bedeutendes Teilgebiet der physikalischen
Festkorperchemie, insbesondere da in vielen dieser Materialien die elektrische Leitfahigkeit
durch diese Effekte dominiert wird. In dieser Studie wurden Grenzflicheneffekte in diinnen
Schichten aus Ceroxid untersucht, ein Material welches aufgrund seiner hohen ionischen
Leitfahigkeit von grofler Bedeutung fiir eine Reihe von Anwendungen wie
Festoxidbrennstoffzellen, Sauerstoffmembranen und die Katalyse ist. Der Vorteil der Diinn-
Schicht-Geometrie ist hierbei in erster Linie die im Allgemeinen besser definierte Mikrostruktur,
die es ermoglicht, sowohl die Eigenschaften der Schicht-Substrat-Grenzflache als auch die der

Korngrenzen zu untersuchen.

Hierzu wurden diinne Schichten aus Ceroxid mit gepulster Laserdeposition auf verschiedenen
Substraten prapariert: Al.0s <0001>, Al,0s <1102>, Si02 <0001> und MgO <100>. In
Abhangigkeit des Targetmaterials und der Wachstumsbedingungen wurden hierbei Schichten
hergestellt, welche sich durch (1) verschiedene Dotierungen (nominell rein, akzeptordotiert und
donordotiert), (2) verschiedene Mikrostrukturen (epitaktisch und nanokristallin) und (3)
verschiedene Dicken (zwischen 20 und 450 nm) auszeichneten. Die Mikrostruktur der Proben
wurde mit Rontgenstrukturanalyse, Rasterelektronenmikroskopie, Transmissionselektronen-
mikroskopie und Elektronenbeugung charakterisiert. Die Leitfahigkeitseffekte in den diinnen
Schichten und die Defektchemie des Materials wurden mittels Impedanzspektroskopie bei

verschiedenen Temperaturen und Sauerstoffpartialdriicken untersucht.

Zusatzlich wurde auch eine Software zur numerischen Bestimmung der Raumladungsprofile
und der entsprechenden Leitfahigkeitseffekte in Ceroxid programmiert. Der hierfiir verwendete
Algorithmus zur Losung der eindimensionalen Poisson-Gleichung beruhte auf einer
schrittweisen Berechung des elektrischen Potentials, des elektrischen Felds und der lokalen

Defektkonzentrationen.
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Der numerische Ansatz ermdoglichte es, alle relevanten Eigenschaften der Raumladungsprofile
(Raumladungspotential, -ladung, -ausdehnung, -steilheit, etc.) zu untersuchen und sowohl mit
den Materialeigenschaften (Defektgleichgewichte, Dotierung, etc.) als auch den resultierenden
Leitfahigkeitseffekten zu korrelieren. Hierbei konnte gezeigt werden, dass nicht nur das
Potential und die Ausdehnung der Raumladungszonen, sondern auch ihre Steilheit die
Leitfahigkeitseffekte beeinflussen. Interessanterweise und im Vergleich mit der Debyeldange 4,
welche keine Funktion des Raumladungspotentials ist, ergaben die numerischen Berechnungen,
dass sich die Raumladungsausdehnung im Gouy-Chapman-Fall nicht nur mit dem Dotiergehalt,
sondern auch leicht mit dem Raumladungspotential dndert. Des Weiteren konnte demonstriert
werden, dass der Maximalwert, den die Ladung der Raumladungszone annehmen kann,
begrenzt ist und dass dies wiederum in einer starken Asymmetrie der Leitfahigkeitseffekte
beziiglich des Dotiergehalts und des Raumladungspotentials resultiert. Beispielsweise ergaben
die Berechnungen, dass in stark akzeptordotierten Ceroxid sehr grofie Leitfahigkeitseffekte
auftreten konnen, wenn das Raumladungspotential einen positiven Wert annimmt (wie
experimentell gemessen). Bei negativen Raumladungspotentialen hingegen wird die

Leitfahigkeit des gleichen Materials nur wenig beeinflusst.

Vor allen Dingen zeichnete sich der numerische Ansatz dadurch aus, auch in komplexen Fallen,
wie asymmetrischen und gemischten Situationen, prazise Ergebnisse zu liefern. Mit Hilfe der
numerischen Berechnungen konnten daher die Annahmen und Vereinfachungen der viel
verwendeten analytischen N&dherungen getestet werden. Der Test ergab, dass sich die
Genauigkeit der analytischen Naherungen je nach Fall unterscheidet und dass sie in vielen, auch
experimentell relevanten Situationen oft nur gering ist. Insbesondere miindete der Test in der
Entwicklung neuer, verbesserter analytischer Losungen zur Beschreibung nichtiiberlappender
Raumladungszonen. Der Vergleich mit den numerischen Berechnungen konnten zeigen, dass
diese Formeln (welche nicht auf Ceroxid beschrankt sondern allgemein anwendbar sind) sehr
zuverladssige Ergebnisse liefern, selbst in komplizierten Situationen wie in asymmetrischen und

gemischten Fallen und bei niedrigen Raumladungspotentialen.

Die experimentellen Untersuchungen ergaben, dass in diinnen Ceroxidschichten in den meisten
Fallen Grenzflacheneffekte die Leitfahigkeit dominieren. Sowohl Effekte an der Schicht-Substrat-

Grenzflache als auch an den Korngrenzen wurden detektiert.

Wie unter Beriicksichtigung der Raumladungstheorie erwartet, wurde keine wesentlich
veranderte Leitfahigkeit an der Schicht-Substrat-Grenzflache in stark akzeptordotierten

Schichten beobachtet.
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In epitaktischen, nominell reinen, auf Al.03 <0001> gewachsenen Ceroxidschichten hingegen
wurde eine deutliche Verminderung der Leitfihigkeit gemessen. Sowohl qualitativ als auch

quantitativ ist dieser Effekt in Ubereinstimmung mit der Raumladungstheorie.

In nanokristallinen, akzeptordotierten Schichten, welche auf Si02 <0001> prapariert wurden,
konnte ein deutlicher Abfall der Leitfahigkeit an den Korngrenzen nachgewiesen werden. Dieser
Leitfahigkeitseffekt liefd sich auf ein Raumladungspotential an den Korngrenzen von
0.32 £ 0.05 V bei 700 °C zuriickfiihren. Bei jener Probenreihe wurde auflerdem beobachtet, dass
die Leitfahigkeit mit abnehmender Schichtdicke stark sank, da die laterale Korngrof3e in diesem
Fall zunahm. Normalerweise ist solch ein Leitfahigkeitstrend ein typischer Nachweis fiir einen
Effekt an der Schicht-Substrat-Grenzfliche. Somit konnte gezeigt werden, dass eine
schichtdickenabhdngige Leitfahigkeit nicht in jedem Fall einem Effekt an der Schicht-Substrat-
Grenzflache zugeordnet werden kann. Dieses Ergebnis ist von grofder Relevanz fiir eine Reihe

ahnlicher Studien von Grenzflacheneffekten.

Auf Al,03 <1102> und MgO <100> gewachsene, nanokristalline, akzeptordotierte Schichten
zeigten eine weniger stark ausgepriagte Abnahme der ionischen Leitfahigkeit im Vergleich mit
den oben beschriebenen Schichten auf SiO2 <0001>. Die relativ betrachtet hohere Leitfahigkeit
dieser Proben entspricht einem kleineren Raumladungspotential von 0.19 + 0.05V bei 700 °C.
Die wahrscheinlichste Ursache fiir diesen Effekt ist die kleinere Gitterfehlanpassung zwischen
dem Substrat und der Ceroxidschicht. Diese fiihrt zu einer nur relativ kleinen Fehlorientierung
benachbarter Korner und somit zu niedrigeren Korngrenzenkernladungen und schwacheren

Raumladungseffekten.

Diinne Schichten, welche bei Raumtemperatur hergestellt wurden und daher eine
nanokristalline Mikrostruktur mit aufderst kleinen Kérnern aufwiesen, zeigten besonders stark
ausgepragte Raumladungseffekte. In den so prdparierten, akzeptordotierten Proben wurde ein
Abfall der ionischen Leitfahigkeit um drei Gréfenordnungen beobachtet. Dies entspricht einem
Raumladungspotential von 0.30 + 0.05V bei 300 °C (im Vergleich mit 0.22 + 0.05V bei 300 °C
fiir nanokristalline Proben, welche bei 720 °C hergestellt wurden). Zusatzlich zu dem recht
hohen Raumladungspotential ist in diesem Fall hochstwahrscheinlich die Mott-Schottky-
Naherung eines konstanten Dotierprofils besser erfiillt. Dies resultiert in einer besonders

starken Verarmung der Sauerstoffleerstellendefekte in den Raumladungszonen.

Bemerkenswerterweise ergaben die Messungen, dass in diesen Proben der
Sauerstoffpartialdruck, bei dem die elektronische Leitfahigkeit einsetzt, um 29
Grofdenordnungen erhoht ist (im Vergleich mit dem durch Extrapolation der Literaturdaten
erwarteten Wert). Weitere Untersuchungen konnten zeigen, dass diese drastische Verschiebung
auf zwei Ursachen beruht: (1) Die oben beschriebenen, besonders deutlich ausgepragten

Raumladungseffekte resultierten in einem Abfall der ionischen und einem Anstieg der
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elektronischen Leitfahigkeit. Dieser Effekt trug 16 Grofdenordnungen zu der Verschiebung des
Sauerstoffpartialdrucks bei. Damit ist er vergleichbar mit einer unldngst beobachteten
Verschiebung des Sauerstoffpartialdrucks (am Ubergang zwischen n- und p-Leitung) in
nanokristallinem SrTiO3 um 12 Groéfienordnungen, welche auf dhnlichen Raumladungseffekten
basiert [Lupetin et al., Angew. Chem. Int. Edit. 49, 10123]. (2) Bereits im Volumenanteil der CeO--
Schichten konnte eine stark erhohte elektronische Leitfahigkeit nachgewiesen werden, die in
einer Verschiebung des Sauerstoffpartialdrucks um weitere 13 Groéfdenordnungen resultierte
(insgesamt daher eine Verschiebung um 16 +13 =29 Groflenordnungen). Beide Effekte
beeinflussten auch die Aktivierungsenergien und fiihrten zu einem Anstieg der ionischen und zu
einem Abfall der elektronischen Aktivierungsenergie. Insbesondere konnte gezeigt werden, dass
in diesen speziellen Proben die elektronische Aktivierungsenergie sogar die ionische
unterschritt. Dies spiegelte sich in der aufiergewohnlichen Beobachtung wieder, dass die
elektronische Uberfithrungszahl mit sinkender Temperatur stieg, im Gegensatz zu dem

iblicherweise in anderen Ceroxidproben gemessen Verhalten.

In einigen der nanokristallinen und akzeptordotierten (oder nominell reinen) Schichten aus
Ceroxid, die bei hohen Temperaturen hergestellt wurden, wurde beobachtet, dass nicht nur die
ionische Leitfdhigkeit, sondern unerwarteterweise auch die elektronische Leitfihigkeit an den
Korngrenzen abfillt. Damit konnte gezeigt werden, dass - in Uberlagerung mit den
Raumladungseffekten - auch andere Grenzflicheneffekte wie eine Anderung der
Reduktionsenthalpie und/oder der Mobilitdt an den Korngrenzen die elektronische Leitfahigkeit

beeinflussen.

Auch in donordotierten Ceroxid wurde ein Abfall der elektronischen Leitfdhigkeit an den
Korngrenzen beobachtet. Die Untersuchungen ergaben, dass in diesem Material zwei mogliche
Ursachen einen solchen Leitfahigkeitsabfall bewirken konnten: (1) ein negatives
Raumladungspotential und (2) eine Minderung der Elektronenmobilitit. Ebenso wurde die
Anwesenheit von Sauerstoffzwischengitterdefekten, wie sie schon in fritheren Studien dieses

bisher kaum untersuchten Materials beobachtet wurde, bestatigt.
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Chapter 1

Introduction and Motivation

In this thesis space charge layer (SCL) effects in thin films of CeO: are investigated. Hereby, the
motivation of the project bases on two foundations. (1) From the basic research point of view
studies of SCL effects in ionic and mixed conductors are of large significance and (2) the
investigated material, cerium oxide, is particularly relevant for applications, such as fuel cells,

catalysis and oxygen membranes.

1.1 Space Charge Layer Effects

Space charge layers are of major importance in both basic research and applications. A
prominent example is the wide range of modern electronics and information technology that
completely rests upon transistors and diodes, which base on SCLs effects. Also in ionic
conductors SCLs were found to be crucial, since they are able to change their material properties
(conductivity, storage capacity, etc.) considerably. The model of heterogeneous doping by
Maier!® 2 provides the general description of SCLs in ionic conductors. There are a number of
causes inducing SCLs. Examples are charged boundary cores (as e.g. in Ce02)B3171 and
redistribution phenomena at interfaces between differently doped areas (as e.g. in diodes) or
between different conductors.['8 191 SCLs can be formed at both grain boundaries (GBs)[6-17 20, 21]
and heterojunctions.l'?] They were found to drastically vary the electrical transport properties
for a wide range of materials and are able to induce conductivity changes by many orders of

magnitude_[w, 16, 17]

A material that exhibits strong boundary effects is cerium oxide. It was Chiang et al. who firstly
found a strong increase of the electronic conductivity of nanocrystalline ceria.l34 Maier and
coworkers(10. 11 221 and Tschope and coworkersl®8 12l could show that the origin of this
enrichment of electrons at the GBs and of the corresponding depletion of oxygen vacancies are
SCLs with a positive electric potential. Also other boundary effects, such as structural strain, are

reported to influence the conductivity in Ce02.[23-29]
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1.2 Cerium Oxide in Applications

Ionic conductors play a key role in the worldwide challenge to develop renewable energy
sources and more efficient energy storages. This comprises not only novel batteries but also a
number of different fuel cell technologies. Solid oxide fuel cells(30-321 (SOFCs) are of special
interest since in comparison with other fuel cell techniques they can be fueled not only with
hydrogen but also with hydrocarbons.[33-35] This gives the advantage to avoid the problems
inherent in a hydrogen infrastructure such as H: production, storage and transport, which at

least partially remain unsolved even today.

SOFCs combine the advantage of the high energy density of hydrocarbons (in contrast to
batteries) with a much higher efficiency in comparison with internal combustion engines.
Therefore, they have the potential to be applied in many fields such as (1) more efficient central
power production, (2) distributed power production, (3) balancing of power fluctuations of
renewable energy sources (in combination with gas turbines) and (4) very efficient and fuel
flexible range extenders in cars.35] They are even significant in (5) the production of liquid fuels
from excess electricity (using reversible SOFCs (RSOFCs)).[3%! Furthermore, (6) thanks to their
emission of pure CO: and easily separable H20 SOFCs are promising for inexpensive carbon

sequestration techniques.[35!

A major problem of the SOFC technology is the very high process temperature making it
necessary to use expensive ceramic interconnect plates instead of readily available stainless
steel parts.[311 Hence, one of the main goals in SOFC development is the reduction of the process
temperature to intermediate temperatures (500 - 750°C)[36-38] and even below (300 - 500 °C).39!
However, the nowadays most often used electrolyte material yttria stabilized zirconia (YSZ)
lacks sufficient conductivity in these temperature ranges. A promising material with a high
oxygen vacancy conductivity at intermediate and low temperatures is acceptor doped cerium
oxide, due to its low ionic activation energy value of only about 0.7 eV.[*0. 411 As far as solid
electrolytes are concerned the ionic conductivity of ceria is only surpassed by Bi203 based
materials (Fig. 1), which, however, are not stable in the reducing atmosphere at the anode.! In
addition to its relevance as SOFC electrolyte CeO: is significant for a number of other

applications such as catalysis[*2-44 and oxygen membranes.[45-49]

However, in polycrystalline CeO: the ionic conductivity is strongly reduced due to a positive SCL

potential at the GBsl6-8 10-14, 16,17, 22] while the electronic conductivity is enhanced.[3 4 Therefore,

1 As shown in ref. 391 Bi03 based materials can only be used in bilayer electrolytes with a sufficiently thick
acceptor doped cerium oxide layer at the anode side of the bilayer.
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Fig.1: Ionic Conductivities of Selected SOFC Electrolytes

Data taken from ref. [31. 39, 411, The bars at the top of the graph indicate the
thermal stability of selected interconnect plate materials:

(a) La (Ca) CrO3z  (b) Cr-Fe (Y203) / Inconel - Al203  (c) stainless steel

o : conductivity, T : temperature in K, : temperature in °C

the positive SCL potential limits the applicability of cerium oxide considerably. It is worth noting
that several approaches have been studied to modify the SCL properties in order to increase the
conductivity at the GBs (not only in CeO2), such as segregation of aliovalent cations at the

interfaces,[50! decoration of the GBs[>? 521 and preference doping of GBs via GB diffusion.[3!

With none of the above modifications the decrease in ionic conductivity at the GBs could be
sufficiently suspended. This shows that further research on the origin and characteristics of the
SCL effects is necessary since only a full understanding of them might allow for the development

of highly conductive, polycrystalline ceria.

1.3 Cerium Oxide Thin Films

In addition to the investigation of new, highly conductive materials a second approach to lower
the process temperature in SOFCs is the development of novel fuel cells on a sub-mm scale
(LSOFCs) by using thin film electrolytes. In future uSOFCs may even be capable of replacing

batteries in portable devices in view of the larger energy densities of hydrocarbons.[5471]
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Therefore, further research on the conductivity properties of thin film electrolytes is

particularly attractive.

Moreover, in contrast to pellets where the boundaries are more or less randomly distributed,
thin films are characterized by a better determined geometry. This allows for an easier

experimental accessibility of the boundary effects:

(A) Thin films offer the advantage of a well defined film-substrate interface (FSI) (Fig. 2, left
panel), whose properties are accessible by investigating thin films of various thicknesses

(as shown in section 5.3).

(B) The microstructure of thin films can be tailored by choosing different substrate materials
and deposition conditions. This allows for the preparation of nanocrystalline thin films
(Fig. 2, right panel) of different grain sizes (sections 5.3, 5.5 and 5.6) and also differently
oriented grains (section 5.4). In particular, the preparation of extremely small grains with
strongly enhanced GB effects is possible (section 5.5). The polycrystalline samples can
then be compared with epitaxially grown thin films (i.e. single crystalline films without

GBs) allowing for the separation of bulk properties and SCL effects at the GBs.

I""”'
I"""/

Substrate Substrate

Fig.2: Idealized Geometries of Epitaxial and Polycrystalline Thin Films
Thin films offer a well defined geometry to study FSI effects (left) and GB effects (right).

Legend: blue: effect at the film substrate interface, green: increased (electron) conductivity along parallel
grain boundaries, red: decreased (ionic) conductivity across perpendicular grain boundaries (see also
section 2.2.3.2)

Reproduced from Gregori, Gébel and Maier!’! with permission from ECS Transactions, The Electrochemical Society (Copyright 2012).

Hence, in conclusion the study presented in this thesis combines the highly relevant basic
research of SCL effects with the investigation of cerium oxide, a crucial material for applications.
Furthermore, the thin film geometry is not only significant for novel, microscopic fuel cell
devices but also an ideal sample geometry to distinguish various boundary effects. For all these

reasons here SCL effects in cerium oxide thin films are studied.
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Chapter 2

Theoretical Background

2.1 The Defect Chemistry of Cerium Oxide

2.1.1 Pure and Acceptor Doped Cerium Oxide

CeO:2 crystallizes in the fluorite (CaF:) structure.l’2 Here the cerium cations are arranged in a
face-centered cubic structure with the oxide ions occupying the tetrahedral holes. This leaves
the larger octahedral holes unoccupied and results in a considerable anion mobility that is
typical for fluorite structured materials. As a second consequence the creation of anti-Frenkel
pairs of oxygen vacancies V" and oxygen interstitials O}' is favored:[3]
05 +Vi & Vo' +0;' {1}
Kp = CVO",ooCO;',oo {2}34
In contrast to most other elements which form fluorite structured oxides, such as zirconium,
CelV can be easily reduced to Ce!ll. Hereby, in the Kroger-Vink notation the Ce!!! cations (i.e. the
Cec, defects) are denoted as (excess) electrons e'. The comparatively high mass action constant
K of the reduction reaction under oxygen excorporation (eq. {3} and {4}) is also a consequence
of the high tolerance of the material towards oxygen vacancies. In this reaction the bulk electron

concentration n_, ° is in equilibrium with the outer oxygen partial pressure p02:172 74

05 2 150, +Vy' +2¢' {3}
Kp= 012c ¢t = 0120 n? {4}°
R=DPY; V5o e',oo_p 2 Y50

2 Qg :oxide ions on oxygen sublattice sites, V;* : unoccupied interstitial positions

3 Kp: equilibrium constant of the anti-Frenkel pair formation, cyg*» (cg'): bulk concentration of oxygen
vacancies (doubly charged oxygen interstitials)

4 In the following the index o refers to the bulk.

5 For simplicity for the bulk electron concentration in the following the symbol n,, is used instead of ¢ .
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As a consequence, ceria is a mixed ionic electronic conductor (MIEC) with electrons and oxygen
vacancies being the only two charge carriers (CCs) that significantly contribute to the total

electric conductivity.

Finally, the excess electrons are in equilibrium with electron holes h*. However, for the oxygen
partial pressures considered here (< 1 bar) their concentration is only negligibly small due to
the rather high electron concentration and the large band gap of 6 eV.[75-77]

nil 2 e'+h’ {5}

— 6,7
Ky = MoChe {6}

2.1.2 Donor Doped Cerium Oxide

In contrast to acceptor doped and pure ceria which are important materials for a number of
applications the defect chemistry of donor doped CeO: has been barely investigated. Hence, it is
instructive to consider another more extensively studied, fluoride structured oxide in which the
cation can easily be oxidized to an oxidation state of +5 or even +6: UO.. Similarly to the donor
doping in CeO: the oxidation of uranium in UO: favors the formation of oxygen interstitials for
charge compensation.[78-821 This can be described in the oxygen insertion reaction which will be

of relevance in section 5.6.3.1:
140, +2¢' 2 0} {7}
C .
K _Kp__ope (8}8
™k Y o2
R p05%-ny

In addition to doubly charged oxygen interstitials Oj' UO2 is also known to accommodate singly

charged oxygen interstitials O; which are in equilibrium with the O} defects according to:["8l

0 = 0} +e {9}
nOOCO' o0
Ky =—20% (10}
CO'-' o0

6 Ky : equilibrium constant of the electron-hole formation, cx* « : bulk concentration of the electron holes

7 Note that in semiconductors physics the bulk concentration of the electron holes is usually designated with
the symbol p,, (in analogy to n,, for the electron bulk concentration). However, as described above for the
oxygen partial pressures regarded here the electron holes are not relevant in CeO:. Indeed in this thesis
their bulk concentration appears in eq. {6} only. Therefore, cr is used to designate the bulk concen-
tration of the h” defects in eq. {6} whereas conveniently the common symbol p0; is applied to designate
the oxygen partial pressure, a quantity which is of large significance in many sections of this thesis.

8 K;:equilibrium constant of the oxygen insertion
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In view of the fact that CeOz and UO2 have the same structure and show only a slight difference
in the cation radius for donor doped ceria a similar defect chemistry as in UO: is expected.[”3 3]
As a matter of fact, the few previous studies on U, Nb and Ta doped CeO: indicate that also these
materials are characterized by the presence of electrons, singly and doubly charged oxygen
interstitials.l”3 8-891 The O/ defects in CeO: are probably stabilized by favorable elastic

interactions.[15]

The conductivity of donor doped CeO: is dominated by electrons (n-type conductivity) since not
only their mobility but also their bulk concentration is larger compared with the oxygen

vacancies.[74 90-92]

2.1.3 The Bulk Conductivity and its Dependencies

In general, for each arbitrary type of defect i the bulk concentration c; ,, corresponds to a bulk
conductivity o; ,, (depending on the defect’s charge number z; and mobility u; ):
O-i,oo = |Zi|euici,oo {11}10

The bulk concentrations are determined by the above defect equlibria and the charge neutrality
condition, which in CeO; is:

2C, e +Che +|ZD|CD =n,+2c

11
Vet oo +Coi',oo +|ZA|CA {12}

0;',0

In the most cases the individual defect concentrations are different by orders of magnitude.
Therefore, the relationship can be simplified by setting all concentrations zero, with the
exception of the largest one on each side of the equation. For each case this yields typical
dependencies of the total effective conductivity o,,'? on the temperature 7, oxygen partial
pressure pO; and acceptor and donor dopant levels ¢, and cj, as shown in Table 1. These are the

activation energy Eq, pOz dependence Mo, and dopant dependencies M, and M), , respectively:

9 Kg: equilibrium constant of the formation of singly charged oxygen interstitials,
Co » : bulk concentration of singly charged oxygen interstitials

10 e: electron charge

11 zp (cp): charge number (bulk concentration) of the donor dopant, z4 (cs): charge number (bulk
concentration) of the acceptor dopant

12 At the moment it is sufficient to define the total effective conductivity o, as the sum over all bulk
conductivity contributions o; .. Furthermore, in Table 1, Fig. 3, Fig. 4 and Fig. 5 the smaller contributions
are neglected resulting in om = oy*w Or om = 0e . depending on the actual defect chemistry regime.
However, as shown in more detail in section 2.2.3 this definition is not valid if boundary effects become
significant since then o, (and its dependencies) can vary strongly from the bulk values.
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Dependencies of the Bulk Conductivity
Charge

Doping Regime Neutralit Conductivity Maioritv Ch Carri pO: Dopant L
Content  Number Cgﬁ;&;g Type ajorty Lharge tartier Dependence Dependence ActlvatlEon Energy
Mpo2 My, M a
nominall - 1 1
pure ¢ M ZCV(;. o oo Ny, = (ZKR )A pO, % _% 0 %AHR + he.
electronic
1 -1 -1 1 1 1
acceptor (=) 2 _ n, =(2Kpg )A (|ZA lca ) % po, * A A A AHg +h,
doping ~— Vr o [2ales
(1I-b) jonic (Vg") Cuge 0= Ylzalca 0 1 hV5-
(i n,, =|zp|cp 0 1 h,
1
- K A ! -1 _ 1 1 —
donor ko (S o A B e,
K 1
) [Zblen =<, , n, = KF1R<5 |zplep - PO, % -1 1 AHp - AHy — AHg +h,

Table 1: Defect Chemistry Regimes in CeO:

AHp : enthalpy of anti-Frenkel pair formation, 4H; : enthalpy of the formation of singly charged oxygen interstitials
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Fig.3: Dopant Dependence Kréger-Vink Diagrams of Acceptor Doped (Left Panel) and Donor Doped CeO: (Right Panel)

Each panel consists of two charts. While the below (grey) chart is a classical Kroger-Vink diagram (e.g. a defect concentration plot), the above (green) chart is a
qualitative plot of the corresponding conductivities of the electrons oe « (red line) and the oxygen vacancies oy« (blue line). The dashed black line shows the total
effective conductivity oy, .12 A'ce: singly charged acceptor dopant on cerium site, D°ce: singly charged donor dopant on cerium site

Right Panel: Reprinted from Gébel et al.l*5! (Copyright 2012) with permission from Elsevier.
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Fig.4: pO:Dependence Kroger-Vink Diagrams of Acceptor Doped (Left Panel) and Donor Doped CeO: (Right Panel)

Each panel consists of two charts. While the below (grey) chart is a classical Kréger-Vink diagram (e.g. a defect concentration plot), the above (green) chart is a
qualitative plot of the corresponding conductivities of the electrons e« (red line) and the oxygen vacancies oy« (blue line). The dashed black line shows the total
effective conductivity oy, .12 Right Panel: Reprinted from Gébel et al'5) (Copyright 2012) with permission from Elsevier.
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Fig.5: Temperature Dependence Kroger-Vink Diagrams of Acceptor Doped (Left Panel) and Donor Doped CeO: (Right Panel)

Each panel consists of two charts. While the below (grey) chart is a classical Kréger-Vink diagram (e.g. a defect concentration plot), the above (green) chart is a
qualitative plot of the corresponding conductivities of the electrons ge « (red line) and the oxygen vacancies ovge» (blue line). The dashed black line shows the total

effective conductivity oy, .12 AHp: enthalpy of the electron-hole formation
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dIn(o, T)
E,=—ky——m2 {13}

“ A
_ dlog(cy,) (14

P92~ dlog(p0,)

=——ome M=

dlog(|zc,) dlog(|zp|cp)
In the experiment the given dependencies allow for the identification of the actual defect
chemistry regime as shown later. For the temperature dependence of the equilibrium constants

K and the defect mobilities uy; the following relations are relevant:

_AH
K=Ky-e " {16}
hi
” :he_kBT {17}15

Depending on the conditions either electrons or oxygen vacancies dominate the conductivity in
ceria. Thereby the electrons are transported according to a small polaron hopping mechanism
with an electron hopping energy h,. between 0.2 and 0.6 eV.[°0 91 The activation energy of the
oxygen vacancy motion hyge is 0.7 eV for Gd doped ceria and changes slightly for other

dopants.l72 92]

A good way to qualitatively illustrate the defect chemistry is the use of Kréger-Vink diagrams,
such as Fig. 3 to Fig. 5. Here the concentrations are logarithmically plotted against dopant level,
oxygen partial pressure and temperature using the relationships in Table 1. Note, however, that
in reality at the borders of the defect chemistry regimes a smooth transition between the

different dependencies is present.

2.1.4 The Electrolytic Domain Boundary in the Bulk

The electron mobility is orders of magnitudes larger than the ionic one. Therefore, pure ceria
(regime (I) in Table 1) and even slightly acceptor doped ceria at high temperatures and low p0:
(regime (II-a)) exhibits a mainly electronic conductivity. Only strongly acceptor doped ceria at

low temperatures and high pO: (regime (II-b)) is a predominantly ionic conductor.

13 Instead of the effective conductivity o, also the effective conductance G, can be used to determine E,,
Mpo,, My and Mp since both quantities differ from each other only by a constant geometrical factor.

14 Kj: pre exponential factor (K for T — o), AH : reaction enthalpy, kg : Boltzmann constant

15 U;o (h;): pre exponential factor (activation energy) of the mobility of an arbitrary CC i
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Since only under the last mentioned conditions ceria can be used as a fuel cell electrolyte the
border between defect chemistry regimes (II-a) and (II-b) is designated as the electrolytic
domain boundary (EDB) and in this thesis the corresponding pO: value as pOffoB. Here pOZEBOB in
particular concerns the bulk properties of ceria; i.e. it is specifically the pOz where e, = oyg*

(see also sections 2.2.3.3 and 5.5).

2.2 Space Charge Effects

2.2.1 General Considerations

Whereas in the bulk the charge neutrality condition (e.g. eq. {12}) is strictly fulfilled, locally at
the boundaries this is not necessarily the case. As an example, we can take the GBs in pure and
acceptor doped CeO; which are known to consist of a positively charged GB core.['% The reason
for this is an imbalance in the cation/anion stoichiometry (mostly a reduced oxide ion
occupancy), which could directly be observed with high-resolution transmission electron
microscopy (HRTEM) in other oxide materials (e.g. BaTiO3[%3). In the adjacent material the
positive charge of the GB core 2, is compensated by an enrichment of oppositely charged and
a depletion and equally charged defects. The resulting local charge density p integrates to the
total SCL charge 2, (see Fig. 6):

ZseL ==Y Zcore {18}
0

This zone, in which the local charge neutrality condition is not valid, is the space charge layer. Of
course not only charged GB cores are known to induce SCLs. They can also be formed on other

interfaces such as heterojunctions and surfaces (see section 1.2).17

In any case the concentration profiles in the SCL follow the profile of the electric potential @.
For clarity, here the bulk potential is defined as zero: @, =0. Generally, for an arbitrary defect i

the electrochemical potential z; is:

Hi = +z,ed = ,ulp +kgTIn(a;)+ z;e® {20}®

16 x:distance to the interface
17 A prominent example of a strong SCL effect originating at heterojunctions is given in ref. [19],

18 g4 (40): chemical potential (chemical potential at standard conditions) of an arbitrary CC i
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For small concentrations (i.e. no defect associations) the activities a; can be replaced by

concentrations. From the constancy of the electrochemical potential it follows for the local

concentration c; that:[t. 94
C:
0=kBTln—l+ZieCD {21}
i,00

zie ,, z;e

c; kT . . Cio k0
—L-=e "B and in particular ——=e¢ "8 {22}
Ci,oo Ci,oo
Here @, is the electric potential at the interface, which in the following is simply designated as

SCL potential. ¢;  is the concentration of CC i at the interface.

o

Charge Density p

In(cl., o
-ze —
—A . O
kT 0 =

In(ciy )

Fig. 6: Basic Characteristics of a Space Charge Layer at a Grain Boundary: the GB Core Charge Ztore,
the SCL Charge Z2sc. and the SCL Potential @&

From eq. {22} it follows for two different kinds of mobile charge carriers h and i:[

Zp

c_hz[ Ci j “ {23}

Ch o c

i,00

The enrichment or depletion of CCs changes the local charge density which again is linked to the

electric potential via the Poisson equation (here given for one dimension):
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o __F (2410
dx &€

p can be divided in two contributions p,, and p;, originating from mobile and immobile CCs,

respectively:
NMobiIe NImmobile
p=putpm  With py=e- > (z¢) and py=e > (zpjcm,;) (251
i=1 Jj=1

Before solving the profile function let us focus on a useful rearrangement of eq. {24} concerning
the electric field E :[°%]

2
d(E?) d{( dxj J do o 2p do 2 | Ve e do
= =2 e Y. | zieci e T [+ oy |5 {26)
dx dx dx dx* & dx &5 S ’ dx

The integration of eq.{26} from an arbitrary coordinate x, to +» with the conditions
lim (E#)=0 and lim (@)=@,, =0 yields the relationship between the electric field at x, , Ey, ,

X—>+00 X—>+00

and the potential there @y, :(%]

Nyiopi _Ae
ZkBT Mobile kT ¥k pIM
E,, =sgn(®,, )- o Z; Ciole T -1 —kB—quxk 27}
i=

Here sgn(@xk ) is the signum function, which is +1 for @, >0, 0 for @,, =0 and -1 for @,, <0.
For x;, =0 eq. {27} allows for the calculation of the electric field at the interface E; and, hence,

for the determination of the SCL charge X, :[°

Nyobite -
Zser =—¢6r60Eg =—sgn(@y)- |2¢,£0ksT Z o
i=1

Pim
; 1| |-, 28
i,00 kBT 0 { }
Eq. {28} is of major significance. It is not only the relationship between the two most relevant
SCL characteristics X'g-; and @, but also valid without further approximations for any case in
which the CC profiles are either equilibrium profiles or constant, even if the profiles themselves
are unknown. Additionally, it allows for the precise calculation of the conductivity effects in the

Gouy-Chapman case (as explained in section 5.1.4.2.1).

19 g, : relative permittivity, & : vacuum permittivity

20 Nyobite (Nimmobile ): number of mobile (immobile) defects, j: denominates an arbitrary immobile CC, Ziy,j
(cim,j): charge number (bulk concentration) of an arbitrary immobile CC j
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2.2.2 Space Charge Layer Profiles

Eq. {22}, {24} and {25} result in the following differential equation:

dzdj e NMabile —]fi;
=T Z ZiCi € ° + Oy {29}
dx*  &&| o '
r i=

Eq. {29} can analytically be solved for two ideal cases only.['] The defect chemistry of the first
case, the Mott-Schottky (MS) case, is characterized by an immobile dopant CC and a mobile CC
which is depleted at the SCL. Hence, here the charge density in the SCL is given by the dopant
level: p= pjy = zpopecpop 2+ 2

d*®  Zpop€Cpop

MS case: = {30}
dx? .8y

In the second case, the Gouy-Chapman (GC) case, all the CCs follow the potential and the SCL

defect chemistry is dominated by an enrichment of one CC: p ~ z,,,;€Cp; -

Zmaje

2 —
d°® _ Zmajecmaj,ooe kT (31}

GC case: 5

Here the index maj designates the enriched (majority) CC. The index depl will be used to
designate the depleted CC. Note that both cases are merely approximations for strong depletion
and enrichment effects since only then the neglect of the further CCs is realistic. There is only
one exception for which eq. {29} can be analytically solved for two CCs. This is the so called
symmetrical GC case which is valid for two intrinsic charge carriers with zgep =—zmq; and
Cdepl, = Cmaj,

Zmaj€

-2z, :C e ka7 {32}

2 —
: d“® e
symmetrical GC case: —-=———| Z;4iCimg; o€ k5T

The solutions of eq. {30} to {32} are:23 [1. 94]

Zpop€C 2¢,.6yD,
MS case: @=_"Dop7Dop (y a2 gxo |- ZEE0T0 g {33}
2¢,.8, ZDop€Cnop

21 zpop (cpop): charge number (bulk concentration) of the either acceptor or donor dopant,
ZDpopCpop =ZACA +ZpCp

22 Note that not for all experimental conditions the dopant may be considered as immobile. This
(oM = zDopecDop ) is an assumption specifically made in the MS case.

23 under the boundary conditions @,_;« =0 for the MS case, Xl_i)r}}w(@) =@, =0 for the symmetrical GC case
and @,_, = @, for all cases
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- 0
GC case: D=y + KB 11 X g BT | % x<21 (34)
Zmafe 22 szaje Cmaj,oo
_x —ziierio
.o A B _
symmetrical GC case: @ = 2kpT || L% — 1, ‘91:6”—1 {35)24
ze _x __Z
: 1-8 e 4 2kpT 4

The concentration profiles are obtained by inserting eq. {33}-{35} in eq. {22}. While the SCL
profiles are continuous and have no fixed length, the quantities 4 * (screening length in the MS
case) and 24 (A: Debye length) roughly correspond to the extent of the SCL. That means
specifically that at x=A4* or x =24 the potential becomes zero or at least very small. Both cases
(MS and GC) have in common that the extent of the SCL decreases with increasing bulk

concentrations. However, the shape of the SCL varies considerably between the MS and GC case.

5 5 5
MS Case o GC Case Symmetrical
4. 4. 4. GC Case
@0 CDOP - Cmaj
° 03V E— )
i C ma,
%1 % o6V = oo * j
QQ 000 -e=" Cmax
S5l 09V
(&) - /1* ﬂ,* /1*
’ (S !
o 0° °°°
0 A T T T
0 5 10 10
X/ nm
10*4
10%4
% a
Q
100
(¢} 1 o
102] o0
10"‘: &
0 5 10 10
X/ nm X/ nm

Fig.7: Example SCL Concentration Profiles Calculated Using the Analytical Approach

The SCL profiles are plotted for three potential values (0.3, 0.6 and 0.9 V) in a linear (above) and logarithmic
plot (below).

Parameters: general: ¢, =26, @ =700°C, zZmaj = zDop = —zdepl =—1 |/ GC case: cmaj© = cdepl,o =1.25-1019 cm3,
cpop =0 / MS case: cdepl,o = cbop =1.25-1019 cm3

24 9:: degree of influence of an arbitrary CC i (symmetrical GC case)
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This can be easily explained under consideration of how the GB core charge is shielded by the
SCLs. In the MS case even for a large depletion effect the charge density cannot surpass
Zpop€Cpop- Therefore, an increasing GB core charge (corresponding to an increase in @;) can
only be shielded by increasing the SCL extent A *. In the GC case, however, large GB core charges
can easily be shielded by enriching the mobile defect close to the interface. As a matter of fact, a
rearrangement of eq. {34} shows that for each coordinate x the concentration cannot surpass a

certain value ¢, :

22 Y
Cmaj<cmax:Cmaj,oo'(7j , forx<24 {36}

The limit of eq. {36} as x approaches 0 is infinity. Hence, for strong enrichments nearly the
whole SCL charge will be accumulated very close to the interface. As a result, in contrast to the
MS case in the GC case the SCL profiles are very steep and the SCL extent 21 is independent of
@0 .

2.2.3 Conductivity Effects

2.2.3.1 Effective Conductivity Values

In polycrystalline samples with SCLs the overall effective resistance R, often varies
considerably from what is expected from the bulk values. Generally, to R,, a corresponding total

effective conductivity value o,,, can be assigned:

o, =] — {3725

Usually, more than one CC contributes to o,, and for each individual CC an effective conductivity
contribution o; ,,, can be defined:

N Mobile

Om= Z Gi,m
i=1

{38}

To conveniently quantify the relative effect of the SCLs on the conductivity it is practical to use

conductivity values s, which are normalized with regard to the bulk value:

lof
s=-Z and specifically Sj gy =—2" {39}
O ' O-i,oo

The SCL alignment with respect to the direction of electrical transport is crucial. For the case

discussed here, namely non-overlapping SCLs and sufficiently large grains, in good

25 | : geometrical factor depending on the sample dimensions (for the thin films J =11 /(I - L), see Fig. 15)
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approximation only the parallelly aligned SCLs contribute to a conductivity increase in a
polycrystalline material (o; p, za,l-!m {40},2¢ if CC i is enriched in the SCLs), whereas only the
perpendicularly aligned SCLs contribute to a decrease in conductivity (o; ,,, = aﬁ m {41},26if CC i
is depleted in the SCLs).

Hereby the a,l-!m ((7,% m) value contains two contributions: (1) the bulk conductivity o; ,, and (2)

the effective conductivity change due to SCL effects at the parallel (perpendicular) GBs Aa,!!m
L

(Ao-i,m):

all-!m =0 o +A0',|-!m , s!-!m =1+ As!-!m (With s!lm = Il-!m/o;-,w and Asl-!m =Aa,!!m /O'i’oo) {42}

In contrast to the parallel GBs the perpendicular GBs are electrically connected in series with

the bulk (see also Fig. 8). Therefore, here the resistivities o have to be added up:

L1 -1 11 L -1 1 -1 St 1 1 L
(im) =01 +(40;,) " (sim)  =1+(4s;,,) (Wlthsi,m: i,m/O'i,ooandASi,m:Ao'i,m/o'i,oo) {43}

2.2.3.2 Conductivity Pathways in Cerium Oxide

Let us now consider how these general definitions apply to the specific case of CeO: thin films.
Here oxygen vacancies V" and electrons e' contribute to the total effective conductivity:

o +0, {44}

m= Oy T % m

The effective oxygen vacancy and electron conductivities ovg* m and oe,,n again consist (1) of
bulk contributions ovs » and oe,. and (2) of conductivity changes at the parallel
(perpendicular) GBs Aa{/l(;-,m and Aay.,m (Am}(;-,m and Aaj._m ). However, depending on defect
chemistry regime (Table 1), microstructure and SCL potential usually only one or a few of the
above quantities significantly contribute to o,,. Specifically, for CeO: thin films seven cases can

be distinguished:

(i) For epitaxial, strongly acceptor doped films the conductivity is given by the ionic bulk
value:

Om =0, {45}

(ii) In a polycrystalline, acceptor doped sample with low and moderate positive SCL potentials

the oxygen vacancies are depleted at the GBs. Hence, the perpendicular GBs block the ionic

il L
transport and Acvge,m becomes significant.

26 o-,-l,lm (aﬁm): effective conductivity of an arbitrary CC i comprising its bulk conductivity and the conductivity
change at the parallel (perpendicular) GBs



20

Chapter 2 — Theoretical Background

(iii)

(1] ° A L’.
1 _ GVO ,00 O-VO ,m {46}

O, =0 e
+ Ao,
VO ,m

' =
Vo .m GV“ .
0

By comparing epitaxial and polycrystalline films the values of AO'[J/B’,m and
SV5tm = O'[%',m / oV," .« can be determined. The sy;*,m values allow for the calculation of the

SCL potential (as explained below, Table 7).

For a positive SCL potential the electrons are enriched at the GBs. Therefore, if the SCL
potential increases compared with case (ii) (or the acceptor doping content decreases) the

increase of electronic conductivity at the parallel GBs becomes perceptible:

L O-V" 0 'AO-IJ/_" m
=ot., +oll =—To 0
Vo .m e'.\m

n +A0'”| +0, {47}
O e +A40 .. em - €,®
Vo ,0 Vo ,m

Om

Under the assumption of a constant SCL potential as experimentally observed in cerialt0!
only the electronic contribution is pO: dependent (see Table 1, defect chemistry regimes

(Il-a) and (II-b)). This allows for the determination of alel. by measuring the pO:

,m

dependence of the conductivity and separating constant and varying contributions. The

ionic and electronic conductivity pathways in acceptor doped ceria are illustrated in Fig. 8.

lonic Conductvity Map Electronic Conductivity Map

B 4
G = O

R
-i:o O N -

Al

Pathway 1 Pathway 1

v

athway

T T

Fig. 8:

Idealized Conductivity Maps of Polycrystalline, Acceptor Doped CeO:

The ionic conductivity is blocked at the GBs, whereas the electronic one is increased there. As a consequence,
the bulk pathway (pathway 1) is dominated by the GB conductivity for the oxygen vacancies and by the bulk
conductivity for the electrons. Additionally, for the electrons a second, even more efficient transport pathway
is available via the conductive parallel GBs (see eq. {47}).

51}0- and Eel.l are the local mean oxygen vacancy and electron conductivities in the SCLs as explained below in
section 0.

Reproduced from Gobel et all’s] by permission of the PCCP Owner Societies.

(iv) An even higher SCL potential or lower acceptor dopant level (or pure or donor doped

material) may result in a conductivity dominated by the electronically shortcutting SCLs:
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—5 = Il
Om =0y =% + Aael . {48}
(v) Epitaxial, slightly acceptor doped films are characterized by a mixed ionic, electronic bulk

conductivity:
o, = +0o {49}

m ™ GV(;' ,00 e',o
As in case (iii) the ionic and electronic contributions can be separated by measuring the

pO: dependence of the conductivity.

(vi) Epitaxial, pure and donor doped films exhibit the electronic bulk conductivity:

e 50)

,00

(vii) For donor doped CeO: electronically blocking GBs were found to be decisive which can be
described with eq. {51} (see section 5.6):

€L O-e'oo'AO-:'_m
Op=0, =—25 o {51}
em 5 4+ A0
e', o e',\m

2.2.3.3 The Electrolytic Domain Boundary in Polycrystalline Material

Since due to SCL effects at GBs the effective ionic and electronic conductivity contributions are

changed in polycrystalline material also the pO: value of the electrolytic domain boundary

(EDB) is shifted. Therefore, in analogy to pOfgoB (which is the pO; where ce « =0V «, see

section 2.1.4) it is useful to define an EDB value pOf?nB which describes the pO: where the

effective conductivity contributions are equal: oo m =0V, m -

In defect chemistry regimes (Il-a) and (II-b) the pO: dependence Mo, of the electronic
conductivity is —% while the ionic conductivity is pO: independent (left panel of Fig.4).
Therefore, an increase in the ratio se.,m/sV(;-,m by one order of magnitude will result in an

increase of pOf,?nB by four orders of magnitude compared with the bulk value pOgeoB :

4
s,
POz —[ = } Oz {52}
S L1}
Vo ,m
Hence, even a small change of se._m/sv5-,m results in a large change of pOgl,)nB. Moreover, in a
nanocrystalline material se / syg*,m strongly increases with intensifying GB effects (often by
many orders of magnitude) since (1) the electronic conductivity is increased at the GBs while
(2) the ionic conductivity is decreased there. The resulting considerable shift of the EDB makes

it an ideal quantity to detect SCL effects as it will be demonstrated in section 5.5.
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2.2.3.4 Analytical Solutions

Let us now consider how to quantify the SCL effects. The conductivity change of an arbitrary CC i

at the parallel SCLs can be expressed as a function of its contribution 2; on the total SCL charge:

{53}

O'—:S
ﬁ
|
('\

Nyobite

Zor= 2, (%) {54}
i-1

Concerning the blocking effect of the perpendicular SCLs a similar quantity (2;, which represents

a normalized resistance, can be defined:

. E%I( L )-dx 55)

In approximation the arrangement of grains can be described using the brick layer model. Here
the grains are shaped cubically with a uniform grain size d.2’ In a single grain the enrichment of
CC i incorporates an absolute excess charge of dZZI- for each SCL. This corresponds to a change
in the absolute number of CC i by d*z, /(z e) and to a variation of its average concentration by
(dZZ /(z e))/d3 =2, /(z;ed). Hence, for each parallel SCL the effective conduct1v1ty change Ao-”
is z; /|z;]-u; Z; /d (see eq. {11}). For the same reasoning, (40;,,)”" is equal tou; " - €2, /d for each
perpendicular SCL. Therefore, if the density of the parallel (perpendicular) SCLs is expressed as
a geometry factor I (1"L ), it follows:

-1
0.
Aol = Ziys  and Aa,%mz(ﬂ-—lj {56}

z]" u,

S!-!mzr”'i-i-l and sj,= (Fl |zilec; .(2,-+1)_1 {57}

Zieci,oo

The geometry factors of a polycrystalline pellet (cubic grains with 4 parallel and 2 perpendicular

SCLs) and also for other geometries (as they are usually found in thin films) are listed in Table 2.

Consequently, the quantification of the conductivity effects coincides to the determination of X;
and (2. For this the appropriate potential profile (e.g. eq. {33}-{35}) needs to be inserted in
eq. {22} and then integrated (eq.{53} and {55}). The so obtained analytical solutions in the
literature (e.g. ref. [22]) are given in Table 6 (page 55). Note, however, that the relationships for
the conductivity effects as they are given in the literature in many cases base on more or less
strong simplifications which have been found to result in a limited preciseness and, hence, a

reduced reliability of them (see also section 5.1.4). Therefore, new, improved and much more

27 See also Fig. 8, which illustrates the brick layer model in acceptor doped ceria. In this figure, however, for
clarity the third dimension is not depicted.
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precise analytical solutions have been developed in the framework of this PhD project which are
listed in Table 7 (page 65). Further information on how these relationships are derived is given

in section 5.1.4.2.

Density of Parallel Density of Perpendicular
Geometry I 1
SCLs I” SCLs I”

4 2
pellet — 58 — 59

r {58} p {59}
thin film with polycrystalline, 2 2
columnar microstructure, — {60} - {61}
in-plane measurement d d
thin film with polycrystalline, 4
columnar microstructure, — {62} 0 {63}
perpendicular measurement d
thin film with epitaxial 2
multilayers, in-plane o {64} 0 {65}
measurement ML
thin film with epitaxial 2
multilayers, perpendicular 0 {66} v {67}
measurement ML
epitaxial thin film with SCL at the 1
FSI (or at the film surface), 7 {68} 0 {69}

in-plane measurement

Table 2: The Brick Layer Model Applied to Several Sample Geometries
dyy : thickness of an individual multilayer, L : thickness of the thin film

In-plane and perpendicular measurement configurations:

For an in-plane measurement of a thin film the two electrodes are positioned on the same surface of the film
as shown in Fig. 15. On the contrary, in a perpendicular configuration the electrodes are applied on the two
opposite sides of the film. The distance between the electrodes is then the thin film thickness L. In this study
the in-plane configuration was applied.

2.2.3.5 Local Mean Conductivities

Last but not least, beside the effective conductivities also the local mean conductivities in the
parallel (perpendicular) SCLs 51-” (EI-l) can be used to quantify the conductivity effects. They are

connected with the effective values via the following relationship:* 2

a0l =Blo5!l and (d0,) = Bre(G) {70)28

28 @ : volume fraction of all SCLs, ﬁlLI (Bi): fraction of the parallelly (perpendicularly) aligned SCLs on all
SCLs, in the brick layer model 4}l =2/3 and Bir=1/3
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However, for the practical interpretation of measurement data the effective conductivity values
are more useful than the local mean values since (1) they can be derived from the measured
resistances easily and since (2) in contrast to 51-” and EI-L their calculation does not incorporate
the somewhat ambiguous value of the extent of the (more or less diffuse) SCLs. Therefore, in the

following the effective quantities are applied.
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Chapter 3
Modeling

3.1 Numerical Calculation of Space Charge Layer Profiles

While the analytical solutions are well able to describe SCL effects for the ideal MS and GC cases,
for other more intricate situations, such as mixed cases, they are of limited accuracy only. It is,
however, possible to model these cases numerically. This section deals with the basics of the

numerical approach.2®

In the numerical approach the SCL profiles are determined by a stepwise calculation of the
potential @. Let us here use the subscripts k and xj to designate an arbitrary calculation step

and the x coordinate at this step, respectively.

At the beginning of each calculation step the local potential there @y, is known (for the very first
step at x=0 the potential is set equal to the given value of @;). Using the @,  value the
concentrations c; x, , charge density p,, and electric field Ey, are calculated with eq. {22}, {25}
and {27}, respectively. To initialize the next step k+1 the x coordinate is increased by an
increment Ax, :

Xy =Xp +Ax; {71}

The potential at x;.; is then determined with a Taylor expansion of degree three:

AX]% Apxk&
@Xkﬂ ~(ka _Axk 'Exk - 25;«50 (pxk + 3 {72}30
Apx]ﬁl prk _pxk71 {73}30

Subsequently, using the value of @y, , the calculation of ¢;y, ., px.,, and E follows, et

k+1 Xk+1

cetera. This cycle is repeated until the potential becomes insignificantly close to zero.

29 Note, that a more detailed description is given in ref.[°l and the supplementary information therein.

30 Apxi—1: difference in charge density between the current calculation step k and the previous one k-1 (for
the first step 4pxx-;1 is set equal to zero)
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Special care has to be taken for choosing appropriate increment values Ax. Due to the often very
steep profile functions k an independent Ax value is inappropriate and leads to a rather large
uncertainty. A much better approach is the definition of a fixed number of calculation steps
Nsteps and the selection of local Ax; values which fulfill the condition of a constant charge

contribution AZ, (on the total SCL charge X, ) between x;, and x + Ax,:

A% Step
Px k-1

with A%, 25 {74}
Steps

AXk=

Especially close to the interface the use of eq. {74} leads to a very low calculation uncertainty.

The preciseness can be improved even further by switching to a different selection algorithm of
Ax for the second half of the calculation (e.g. after about N /2 calculation steps). Hereby, it is
useful to define a final potential @, close to zero after which the calculation shall stop using
the criterion that the local concentration there cg,,; differs only insignificantly from the bulk
1077):

value (here by a factor 0f|[cEnd —Cy ]/coo|:

Dppq =sgn(Py)- {75)31

kBT ln[CEnd j
Z

max

oe]

This allows for the calculation of a coefficient b' which is then used to decrease @ until it

reaches @, ;.
1

b= (—‘DEnd ]Nm’” h {76)
CDXI(—I

The corresponding increments Ax, can be calculated using a rearrangement of eq. {72}:

. &8 2 2 Apxk—l
e o LT DN (RC | LS
IDXk _lr_i’

Fig. 9 shows SCL profiles obtained with the numerical calculations. The comparison with the
analytical solutions (Fig. 7) indicates that the numerical GC profile is identical with the analytical
symmetrical GC case. Since there are no simplifications involved in the symmetrical GC case, this
is expected and shows the good quality of the numerical approach (see also section 5.1.2.1). For
the MS case the numerical computations show a much larger SCL extent than the analytical
approximation. Also this is explicable given that the numerical calculations include the realistic

decrease of charge density p with increasing x coordinate (and thus the smaller change in

31 |zynqx | : largest absolute charge number of all mobile CCs (i.e. largest of all |z;|)

32 The formula gives two Ax values. Here the smallest non-negative solution is the physically rational value.
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potential, see eq. {24}) whereas in the analytical approach the charge density is, unrealistically,
kept constant over the whole profile range (eq. {30}). A more detailed comparison between the

analytical and numerical approaches is given in section 5.1.4.

5 MS Case - Numerical Calculation |— — c,
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Fig.9: Example SCL Concentration Profiles Calculated using the Numerical Approach

The SCL profiles are given for three potential values (0.3, 0.6 and 0.9 V) in a linear (above) and logarithmic
plot (below).

Parameters: general: ¢, =26, 0 =700°C, zZmaj = zDop = —zdepl =—1 / GC case: cmaj» = cdepl,o =1.25-1019 cm3,
cpop =0 / MS case: cdeplw =cDop =1.25-1019 cm3 / mixed case: cpop =1.25-101% cm3, cmajo =0.01-cDop,
cdepl,o =1.01-cDop
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In contrast to the analytical solutions the numerical approach allows for a precise treatment of
the mixed case. In this case, both, an immobile dopant and an enriched CC, contribute
significantly to the charge density. Here, the assumptions made in the MS and GC case (eq. {30}

and {31}) are not valid anymore. Also example profiles of the mixed case are shown in Fig. 9.

3.2 Further Characteristics of Space Charge Layer
Profiles

In the numerical approach the SCL extent I;-; can be quantified as the smallest coordinate for
which the relationships {79} and {80} are valid. This means that for all CCs the integration over
¢; and ¢;* from 0 to Iy, reaches a certain contribution q- ; and q- £2; on the values of 3; and £2,,

respectively (with 0 < g <1). In this study a g value of 0.99 was used.

lscy
q-2;<ze- .[ (c; —Cj 00 )dx {79}
0
1 ISCL
q-Q<— [ (6" —¢;})dx {80}
|Zi|e 0 ,

Another interesting feature of the SCL profiles is their steepness «. It can be expressed as the

ratio of the SCL extent and the charge balance point x ,3* (see Fig. 10):

el

Finally, the SCL conductivity changes can be easily calculated by numerical integration with
eq. {53}, {55} and {57}. In order to consider also the less important perpendicular contributions
for a CC enrichment and the parallel contributions for a CC depletion the total effective

conductivity is here calculated including both, parallel and perpendicular, effects:

s, =sl st {83}

i,m i,m>i,m

33 Compare with eq. {53} and {55}.

3% x, is the analogue to the “center of mass” concerning the distribution of charge density p in the SCL.
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Fig. 10: Illustration of the SCL Extent Isc;, Charge Balance Point x, and Steepness o for Three Example
Profiles

In contrast to Fig. 7, Fig. 9 and Fig. 11 here the charge density p and not the local concentration is plotted. The
corresponding concentration profiles are given in Fig. 9 (&g = 0.6 V).

At the charge balance point Xp the area below the curve of p is divided in two equal parts of 0.5- Xs¢y, .

Here for the calculation of Isc; a slightly simplified approach compared with eq. {79} and {80} was used:
q-2scL = I(I)SCLp~dX , with g=0.99.
As already qualitatively expected in section 2.2.2, in contrast to the MS case in the GC case the majority of the

charge is located very close to the interface. This corresponds to a charge balance point extremely close to
zero and results in a large steepness value « .

3.3 One Dimensional Overlapping Space Charge Layer
Profiles

Also overlapping SCL profiles can be computed numerically.l?”l For one dimensional overlapping
SCL profiles which are important for instance for very thin multilayer structures the same
approach given above with only slight modifications can be applied. As the main difference
eq. {84} needs to be applied instead of eq. {27} which bases on an integration with semi infinite
boundary conditions (from x; to +~). In general, let us define the position where the electric

field becomes zero as xp (in most cases xz =d,,; /235). The integration of eq.{26} from an
arbitrary coordinate x, to xj yields eq. {84}:

35 In the most cases the SCL potential will be identical at both considered interfaces resulting in an axis
symmetric profile and, hence, xg =dy;;. /2 (as shown in Fig. 11). Nonetheless, also asymmetric situations
... footnote continued on next page
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N .
2 kB T Mobile p Dop
Ci,xk _Ci,xB kT
&rép i=1 B

E,, =sgn(®,, ) (2, -2y, ) (84}

The additional, initially unknown parameter @,, (the potential in the centre of the layer or
grain) is determined by repeatedly computing the SCL profile with more and more refined
values of @,, until the corresponding output value of xj; fits with the sample geometry.

Example profiles are given in Fig. 11.

5
Mixed Case
4. Numerical Calc.
Overlapping

Profiles

Fig. 11: Example Concentration Profiles of Overlapping SCLs, Calculated using the Numerical
Approach

The SCL profiles are given for three potential values (0.3, 0.6 and 0.9 V) in a linear (left) and logarithmic plot
(right). The corresponding non-overlapping profiles are shown in Fig. 9 (mixed case).

In contrast to Fig. 9, where there is only one interface at x =0, here two interfaces at x=0 and x=11nm are
present. Since the double SCL extent is considerably larger than x=11nm (e.g. 2l5c;, =34 nm for @3, =0.6V,
see Fig. 10) both SCLs overlap.

Depending on the value of @y, even in the centre of the grain the local concentrations can vary significantly
from the bulk value. Here @x; was found to be 0.17 V, 0.34 V and 0.38 V for @ values of 0.3V, 0.6 Vand 0.9V,
respectively.

Parameters: & =26, 60=700°C, Zmaj =2zDop =—zdepl =—1, cDop =1.25-1019 cm3,  cmaj,0 =0.01-cDop,
cdepl,o =1.01-cDop

with different @, values for each interface are possible. In this case, which can be treated with the given
numerical approach as well, xz will differ from dy;, /2.
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Chapter 4

Experimental Setup

4.1 Sample Preparation

4.1.1 Powder Preparation

For the preparation of the nominally pure and acceptor doped CeO2 powders Ce(NO3)3-6H20
(Aldrich, 99.99%) and the nitrate of the dopant (e.g. GA(NO3)3:6H20 or Y(NOs3)3-6H20, Aldrich,
99.99%) were dissolved in doubly distilled water and the solutions subsequently poured in a

diluted ammonia solution:
4Ce** +0,+120H = 6H,0+4Ce0, {85}
Solution and precipitate were separated by centrifugation. The precipitate was washed firstly

with doubly distilled water and secondly with ethanol. The powder was dried under air at

220 °C for 12 hours. Subsequently, it was grinded and calcinated for 5 hours at 450 °C in air.

As an exception, the 10 mol% Gd-doped ceria powder was purchased from Sigma Aldrich
(99.9 %).

The 2 mol% Nb doped ceria powders were prepared using a conventional solid state route with
Ce02 and Nb:0s as starting materials. After mixing the two oxides they were heated for 18 hours
at 1400 °C.

4.1.2 Sintering

In order to prepare the targets for pulsed laser deposition (PLD) the powders were isostatically
cold-pressing at 350 MPa and sintered for 8 hours at 1400 °C in air. The targets were polished to
a diameter of 13.5 mm to fit in the PLD target holder (see section 4.1.3.3).
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4.1.3 Pulsed Laser Deposition

4.1.3.1 General Description

Pulsed laser deposition is a thin film preparation technique. Hereby the target material is hit by
highly energetic laser pulses. Since the majority of the energy of the laser pulses is absorbed by
the target its surface temperature temporally becomes extremely elevated (up to several
thousand °C) and a plasma plume is created (see Fig. 12). Atoms and ions of the target material
are evaporated perpendicularly to the surface and deposit on the substrate at the opposite side
of the chamber. In most cases the substrate is heated allowing for a sufficient diffusion of the
deposited ions and, thus, for the formation of crystalline material. The main advantage of PLD is

the ideally identical cation composition of target and thin film.

Vacuum
Chamber

Substrate

Heatable
Substrate

Fig. 12: Pulsed Laser Deposition

4.1.3.2 Used Parameters

The quality and properties of the thin films depend on the deposition conditions (temperature,
p0:, pulse frequency, etc.). The following parameters in Table 3 were found to be optimal for the
growth of the films investigated here and used for their preparation (if not specifically stated

differently in the later sections).

In the usual routine of the preparation in the first step the chamber was evacuated. Then with
the vacuum pump still open pure oxygen was inserted with the flow corresponding to a

pressure of 0.01 mbar. After heating the substrate3® the deposition was started. Upon deposition

36 The temperature of the substrate was monitored using a pyrometer.
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the pump valve was closed and the pressure was increased until it reached the ambient

pressure. Under these conditions the film was annealed. In the last step the chamber was cooled

down to room temperature.

Parameter Value Parameter Value
general deposition
PLD chamber PLD 6 deposition 0.01 mbar
( several, e.g.: pressure
Si02<0001>, deposition
Al;03<0001>, temperature (at 720 °C
= bstrat
substrate materials < Al;03<1102>, substrate)
MgO <1005, laser frequency 5 Hz
Mg0 <110>, laser energy (at
90 m]
\  LaSrAl04<001> lens)
substrate size 10x10x0.5 mm ‘::regr(iy density at 1.5]/cm?
substrate polish one side
. laser pulses with 1200
distance between closed shutter
target and 44 mm .
substrate ~ 0.82 A/pulse (from
growth rate for transmission
process gas 0: CeO: electron microscopy
i measurements
evacuation <1105 bar )
pressure
80 K/min from room annealing
. temperature to annealing pressure 1 bar
heating rate 630°C, 40 K/minfor | oo
0>630°C temperature (at 720°C
cooling rate 80 K/min substrate)
Table 3: Used PLD Parameters

4.1.3.3 Target Holder

In the beginning of this project the target was fixed with silver epoxy glue. However, at high

temperatures the glue occasionally failed to hold the target. Therefore, a new target holder

working without glue was designed (Fig. 13).
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() (b)

material: bronze - GzSnBz12
all edges broken 0,1x45°

(9

6.0

material: stainless steel - V4A
all edges broken 0,1x45°

Fig. 13: Design of the PLD Target Holder

(a): Model of the Assembled Target Holder with Target Material (Grey)
(b): Design of the Piston

(c): Design of the Body

All measures in mm. Figures created using the Autodesk software (educational license).

4.2 Microstructure Characterization

4.2.1 X-Ray Diffraction

The samples (powders, pellets (targets) and films) were analyzed using X-Ray diffraction (XRD).
The diffractograms were recorded on a Philips Xpert 3710 HTK XRD diffractometer with copper
K, radiation (1.54056 A).
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4.2.2 Scanning Electron Microscopy, Focused lon Beam and
Transmission Electron Microscopy

In order to prepare the thin films for transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) lamellae were cut using a focused
ion beam (FIB) cross section lift-out technique. Here a Zeiss Crossbeam 1540 ESB scanning
electron microscope (SEM) with a gallium ion beam was employed. An acceleration voltage of
30 kV was used and an ion current of 10 pA for the final cut. Using the same electron microscope

also SEM micrographs of the samples were recorded.

The donor doped CeOz2 thin films did not undergo the FIB procedure but were prepared for TEM

using a tripod polisher.

For the TEM analyses a Zeiss 912 Omega TEM microscope and a JEOL 4000FX TEM microscope

were used. The acceleration voltages of the two devices are 120 kV and 400 kV, respectively.

4.3 Conductivity Measurements

4.3.1 Impedance Spectroscopy

4.3.1.1 Impedance Spectra Characterized by RC Elements

Impedance spectroscopy is a measurement technique that in some cases allows for a separation
between the several resistive contributions of a sample (e.g. bulk, boundaries, electrode, etc.).
Thereby an alternating voltage is applied at the sample and both amplitude and phase shift of
the resulting current are recorded in order to determine the impedance Z (the complex
resistance). The impedance itself is frequency dependent and can be presented in an impedance
spectrum, where normally the negative imaginary part of the impedance —Z" is plotted versus
the real part Z' (Nyquist plot). A recorded impedance spectrum is usually analyzed using
corresponding equivalent circuits. For the type of samples investigated here these are serially

and parallelly connected circuits of resistances and capacitors.

For a single ideal capacitor with the capacitance ¢ the impedance is Z:(ia)C)_1 37 while,
obviously, for a single resistance R the impedance becomes Z=R. In a typical sample both
polarization (represented by the capacitor) and conduction (represented by the resistor) occur

in parallel. The resulting RC elements (one resistor and one capacitor connected in parallel)

37 @: angular frequency, i : here: imaginary unit
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have an impedance of Z = 1/(R_1 +icoC):(R_1 —i-a)C)/(R_2 + a)ZCz). As it can be checked easily
in this case for all frequencies Z" is negative and the relationship \/(Z'— R/2* +(Z")* =R/2 is

fulfilled. Therefore, one RC element creates a typical impedance spectrum with all data points
lying on a semicircle of the diameter R which is centered on R/2. The maximum of the circle (in
~Z" direction, the point R/2—i-R/2) is reached when the angular frequency @ becomes the

reciprocal of the relaxation time 7 (see Fig. 14): o =27 f = r1=(RCYy 38

f=(2+1)-2zRC)™
RI2—-==}=--- - 524

f f (2zrRC)™

f=K2-1-@2zRrRC)"

_ZH

Fig. 14: Typically Measured Impedance Spectrum of a Thin Film Characterized by One RC Element in
the Equivalent Circuit

In case of two or more RC elements connected in series the impedance spectra consist of
multiple contributions. Depending on how strongly the time constants of the individual

contributions vary their corresponding semicircles can be resolved either well or only weakly.

4.3.1.2 Characteristic Device Parameters

For the conductivity measurements two platinum electrodes of a thickness of about 400 nm and
a distance of 1 mm between each other were sputtered onto the thin film using an Edwards Auto

306 Turbo device (in-plane configuration, see Fig. 15).

For measuring the impedance spectra a Novocontrol Alpha-A High Performance Frequency

Analyzer was utilized. Typically used parameters are given in Table 4.

38 f:frequency
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N

©

]

Fig. 15: Geometry of the Investigated Thin Films with Pt Electrodes

As an example a polycrystalline thin film with an ideal columnar grain structure and a uniform lateral grain
size d is shown.

l; : distance between the electrodes (here 1 mm), I, : edge length of the square substrate (here 10 mm)

Reproduced from Gébel et al.l*¥ by permission of the PCCP Owner Societies.

Parameter Value
frequency range 0.2 Hz - 2 MHz
data points per decade 10
integration time 2s
delay time 05s
output voltage 01V

use low impedance

calibration yes

Table 4: Typically Used Parameters for Impedance Spectroscopy

The impedance spectra were analyzed by fitting the recorded data points with simulated spectra
of appropriate equivalent circuits (see also section 5.2.2). For this purpose the software ZView 2

(Scibner Associates Inc.) was used.

4.3.2 Measurement Cell

For the conductivity measurements a special cell being able to carry 4 samples was designed
(Fig. 16). The advantage of such a system is the possibility to expose all 4 samples to the same
conditions (temperature and p0:) allowing a much better comparability between them. The 4

samples were connected with the impedance spectrometer via a home built multiplexer.
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4xlength: 80 mm (2x per edge)

—_—

8 capillary tubes: .
4x length: 150 mm (4x at the bottom side)

(a) Measurement Cell
2 inner half tubes:
. inner diameter: 12 mm
material: quartz glas I

- - i | T
2] of ‘ ‘ S
. X L
70 +—30 180 204 100
k 300 160
+—40 120

(b) Protective Vessel The first 40 mm of the tube are closed.

+8+ 100 + 400 4

.

T {

+154

85
55

| 65 I

i =T

+154

Sample -
(c) Head of the Measurement Cell S\~ """ sample -
¢ Channel 0
Thermocouple 1
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’
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”
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Thermocouple 2

Sample - Sample -
Channel 2 Channel 1

Fig. 16: Design of the Measurement Cell for Simultaneous Measurement of 4 Samples

The positions of the 4 thin films (with corresponding multiplexer channel) and the 2 thermocouples are given
in panel (c).

The protective vessel separates the sample holder from the surrounding atmosphere.

All measures in mm. Figures created using the Thouvis software.

4.3.3 Flow Controller Setup and Calibration

4 flow controllers (FCs) were applied to prepare oxygen nitrogen gas mixtures with the desired
p0:. This way nearly all pO:; values in the range between 10> and 1 bar could be mixed
continuously. Fig. 17 illustrates the calibration curves of the flow controller system; e.g. for each
accessible p0O: value the corresponding flow controller settings (flow values) are shown.The
flow controllers were connected with external valves in order to allow a complete seal of the gas

flow. This made it possible to control the flow controller system (and thus the p0:) with an
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automated software (via a Vacom FCU-4 unit) allowing for complex pO: and temperature

sequences. The pO: was monitored with either a Cambridge Sensotech Rapidox 2100 oxygen

sensor or a Gen’Air Setnag oxygen pump.

pO, / bar

FC4 FC3 - FC 1
| | | | L] [ | o
—a— Flow Controller (FC) 1: 200 sccm, O, 5.0 /
& —o— Flow Controller 2: 10 sccm, O2 5.0 /"
—o— Flow Controller 3: 200 sccm, 1000 ppm O, 4.5in N, 5.0 /o
o

—o— Flow Controller 4: 300 sccm, N2 50

BSS

7 =y

|/

'

N

i 9
| o/ Q
/ ~ 1 Accessible Oxygen Partial Pressures | 3.9 % (7.8 scem)
ad 3 = 8.7 100 % (200

3 S £ 1.5 % (0.15 scem) . ;9( o seem) |1
i 0/"' zZ 2 => 230 ppm (Que— °
4 § "unstable" 7
| .g 31 3.9% (7.8 sccm) Quu—

Q => 57 ppm 100 % (200 sccm)
1 Q => 1020 ppm

g 44 @ Pure N, (5.0) => 8.6 ppm

B N S S T |
19 pO, 1 bar
] I ™ I ™ ! I

T i R '||| I I||||||| | I|||||||""I ol
10 100 10 100

Flow / sccm

Fig.17: Calibration of the Mass Flow Controller System

The 4 used flow controllers allow for a nearly continuously accessible pOz range between 10-5 to 1 bar.

For this purpose mixtures of oxygen (FC 1, 2 or 3) and nitrogen (FC 4) were used. Specifically, depending on
the desired pO: the oxygen flow of FC 1, 2 or 3 was set according to the above plot while the nitrogen flow was
set to a value corresponding with a total flow of the mixture of 200 sccm. (E.g. for a pO: of 0.1 bar FC 2 and
FC 3 were closed, FC 1 was set to a flow of 20 sccm of pure Oz and FC 4 was set to a flow of 180 sccm of pure

Nz.)
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4.3.4 Temperature Calibration

2 pairs of the 4 samples are located on different positions along the axis of the oven and,
therefore, perceive different temperatures (depending on the temperature gradient in the
oven). Both temperatures Osgmpie1 and Osgmpre2 (in °C, or Tsgmpre1 and Tsgmpre2 in K) were
recorded with separate thermocouples (see Fig. 16c). In order to minimize the temperature
difference between the two sample pairs the position of the measurement cell in the oven was

carefully calibrated. At 30 cm the optimal position with a temperature gradient close to zero was

8
660(a) 5 Linear Fit:
] 6(b) .
] Slope = -0.70 K/cm
] NG ]
650 = ?
oL) : 93ample,1 g 2 : a
—— 9 % \0
-~ Sample, 2 %) \
2 ] ~ 2
£ 640 "0 \ﬁ
3 ] = v
D ) V9
£ P
: W 27 P
630_: —_ oC 1 — o E \‘\
] 9,,,,= 700 44 0,,,=700°C| | o
L AL R R B B R B LR B B L L :' T T
20 25 30 35 20 25 30 35
Position / cm Position / cm
I(c)
404 N
7 o
\g\
X "\g
— 30+ \o
-~ AN
. 9
aq \0
20 “o
A
|Q O\o
N o
[¢) oo
= %0,
10+ -9
Position = 30 cm I
0

T T T T T T T T T T T T
700 600 500 400 300 200
0. _1°C

Oven

Fig. 18: Temperature Calibration of the Measurement Cell
(a) The Two Sample Temperatures as a Function of the Position of the Cell in the Oven
(b) Difference between the Sample Temperatures as a Function the Position of the Cell in the Oven

(c) Difference between Sample and Oven Temperatures upon Cooling Down
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found (Osampie,1 = Osampie,2, Fig. 18a and Fig. 18b). For clarity, in the later sections the indices

“Sample, 1” and “Sample, 2” are omitted and the sample temperature is simply designated as &

(or 7).

Additionally, the sample temperature € is different from the one of the third thermocouple at
the heater coil of the oven p,, (in °C, or Ty,e, in K). Due to its fast response 6p,., was used to
regulate the temperature using a Eurotherm 2416 controller. Therefore, also the relationship

between 6p,e, and & was recorded (Fig. 18c).

4.3.5 Spurious Conductances of Substrate and Sample Holder

In the beginning of the project it was found that the sample holders (e.g. the ceramic pieces that
are in direct contact with the thin films) have a rather low resistance at high temperatures
leading to large conductances G =R ' connected in parallel with the sample. Obviously, this
strongly disturbed the measurement and resulted in a large uncertainty of the results.
Therefore, a set of new sample holders was designed. The spurious conductances could be
minimized by two measures. (1) The material was changed from quartz to sapphire. (2) The

shape of the sample holders was designed to maximize the transport pathway in the sapphire

Old Quartz Sample Holders New Sapphire Sample Holders

=—= Sample
=—= Sample

Pt Foil E B /__ _T\

«— || A Pt Foil
/ . & Wire
Pt Wire
resistance at 600 °C: resistance at 600 °C:
13 MQ 5800 MQ

Fig.19: Comparison between the Old and Newly Designed Sample Holders
The red arrows indicate spurious electric transport pathways.

Reproduced from Gébel et al.l'*l by permission of the PCCP Owner Societies.
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parts (Fig. 19). Notably, the sample holder’s conductance could be reduced by more than two

orders of magnitude.

Also the conductance of the substrate leads to a similar yet unavoidable measurement
uncertainty. Fig. 20 shows the measured conductances of both the new sample holders and the

here used substrate materials.

61 °C
700 600 500 400 300
107 g e 0
Substrate & Sample Holder
—e—Al,0, (0001) (1.1-1.4¢eV)
o —e—ALO, (1102) (1.0-1.5¢eV) :
107 - g\h\'\. v Si0, (0001) (1.1-13eV) = 10°
1 \R —e—MgO (100 11-13eV
AN\ g0 (100) (1.1-1.3eV)
A
107°
)
O
10-11
_ -~y :
10 Sample Holder Without Substrate : N E 10"
3| —oO—Channel0 (1.6 eV) ° e |
——Channel 1 (1.1-1.4eV) \\0\
—A— Channel 2 (1.2 eV) \3
—v— Channel 3 (1.2eV) A
10-13 T T T T T T T T T T : 1013

1.0 1.1 1.2 I 1!3 I 1!4 ' 1.5 1.6 1.7
1000-7" / K’

Fig. 20: Spurious Conductances of the Sample Holder and Various Substrates

Depending on the position of the sample in the cell (4 possibilities, channel 0 to 3, see Fig.16c) the
background conductance varies slightly. However, for all 4 positions the conductances were found to be
negligibly small compared with the unavoidable substrate contributions.

The observed activation energies are given in brackets.
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Chapter 5

Results and Discussion

5.1 Numerical Calculations of Space Charge Layer Effects
in Cerium Oxide

5.1.1 Section Introduction

The analytical description of SCL effects in ionic and mixed conductors (see section 0) is a

comprehensive theory applied in a large number of studies in the field of solid state ionics.

Nevertheless, not every case can be treated analytically without the use of further assumptions:

(A)

(B)

(©)

Gouy-Chapman Case

The only case that can be solved analytically without further assumptions is the
symmetrical GC case, i.e. two mobile CCs with zgep) =—zmg; (eq. {32} and {35}). However,
for CeOz with zy;* =-2-2z, this case does not apply. The initial assumption of the regular
GC case, namely the neglect of the non-enriched CCs (eq.{31}), is only valid for strong

enrichments and only close to the interface.[*. 94

Mott-Schottky Case
Similarly, the basic assumption of the MS case that only the dopant contributes to the
charge density p (eq. {30}) is only valid for pronounced depletion effects and only close to

the interface.[t 94

Mixed Case

Furthermore, in reality not only the ideal GC and MS cases are of importance. As shown
below, in a number of situations both an immobile dopant (as in the MS case) and an
enriched CC (as in the GC case) significantly contribute to p. For such a mixed case the
Poisson equation (eq. {24}) cannot be solved analytically.l* *4 The analytical solutions in
the literature used in this case base on the rather crude assumption that the charge
density profile is not too different from the GC case and that, hence, the GC case can be

applied instead.[22]
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Therefore, for CeO: the analytical solutions in the literature (Table 6, page 55) for all cases base
on certain simplifications. In marked contrast, the numerical approach (Chapter 3) allows for

the calculation of the SCL effects in ceria without the use of further assumptions.

To which extent the outcomes of the analytical solutions are affected by the above given
assumptions cannot be determined by taking into account the analytical solutions of the
literature only. Rather, the numerical calculations can be used as a reference to address this

aspect as shown in section 5.1.4.

Furthermore, the numerical approach allows for an accurate determination of the SCL profiles
over their whole extent (and not only close to the interface as for the analytical solutions, e.g.
compare Fig.7 and Fig. 9). This makes it possible (1) to determine all the relevant profile
characteristics (such as their extent [, steepness o and significant charge contributions
2;/Zs) as a function of the material parameters (e.g. the doping content) and (2) to
investigate how these characteristics influence the conductivity effects in CeO2. The results of

this analysis are given in section 5.1.3.

Finally, in section 5.1.5 also the total charge of the SCLs Y-, and its limiting impact on the

conductivity effects is taken into consideration.

5.1.2 Preliminary Considerations

5.1.2.1 Accuracy of the Numerical Approach

As the first step it is instructive to check the accuracy of the numerical approach introduced in
Chapter 3. We can take as a reference the analytical solution of the symmetrical GC case
(eq. {35}), which is valid without further assumptions. Here the integrated profiles, i.e. the
conductivity effects represented by the 2; and (2, values, were compared. For the analytical

solution of the symmetrical GC case they are:[% 94

z =4,1-z,.ec,._w% and sl =4r”1%+1 {86}
Y Y
-1
) )
I,:L % and sto=|4arta—"L 11 {87)
|ZI-|€CI-’OO 1+9 ' 1+4

For the definition of ¢ and 4 see eq. {34} and {35}.

The comparison of the numerical and analytical approach showed that the calculation
uncertainty of the numerical algorithm is very small. The differences are merely in the range

between 10-1°% and 10-3 %. Even for very steep profiles such as profiles with unrealistically
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high potentials of 5V which are difficult to calculate precisely the uncertainty is smaller than
0.1 %.%

Due to its high accuracy the numerical approach is an ideal tool to check the assumptions made
in the other analytical solutions (asymmetric GC case, MS case, mixed case) as shown in detail in

section 5.1.4.

5.1.2.2 Parameters

For the discussion of the conductivity effects in nanocrystalline ceria the following parameters
are used. The temperature, p0;, relative permittivity and grain size were set 700 °C, 10-1° bar, 26
and 40 nm, respectively. At this low pO: also for donor doped ceria (section 5.6) only electrons
and oxygen vacancies have to be considered and oxygen interstitial defects can be neglected.[#]
For the bulk concentrations here experimental data from a set of nominally pure, epitaxial ceria
films (see section 5.3.3.2.2) was used: n, =2- 10 cm™ at 700 °C and p0: = 1 bar, corresponding
ton, =9- 10 cm34 at a pO:z of 10-10 bar. For different doping contents the bulk concentrations
were numerically calculated starting from this value of n, using eq. {4} and {12} (Fig.21). The
dopant charge numbers were set z, =1 and z, =-1. Furthermore, the SCL densities rMand rt

were calculated using eq. {58} and {59}.

5.1.3 Relationships between the Characteristics of Space Charge
Layer Profiles and the Conductivity Effects

5.1.3.1 Typical Space Charge Layer Profiles in CeO:

Table 5 shows a series of exemplary profiles calculated for different doping contents and
constant SCL potential values of 0.3 V and -0.3 V. Note that the shape of the profiles crucially

depends on the potential and doping value.

In principle, a large part of the information discussed below is already contained in the profiles
in Table 5. However, a more practical representation of the data is given in the following charts
Fig. 22 to Fig. 34. In each of these graphs one attribute of the SCLs is plotted in a color-coded

contour diagram vs. the potential (or SCL charge) and doping content.

39 for one million calculation steps (calculation time ~ 1 s at a contemporary desktop PC)

40 calculated using the pO; dependence of the electronic conductivity of —1/6 (see Table 1, defect chemistry
regime (I))
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Fig.21: Expected Bulk Concentrations in CeO: at 700 °C and pO:=10-10bar for Different Doping
Contents

The plot is divided in three parts. (1) In the left part the donor doping content cp logarithmically decreases
from 30 % to 0.01 %. (2) In the narrow middle part the doping content is set zero (pure ceria). (3) In the right
part the acceptor dopant concentration c4 increases from 0.01 % to 30 %.

Cce: concentration of cerium cations in pure CeO2 (cce =2.526-1022 cm™3)

5.1.3.2 Charge Contributions in Space Charge Layers

Let us start the discussion of the contour diagrams with Fig. 22a which displays the charge
contribution of the oxygen vacancies. The positions of the profiles in Table 5 (and Table 8, page
75) are indicated by the circles with white (and black) filling. Although the experimental
potential values range from 0.20V to 0.34 VI10.1416,17,98 99] here a larger potential range
between -0.6 V and 0.6 V is considered in order to regard which conductivity effects can be
expected if it would be possible to modify @, as experimentally under investigation[50-53 100] (see

also the last two paragraphs in section 1.2).

The oxygen vacancy and electron concentration changes in a SCL integrate to corresponding
charge contributions 2y;+ and X, (eq.{53}) on the total SCL charge XscL = 2y; + 2o (eq. {54}).
Hence, the here plotted ratio 2ys* / 2sct indicates whether the SCLs are dominated by a change
of the oxygen vacancy concentration (Z2y;° /ZSCL ~1, white color in Fig.22a) or by an
enrichment/depletion of the electrons Zy; /ZSCL ~0 (black color in Fig. 22a). As a result, using
this representation it is possible to distinguish between the well-known cases of Gouy-Chapman
(SCLs characterized by the enrichment of the majority CC) and Mott-Schottky (SCLs
characterized by the depletion of the majority CC) which were already introduced in chapter

2.2.2.In Fig. 22a five regions can be identified using the following definitions:
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Table 5: Expected SCL Concentration Profiles in CeO: Calculated for Constant Potential Values of

0.3 Vand -0.3 V Using the Numerical Approach

For each potential value the above graphs are scaled logarithmically and the below graphs linearly.*!

The positions of the profiles are given by the white filled circles in Fig. 22, Fig. 23, Fig. 24, Fig. 33 and Fig. 34.

41 The scale on the x-axis is different between the logarithmic (0<x<2.5nm) and linear plots

(0<x<1.0nm).

Note that in this table the presentation of the concentration profiles is slightly different from the one used
in Fig. 7, Fig. 9 and Fig. 11 since not ¢/c,, or ¢/cbop are plotted on the y-axis but ¢/cc, . Here the (for each

column different) bulk concentrations are given as dashed lines.
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Fig.22: (a) Charge Contribution of the Oxygen Vacancies and (b) SCL Steepness as a Function of
Dopant Concentration and SCL Potential

In the graphs the Zy; /ZSCL and a values are plotted in a color-coded contour diagram versus the SCL
potential (y-axis) and the dopant concentration (x-axis). Concerning the dopant concentration the diagrams
are divided in three divisions (donor doped, pure, acceptor doped) as shown in Fig. 21.

The circles describe the positions of the SCL profiles given in Table 5 (constant @, values, circles with white
filling) and Table 8 (constant Xs¢;, values, circles with black filling).

For panel (a), where the 2y /ESCL values only span from 0 to 1 a linear scaling and a simple grayscale color-
code is employed. Here Values around 1 (white color) indicate that the SCLs are dominated by an enrichment
or depletion of oxygen vacancies, while values of 2y;* /ZSCL ~0 (black color) correspond to SCLs dominated
by a change of the electron concentration. For intermediate values (grey color) both CCs contribute
significantly to the total SCL charge. Using these relationships the diagram can be divided in five cases (two GC
cases, two MS cases and the mixed case) as explained in the main text.

The borders between the cases were taken from panel (a) and adopted for panel (b) as well as for Fig. 23,
Fig. 24 and Fig. 33.

The steepness values in panel (b) span over a much larger range of several orders of magnitude. Therefore, a
logarithmic scale and a more complicated color-code including a larger numbers of colors are used (see
legend). Notably, the SCL steepness differs strongly between the cases. The MS profiles are characterized by a
rather smooth charge distribution (low & values), whereas the GC type profiles are very steep since here the
majority of the SCL charge is located very close to the interface (Fig. 10). Furthermore, the steepness of the GC
type profiles increases limitless with increasing |cD0| value. For the MS type profiles, however, the steepness
decreases with increasing |cD0| but cannot fall below the limit of 2 (the & value of an ideal flat, rectangle like
profile). Hence, for larger absolute potential values the difference between the GC and MS cases in terms of
steepness becomes more and more pronounced.

+ @,>0 and 2y /ZSCL <0.1: GC case (profiles dominated by the enrichment of ')

+ @,>0 and Zyg /ZSCL >0.9: MS case (profiles dominated by the depletion of V")
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+ @;<0 and /ZSCL <0.1: MS case (profiles dominated by the depletion of e')
+ @;<0 and 2y /ZscL >0.9: GC case (profiles dominated by the enrichment of V")

+ 01<2yp /ESCL <0.9: mixed case (both Vi’ and e' contribute significantly to 2scr.)

As expected, the MS case occurs for strongly acceptor doped samples and positive potentials as
well as for strongly donor doped samples and negative potentials. The GC case is located at
opposite areas in Fig. 22a. Note that the intermediate mixed case which is only accessible using

the numerical approach and not using analytical solutions is fairly large.

Depending on the respective case the shapes of the profiles differ. This can be well observed in
Fig. 22b which shows the steepness « of the SCL (eq. {82}). As elucidated in chapter 2.2.2 the GC
type SCLs are characterized by very steep profiles (high a values) whereas in the MS case the

charge density is distributed more uniformly (low a values) (see also Fig. 10).

5.1.3.3 The Space Charge Layer Extent

Another important SCL attribute is its extent [, (eq. {79} and {80}), which is plotted in Fig. 23a.
Note that the initial assumption of non-overlapping SCLs is fulfilled over the whole dopant and
potential range (since the grain size is 40 nm and I, is only between 0.5 nm and 4 nm). As
anticipated from eq.{33} and {34} the size of the SCLs crucially depends on the bulk
concentrations (and, hence, on the dopant content) and decreases strongly for higher ca and cp

values (compare with Fig. 21).

Notably, the numerical calculations expose that not only in the MS case (1* eq. {33}) but also in
the mixed case and even in the GC case the SCL size Ig; slightly becomes larger with increasing

absolute potential value (in comparison with 24, eq. {34}) (see also section 5.1.4.1.2).

5.1.3.4 Conductivity Effects

Using the above relationships on the features of the SCL profiles it is now possible to understand
the effects of the SCLs on the conductivity as a function of doping content and potential. In the
following a brick layer model (here eq.{58} and {59}) was employed to determine the
conductivity of a nanocrystalline ceria sample with a grain size of 40 nm. The result is shown in
Fig. 24. Here the normalized effective conductivity s; ,, =0y ,, /0; ., is plotted. Let us firstly focus
on the oxygen vacancy conductivity in panel (a). As expected, sy;* ,, decisively depends on the
SCL potential. For values around 0 V the SCL effects are minimal and the conductivity remains
unaffected (sy;* , ~1, color-coded black in Fig. 24a) whereas for increasing |@y| values the

conductivity changes strongly; for the given potential range up to 3 orders of magnitude.
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Fig. 23: (a) SCL Extent and (b) Charge Balance Point as a Function of Dopant Concentration and SCL
Potential

Similarly to Fig. 22b here the Igc; and xp values span a large range of more than one order of magnitude.
Therefore, a similar color-code based on a large number of colors and a logarithmic scale are used here too.
The interpretation of the charge balance point xp is given in section 5.1.3.4.

The borders between the different cases are taken from Fig. 23a. The circles describe the positions of the SCL

profiles given in Table 5 (constant @, values, circles with white filling) and Table 8 (constant Xs¢;, values,
circles with black filling).

This is not the only dependency. For constant potentials sy;* ,, additionally varies with the
doping content. In Fig. 24a it is most evident, that for pure and slightly doped ceria the
conductivity stays more or less constant while for high doping contents the SCL effects on the
conductivity decrease significantly; an effect that is also observed experimentally.['2 1011 The
origin of this finding is the dopant dependence of the SCL extent (Fig. 23a). Clearly, in the most
cases a small SCL of the same potential will influence the total conductivity less strongly

compared with a larger one.

The least apparent feature of Fig. 24a is the asymmetric shape. As an example, we can take the
maximum of oxygen vacancy enrichment (sys* ,, >1000, green color-code). It is (for potential
values between -0.5 V and -0.6 V) around a donor doping content of 10 %. For all other dopant
concentrations sy;* , is much smaller. Similarly on the opposite side of the plot the largest

decrease in oxygen vacancy conductivity is observed at an acceptor content of about 5 %.#> To

42 Here at positive @y, however, the reduced symmetry is less distinct.
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understand this effect it has to be considered that inside the SCL the part of it that mostly affects
the total conductivity is the region close to the interface where the enrichment and depletion of
CCs is most severe. For very steep SCLs the concentrations quickly approach the bulk values
with increasing distance from the boundary. Otherwise, for less steep profiles the large
depletion and enrichment which is present close to the interface extends well into the material.

Hence, profiles characterized by low steepness values have a larger impact on the conductivity.
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Fig. 24: Normalized Effective Conductivity of the (a) Oxygen Vacancies and (b) Electrons as a Function
of Dopant Concentration and SCL Potential, Calculated Using the Numerical Approach

The sim =0oim /al-,oO values cover more than 6 orders of magnitude and are, hence, plotted logarithmically.
Compared with the previous figures a different color-code is used. The region around a potential of 0 V (no or
only small SCL effects) corresponds to sim ~1 and a black color-code. For increasing |gb0| values the
conductivity effects become significant. This is indicated by the following colors: yellow, red and purple for a
conductivity decrease (corresponding to oim = 0.10iw, 6im =0.010i % and oim ~0.0010; , respectively) and
for an increase in conductivity grey, blue and green (corresponding to cim =100iw, ¢im ~1000;, and
oim =10000; «, respectively).

The blue rectangle indicates the SCL potential range between 0.20V and 0.34 V which was observed
experimentally in nominally pure and acceptor doped ceria. [10.14,16,17,98,99] The borders between the
different cases are taken from Fig. 23a. The circles describe the positions of the SCL profiles given in Table 5
(constant @, values, circles with white filling) and Table 8 (constant 2s¢;, values, circles with black filling).

As a result, for a given potential the largest conductivity changes are observed for a steepness
value as low as possible in combination with a SCL extent as large as possible. By comparing

Fig. 22b with Fig. 23a it becomes clear that this condition is best fulfilled for the region of the
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mixed case where indeed for a given potential the highest conductivity changes are found in
Fig. 24. The compromise of a large Is;; and a low & value may be roughly quantified as I, /&
which coincides with the charge balance point x, (eq. {81} and {82}). In Fig. 23b x, is plotted
and by comparing with Fig. 24 it can well be observed how, at least qualitatively, the effective

conductivity follows this quantity for a given potential value.

In panel (b) of Fig. 24 the effective electron conductivity is shown. Obviously, the electrons are
enriched where the oxygen vacancies are depleted. The impact on the effective conductivity is

less here due to the lower absolute electron charge number resulting in a smaller concentration
change (n/n,, = 1/ Cyse /CV(;.’OO , see eq. {23}).3

Last but not least, it is useful to check the range of SCL potentials between 0.20 V and 0.34 V,
that was found experimentally in pure and acceptor doped ceria (blue rectangle in Fig. 24).
[10, 14,16, 17, 98, 99] Here for the given parameters (temperature and grain size) the oxygen vacancy
conductivity is reduced by a factor between 2 and 12 compared with the bulk value (depending
on dopant level and potential). This is in agreement with the experimental findings of this study
(e.g. see sections 5.3.3.1.2 and 5.4.3).

5.1.3.5 Influence of a Mobile Dopant

Fig. 25 shows how the SCL effects change if the dopant cations are considered to be mobile
enough to follow the concentration changes at the SCLs (eq. {22}). In this situation the MS case
cannot be realized anymore since the dopant is enriched in the corresponding profiles. Indeed a
comparison of Fig. 22a with Fig. 25a shows that exactly the regions of the MS case for immobile
dopants are - when the dopant is mobile - characterized by SCLs dominated by the enrichment
of the dopant. Therefore, the SCL steepness values in Fig. 25b do not exhibit the low values
typical for the MS case. This fact results in much more symmetrical conductivity maps Fig. 25c
and Fig. 25d compared with Fig. 24. Only for negative potentials the steepness decreases for
strong donor doping which results in a maximum in the conductivity increase of the oxygen
vacancies at about 3 % donor doping (which, however, is less pronounced in Fig. 25c than in
Fig. 24a). The origin of the steepness decrease here is not a MS case but the difference between
the charge numbers of oxygen vacancies (+2) and donor dopant (+1). For negative potentials the
oxygen vacancies are particularly strongly enriched (see eq.{22}) leading to very large
steepness values for the SCLs dominated by an enrichment of oxygen vacancies. Hence, for an
increasing donor dopant level the steepness values get smaller as soon as the charge

contribution of the donor dopant becomes significant (compare Fig. 25a and Fig. 25b).

43 n and cy}* : local electron and oxygen vacancy concentration, respectively
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Fig. 25: SCL Characteristics as a Function of Dopant Concentration and SCL Potential, Calculated
under the Assumption of a Sufficiently Mobile Dopant Using the Numerical Approach

(a) Oxygen Vacancy and Dopant Charge Contributions

(c) Effective Oxygen Vacancy Conductivity

(b) SCL Steepness

(d) Effective Electron Conductivity

Note that additionally to the charge contribution of the oxygen vacancies panel (a) also shows the charge

contribution of the dopant in red color.

The blue rectangle in panels (c) and (d) indicates the SCL potential range between 0.20 V and 0.34 V which
was observed experimentally in nominally pure and acceptor doped ceria. [10, 14, 16,17, 98, 99]
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5.1.4 Accuracy of the Analytical Space Charge Layer Solutions

5.1.4.1 Analytical Solutions in the Literature

5.1.4.1.1 Areas of the Different Analytical Approximation Cases

Let us come back to the originally discussed situation of an immobile dopant and examine
whether and how strongly the outcomes of the analytical solutions which are derived under
further assumptions (see section 5.1.1) deviate from the ones of the numerical approach valid
without these assumption. Here firstly the relationships most commonly used in the literature

shall be tested. They are given in ref. [22] (see Table 6).

Fig. 26a shows the positions of the different cases in the dopant concentration / SCL potential
map. Note that the mixed case cannot be described analytically. Therefore, in comparison with
Fig. 22a the area of the GC case is expanded and fills the whole plot. In Fig. 26a the border
between the GC case o and the MS case m: is given by the line where ny=c,. Here

e®, [kgT

ny =n,e is the local electron concentration at the interface (see eq.{22}).

Correspondingly, the condition cyge o =cp (with cyg o as the local oxygen vacancy concentration

at the interface) separates the cases p and mu.
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Fig. 26: (a) Areas of the Different Analytical Approximation Cases and (b) Screening Lengths 21 and
A* as a Function of Dopant Concentration and SCL Potential

The case designations are in accordance with ref. [22],
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V. e' Dopant ---- V.. (bulk) ---- €' (bulk)

Table 6: Analytical Approximations of Non-Overlapping SCL Conductivity Effects in CeO: taken from
ref. [22]

The case designations are in accordance with ref. [22l. Note that more accurate relationships are given in
Table 7. For all cases in Table 6 the dopant is considered to be immobile.

44 Jyge (Ae'): Debye length with regard to the oxygen vacancies (electrons)

Note that only the quantity 4 (Debye length) has a direct physical meaning. Specifically, 24 is the
approximate extent of the SCL in the GC case. The quantities Ayz* and A are only defined in order to
simplify the equations in Table 6 by summarizing a number of other variables.
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5.1.4.1.2 The Space Charge Layer Extent in the Analytical Solutions

In the literaturel® 22 94 the quantities plotted in Fig. 26b 24 (for the GC case, eq. {34}) and A* (for
the MS case, eq. {33}) are referred to as “effective thickness” of the SCL and in practice they are
sometimes used to estimate the extent of the SCL. As an example they are applied to distinguish

between non-overlapping and overlapping SCLs (e.g. in ref. [21. 511),

Hence, as a first step it is instructive to check how well 21 and A* correspond to the calculated
SCL extent ¢, given in Fig. 23a. Hereby the I;-; value represents the distance from the interface
where the integration of the (reciprocal) concentrations yield 99 % of the charge contributions
2; (reduced resistances (2;) as defined in eq. {79} and {80}. The comparison of Fig. 26b with
Fig. 23a yields the following results:

(1) As Ig; also 24 and A* strongly decrease with increasing doping content. (2) Interestingly, for
positive SCL potentials 24 is maximal for small acceptor doping while I, is maximal for small
donor doping. (3) The slight SCL potential dependence of [, in the GC (and mixed) case can not
be described with the analytical solutions (i.e. 241 is potential independent, see eq. {34}). (4) In
the MS case the A* value reproduces the SCL potential dependence of g, . Nonetheless, at low
|cDO| values A* changes too strongly with the potential in comparison with ¢, . (5) The 24 and A*
values are generally smaller than [, . Hence, between x=0 and x=21 (or x=A4%) less than

99 % of the integrated SCLs are regarded.

5.1.4.1.3 Effective Conductivity and Effective Conductivity Change

The effective conductivity values calculated using the equations in Table 6 are displayed in
Fig. 27. Qualitatively, the results are similar with the ones in Fig. 24. However, quantitatively
there are significant differences. If the equations in Table 6 are strictly applied over a wide
potential range a depletion of CCs is predicted where they are enriched and vice versa (crossed
area in Fig. 27). This discrepancy originates from the assumption made in the formulae in ref. [22]
that the effective conductivity is equal to the conductivity change: Gll!m zAa,l-!m and a,-% m = Aa,-% m
(compare with eq. {42} and {43}). Clearly, this assumption is valid for strong SCL effects only.
Hence, for low |<DO| values a large discrepancy is expected. However, what is apparently
unexpected in ref. [22] is that this area of low potentials is rather large and in particular extends
well into the potential range experimentally observed in CeO: (blue rectangle in Fig. 27).
Especially, for the electrons nearly for the whole area in Fig. 27b (i.e. even for much larger
potentials up to 0.6 V) the above assumption cannot be applied. However, it is uncomplicated
to avoid this simplification. Hereby the terms {89}, {90}, {93}, {94}, {96} and {99} have to be set
equal to s; ,, —1 instead of s; ,,. Terms {88}, {91}, {92}, {95}, {97} and {98} characterizing the
depleted CC have to be set equal to ((s,-‘m)fl—l)fl.
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Fig. 27: Normalized Effective Conductivity of the (a) Oxygen Vacancies and (b) Electrons as a Function
of Dopant Concentration and SCL Potential, Calculated Using the Analytical Solutions in
ref. [22]1 (Table 6)

The crossed area shows the positions where, if the formulae in ref. [22] (Table 6) are strictly applied, the s; mn
values are < 1 although the CC is enriched in the SCLs or where s;» >1 despite the depletion of the CC (see
main text).

The blue rectangle indicates the SCL potential range between 0.20V and 0.34V which was observed
experimentally in nominally pure and acceptor doped ceria.[10. 14, 16,17, 98, 99]

5.1.4.1.4 Quantitative Impact of the Assumptions Made in the Analytical Solutions on
their Accuracy

After this simple modification of the relationships in Table 6 the conductivity values were
calculated once again (Fig. 28). The above discussed uncertainty is clearly not present in Fig. 28
anymore. At first glance, the largest difference between Fig. 24 and Fig. 28 is the distinct border
between the GC and MS case in Fig. 28.

A more quantitative view on the accuracy of the analytical approximations is given in Fig. 29a

and Fig. 29b, where the deviation values § are plotted:

SApprox_l
if CCiisenriched: &, =—"—— {101}
t Num
i,m -1
(SApprox )_1 1
1 1isdepleted: o; =-—
if CCiisdepleted: &; =-—"" {102}

(SNum )_1 -1

i,m
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Fig. 28: Normalized Effective Conductivity of the (a) Oxygen Vacancies and (b) Electrons as a Function
of Dopant Concentration and SCL Potential, Calculated Using the Analytical Solutions in
ref. [22] (Table 6) under Consideration of the Bulk Conductivity Contribution

The blue rectangle indicates the SCL potential range between 0.20V and 0.34V which was observed
experimentally in nominally pure and acceptor doped ceria.[10. 14, 16,17, 98, 99]

Approx
i,m

Here s are the results of the analytical and S{Y,l;,m the results of the numerical approach.
Values of 6; =1, 0; <1 or ¢; >1 indicate that the analytical approximations correctly estimate,

underestimate or overestimate the effective conductivity change, respectively.*>
For clarity it is helpful to summarize the deviation values in three regions of different accuracy:

+ In region (1) (green area in Fig. 29c and Fig. 29d) the analytical approximations are very
precise and differ by less than 10 % from the numerical approach (0.9 <J; <1.1).

+ Inregion (2) (yellow area in Fig. 29c and Fig. 29d) the analytically approximations deviate
by up to a factor of 2 (0.5<; <2.0). Such discrepancies may still be acceptable given that
other assumptions like the brick layer model contribute to a systematic error of similar

significance.

+ Inregion (3) the uncertainty exceeds a factor of 2 (5; <0.5 or J; > 2.0, red region in Fig. 29¢c

and Fig. 29d). Here the analytically aproach does not yield reliable conductivity values.

45 As an example, a slight conductivity increase of 5% in the numerical approach and an increase of 10% in
the analytical approximations results in a deviance value of (1.10-1)/(1.05-1)=2.
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Fig. 29: Deviance §; between the Analyticali22] (Table 6, under Consideration of the Bulk Conductivity)
and the Numerical Approach as a Function of Dopant Concentration and SCL Potential

(a) Deviance: Oxygen Vacancies

(c) Simplified Accuracy Map of the Oxygen Vacancies

In panels (a) and (b) a similar color code compared with Fig. 24, Fig. 27 and Fig. 31 is used. Values of §;

(b) Deviance: Electrons

(d) Simplified Accuracy Map of the Electrons

(black color) indicate that both approaches yield identical results. If §; <1 (6;> 1), the analytical approach
underestimates (overestimates) the effective conductivity change as indicated by yellow, red and purple

(grey, blue and green) colors.

In panels (c) and (d) the results are summarized in regions of accuracy (1) to (3) (see main text).
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There are two main causes, why for several situations the analytical approach in the literature

yields uncertain results (see also section 5.1.4.2).

As the first cause the relationships in Table 6 are derived under the assumption of a strong
enrichment or depletion effect. Hence, the accuracy of the analytical solutions is particularly low
for small exponents |zi|ecD0 /kgT (see eq.{22}). Therefore, at low potentials their accuracy is
limited (see Fig. 29). Additionally, for the electrons with ‘Ze-‘=1 region (1) of high accuracy is

smaller and region (3) of low accuracy is larger in comparison with the oxygen vacancies with

‘zy(y =2. As it will be elucidated in section 5.1.4.2.1 the neglect of the further constant (potential
independent) terms in the derivation of the formulae in Table 6 results in a particularly large
error in case of eq. {91} and {95} since here the term z;e®, /kzT is not even in the exponent

(Fig. 29d, extended red area at negative potentials).

As the second cause the rather crude assumption that the mixed case can be treated identically
to the GC case produces a large uncertainty in the region around the border between the MS and
GC case in Fig. 29.

In conclusion, while Fig. 29¢ and Fig. 29d show that the equations in Table 6 for some cases yield
precise outcomes they also indicate that for a broad dopant and potential range including the
experimentally interesting @, values the accuracy of the analytical approach is significantly
limited. This made it particularly attractive to develop new, improved analytical relationships to

model the SCL effects as discussed in section 5.1.4.2.

5.1.4.2 Improved Analytical Solutions
5.1.4.2.1 Gouy-Chapman Case

The analytical solutions of the GC case in Table 6 base on potential function {35} which in
principle is only valid for symmetrical situations (i.e. two CCs with zgep; = —2zmq;).122! Here it was

found that two modifications strongly increase the preciseness of this approach.

The resulting terms of the integration (eq. {53} and {55}) of the so obtained concentration
profiles contain both @, dependent and @, independent contributions. Since the formulae in
Table 6 are derived under the assumption of strong SCL effects the constant contributions have

oo /ksT| + const is set equal to e‘e%/kBT‘ ).[221 Hence, as a first measure

been neglected here (e.g. e
to increase the preciseness of the solutions such simplifications should be avoided. This of
particular relevance for eq. {91} and {95} since here @, is not even in the exponent resulting in

large deviance values (see the extended red area in Fig. 29d at negative @ ).

As a second much more significant modification it is useful to regard the so obtained 2} and 2/

values (eq.{113} and {115}-{120} in Table 7, page 65) as preliminary only. The fact that the
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potential profile {35} is strictly speaking not valid for asymmetric situations results in an under-
or overestimation of the 2/ and (2 parameters. It is, nevertheless, possible to substantially
correct this error. Here is instructive to consider a special property of the SCL profiles in the GC
case. Let us define the sum of all 2} values as preliminary SCL charge 2¢., (see eq.{54}). If the
SCL effects are under- or overestimated all |%}| and || values and, hence, also the S, value
are expected to be under- or overestimated by approximately the same degree. Since the total
SCL charge X, can be calculated without the use of further assumptions (eq. {28}) it is easy to
estimate the degree of under- or overestimation by comparing X, with X, . The 2/ and £
values can then simply be corrected by the factor X, /Z¢-, (see eq.{112}. This correction was
found to considerably increase the preciseness of the analytical approach resulting in very

accurate conductivity values even for low potentials.

If only the enriched majority CC significantly contributes to X, for this CC the equations

simplify to the easily understandable relationship Zmaj =ZscL (eq.{114}).

5.1.4.2.2 Mott-Schottky Case
5.1.4.2.2.1 Low Space Charge Potentials

The fact that the so modified formulae of the GC case yield accurate results also for low
potentials is significant for the MS case too. Let us here in a thought experiment consider a
material with one enriched CC 1 and one immobile CC 2. For simplicity z; =-z, and ¢; ,, =¢; .. If
CC 1 is enriched a typical GC case is present. In this case the charge density is given by

*Zledj()/kBT 7zle¢0/k3T

pP=71eC1 "€ +Z€Cy o, = Z1€C1 o, - (€ 1). For low potentials the power

e 1°%/keT ocomes ~ 1-z,e®, /kgT and, thus, the charge density p ~ zecy , -(—z1e@ /kgT).

In a reverse situation where CC 1 is immobile and CC 2 is mobile CC 2 will be depleted and the

*Zze@o/kBT Zleépo/kBT

MS case applies. In this case p=2zec; ., +zzec) e ). For low

SCL potentials it follows that p=zjec,, -(1-(1+2z1e®y/kpT))=2z1ecq o, -(—216Dy/kpT)).

=z1ec; o -(1-e

However, this is exactly the same relationship as derived for the GC case above. Therefore, as
long as only low |cD0| values are concerned the conductivity effects in the MS case can be treated
in good approximation using the same relationships as for the GC case (i.e. eq.{115}-{120}
including the above described correction eq. {112}, see Table 7 for further details). Here with
the numerical approach as a reference it was found that this approach yields very precise

conductivity values for e‘e%/ KyT| <4,
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5.1.4.2.2.2 Moderate and Large Space Charge Potentials

The formulae for the MS case in Table 6 base on the linearization of the potential profile {33}:

@ =dy(1-x/21%) {103}
This is a very strong simplification and, hence, more precise relationships are expected if the
more realistic parabola profile {33} is used instead. The integration of the resulting e_x2 terms
from 0 to A * results in the non-elementary inverse error function erfi which is closely related to

the error function erf.46

Interestingly, the so obtained relationships*” were found to produce less precise conductivity
values compared with the equations that base on the linear potential profile. The reason for this
is given in Fig. 30. On the one hand, eq. {33} results in a too steep potential profile and, hence, in
an underestimation of the conductivity change.*® On the other hand, close to the interface the
linearization of the profile leads to an overestimation of the potential. Apparently, both effects

partly compensate each other resulting in more or less precise outcomes.

From a calculus point of view eq. {33} does not well describe the profile function obtained with
the numerical approach because it has a different slope at the interface (Fig. 30). In particular,
for eq. {33} the slope at x=0, which is the electric field —E|, is not equal to the applicable value
given in the eq. {28}. Note again that eq. {28} yields a precise value for E; without the use of
further assumptions. Hence, it is possible to modify the parabola profile in such a way that now
at x=0 not only @ =@, and d2@/dx2 =—po/&r&y* 50 but also d®/dx =—E, under consideration
of eq. {28}:

D=—F0 Eox+®@,, withE, being determined using eq. {28}, page 15 {108}

28,69
Clearly, eq. {108} reproduces the potential profile of the numerical approach much better than
eq. {33} and eq. {103} (Fig. 30). The integration of eq. {108} inserted in eq. {22} from x =0 to the
minimum of the parabola at x; =2 /p, yields eq.{121} and {122} in Table 7. Using the
numerical approach as a reference these formulas were found to produce much more precise

effective conductivity values in comparison with the equations given in the literature (Table 6).

46 erfi(x)=—i-erf(i-x) (i =imaginary unit) and erf(x)= 2/7zjge‘tzdt

47 For CeO2 they are:
casemu: .. =3 \[x[2-erfi(-2e®, [kT)+1 {104}, Sy =(I A N7 -erfi(—edy [kpT)+1)" {105}

case ma: S, :(rl/lvo..ﬂ/;z/z -erfi(2ed, /kpT)+1)"" {106}, Sy :F”AV(;.\/; -erfi(e®, [kyT)+1 {107}

48 In addition to Fig. 30 it is instructive to compare the MS type profiles in Fig. 7 with the ones in Fig. 9. These
plots show clearly that eq. {33} results in an increased SCL steepness and a decreased SCL extent.

49 Compare with eq. {24}.

50 Hereby py is the charge density at the interface (see eq. {25} in Table 7 - Parameters).
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— — —— numerical approach
—— eq. {33}
------ eq. {103}
— eq. {108}
eq. {109}
eq. {110}

Fig. 30: Example SCL Potential Profiles of the MS Case

Clearly, eq. {33} underestimates the potential profile obtained using the numerical approach whereas
eq. {108} deviates much less strongly from this curve.

Additionally to eq. {108} also two other model profile functions with d@/dx =-E, at x =0 were tested which
are analytically integrable after inserting them in eq.{22}: @ =a@y-e*Eo/% {109} and
@ = 4DFEy? /(x+2(DOE51 )2 {110}. Nonetheless, they were found to describe the potential profile less
accurate compared with eq. {108}.

Parameters: @y =0.6V, & =26,6=700°C, zbop =—zdepl =—1 and cdepl,» =cDop =1.25-1019 cm-3

5.1.4.2.3 Mixed Case

In the literature the border region between the GC and MS case, i.e. the mixed case, is simply
described using the GC approach instead.[?2] However, Fig. 29 shows that this method results in
highly unreliable results. Therefore, here a better approach to analytically treat the mixed case
is suggested. As illustrated in Fig. 10 (page 29) in the mixed case the charge density profile is
divided in two regions. Close to the interface (in Fig. 10 for x<2.5nm) the enriched CC
dominates the charge density similarly to the GC case whereas for larger x values the charge

density profile becomes rather flat and is dominated by the doping content as in the MS case.

Hence, we can define a transition potential @, at which the charge density contribution of the
enriched CC just reaches the charge density contribution p;,, of the immobile (dopant) CCs:

o, = &7 -h{ Pim } (111}
e Zp,

_Zmaj ajecmaj,oo

The total 2; and (2; values can then be expressed as the sum of the GC like contribution (where
|@| is larger than |cDT|) and the MS like contribution (where |@| is smaller than |cDT| ):
2,' = AZi,GC + AZ,"MS and .(2,' = A‘Qi,GC + AQ,"MS .

To calculate the MS contribution the same equations as for the real MS case (eq. {121}, {122})

can be used. Here only @, needs to be replaced by the value of @..
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Effective Conductivities s; ., =o; ., / O

Enriched Charge Carriers : sim:sl-lm with s!-' =ri. —+1 {40},{57}*
’ ’ ziec;

1
Depleted Charge Carriers: s; ,, =S, With s, = (FL |z;|ec; .42, +1) {41},{57}*

The geometrical factors 7~ 'and 77+ are given in Table 2.

Gouy-Chapman Case

Correction
J Xy NMobiIe
2 ==3L 5! and Q,:%Q; with Z¢ = > % {112}
SCL SCL i=1
Enriched Majority Charge Carrier
ingeneral: X} =2€C. . 2A(A=1), Q.= (|zmaj|ecmajloo)f 244 -1) {113}
ifall 2 except X, ,; are very small: Zmaj =Zscl {114}

Depleted Charge Carriers

o Zdepl 1 - , -1 1
lfzi > Zepl = ZdepiecdepzooZiln[z(A 1+1)} Qiept =(|2dep|€Caepi =) ZMH[E(AH)} {115}
maj
. Zdepl . / ( -1 ) ' -1 (
maj
-3 3
Zg l_ A 1 4 , -1 A 4
if === -2 Zdepl ZdeplecdeplooZJ( +A4 _]' QdepI=(|Zdep1|eCdepl,oo) 2/1[_'*"4__ {117}
Zingj 3 3 3 3
Further Enriched Minority Charge Carriers
. 1 , , -1 1/ ,-
e = g €Cumy 2 ln[ (A+1)}, Dby = (|Zenr|€Cenr o ) .Zﬂln[—(A 1+1)} {118}
Zinaj 2 2
. ' -1 -1
lI:Zenrzzmaj: Zenr =Zenr® Cenr,» -22(A-1), enr_(|Zenr|eCenr,oo) '2/1(‘4 _1) {119}
. Z , A3 4 , A3 4
1fZenr =2: X .= enrecem‘w.u[?m?} Qr=(J2 enr|ecenr,w) zz( ;4 ‘5) {120}
maj

Mott-Schottky Case

‘e(DO /kBT‘

Moderate and High Potentials (i.e. e >4)

2i=2zi€C; | —Xpys —

~zie XMSEOJ
@D, —
1 VP ﬂ&rgokBT_ekBT( 02 ~erf{ \/7 es, 50:l (121)%, e

w2 T2

zie XysE
1 1 NPy |=7me50kpT i T(%i ¥ O) I B ) ok, Kook
Q=—— —Xpyg+—- . e'B -erfi| E, {122}
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le®q /KT

Low Potentials (i.e. e <4)

—> Use the formulae of the Gouy-Chapman case {115}-{120} including the correction, eq. {112}. To
calculate 4 and A with eq. {34} and {124} set z,,,; =—sgn[@, | and z,,€Cpp4; ., = P1-

Mixed Case

k,T
(1) Determine @; : @y =—2-8 -ln[ Pim } {111}
e |z,

_Zmaj ajecmaj,oo

(2a) Calculate all values A%} g =27 ¢, — 2} @, and AL gc =€ ¢, — €2 @, - Hereby 2 4, and €2 4,
are the results of the unchanged equations of the Gouy-Chapman case whereas for 27 4. and
£ »; the @, values need to be replaced by @, in the respective formulae.

(2b) In analogy determine the AXs¢c;, gc = Z'scr,0, — 2scL,@r Value.

(2c) Perform the Gouy-Chapman case correction with

Alscr e o A2scr e (o , Nygopte
AT oo =—— A ooy AQ, oo =——AQ oo and AZgy o= Y Ao {123}
Alser 6o Alser 6o i-1

(3) Calculate the quantities A2} ys and A42; ys with the equations of the Mott-Schottky case.
Hereby @, needs to be replaced by @; in the respective formulae.
(4) Add the GC and MS contributions: 2= AZi,GC + AZi,MS and 0O = AQI‘,GC + AQI’,MS .

Parameters
Zk T NMobiIe ,0
General: Zser =—€-60Ey, Eg=sgn[@y]- [E (Ci,O —ci,w)—ﬂQ) {28}
€réo | i=1 kgT
NMobiIe Nlmmobile —;ii 0
Po=pm+e D, (Zici,O)' pm=e Y, ZIM,jCIM,j)' Ci0=Cic'€ ° {25}, {22}
i=1 j=1
T —%zmajetpo
Gouy-Chapman Case: A= Zgrgoz B , A=e KT {34}, {124}
2Zmaje Cmaj,oo
Mott-Schottky Case: s _Zsa {125}

Table 7: Improved Analytical Approximations of Non-Overlapping SCL Conductivity Effects

In marked contrast to the analytical solutions in the literature (Table 6, ref. [22]) these relationships were
found to be not only very precise for large but also for moderate and small SCL effects. Furthermore they
allow for an accurate description of the mixed case.

Hereby i, enr and depl denote an arbitrary, an arbitrary enriched and an arbitrary depleted charge carrier,
respectively. maj denotes the enriched majority charge carrier in the Gouy-Chapman case.

* The assumptions s;m :s!-!m and sjm = s,-L,m are valid for the usual situation where the grain size d is much
larger than the extent of the SCLs Isc.. However, if d becomes comparable with Isc. (but the SCLs do not yet

significantly overlap) both parallel and perpendicular contributions become relevant: s; m = sim s,L m-

** Note that depending on what is the sign of py and z; the term /o /\/Z is not always equal to /,00/z; .

*** In the less common case that z; - py is negative (e.g. for 2; of the depleted CC) the argument of the erfi
function becomes imaginary and eq. {121} and {122} can be rearranged according to erfi(x)=—i-erf(i-x).
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For the GC contribution values 2} 4, and £ 4, (with @, inserted as the SCL potential) and 2 o,
and (2 p, (with @, inserted as the SCL potential) need to be computed using the relationships
of the regular GC case in Table7. The differences of both quantities 2}, — 2/ s, and
9 ¢, — €2 o, then yield (after the correction, eq. {123}) the above mentioned GC contributions
AZ; gc and A€, ¢ . For further details see Table 7.

Notably, despite the complex nature of the mixed case this approach was found to yield very

precise results.

5.1.4.2.4 Accuracy of the Improved Analytical Solutions

The improved analytical relationships are given in Table 7. Fig. 31 shows the conductivities

obtained with these formulae. Notably, the improved relationships are able to describe the

smooth transition between the GC and MS case (compare Fig. 31 with Fig. 24 and Fig. 28).

0.6 z-Axis b0.6 z-Axis
(a) (Color-Coded): ( ) (Color-Coded):
0.5 “ Normalized, 0.5 Normalized,
% Effective Effective
0.4 . © | Oxygen Vacancy 0.4 Electron
‘ _® = = = = =& Conductivity Conductivity
0.3 A 03 s

> vy, m > e',m

o 02 1E+04 o 02 1E+04

g 0. 1E+03 g 0.1 1E+03

[0} [0}

£ 00 I 1E+02 £ 00 I 1E+02

5 5

-0 1E+01 5-0.1 1E+01

O O

8-0. 1 8-02 1

[ [

Q. Q.

N 03 0.1 N 03 0.1
04 0.01 04 0.01
05 1E-03 05 1E-03

1E-04 1E-04
-0.6 -0.6

I
10" 102 10° 10%0* 10° 10% 10"
Donor Doping Pure Acceptor Doping
Dopant Concentration

I
10" 102 10° 10%0* 10° 10% 10"
Donor Doping Pure Acceptor Doping
Dopant Concentration

Fig. 31: Normalized Effective Conductivity of the (a) Oxygen Vacancies and (b) Electrons as a Function
of Dopant Concentration and SCL Potential, Calculated Using the Improved Analytical
Solutions in Table 7

The blue rectangle indicates the SCL potential range between 0.20V and 0.34 V which was observed
experimentally in nominally pure and acceptor doped ceria.[10. 14, 16, 17, 98, 99]

Fig. 32 displays the divergence between the numerical and the improved analytical approach. It

is stunning to observe how strongly the preciseness of the improved analytical approach is
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(a) Deviance: Oxygen Vacancies

(c) Simplified Accuracy Map of the Oxygen Vacancies

(b) Deviance: Electrons

(d) Simplified Accuracy Map of the Electrons

In panels (c) and (d) the results are summarized in regions of accuracy (1) to (3) (see main text in

section 5.1.4.1.4).
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increased in comparison with the formulae in the literature (Fig. 29). Notably, for the improved
analytical relationships and the given parameters region (3) of low accuracy vanished
completely while region (2) of medium accuracy is strongly diminished and, hence, region (1) of
high accuracy (uncertainty < 10 %) covers nearly all cases. Even for very intricate situations
which are not describable using the approach in the literature, such as low potentials and the

mixed case, the improved formulae yield astonishingly precise results.

5.1.4.2.5 Self Consistency Check for the Analytical Relationships

In the present study the numerical calculations could be used as a reference to check whether
the results of the analytical approaches are reliable. For the case that the numerical approach is

not available here a self consistency check is suggested.

In analogy to the mixed case it is possible to separate the potential profile function in two or
more parts also for the regular GC and MS cases (e.g. to separate it in a part where
|@y|>|@|>|@, /2| and a second subdivision where |@, /2|>|®@|>0). The separation can result in a
larger preciseness of the resulting conductivity value only. Hence, if the values calculated with

undivided and divided profiles differ significantly they must be unreliable.

5.1.4.2.6 Space Charge Layers Characterized by Unrealistically Large Concentrations

Using a similar approach as for the mixed case also an approach how to deal with another
complex SCL situation which has not been regarded so far shall be proposed here. In the GC (or
the mixed) case the enrichment of the majority CC can be so severe that its concentration
exceeds the physically realistic maximum value.>! In order to treat this case analytically we can
again separate the potential profile in two parts where firstly |@y|>|®[>|®;| and secondly
|@p|>|@|>0: 5 =A% g + AZ; oc and Q= AQ; g + AQ, ¢ . Hereby @y, Ep, py and xj; are the
potential, electric field, charge density and coordinate, respectively, where the concentration of

the enriched CC reaches its maximum value c,g; gy :

C .

~Zmaj Cmaj ,00

For the calculation of AZX; ;¢ and A€, 5¢ (i.e. the part of the profile where |cDE| >|@|>0) the same
relationships given in Table 7 for the GC (or the mixed) case can be used with @, being replaced
by @

51 E.g.in CeOz the e' concentration can not surpass the concentration of the cerium cations.
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For the contributions A%, p and A€, ; (i.e. the profile subdivision close to the interface where
|@y|>|@|>|@g|) the concentration of the enriched CC can be set equal to ¢ymaj,max - This results in
a nearly constant charge density and, thus, in a MS like situation which in good approximation

can be described with a similar potential profile as eq. {108}:

0= (g B lre) az7)
1

X = ey00Bp £\ 60e0EE ~ 205 (0~ 05 ) ) {128)
E

Hereby @ =@, at and ,d®/dx=-Ep, dch/dx2 =—pp/é&r& at x=xg. The enriched majority
CC AX, . g is then given by eq. {129}:

maj,

AZ maj ,E — =ZieXg (Cmaj,max _Cmaj,oo)

{129}

For the calculation of the AZ; ; and A¢2, ; values of the depleted and further enriched minority
CCs the integration of eq. {127} inserted in eq. {22} results in similar relationships as eq. {121}
and {122} in Table 7:52

ze((p £ SOEEJ
k T E

\/pE\/7
Z: e 7. e
with A,y =erfi \/—l &.&0Er |—erfi d e.e0Er —x 134
Az { g \ 26, 60fcgT "0 E:| { op W( réobp EpE)} {134}

zie | o +grgoEE
e 50kBT eksT P 2pp A

A, g {135}

1
e | e

52 Since constant charge density profiles are likely to occur also in other SCL situations it is instructive to give
the general solution of an arbitrary parabola potential profile. For arbitrary coefficients y1, 2, 73, &1, &,
&,v andy itis:

D=y (x=& )V +r2(x=&)+73 {130}
Int = J' 3 evo0 1) (131}
& p
—(pw) 3
Int = 52 —(:3 + 2\/}/71\/\/;;\/; 4 [4}’1 7 j[erﬁl:\é;\/;/fl;(}/Z +2]/1 (9‘53 —(:1 )):l—erf1|:\é;\/;/71;(y2 +2}/1 (":2 —51)):|J {132}

Hereby y e{l1,-1} and usually v=-ze/kgT (eq.{22}), X =zjec;.-Int with w=1 (eq.{53}) and
Q; =Intf|z|ec; . withy =-1 (eq.{55}).
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5.1.4.3 Examples
5.1.4.3.1 Low Space Charge Layer Potentials

The samples discussed in section 5.4 (parameters: d =16 nm, c, =10%, # =700°C) show an only
rather small conductivity change: syg* m ~0.5. Here the numerical approach yields a potential of
0.19 V. With 0.20 V the improved analytical formulae (Table 7) differ only slightly from this

outcome, while with 0.25 V the non-improved equations in Table 6 are much more inaccurate.

5.1.4.3.2 Moderate Space Charge Layer Potentials

The films analyzed in section 5.3.3.1.2 (parameters: d=16nm, c, =10%, €=700°C) exhibit a
larger SCL potential of 0.32 V. Let us now check what conductivity values are expected using the
different approaches. The numerical solution yields syg* n» =0.077. Here with values of 0.077 and
0.098 the improved and the non-improved analytical solutions are in very good and acceptable

agreement, respectively.

However, for the electrons the conductivity values of the strictly applied, non-improved
analytical solutions in Table 6 differ strongly, since due to their lower absolute charge number
the assumption of a strong SCL effect (i.e. a large |Zl- |ecD0 /kgT term) is less precisely fulfilled than
for the oxygen vacancies (see section 5.1.4.1.4). Here the numerical, improved analytical and

non-improved analytical approaches yield results of s, ,, =2.06, 2.06 and 0.90, respectively.

5.1.4.3.3 Mixed Case

Also samples in the mixed case were investigated in this study (section 5.5). For comparability
with the two above examples, let us take the same parameters (d =16 nm, ¢, =10%, §=700°C,
@,=0.32V ) and in a thought experiment decrease the pO: until n,, increases to 6-10*° cm3.
Here n, is just above the dopant concentration (for @, =0.32V ) and, hence, the SCLs are in the
mixed case between the ideal GC and MS cases. Here the numerical approach yields a syz i
value of 0.083. With 0.076 the improved analytical solutions are in agreement while the non-

improved solutions are imprecise and yield a value of 0.0262.

For the electrons the numerical calculation yields s, ,, =1.98. Again the improved and non-
improved analytical relationships yield precise and imprecise values of 1.96 and 3.38,
respectively. For the mixed case the boundary conditions of the non-improved analytical
approximations are evidently inadequate while, notably, the improved equations can be used to
determine the effective conductivity values. The failure of the non-improved equations is clear

in this case as they rely on oversimplified assumptions.
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5.1.5 Considerations on the SCL Charge

5.1.5.1 Maximum Value of the SCL Charge in CeO:

In the literature it is nearly exclusively the SCL potential that is used to characterize SCL effects
found experimentally. The reason for this is probably the wide use of analytical solutions (such
as the ones in ref. [221) which allow for a rather simple and direct calculation of the @, values.
However, other parameters such as the SCL charge 2, are also important since in some cases

they limit the expected conductivity effects significantly.

Let us firstly consider the maximum value of X, . If we assume that not more than half of the
oxide ions are expected to be missing in the GB core in one (100) plane, this results in an upper
limit of 2- 26/(5.41 107%m)* =2 C/m2 for |ZCore| and of 1 C/m2 for |ZSCL
of 5.41 A)1102 (see eq. {18)).

(with a lattice constant

5.1.5.2 Relationship between SCL Potential and Charge

Fig. 33a shows the SCL charge as a function of SCL potential and doping content. Note that for

positive potentials the SCL charge becomes negative and vice versa. As expected,

ZSCL|
increases with increasing |<DO| .

In the MS case the local charge density cannot surpass the dopant value pp., =zpopecpop .,
whereas in the GC case the charge density contribution of the enriched CC usually exceeds pp,p -
Therefore, the largest |ESCL| values were observed in the GC case in Fig. 33a. Furthermore, since
in the GC case the oxygen vacancies are enriched (&, <0) more strongly than the electrons
(enriched for @, >0),>3 for a given |<D0| value the SCL charge is larger for @, <0 than for @, >0
(Fig. 33a).

For a given potential in Fig. 33a |E SCL| increases with increasing doping content. At first glance
this might be counterintuitive given that the SCL extent decreases with increasing doping
content. However, while Ig-; is proportional to (CDOP)_l/Z (compare with A * and 4 in eq. {33}
and {34}) for constant Is;; values X, is expected to be proportional to cp,,. Hence, for an
increasing dopant concentration the decrease of I, is overcompensated and |ESCL| increases.
The numerical calculations show that for large doping contents this increase of |ESCL| can even
result in a value that exceeds the maximum value of 1C/ m? (indicated by the crossed area in
Fig. 33a).

53 due to their charge number of ‘zV(y ‘ =2 in comparison with |ze- | =1
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Fig. 33: Relationship between the SCL Potential and the SCL Charge as a Function of Dopant
Concentration, Calculated Using the Numerical Approach

(a) SCL Charge 2's¢;, as a Function of SCL Potential @y  (b) SCL Potential @, as a Function of SCL Charge Xs¢;,

The crossed area in panel (a) corresponds with |ESCL| values which exceed the theoretical maximum of
1C/m? (see main text).

Note that for positive SCL potentials the SCL charge is negative and vice versa.

The color code used here shares some similarities with the one applied in Fig. 24, Fig. 27 and Fig. 31. For both

quantities, SCL potential and charge, values around zero indicate very small SCL effects and are color coded
black.

The borders between the different cases are taken from Fig. 23a (for plot (a)). The circles describe the
positions of the SCL profiles given in Table 5 (constant @, values, circles with white filling) and Table 8
(constant X¢;, values, circles with black filling).

5.1.5.3 Expected Conductivity Effects under Consideration of the SCL
Charge

In the MS case due to the upper limit of the charge density of zp,,ecp,p, for a given potential the
SCL charge becomes minimal for the lowest dopant concentration for which the MS case is still
valid. In other words, for a given potential the minimum of X, is approximately at the border
between the mixed and the MS case in Fig. 33a.

Due to this, for a given potential the minimum of X, nearly exactly falls together with the
maximum of the conductivity effect (compare Fig. 33a with Fig. 24). As a consequence, when the
effective conductivity is plotted as function of the SCL charge in Fig. 34 the axis asymmetry is
even pronounced (compared with Fig. 24). Thus the plots in Fig. 34 exhibit two distinct extrema

where the conductivity is changed by more than 4 orders of magnitude.
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This asymmetry (e.g. the fact that for constant X, values the effective conductivity change is
strongly dopant dependent) is of large relevance for the way in which SCL effects are able to
affect the conductivity. Since for many applications, such as SOFCs, the high ionic conductivity of
CeO0: is crucial, a number of attempts were carried out to modify the GBs in order to improve the
conductivity of the polycrystalline material. This includes segregation of aliovalent cations at the
GBs,5% inhomogeneous doping by GB diffusion,[53! decoration of the GBs of nanocrystalline
ceria,l5t 521 and use of substrates on which CeO- films with only small positive potentials can be

grown (section 5.4).

Fig. 34a clearly shows that for strongly acceptor doped ceria the ionic conductivity is drastically
reduced for to a positive SCL potential (corresponding with a negative SCL charge) as

experimentally observed.[10. 14 16,17, 98, 99] Therefore, a change in the potential (and, hence, in the
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Fig. 34: Normalized Effective Conductivity of the (a) Oxygen Vacancies and (b) Electrons as a Function
of Dopant Concentration and SCL Charge, Calculated Using the Numerical Approach

The same color code as in Fig. 24, Fig. 27 and Fig. 31 is used.

A reduction of the positive SCL potential (corresponding with negative Y-, values) in strongly acceptor
doped CeO: is related to a large increase of the oxygen vacancy conductivity (arrow A in panel (a)) until the
bulk conductivity is reached (sy3*m ~ 1, black color-code). However, for a further decrease of @; to negative
values (positive 2gc;, values) within the realistic charge range, |ESCL|<1C/m2, the expected conductivity
increase is negligible (arrow B in panel (a)). Correspondingly, in strongly donor doped ceria SCLs with a
positive potential (negative Xgc;, values) correlate with a negligibly small increase of the electronic
conductivity for|Zsc,|<1C/m? (arrow C in panel (b)).

The circles describe the positions of the SCL profiles given in Table 5 (constant @, values, circles with white
filling) and Table 8 (constant Xs¢;, values, circles with black filling).
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SCL charge) towards a value of zero can indeed strongly increase the ionic conductivity as
indicated by arrow A in Fig. 34a. However, after the bulk conductivity is reached even a strong
increase in X, to the limit of 1 C/m2 (arrow B in Fig. 34a) will not lead to a further significant

conductivity increase.

The origin of this consequence is the already high bulk oxygen vacancy concentration. As an
example, for a pellet of 20 mol% acceptor doped ceria (c4 =5- 10*t em?3, cyge o0 =2.5-1021 cm-3)
with a grain size of 40 nm the number of oxygen vacancies will not be increased by more than
3.10%°cm™ even if the SCLs have the theoretical, maximum charge of 1 C/ m?. The same effective

conductivity can be obtained by just using 22 mol% doped material instead.

To understand this we can also check Fig. 24a again. Here it is indicated that for strongly
acceptor doped ceria (e.g. 10 mol% doping content) the ionic conductivity can be increased by
one order of magnitude for potential values <—-0.5V. However, Fig. 33a shows for such large
potentials and for this doping content the resulting SCL charge becomes much larger than
1 C/m2 . As a matter of fact, as shown in Fig. 33b even for the maximum SCL charge of 1 C/m2 the
corresponding potential value is only -0.2 V and according to Fig. 24a for a potential of -0.2 V no

significant conductivity increase is expected in strongly acceptor doped CeO-.

Finally, it is worth to consider once more the SCL profiles. The calculated SCL profiles
characterized by a constant SCL charge are plotted in Table 8. The comparison with Table 5
(constant SCL potential) shows that the profiles share many similar features but are different in
one crucial aspect. The profiles in Table 8 all feature the same area between the curves of the
local and the bulk concentrations (under consideration of the defect’s charge number).
Therefore, here the linear plots of the same case (GC and MS) are all very similar. As a
consequence, the logarithmic plots which feature the relative concentration changes are very
different. As one example we can take the profile at +0.3 C/m2 and 20 mol% acceptor doping in
Table 8. Here the relative concentration increase of the oxygen vacancies is only minute. Hence,
already the profile function itself indicates that for strongly doped samples the SCL effects

cannot result in conductivities much larger than the bulk value.

5.1.6 Section Conclusions

Numerical calculations are a powerful and very accurate tool to investigate SCL effects without

the necessity to use further simplifications, even for asymmetric and mixed cases.

The dependencies between material parameters, SCL profile characteristics and conductivity
effects were investigated over a broad doping content and SCL potential range. Hereby, the SCL

steepness « was found to depend on the actual case (GC, MS or mixed) and on the potential, as
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-0.3 C/m2 and 0.3 C/m?2 Using the Numerical Approach

For each potential value the above graphs are scaled logarithmically and the below graphs linearly.*!

The positions of the profiles are given by the black filled circles in Fig. 22, Fig. 23, Fig. 24, Fig. 33 and Fig. 34.

qualitatively anticipated. For the SCL extent ¢, the clear dependence on the doping content, as

expected from the analytical solutions, could be confirmed. However, in comparison with the

double Debye length 24 which in the literaturel® 22 941 is regarded as the “effective thickness” of

the SCL also in the GC case the SCL extent was observed to be slightly dependent on @,,.
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The SCL profile characteristics were found to influence the conductivity effects considerably. As
expected, the conductivity effect increases with increasing SCL extent. Furthermore, the
calculations indicate that also the steepness a crucially affects the effective conductivity effect
which was found to be particularly large for SCLs with low « values. For a given potential the
maximum conductivity effects were found in the mixed case since here o is low while Ig; is

large.

Interestingly, if the dopant (here with a charge number of +1) was considered to be mobile for
negative potentials, a similar conductivity trend as above for an immobile dopant was observed,
without being in the MS mode. This effect can be explained if one takes into consideration that
the oxygen vacancies are enriched particularly strongly due to their higher absolute charge

number of +2.

The numerical approach was found to be an ideal instrument to analyze the accuracy of the well
known analytical solutions. The preciseness of the analytical approach in the literature was
observed to be strongly dependent on the actual case and on the potential. On the one hand, it is
most accurate for the enriched CC in the GC case, while, on the other hand, for low potentials
and for the mixed case (which is also present in the experimentally observed @, range) the

preciseness was found to be poor.

The comparison between analytical and numerical approach allowed for a test which of the
individual aspects of the assumptions made in the analytical approach cause significant
uncertainties. Once these aspects were identified more accurate analytical equations could be
developed. Remarkably, these improved analytical formulae were observed to be very precise
over the whole investigated dopant and potential range, even for complex situations such as low
potentials and the mixed case. While the improved analytical solutions were tested for CeO: they
rest upon fundamental relations and are, hence, expected to work as a general approach also for

other materials in which non-overlapping SCL effects are significant.

The impact of the SCL charge was investigated quantitatively. It could be shown that for some
cases the limits of the SCL charge restricts the expected excess conductivity strongly resulting in
a pronounced asymmetry of them concerning SCL potential and doping content. As an example
in strongly acceptor doped CeO: for, positive SCL potentials a drastic decrease of the ionic
conductivity sys* ,, compared with the bulk value is expected (as also experimentally observed).
However, for the same material and a negative SCL potential sy;* ,, is not anticipated to be
significantly increased above the bulk conductivity. This shows that the current attempts to
fabricate highly conductive materials by manipulating the SCLs are promising, but only as long
as merely the reduction of the conductivity drop at the boundaries is concerned. Using such a
“SCL engineering” approach in strongly doped materials, even theoretically, the conductivity is

expected to never crucially surpass the bulk value.
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5.2 Impedance Spectra

5.2.1 Measured Impedance Spectra

Let us now come to the experimental results of this study. Before analyzing the individual
samples and the actual conductivity data in the following four sections 5.3 to 5.6 it is useful to
discuss the impedance spectra characteristics which are identical in all experiments of this PhD
study. All observed impedance spectra consisted of one semicircle at high frequencies while

some of them additionally exhibited a very small low frequency contribution (Fig. 35).
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Fig. 35: Typical Impedance Spectra Recorded in this Study
(a) Impedance Spectrum of a 10 mol% Gd Doped CeO: Thin Film

The electrode contribution at low frequencies is clearly visible and can easily be separated. For the fit only the
data points at high frequencies are considered.

(b) Impedance Spectrum of a Nominally Pure CeO2 Thin Film
No significant electrode contribution can be observed and all data points are considered for the fit.

For both cases the equivalent circuit in the right panel of Fig. 38 was used as explained below.
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5.2.2 Equivalent Circuits

To understand why in most cases only one semicircle is observed let us consider the general
equivalent circuit of CeO2 thin films (Fig. 36). It includes all significant components. For each
charge carrier (here oxygen vacancies and electrons) four contributions have to be taken into
consideration: the bulk, the perpendicular GBs, the parallel GBs and the electrode. Additionally,
there is a contribution from the measurement setup consisting of the stray resistance Rg;q, and

the stray capacitance C Stray -

However, the resistance and capacitance values of the individual contributions vary

considerably, often by many orders of magnitude. This makes it possible to strongly simplify the

1
| RVO" 00 RV(;' | | V5 elec
C > C.
I I |
II
R -
II
I ICvé.
11
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| Re' o Rel | | el elec
1
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| RStray |
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Fig. 36: General Non-Simplified Equivalent Circuit of CeO: Thin Films
This equivalent circuit is valid for the in-plane configuration (see Fig. 2 and Fig. 15).55 page 81
C : bulk capacitance

Ryg » : bulk resistance of the oxygen vacancies, R}/lf;' (Cu(;'): resistance (capacitance) of the parallel GBs on the
oxygen vacancy transport, R#[;' (C#g'): resistance (capacitance) of the perpendicular GBs on the oxygen
vacancy transport, Rys®eiec (Cvg® elec): resistance (capacitance) of the electrodes on the oxygen vacancy

transport

1 L . . .
Rei oo, Rer, Cer, Rer , Cer , Rer el and Ce: ¢l @s above but concerning the electrons instead of the oxygen vacancies
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equivalent circuit. Let us firstly focus on the stray resistance and the stray capacitance. As
mentioned in section 4.3.5 the measurement cell and the sample holder were optimized in order
to increase the stray resistance. The resulting stray resistance values were indeed found to be
very large (Fig. 20). Special care, however, has to be taken when extremely thin films of lowly
conductive materials (such as nominally pure ceria) are considered. For such samples the thin
film’s thickness must exceed a certain value to yield reliable conductivity values. For the
samples investigated here this evaluation was taken into consideration before preparing the
thin films and indeed all samples showed a conductance sufficiently larger than the stray values

given in Fig. 20. As a result, the stray resistance can be neglected in the following sections.

Concerning the stray capacitance the situation is very different. For the used measurement cell
Cstray Was found to be about 2:10-12 F; a value that is rather small in comparison with other
measurement cells but still orders of magnitudes larger than the capacitances of the sample. The
reason for this is the extremely small thickness of the films in the nano range compared with the
macroscopic cell dimensions. As an example the bulk capacitance for a 100 nm thin ceria film
can be easily estimated (using C,, = &,&, LL, /1; ) and is only in the order of 10-1¢ F. The parallel GB
capacitances are on the same order of magnitude whereas the perpendicular GB capacitances
are merely two orders of magnitude larger: 10-14 F.5¢ This implies that it is not possible to
distinguish between bulk and GB contributions and that the measured resistance is the sum of

these contributions as explained in section 5.2.3.

As expected, the electrode capacitances were found to be much larger than Cg;q, (about
10-10- 10 F). Therefore, the resulting impedance spectra are divided into two parts. At high
frequencies it is the stray capacitance that dominates the spectrum and a low frequencies - if

existing - the electrode contribution (Fig. 37).

The electrode was chosen to be reversible and, hence, to have a minimal resistance. As expected,
for dense electrodes prepared using silver paste an electrode contribution was visible while for
sputtered, porous, very thin and, hence, reversible Pt electrodes used for the vast majority of the
samples investigated here the electrode semicircle did not appear or was only very small (as in
Fig. 35a). Only for oxygen vacancy conductors (acceptor doped ceria) the electrode was found to
hinder the electric transport and the corresponding second semicircle was observed whereas in
electronic conductors (pure and donor doped ceria) the electrodes were observed not to be

blocking as expected.

54 Given that & and the area L-I, are expected to be constant we can assume C1/Cz =dz/d1, which is
specifically C1/C,, ~d/Isc; here. Thereby, d/Isc;, represents the ratio between the grain size and the SCL
extent. Since the grain size in the investigated films was observed to be in the order of tens of nm while the
SCL extent is expected not to be smaller than a few A C1/C,, is estimated not to be larger than two orders
of magnitude.
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Fig. 37: Simplified Equivalent Circuits of CeO: Thin Films with Electrode Resistance Contribution

The equivalent circuit on the left panel bases on the one in Fig. 36 with the simplifications (1) C, CU(;', C#(;',

CLl. & CEL. <« Cstray and (2) Ryg* m & Reoyn << Rstray. Thereby Ryg* » and Re. i are the effective resistances of the
oxygen vacancies and electrons, respectively, which comprise bulk and GB contributions:
Rt = ((Ruge e+ R )1+ (Rl 1 and Resm = (Resgo + R )71+ (RE) 1)1,

Since furthermore C, gjec > Cstray and Cyg® elec > Cstray the equivalent circuit reduces to the one given in the
right panel with Ry, = ((Ryg* m)~1 +(Rem)1)~1. Here Réiec (Celec ) is the effective resistance (capacitance) of the
electrodes comprising both the oxygen vacancy and electron transport.

Note that all information relevant for this study (i.e. the bulk and boundary contributions) was
given in the total effective resistance R, (see also below, eq. {137}). Therefore, the spectra in
this study were fitted using the equivalent circuits shown in Fig. 38. If necessary, the electrode
contribution could easily be separated by considering for the fit the high frequency data points
only (Fig. 35a).

—1 R —1 R

m m

11 CStray ] >\CPEStray '
1 ' 7

Fig.38: Two Simplified Equivalent Circuits of CeO: Thin Films without Electrode Resistance
Contribution

CPEstray : stray constant phase element

Specifically, the R-CPE circuit in the right panel of Fig. 38 was used. Here the capacitor is
replaced by a constant phase element (CPE). CPEs are often applied in solid state ionics. They
are used to describe the non-ideal behavior of ionic conductors and base on the assumption that
a sample is not only characterized by one relaxation time but by a distribution of relaxation
times.[103.104] The impedance of the R-CPE circuit is Z=R-(1+(ia))KQR)_1. Here Q is the

admittance (|Z|_1) of the CPE at w=1s"! and x describes its degree of ideal behavior. k¥ is 1 for
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an ideal capacitor and in ionic conductors usually values between 0.8 and 1 are observed. In the
present study the x values were found to vary merely slightly from the value of 1 (they were

between 0.95 and 1) indicating a nearly ideal behavior of the investigated films.

5.2.3 Total Effective Resistance and Conductivity

In any case the total effective resistance R,, could be determined easily. R, includes bulk and

boundary contributions of both electrons and oxygen vacancies:

Ry = [(Rvé.’m )_1 +(Re,‘m )_1 Jl = [(RV(;.’OO +R;5. )_1 +(RL|5, jl +(Re',oo +Rj )_1 +(R|e|' )_1J {137)55

From the R, value the total effective conductivity o,, can be directly determined. o, is in
general given by eq. {37} and {38}. For the thin film geometry and with regard to eq. {137} it
reads specifically:

Onm zli_lLé {138}5¢
Hereby the individual bulk and boundary resistances correspond to the conductivity

contributions introduced in section 2.2.3.2:

1
O e ZL,AUL.. =L,AU”" :L,a, :L,AGJ,‘ :L,AO'HI :L with J=-—L {139}
Voo R .. Vo .m RL.. vo'm Rl e R em  pl em  pll LL
Vo v V5° e' o ' e

Hence, in general o,, is given by:
-1 N -1 -1 ! 1 N 1 -1 |
— 55
O = ("v(;',oo) +(AO'V5.‘m) +aoll, +((ae,‘w) +(a0 ) j +40!| {140}

Depending on the sample (doping content, microstructure, etc.) and the measurement
conditions most of the contributions in eq. {140} become negligibly small and the relationship
falls in several simple cases as explained in detail in section 2.2.3.2. This allowed for the

investigation of the boundary effects by comparing the conductivity of two or more samples.

As an example, in an epitaxial, acceptor doped ceria thin film the effective conductivity was
found to coincide with the ionic bulk conductivity: o,, =oy;* » (case (i) in section 2.2.3.2). A

polycrystalline thin film of the same material additionally included grain boundary

55 Not that the here given relationships cover the bulk and GB effects in ceria. In thin films effects at the FSI
can add an additional, parallel contribution as discussed in detail in the section 5.3.

56 For the definition of the thin film geometry and the geometrical factors I, I, and L see Fig. 15.
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contributions (case (ii)): am=S#(;°,m~avl;-,oo=((0V5-,oo)—1+(Ao-#5°,m)—1)—1. The comparison of
the o, values of both films allowed for the separation of the conductivity change at the GBs
(Am}(;',m and sy m =5#0",m) and, hence, for the determination of the SCL potential at the GBs

(e.g. with Table 7).

Therefore, generally speaking the disadvantage of CeO2 thin films compared with macroscopic
CeO: samples (pellets, single crystals) in which the bulk and GB effects can often be
distinguished in the impedance spectra is compensated by the easier availability of epitaxial thin

films in comparison with macroscopic single crystals.
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5.3 Grain Boundary vs. Film Substrate Interface Effects —
Cerium Oxide Thin Films on Al;03 <0001> and SiO:
<0001>

5.3.1 Section Introduction

One of the first experimental studies in the framework of the PhD project was the investigation
of film-substrate interface effects in CeO: thin films. The general idea behind the study is shown
in Fig. 39. In a thought experiment let us firstly assume a series of thin films of the same material
but different thicknesses with no effect at the film-substrate interface (FSI). In this case, a plot of
the effective conductance values

G,=1/R, {141}
against the film thickness L will result in a straight line going through the plot’s origin (black line
in Fig. 39). However, if there is a significant conductivity increase (decrease) at the FSI, the data
points are expected to be shifted towards higher (lower) values resulting in a positive (negative)
intercept of the linear fit on the y-axis.5>” Therefore, using a conductance vs. thickness plot the
bulk conductivity contribution (= slope of the linear fit) and the interface conductivity

contribution of the samples (= intercept on the y-axis) can be separated.

no film-substrate interface effect
increased conductivity at interface
decreased conductivity at interface

g -
(D rd
slope --> o . 0. data points
bulk conductivity| | ~""°" linear fit
+4G| A
0 e o _____{

-|4G| —+-"interface conduction

0 L

Fig. 39: Idealized Conductance vs. Thickness Plot of Three Series of Thin Films

Reproduced from Gébel et al.'*l by permission of the PCCP Owner Societies.

57 Of course for very small thicknesses the conductance will bend towards the origin of the chart. However,
for films with a thickness larger than the extent of the FSI effect this bending is expected not to be
perceptible and the linear fit of the data points will have a positive or negative intercept on the y-axis.
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Here 4 sets of 4 ceria thin films each were prepared and investigated: Nominally pure and

10 mol% Gd doped samples on two substrates: Al203 <0001> and SiOz <100>.

5.3.2 Microstructure

The XRD patterns of the films grown on Al203 <0001> were found to exhibit strong (111), (222)
and (333) CeO: reflections (Fig.40a). Only for very few of these samples weak other
orientations were detected. Correspondingly, also the TEM micrographs indicate an epitaxial
growth of the films. The epitaxial microstructure of CeOz: films on Al.03 <0001> is in agreement
with previous studies.[105 1061 Merely for the thickest films of the series a limited number of
wedged shaped grains were found (Fig. 41a) probably due to the relaxation of the structural

stress imposed by the lattice mismatch between Al.03 <0001> and CeO:s..

For the films on Si02 <0001> the TEM micrographs were observed to show a polycrystalline,
columnar growth (Fig. 41b). Correspondingly, the XRD patterns of these samples exhibit a large

number of independent reflections due to the multiple oriented grains (Fig. 40b).

Table 9 gives an overview of the results of the TEM and XRD investigations. As expected, the
lattice constant of the nominally pure epitaxial films is in agreement with the single crystal value
of 5.41 A 1102 and increases both due to acceptor doping [107-109 and for the polycrystalline
films.[99 110-112] Furthermore, an important feature of the two series of films grown on SiO:

<0001> is the increasing lateral grain size with increasing film thickness.

@ = s (b)
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8 2
= . | ] ¢
= black: A|203 8’ g, s
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Fig. 40: XRD Patterns of the CeOz Thin Films Grown on Al;03 <0001> and SiO2 <0001>

(a) Nominally Pure CeO2 on Al203 <0001> (b) 10 mol% Gd-doped CeO2 on Si02 <0001>
The curves have been smoothed for clarity.

©: Bragg angle, Kz : XRD signals originating from spurious Cu Kz radiation

Reproduced from Gobel et all'¥ by permission of the PCCP Owner Societies.
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(b)

CeO, Ce0O,
200 nm | X
P
Mostly epitaxial films on Al,O3; <0001> Polycrystalline films on SiO, <0001>
Fig. 41: TEM Micrographs of the CeO; Thin Films Grown on Al203 <0001> and SiOz <0001>
(a) Nominally Pure CeOz on Al203 <0001> (Thickness: 214 nm)
(b) 10 mol% Gd Doped Ce02 on SiOz <0001> (Thickness: 347 nm)
From the Top: Pt-Electrode, CeO2 Thin Film and Substrate
Reproduced from Gébel et al.'*l by permission of the PCCP Owner Societies.
Substrate Al203 <0001> Si02 <0001>
Doping nominally pure 10 mol% Gd nominally pure 10 mol% Gd
TEM: Film Thickness L / nm 25 214 45 384 40 197 55 347
XRD: Lattice Constant / A 5.42 5.41 5.43 5.44 5.46 5.46 5.49 5.51
Microstructure mostly epitaxial polycrystalline with columnar grains
TEM: Lateral Grain Size - o *  —nograins— 7-26 19-54 6-32 18-70
Distribution / nm grains
TEM: Lateral Grain Size - i i i i 16 38 15 39

Statistical Average d / nm

Table 9: Results of the XRD and TEM Investigation of the CeO:

Thin Films Grown on Alz03 <0001> and Si0z <0001>
* very few wedge-shaped grains at the surface (50 - 100 nm)

Reproduced from Gébel et al.l'*l by permission of the PCCP Owner Societies.
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5.3.3 Conductivity Data

5.3.3.1 Acceptor Doped Thin Films

Fig. 42 shows the effective conductivity o,, as a function of temperature. Let us firstly discuss
the Gd doped samples. As expected, for the strongly doped films no pO: dependence of the

conductivity was found indicating ionic conduction (see defect chemistry regime (I) in Table 1).

5.3.3.1.1 Epitaxial Thin Films on Al203 <0001>

For the epitaxial films o, corresponds to the bulk conductivity (o, =0y, case (i) in
section 2.2.3.2). As a matter of fact, for the given temperature and doping content the
conductivity and activation energy values were found to be typical for the ionic conduction in

the bulk of cerial*0. 74l and in epitaxial filmsl[113 114] (see Table 10: 4 S/m at 700°C and 0.7 eV,

respectively).
o1 °C
700 650 600 550
O\O
\O\O 10 mol% Gd-doped CeO, on
10° \o\O —0—AlL,O, <0001> (45 nm, 0.70 eV)
7 Si0, <0001> (55 nm, 1.22 eV)
< Nominally Pure CeO,
@ 10° ° (PO, =1 bar) on
~ \o —@—AL,O, <0001> (52 nm)
o ~~ SiO, <0001> (40 nm, 1.43 eV)
(* ) 2
\o
, \ (in brackets: film thickness
1074 0\ and activation energy, uncertainty: 0.01 eV)
o
100 105 110 115  1.20
1000-7" / K

Fig. 42: Temperature Dependence of the Effective Conductivity of Selected CeO: Thin Films Grown on
Al;03 <0001> and SiO2 <0001>

Reproduced from Gobel et al.l'¥ by permission of the PCCP Owner Societies.

The conductivity and activation energy of the epitaxial films was found to be nearly thickness
independent (Fig. 43a-c and Table 10). As a consequence, for these samples the linear fit of the

data points in the conductance vs. thickness plot intersects the y-axis at y=0 under
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consideration of the measurement uncertainty (Fig.43d). As elucidated in section 5.3.1 this

behavior indicates the absence of significant FSI effects on the conductivity.
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Fig. 43: Thickness Dependence of the Effective Electrical Transport Properties of the 10 mol% Gd-
Doped CeO: Thin Films Grown on Al203 <0001> and SiOz <0001>

(a) Conductivity vs. Thickness Plot (b) Resistivity r;,, vs. Thickness Plot (1, = o)
(c) Activation Energy vs. Thickness Plot (d) Conductance vs. Thickness Plot

Reproduced from Gébel et al.l** by permission of the PCCP Owner Societies.

Substrate — Alz03 <0001> $i02 <0001> ———

Thickness / nm 45 93 186 384 55 113 230 345
Effective Conductivity / (S/m) 3.3 3.8 3.6 4.1 0.29 0.50 0.98 1.0
Activation Energy / eV 0.70 0.71 0.72 0.69 1.22 1.12 1.09 0.97

Table 10: Effective Conductivity at 700 °C and Activation Energy between 700 °C and 550 °C of
the 10 mol% Gd-Doped CeO: Thin Films Grown on Al;03 <0001> and SiOz <0001>

Uncertainties: conductivity + 10 %, activation energy + 0.01 eV

Reproduced from Gébel et al.'*l by permission of the PCCP Owner Societies.
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5.3.3.1.2 Polycrystalline Thin Films on SiO2: <0001>

For the polycrystalline films grown on quartz the situation is very different. Here the electrical
conductivity is reduced by roughly one order of magnitude compared with the epitaxial samples
(Fig. 42). The origin for the reduced ionic conduction is the well known, positive SCL potential at
the perpendicular GBs which is characterized by a depletion of the local oxygen vacancy
concentration.'% 11221 Thus, here case (ii) of section2.2.3.2 needs to be applied:
om :o-#(;-,m =((ovg )1+ (Ao-ﬁ;-,m )-1)-1. Under consideration of the conductivity decrease the
lateral grains size and other parameters (temperature, dielectric constant, doping level) the
value of the corresponding mean SCL potential at the GBs can be calculated using eq. {122} or
numerical computations (Chapter 3). For the present samples the calculation results in a
potential @, of (0.32 £ 0.05) V which is in the same range as the values found in other studies
for acceptor doped and pure ceria (between 0.20 and 0.34 V).[10, 16, 17, 98, 99]

In agreement with the strong reduction of the conductivity the activation energy is increased to
values between 1.0 and 1.2 eV (Table 10). Such E, values are typical for polycrystalline acceptor
doped ceria.l[6-8 10-12] Under the assumption of a temperature independent SCL potential for a
hypothetical sample which is completely dominated by blocking grain boundaries the activation
energy is expected to increase until it reaches a value of hyg + zyg e .[*01 With hyg ~0.7 eV
(from the epitaxial films), zyg» =2 and @; = 0.3V this leads to maximum activation energy value
of 1.3 eV. Hence, the observed activation energies between 1.0 and 1.2 eV indicate the strong yet

not entirely dominating influence of the blocking GBs here.

The so far discussed results of both the epitaxial and the polycrystalline films are in accordance
with what is expected for these kinds of samples. However, what is stunning about this
experiment is the large thickness dependence of the conduction properties of the films on
quartz as displayed in Fig.43. Thus, for decreasing film thickness the resistivity rm:o;;l
increases by a factor larger than 3 (Fig. 43b). Correspondingly, there is a significant negative
intercept of the linear fit on the y-axis in the conductance vs. thickness plot (Fig. 43d) and a

strong increase of the activation energy with decreasing thickness (Fig. 43c).

At first glance, as schematically illustrated in Fig. 39 the negative intercept in the G vs. L plot is
typical for a FSI effect. However, can a SCL at the FSI have such a large impact on the
conductivity? Experimentally, we can take the intercept of the linear fit on the x-axis in Fig. 43d
as an estimate of the extent of such a hypothetical SCL. It is at about 45 nm. However, for strong
doping levels the SCL extent can only be very small; for 10 mol% of Gd doping not more than a
few A (see eq. {33} and Fig. 23). Already this simple argument shows that the negative intercept

of the linear fit on the conductance values cannot be the result of a FSI effect.58
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The origin of this finding is rather the microstructure of the samples. In particular, as shown in

Fig. 44 the lateral grain size d is not constant but increases with increasing film thickness L.

60
50
401
E 30
kej
20 d=n L+,
10 fit:
i n=0.15
(=10 nm
0 ——
0 100 200

L/ nm

Fig.44: Thickness Dependence of the Lateral Grain Size d of the Nominally Pure CeO: Thin Films
Grown on SiOz <0001>

Data obtained from the TEM Analysis.
The 10 mol% Gd doped samples exhibit a similar trend with 7=0.08 and =10 nm.

Reproduced from Gébel et al.'*l by permission of the PCCP Owner Societies.

This is of major importance for the conductivity as schematically illustrated in Fig. 45. Here the
Gm vs. L plot in panel (a) shows the situation of a set of epitaxial films with a (1) unchanged, (2)

increased and (3) decreased conductivity at the FSI, as already elucidated before in Fig. 39.

Let us now focus on panel (b). Here line (4) shows the conductance of an epitaxial film with no
significant FSI effect and, thus, and intercept on the y-axis at zero. For a polycrystalline film with
invariant lateral grain size, line (5), the intercept of the linear fit on the y-axis is at the origin of
the plot as well. Nonetheless, due to the blocking GBs, the slope of line (5) is much smaller
compared with the epitaxial film, line (4). For the measured samples the lateral grain size
increases with thickness. In this case, line (6), the conductance values at small thicknesses are
low and comparable with line (5) but then increase more steeply with increasing film thickness.

Of course also this bent curve (6) goes through the origin of the plot. However, since

58 This does not mean that there is no FSI effect present in the samples. However, such an effect cannot be
sufficiently strong to explain the large thickness dependence of the conduction properties.
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experimentally only a finite number of data points can be recorded in a certain thickness range
these may easily be fitted linearly as illustrated in panel (b). For this situation the result of the

linear fit will always give a negative intercept on the y-axis despite the absence of FSI effects.
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Fig. 45: Schematic Conductance vs. Thickness Diagrams of CeOz Thin Films

(a) Influence of FSI Effects on the Effective Conductance
(b) Influence of GB Effects on the Effective Conductance of Strongly Acceptor Doped CeO:
(c) Influence of GB Effects on the Effective Conductance of Nominally Pure CeO2

Case (1): epitaxial film (or polycrystalline film with columnar grains of identical shape and lateral size)
without FSI effect

Case (2): like case (1) but with a conductive FSI effect

Case (3): like case (1) but with a blocking FSI effect

Cases (4) and (7): epitaxial film (without FSI effect)

Cases (5) and (8): polycrystalline film with columnar grains of the identical, small lateral size (blocking GBs in
the case of doped CeO2 and conductive GBs in the case of nominally pure CeO2) (without FSI effect)

Cases (6) and (9): polycrystalline film with columnar grains of increasing lateral size with film thickness
(without FSI effect)

In the cases (8) and (9) the perpendicular conductive space charge layers have been omitted for clarity.

Reproduced from Gobel et al.l'¥ by permission of the PCCP Owner Societies.

More quantitatively we can assume a linear dependence between lateral grain size d and

thickness L as in Fig. 44:
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d=n-L+1 {142}
According to the TEM analysis 7 and ¢ are equal to 0.08 and 10 nm, respectively. It is then
helpful to use reduced conductances Y (and reduced resistances W ) which are independent of
the geometrical factors Iz and Iz (I and L) of the sample (see Fig. 15):
Y:;—I-G, W=IL,-L-R {143}
2
The effective reduced conductance of the oxygen vacancies Yy, can be separated in the bulk
value Yyz* » and the (normalized) resistance of the perpendicular GBs on the oxygen vacancy
transport R[L/O-- (W;L/O-- ).

l TR L 1
Y. =—1~(R . +R ) with Y. =L1.Rl —l.5. 144
Vo ,m 12 Vo ,0 Vo Vo ,0 [2 Vo, O-VO ,00 { }

Rﬁ;- (W#(;- ) can be expressed as the product of the number of perpendicular SCLs
NSLCL =1 Tt (with rt =2/d, eq.{61}) and the (normalized) resistance of a single SCL R[L/(;-,l
(W g 1)

WVLO.. =1, -L.R]jo.. =N, 'WVL(;.J {145)
Hereby R[l/(;-,l and W#(;-,l are correlated with the value of Qy;* introduced in section 2.2.3.4
(see eq. {55} and {56}):

J_ J_ ‘QV..
WV(;,'1 =1, 'L'RVO“,1 L {146}
Vo
From eq. {142} to {146} it follows that:
2Lot.. W
Y :Y VO ,00 VO ,1 {147}

vym o Ve I
0 0 n-L+i+ ZO-VO”,OOWVO“,l
Eq. {147} corresponds to the bent curve shown in Fig. 45b, line (6). Since Yys* »(L=0) = 0 and
dZYV(;-,m /dI?>0 each secant through two points on Yyge . m for L>0 (or each linear fit of data
points) will have a negative intercept on the y-axis as experimentally observed. Two further

simplifications are possible:

i+ 2O-V" ooWVl" 1 1
for L< 00 = Ve =~ T S {148}
77 o l + ZO-V(;.,OOWV(;. ,1 0~
1+20 . W5 20%.. Wi
for L> o» ol oy =Y Yo Vol {149}
n VO“,m VO",oo n

For the given experimental data the term 2oy oW Il/(;-,l /n is about 2 pm>° and, hence, much
larger than L. Therefore, here simplification {148} can be used which predicts a straight line
with a much smaller slope compared with the epitaxial film. This agrees with the experimental

findings in Fig.43d. Hence, here the thickness dependence of the conductivity can fully be
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understood under consideration of the blocking influence of the GBs. The GB effects again are in

good agreement with the SCL model and a @, value of (0.32 + 0.05) V as discussed above.

5.3.3.2 Nominally Pure Thin Films

5.3.3.2.1 Oxygen Partial Pressure Dependence

Let us now continue with the nominally pure samples. As expected, they exhibit a pO: dependent
conductivity with an exponent in the log(Gmn) vs. log(p0:) plot of —% (Fig. 46). This value shows
that the material is in the intrinsic defect chemistry regime (I) (see Table 1) indicating a very

low impurity content.

(a) (b) 197 nm
10-6_ . ®- 10"5_ 128 nm
e . 40 nm
w . \‘\\A N %)
E e A e e
.~ [ R R
O ] V —y O 407
\\\v ~ \‘A
9 =700 °C| |-1/6 ' o =700°C|] |-1/6
10°  10* 10® 10 10" 10° 10 10°  10* 10® 10% 10" 10° 10
pO, / bar pO, / bar

Fig. 46: pO: Dependence of the Effective Conductance of the Nominally Pure CeO:; Thin Films Grown
on (a) Al203 <0001> and (b) SiO2 <0001>

Reproduced from Gobel et al.l'¥ by permission of the PCCP Owner Societies.

5.3.3.2.2 Epitaxial Thin Films on Al203 <0001>

Since the nominally pure CeO: films on Al.03 <0001> were found to be epitaxial (only the
thickest films showed a very small number of wedged shaped grains, Fig. 41) GB effects can be

disregarded here, corresponding to case (vi) in section 2.2.3.2 (0,, = 0¢' o )-

59 This term can be calculated using ZJV(;',OOWVL(;-J /n= d/r]-(R&o-- / 2Ryg* » —1) as following from eq. {142} to
{146}. Here Rﬁ;- , Rvg* o ,d and r; are experimentally available.
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It is remarkable to see how the conductivities of the two sets of films on Al:03 and SiO: in
Fig. 47a diverge for smaller thicknesses. For the samples on Al:03 the conductivity decreases
and the activation energy increases with decreasing thickness (Fig. 47a, Fig. 47b and Table 11).

As a result, the intercept on the y-axis in linear fit of the Gn vs. L plot is negative (Fig. 47c).

0.3
(a) —@—ALO, <0001>
SiO, <0001>
0.2
€
g 3
\E 0.1 é/é//ﬂ
©
é/
0.0 T T
0 100 200
L/ nm
16 B)
] M c
< (c)

1 0.3 .
= | l—éd\’_ B ’_i’_}’"
15 N ‘4 '

S 0.2
3 . g *
1.4 \* ~ 1 .
] _ o 01] 24
SiO, <0001>: —@—pO, =1 bar - @ ALO, <0001>
. p e 273
13 AlLO, <0001>: —A—1 bar —W¥— 10" bar 1 LA Si0, <0001>
. 3 _ 4 ’o'
10" bar —4—10" bar 0.0 T
0 100 200 0 100 200
L/ nm L/ nm

Fig. 47: Thickness Dependence of the Effective Electrical Transport Properties of the Nominally Pure
CeO2 Thin Films Grown on Al203 <0001> and SiO2 <0001>

(a) Conductivity vs. Thickness Plot
(b) Activation Energy vs. Thickness Plot (c) Conductance vs. Thickness Plot

Reproduced from Gébel et al.l'¥l by permission of the PCCP Owner Societies.

A possible explanation for the negative intercept is a SCL at the FSI in which the electrons are
depleted. This is expected to coincide with an increase in the oxygen vacancy conductivity
which, however, is experimentally unavailable here due to the much lower ionic mobility in
comparison with the electronic mobility. In order to check whether the experimental data is in
agreement with the SCL theory we can again take the characteristics of the Gn vs. L plot. A SCL
with a negative potential would decrease the normalized effective conductance of the electrons
Yoo m by a value of AY,. :[1. 14



94 Chapter 5 — Results and Discussion

Substrate —— Al03<0001> Si02 <0001>
Thickness / nm 25 52 104 214 40 128 197
pO2=10-*bar 0.47 0.35 0.62 0.47 1.07 0.77 0.73
Effective pO2 = 103 bar 0.29 0.24 0.34 0.36 - - -
Conductivity /
(S/m) pO2 = 102 bar 0.18 0.17 0.25 0.27 - - -
pOz =1 bar 0.076 0.096 0.11 0.13 0.22 0.16 0.13
pO2=10*bar 1.52 1.50 1.43 1.40 1.39 1.30 1.46
Activation p0O2 =103 bar 1.56 1.53 1.48 1.47 - - -
Energy / eV pO; = 102 bar - - 1.53 1.52 - - -
pO2=1bar - - 1.59 1.57 1.43 1.50 1.55

Table 11: Effective Conductivity at 700 °C and Activation Energy between 700 °C and 550 °C
of the Nominally Pure CeO: Thin Films Grown on Al>03 <0001> and SiOz <0001>

Uncertainties: conductivity + 10 %, activation energy + 0.01 eV

Reproduced from Gobel et al.l'¥ by permission of the PCCP Owner Societies.

[1-eiit)
AN, =-20-0, \1-eT {150}

o
If the depletion of electrons is sufficiently large (if @ is sufficiently large) 4Y,, ,, becomes
—2A0¢ . As a result, the linear fit of the conductance on the x-axis should coincide with the
effective SCL extent 24 :

Y, =Y, +4v, z(L_zﬂ,)ae,loo for L>2A4 {151}60

em e,
The value of 24 can be calculated using eq. {34} if the electron bulk concentration n, is known.
Here the mobility data of ref. "4 (Uy (=390 cmzK/(Vs), he =0.40eV ) and the experimental
conductivity of this study (o ., =0.13 S/m at 700°C and a pO: of 1bar)®! are utilized to
determine n, with eq.{11} and {17}. The result is nOO=2-1O18 cm™ and 24=7nm. Under
consideration of the measurement uncertainty this value for 24 is in agreement with the
intercept on the x-axis in the Gn vs. L plot of 10 nm. Hence, a SCL at the FSI could well be the

origin of the observed conductivity changes.

Another possibility to explain the FSI effect is structural strain originating from the rather large
lattice mismatch between CeO: and Al203 <0001>. The observed wedged shaped grains indicate
that the films are able to relax the strain for larger thicknesses as expected. In contrast, the

thinner films do not exhibit grains and, hence, are expected to perceive a strong strain which

60 Ye oo : normalized bulk conductance of the electrons (Yeio =L e 0 )

61 slope of the linear fit in Fig. 47c
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may result in a change of the conductivity. Also in other materials strain effects are well known

to alter the conductivity due to concentration and/or mobility variations.[23 27, 29, 115-117]

5.3.3.2.3 Polycrystalline Thin Films on SiO2 <0001>

The films which were grown on SiO2 <0001> show an increase of the conductivity and a
decrease of the activation energy with decreasing thickness resulting in a positive intercept on
the y-axis in the Gn vs. L plot (Fig. 47 and Table 11). Again also in this case an effect at the FSI,
such as a SCL or structural strain, could well explain the found thickness dependence of the

conductivity.

However, as for the doped, polycrystalline samples on SiOz <0001> (section 5.3.3.1.2) the GB
effects should be taken into account here too. Consequently, here case (iv) of section 2.2.3.2
(o, =O'Ll-‘m =0¢ o +Aa|e|-,m) applies. As for the Gd doped samples also for the pure films the
lateral grain size was observed to increase with thickness (eq. {142} and Fig. 44). Using TEM the

n and: parameters were found to be 0.15 and 10 nm, respectively.

As illustrated in Fig. 45c also for pure CeO: the GB effects are able to induce a conductivity
change which can be misinterpreted as a FSI effect. Here line (7) represents the conductance of
an epitaxial film. For a pure, polycrystalline film with constant lateral grain size (line (8)) the
slope of the conductance is expected to be larger given that the electrons are well known to be
enriched at the GBs.[3 47 810 22] However, if the lateral grain size increases with increasing
thickness the curve will bend to smaller conductance values (line (9)). Here the linear fit of the

data points will yield a positive intercept on the y-axis despite the absence of a FSI effects.

In analogy to eq. {143}-{149} we can take Y. , and separate it in bulk and GB contributions Y o
and Yll. , respectively. The latter one is the product of the number of parallel SCLs NECL =1, yal
(with = 2/d, eq.{60}) and the reduced conductance of a single GB Y!.’l . Here Yle!.,l and Glc!.,l
are connected with the contribution of the electrons on the total SCL charge (see section 2.2.3.4

and eq. {53}, {54} and {56})

il gl _ s {152)62
e',1 L €1 e e
For Ye m it follows that:
l L L 2Ly
=—1.((;, +G”)=Y, +ylley, w2yl oy, et {153}
e,m 12 e ,00 e' e ,00 12 e' e ,0 12 e',1 e, 7]L+l

62 in general, for an arbitrary CC i: Y;”1 =zi/|zi|-uiZi (see eq.{53})
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oyl

l ~ e',1
forL<<; = Ye,’m~ 1+10' Ye,’oO {154}
e', 0
ovll
forl>> = v, =Y, +—21 {155}
n ’ * n

Since ¢/7~70nm for the most data points in Fig. 47 simplification {155} can be applied. It
predicts a straight line with a positive intercept on the y-axis and the slope of the bulk (e.g. the
same slope as for the epitaxial films on Al203 <0001>). This is exactly what was observed
experimentally (Fig. 47c). Therefore, also GB effects could be the origin of the found thickness
dependence. In contrast to the acceptor doped, polycrystalline samples where FSI effects could
be excluded (section 5.3.3.1.2), in the case of the nominally pure, polycrystalline films both FSI
and GB effects can explain the experimental data. Therefore, here it is not possible to distinguish

between both kinds of boundary effects.

5.3.3.2.4 Reduced Reduction Enthalpy

A further interesting outcome of the above experiment concerns the absolute values of the
electronic transport properties. For both the polycrystalline and the epitaxial films the
electronic conductivity is about 1 order of magnitude larger compared with the single crystal
data,[741 probably due to the reduced electronic activation energy of only about 1.5 eV compared

with 1.96 eV in the single crystal.

Given that in the intrinsic regime the activation energy is %AHR+he. (see Table 1), with
0.2eV<h, <0.6eV,° a change of only the electron hopping energy (and thus the electron
mobility) is unlikely to produce such a large change in E.. Hence, it is the reduction enthalpy that
must be considerably decreased to a value of approximately 3.3 eV (with h, ~0.4eV[7*%1I),
Experimentally, this is in agreement with a number of other studies (e.g. ref. [6 118 1191} which

also report a reduction of AHp for CeO2 in the nanoscale.

However, the exact physico-chemical origin of the decrease of E: remains unclear.
Unfortunately, also the dataset presented here could not clarify the situation. On the one hand,
GB effects seem not to be the cause since also the epitaxial films show low E; values. On the
other hand, also the thickness of the films in the nanoscale cannot explain the effect. In this case,
the activation energy should be reduced further with decreasing film thickness. However, for
the epitaxial films the opposite behavior is observed: an increase of E; with decreasing thickness
(Fig. 47b).
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5.3.4 Section Conclusions

The experiments discussed in this section show that the substrate is able to strongly influence

the conductivity of the grown film. Two major results (1) and (2) can be distinguished:

(1)

(2)

Reduced Electronic Conductivity at the Film-Substrate Interface (FSI) in the Nominally Pure
Films on Al203 <0001>

As first outcome the nominally pure, epitaxial CeO2 thin films grown on Al203 <0001>
exhibit a significant conductivity decrease and activation energy increase with decreasing
film thickness. Since GB effects can be neglected in this set of samples the change in
conductivity and activation energy can be attributed to an effect at the FSI which was

found to be in agreement with the SCL theory.

Grain Boundary (GB) Effects in the Films on Si0z <0001>

The second result concerns the polycrystalline films grown on SiO2 <0001>. Here the way
the substrate affects the transport properties of the thin films was found to occur rather
indirect by controlling the microstructure of the thin films and, hence, the GB effects.
Especially, it could be shown that GB effects can result in very similar conductivity
changes and might, therefore, be misinterpreted as FSI effects. As for the 10 mol% Gd
doped films, the GB effects (and, hence, also the thickness dependence) can fully be
explained within the framework of the SCL model and a SCL potential of (0.32 + 0.05) V.

Finding (2) is of particular significance for a series of other studies which deal with FSI
effects or interface effects in multilayer structures such as the ones in ref. [24-26 28], These
studies include the investigation of polycrystalline multilayer structures of acceptor doped
ZrO: (a similar material as acceptor doped Ce0O:) and a second insulating (or less
conductive) material (e.g. Al203, Y203, Lu203 and Sc203). In ref. [24-26, 28] at least some of the
thin films show a thickness dependent lateral grain size. Despite this, for the
interpretation of the found conductivity changes the GB effects were not considered and
the conductivity variations were fully attributed to the interfaces between the individual
layers. In contrast to this, our findings show that the GB effects cannot be neglected and

that otherwise they can be mistaken for other boundary effects easily.
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5.4 Reduced Grain Boundary Effects in Cerium Oxide
Thin Films on Al203<1102> and MgO <100>

5.4.1 Section Introduction

In the last chapter it was observed that in the investigated thin films, especially for a high
acceptor doping, the FSI effects are only small whereas the GB effects considerably influence the
conductivity. Therefore, in the next two studies which are presented in this and the subsequent

section 5.5 the GB effects were investigated more in detail.

As shown in section 5.3.3.1.2 acceptor doped CeO: thin films grown on SiO: <0001> show
pronounced GB effects with rather large SCL potentials resulting in a severely reduced ionic
conductivity. Is it possible that nanocrystalline thin films grown on other substrates exhibit less
significant conductivity changes? In order to answer this question it is useful to consider the
influence of the orientation of adjacent grains. The angle of the GBs is known to affect the
strength of the SCL effects significantly.l2] Since (1) the substrate influences the growth and,
hence, the microstructure of the thin films and since (2) the structure of quartz is very different
from the one in ceria, it is quite likely that the grains of the thin films grown on SiO2 <0001> are
oriented more or less randomly with respect to each other (compared with films on substrates
with smaller lattice mismatches). Therefore, the angles of the GBs in the films on SiO2 are
probably rather large resulting in strong deviations from the bulk stoichiometry in the GB core

and, thus, large core charges and pronounced SCL effects.

Consequently, thin films which are grown on structurally more similar substrates might feature
less pronounced SCL effects and, hence, a smaller decrease of the ionic conductivity. In order to
verify this hypothesis thin films of 10 mol% Gd doped ceria were prepared on substrates whose
lattice mismatch with CeO: is as small as possible but still large enough to avoid an epitaxial
growth of the films: Al203<1102> and MgO <100>.

5.4.2 Microstructure

For ceria films on Mg0O <100> usually SrTiO3!'* or BaSnOs['2% buffer layers are used to ensure
epitaxial growth. This means that without buffer layer no epitaxial growth is expected. As a
matter of fact, for the here prepared thin films on MgO the XRD patterns (Fig.48b) are
characterized by several orientations and the TEM micrographs (Fig. 49b) show a columnar,
polycrystalline microstructure. Similarly to the films on SiO: (section 5.3.3.1.2) also the samples

on MgO show an increase of the lateral grain size with increasing film thickness (Table 12).



5.4 Reduced Grain Boundary Effects 99
(a) & S purple: ALO = =
S § | PUP 273 (b) rg turquois: MgO =
b — . C = <
brown: Ce, Gd O, = | brown: Ce. Gd. O I
Py ' 097 70172 \
= - § % “ *: artefact from
= = = —~ e P H aged X-ray tube
(] -— o > | |
5 T T c ¥l S |
Q0 N> 0 (B a N
S ~ c |l& < \ N
S N S e = Kl — ""v‘*v A
o |K K o 5 = I N o I/ \
-1 ’ o % f [ N 3 \\ \
I\ "ﬁ )\ o g . “\ \
{1\ * J,/ 1B op
\ij / | ‘V‘A\M ”v v\‘f 4 )J . j l | f"
WA \ o |/
AN WV "\re\f«”m”"/v“V‘”ﬁ\’/\’“\,rwv) B
T U T U T T T
20 40 60 80 20 40 60 80 100
20 (Cu-Ku) 20 (Cu-K)

Fig. 48: XRD Patterns of the 10 mol% Gd Doped CeO; Thin Films Grown on (a) Al.03 <1102> and (b)
MgO0 <100>

The curves have been smoothed for clarity.

Substrate Al,03<1102> Mg0 <100> —
TEM: Film Thickness L / nm 452 30915 39+2 431£22
XRD: Lattice Constant / A 5.45+0.01 5.43 £0.02 5.49 £ 0.05 5.47 £ 0.02
Polycrystalline . . .
Microstructure with columnar Polycrystallme, Polycrystalline yv1th columnar
) irregular grains
grains
TEM: Lateral Grain Size / nm 18+9 - 16 +11 59 + 26

Table 12: Results of the XRD and TEM Investigation of Selected 10 mol% Gd
Doped CeO: Thin Films Grown on Al;03 <1102> and MgO <100>

For nominally pure ceria thin films grown on Al;03 <1102> (r-cut Al;03) the literature reports
an epitaxial microstructure.l'?1-127] [ndeed also in the framework of this study nominally pure
CeO: films on this kind of substrate were fabricated and found to be structured epitaxially.
However, the lattice mismatch between ceria (CeOz [100]: 5.41 A)192 and the relevant Al,03
[1120]-axis is still quite large (Al:03[1120]: 4.76 A, Al,03[1101]: 5.21 A)[128], When the lattice
constant of CeO: increases upon Gd doping(107-199] the mismatch becomes even larger. For this
reason the 10 mol% Gd doped samples were found not to grow epitaxially anymore. The XRD
signals of the films on Al03 <1102> indicate the presence of multiple orientations (Fig. 48a) and
for the thinnest films (about 45 nm thickness) the TEM micrographs display a polycrystalline,
columnar microstructure (Fig. 49a). Interestingly, for the thicker films the grains seem to be
grown together at larger distances from the substrate. Hence, in the following conductivity
analysis (section 5.4.3) only the thinnest films with a well defined columnar microstructure are

considered.
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Also HRTEM micrographs were recorded (Fig.49a, above). At the GBs no segregation of a

second phase was found.

20ﬁ Y - 20 nm

Fig.49: TEM and HRTEM Micrographs of the 10 mol% Gd Doped CeOz Thin Films Grown on (a) Al203
<1102> and (b) MgO <100>

(a) Thinnest Film Grown on Al;03<1102> (45 nm):

Above: HRTEM Micrograph, with Red Lines Indicating the GBs Below: TEM Micrograph
(b) TEM Micrographs of Two Films Grown on MgO <100>:
Above: Thickest Prepared Film (431 nm) Below: Thinnest Prepared Film (39 nm)

TEM Micrographs - From the Top: Pt-Electrode, CeOz Thin Film and Substrate

5.4.3 Conductivity Data

As expected for the strongly acceptor doped samples no p0O: dependent conductivity was
observed between 10-> and 1 bar. The films were observed to exhibit activation energy values in
the range from 0.7 to 0.9 eV (Fig. 50 and Table 13) which are, hence, slightly larger than the bulk
value of 0.7eV measured in single crystalsl*%74 and epitaxial films[4 113 114] (see
section 5.3.3.1.1). Such an increase of the E, in polycrystalline material is expected[6-8 10-121 and
shows that case (ii) of section 2.2.3.2 (om ZO-TJ/B"mZ[[O-VO”,oo)_l +[A01%-,m]—1]—1) needs to be
applied here. However, the activation energies are considerably lower compared with the

polycrystalline films on SiO2 (Ez = 1.0 to 1.2 eV, see Table 10, page 87).

For the absolute conductivity values a similar trend can be observed. The ionic conductivity of

the films on Al,03<1102> and MgO <100> between 2 and 3 S/m is lower compared with the
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Fig. 50: Temperature Dependence of the Effective Conductivity of the Thinnest Prepared 10 mol% Gd
Doped CeO; Thin Films Grown on Al;03 <1102> and MgO <100>, in Comparison with the
Films Grown on Al203 <0001> and SiO2 <0001>

Substrate Al;03<1102> ———— Mg0<100>

Thickness / nm 45 83 158 309 39 95 207 431
Conductivity / (S/m) 1.8 3.1 2.5 3.3 1.9 2.3 2.1 2.4
Activation Energy / eV 0.75 0.72 0.84 0.69 0.93 0.91 0.91 0.87

Table 13: Effective Conductivity at 700 °C and Activation Energy between 700 °C and 550 °C of
the 10 mol% Gd-Doped CeO Thin Films Grown on Al,03 <1102> and Mg0 <100>

Uncertainties: Conductivity * 10 %, Activation Energy + 0.01 eV

epitaxial films on Al203 <0001> (about 4 S/m) but much larger than the conductivity of the
samples on Si02 <0001> (between 0.3 and 1 S/m) (see Table 10 and Table 13).

Remarkably, despite the large differences in conductivity the lateral grain size of the films on all
three substrates is similar.63 Therefore, the average SCL potential of the films on Al,03 <1102>
and MgO <100> must be significantly smaller compared with the films on quartz. For the
thinnest films on Al03 <1102> and MgO <100> the conductivity at 700 °C is very similar (about
1.8 S/m, Table 13). Using this value and a lateral grain size of 17 nm the SCL potential is
calculated to be 0.19 + 0.05 V (eq. {122}). This value is not only much smaller than the value for

63 d ~15-20nm (see the thinnest films of thicknesses around 50 nm in Table 9 and Table 12)
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the samples on Si02 <0001> (0.32 + 0.05 V) but also at the lower limit of the SCL potentials

observed in ceria in other studies between 0.20 and 0.34 V.[10, 14, 16, 17, 98, 99]

For lower temperatures the SCL potential in CeO2 is known to decrease.['!] This effect can be
observed here too. As an example, we can take the films on Al:03 <1102> which show a
particularly high conductivity at low temperatures. At 300 °C their conductivity is reduced
compared with the epitaxial films on Al:03 <0001> by a factor of about three only. This

corresponds to a very low potential of merely 0.14 + 0.05 V.

In addition to this, also the thickness dependence of the conductivity was investigated (Fig. 51).
Here the films on MgO as the films on SiO: exhibited a columnar microstructure and an
increasing lateral grain size with increasing thickness. Therefore, for the linear fit of the data
points in the conductance vs. thickness plot similar characteristics as shown in section 5.3.3.1.2

(eq.{147}) were expected here: a smaller slope compared with the epitaxial films on Al203

E
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Fig.51: Thickness Dependence of the Effective Electrical Transport Properties of the 10 mol% Gd
Doped CeO: Thin Films Grown on Al,03 <1102> and Mg0 <100>

(a) Conductivity vs. Thickness Plot
(b) Activation Energy vs. Thickness Plot (c) Conductance vs. Thickness Plot
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<0001> and a small negative intercept on the y-axis. The films on MgO were found to show
exactly this behavior (Fig. 51c). However, here the effect is less pronounced in comparison with

the films on SiO2 due to the smaller SCL potential.

Also for the films on Al,03 <1102> a similar trend in the G,, vs. L plot is found. Nevertheless,
here the data points scatter considerably probably because of the non-columnar microstructure

of the thicker films.

5.4.4 Section Conclusions

In conclusion, the thinnest films on Al;03 <1102> and MgO <100>, which exhibit a columnar
polycrystalline structure, show a rather small decrease of the ionic conductivity at the GBs. The

origin of this effect is a strongly reduced SCL potential at the GBs of 0.19 + 0.05 V at 700 °C.

The origin of the microscopic cause of the low SCL potential is not obvious. However, one could
correlate the reduced potential with the rather low lattice mismatch between substrate and thin
film. Due to this the angle of the individual grains between each other is most likely in average
smaller compared with films grown on substrates characterized by more severe structural
differences to ceria (such as SiO:). As a result, the GB core charge is expected to be reduced
resulting in smaller GB effects. Indeed studies on other model oxide materials indicate that the

strength of the SCL effects depend strongly on the angle at the GBs (e.g. ref. [20]).

The finding of the reduced SCL potential in the samples discussed here shows that for thin films
the GB effects can be adjusted by using different substrates and growth conditions. Specifically,
it is not only possible (1) to prepare epitaxial and polycrystalline thin films (no GB effects vs.
pronounced GB effects), and (2) to fabricate polycrystalline thin films with different lateral grain
sizes and, hence, different GB densities (but comparable properties of the individual GBs,
section 5.3). The results of this section indicate that, additionally to this, (3) also samples with

different average characteristics of the individual GBs can be prepared.

Notably, the impact of a single GB on the conductivity can either be increased (e.g. by applying
appropriate growth conditions, as shown in the next section 5.5) or reduced as elucidated here
by choosing suitable substrates. Of course, while for basic research both directions are very
interesting for practical applications based on ceria thin films (e.g. uSOFCs, see section 1.3) it is
this reduction of the SCL effects and the corresponding larger ionic conductivity (compared with

other nanocrystalline samples) that is of particular significance.
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5.5 Strongly Enhanced Electronic Conductivity Domain in
Nanocrystalline Cerium Oxide Thin Films

5.5.1 Section Introduction

In the previous section it was demonstrated that a modification of the GBs can result in a
reduction of the SCL conductivity effects. This raises the question whether also the opposite can
be achieved, namely an increase of the GB effects in ceria. The experiments discussed in this
section deal with this problem. In particular, here it is addressed how strongly the effective
electrical transport properties in CeO: are changed in an extreme situation, i.e. in a sample

characterized by a very larger density of GBs.

In order to fabricate such thin films with ultra small grains the deposition temperature during
the PLD process was decreased to room temperature. At such low temperatures the ion
diffusion is expected to be reduced resulting in a diminished grain growth. In the following this
sample shall be designated as rt-nano film (deposition temperature: room temperature,
microstructure: nanocrystalline). The rt-nano film was then compared with two other samples,
(1) a nanocrystalline thin film prepared also on SiO2 <0001> but at higher temperatures
(720 °C): ht-nano, and (2) an epitaxial thin film fabricated at 720 °C on Al:03 (<0001> or
<1102> orientation): ht-epitaxial. In particular, the comparison with the ht-epitaxial sample

allows for the separation of bulk and GB contributions.

Table 14 gives an overview of the properties of the three thin films. This set of samples was

prepared for different doping contents. Let us here firstly focus on the 10 mol% Gd doped films.

Sample Name ht-epitaxial ht-nano rt-nano
Thickness ~ 400 nm ~ 400 nm ~ 400 nm
Al203 <0001> or . .
Substrate ALOs <1102 Si02<0001> Si02 <0001>
Deposition Temperature 720 °C 720 °C room temperature
Microstructure epitaxial polycrystalline yv1th polycrystalline yv1th
columnar grains columnar grains

TEM: Lateral Grain Size / ) ~ 40 nm ~10 nm

nm

Table 14: General Characteristics of the ht-epitaxial, ht-nano, and rt-nano Thin Films
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5.5.2 Microstructure

The microstructures of the samples prepared at 720 °C have already been discussed in detail in
section 5.3.2 (ht-epitaxial sample: Fig. 40a and Fig. 41a, ht-nano sample: Fig. 40b and Fig. 41b,

see also the thickest films in Table 9). Let us, therefore, here focus on the rt-nano thin film.

The rt-nano sample exhibited XRD signals very similar to the ht-nano thin film (Fig.52)
indicating a nanocrystalline microstructure. The finding of a crystalline structure indicates that
during the deposition the kinetic energy of the ions when they hit the substrate was high enough
to allow for crystallization despite the low temperature. Further independent techniques,
namely electron diffraction, TEM and HRTEM, clearly confirm that the rt-nano sample is

crystalline (Fig. 53).

The observation that the positions of the XRD signals of both films, rt-nano and ht-nano, are
matching implies an unchanged fluorite structure also in the rt-nano film and identical lattice
parameters. In addition, from the electron diffraction pattern (Fig. 53) the lattice constant was

determined to be 5.42 A, a typical value for Gd doped Ce02.1107]

Already the broadening of the XRD signals in Fig. 52 indicates a smaller average grain size for
the rt-nano sample as expected. This was further confirmed by the TEM micrographs which
showed lateral grain sizes of about 10 nm on average (in comparison with =40 nm for the
ht-nano film, Table 9). Interestingly, the columnar microstructure of the rt-nano film was slightly
distorted. Here the small grains were still considerably elongated; however, not in every case

they spanned over the full film thickness from the substrate to the film surface.

An analysis of selected GBs with HRTEM did not show segregation of a second phase (Fig. 53).
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Fig. 52: XRD Patterns of the10 mol% Gd doped ht-nano and rt-nano CeO: thin films
The curves have been smoothed for clarity.

Reproduced from Gébel et al.l'® by permission of the PCCP Owner Societies.
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Substrate

Fig.53: TEM and HRTEM Micrographs and Electron Diffraction Pattern (EDP) of the 10 mol% Gd
Doped rt-nano CeO: Thin Film

TEM Micrograph - From the top: Pt-Electrode, Ceria Thin Film and SiO2 Substrate

Reproduced from Gébel et al.l16] by permission of the PCCP Owner Societies.

5.5.3 Conductivity Data

5.5.3.1 Preliminary Considerations

5.5.3.1.1 Thermal Stability of the rt-nano Thin Film

Before discussing in detail the measured conductivity let us firstly make two preliminary
considerations on (1) the thermal stability of the rt-nano sample and (2) the expected electrical

transport properties of ceria thin films at similar conditions in the literature.

Fig. 54 displays the conductivity of the rt-nano and ht-nano thin films upon heating to 700 °C
and subsequent cooling down. At low temperatures (before heating to 700 °C) the ionic
conductivity of the rt-nano sample is reduced with respect to the ht-nano sample. Clearly, during
heating the conductivity of the rt-nano film increases more steeply compared with the ht-nano
film as a result of the irreversible grain growth occurring at higher temperatures. Hence, in the
subsequent cooling down phase the conductivity of the rt-nano film decreases much more

slowly. It is remarkable to see that now its conductivity is basically identical with the one of the
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ht-nano thin film which was already exposed to temperatures around 700 °C during its

preparation.

Therefore, in order to study the unique properties of the rt-nano sample due to its very small
grains the sample had to be kept at temperatures below 400 °C in order to prevent an

irreversible increase of the grain size.

All measurements presented in the below sections were performed at such low temperatures.
As a matter of fact, the here shown data in Fig. 54 was measured in the very last step after

performing all other experiments discussed below.

6/ °C
700 600 500 400 300
] e o
E 0\0 2" Cooling Down:
] E Squares ,
T 1074 0\0\3 ht-nano (heating)
B OOO \<>\ ht-nano (cooling down)
Z 3] S, O O rt-nano (heating)
oE 10 _ 1% Heating: o5 <>\ —O— rt-nano (cooling down)
% Circles O, <>\
1073 o 3
3 o
o
5 o)
1075 %6
1.0 1.2 1.4 1.6 1.8 2.0
1000:7" / K

Fig. 54: Effective Conductivity of the 10 mol% Gd Doped rt-nano and ht-nano CeOz Thin Films Upon
Heating to 700 °C and Subsequent Cooling Down

The rt-nano sample exhibits an irreversible grain growth upon heating to temperatures above 400 °C.

Reproduced from Gregori, Gobel and Maier!!’l with permission from ECS Transactions, The Electrochemical Society (Copyright 2012).

5.5.3.1.2 Expected Conductivity Properties

It is instructive to consider what electric transport properties can be expected for the rt-nano
sample at temperatures below 400 °C. In particular, the expected electrolytic domain boundary
values in both the bulk of ceria, pOffOB ,and in nanocrystalline material, pOg?,lB ,

here. As introduced in sections 2.1.4 and 2.2.3.3 the EDB strongly shifts if (even only small) SCL

shall be regarded

effects are present. This makes the EDB value an ideal fingerprint for detecting SCL effects.
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5.5.3.1.2.1 Expected Bulk Properties

Concerning the bulk of CeO: the single crystal data of Tuller and Nowick can be applied.l’* 92
Also a series of studies129-131] dealing with pellets sintered at very high temperatures can be
regarded since due to the resulting large grains sizes in the pm range these samples are
expected to be dominated by bulk and not by GB effects (Table 15).

Unfortunately, while the investigation of the rt-nano sample is restricted to temperatures below
400 °C, in the literature CeO: is measured at higher temperatures (probably because of (1) the
lower resistances there and (2) the importance of ceria as an electrolyte in SOFCs which usually
operate above 400 °C). Thus, the lowest given temperature in ref. [74 92 129-131] js 635 °C making it
necessary to extrapolate the data. In defect chemistry regimes (II-a) and (II-b) (see Table 1) the
p0O: dependence of the electron concentration is —%. This and eq. {4}, {11}, {16} and {17} yield

the following dependence oprggoB :

4 (AH
(Jm ~h j
2 e 1

EDB 6 kgT
P07 (|z4lcs) "€ "® {156}
EDB
pOZPE (o P03,
Ref. Samples 2 6/ °C /mol% AHg/eV h,/ev hvg'/ eV / bar
/ bar (Dopant) (extra-
polated)
(74, 92] Single 10-20 635 5(Y) 4.67 0.40 0.76 10-50
Crystal
] 1.3:10-17 10 (Gd) AHR/2+h, -h . =122 10-36
[129] Two Sintered 700 e W
Pellets**
1.2:10-19 20 (Gd) AHR/2+he, —hV.. =1.50 10-41
0
Sintered Pellet
[131] -10-21 _ — -39
=35 710 700 20 (Gd) AHy 2+ h, ~hye =129 10
[130] Sintered Pellet 800 10 (Gd) 4.03 0.60 0.70 1050

(d = 0.8 m)*

Table 15: Literature Data of the Electrolytic Domain Boundary in the Bulk of CeO:
In the right, grey shaded column the pOzEEOB values which are extrapolated to the measurement conditions
used here are given. The data are extrapolated to & =280°C and |ZA|CA =10 mol% Gd using eq. {156}.

Ref. [74.921: Tuller and Nowick, ref. [129: Kudo and Obayashi, ref. [1311: Rupp, Infortuna and Gauckler, ref. [130];
Park and Yoo

* The sintered pellets have large grains in the pm range. Therefore, they are expected to exhibit mainly bulk
properties.

** No grain size is given in ref. [129], Since it is stated that the pellets where sintered at 1800 °C the grains are
expected to be in the pm range here too.
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Using eq. {156} the literature data of Table 15 was extrapolated to an acceptor doping content
|ZA|CA of 10 mol% and a temperature of 280 °C (i.e. the conditions at which most of the
measurements on the rt-nano film were performed). The results are listed in the grey shaded

column in Table 15.

EDB

Probably due to the different preparation and measurement techniques the extrapolated p0,

values deviate to some extent. Nonetheless, what is important to note here is that in the bulk of
ceria at 280 °C the EDB is expected to be at extremely low oxygen partial pressures between
10-5% and 10-3¢ bar.

5.5.3.1.2.2 Expected Properties of Nanocrystalline Material

As explained in section 2.2.3.3 in nanocrystalline samples (such as the ht-nano and rt-nano
films) the EDB is expected to occur at larger pO: values compared with the bulk (i.e.
p0§?nB > pOEL;B ). For this reason, data collected from previous studies on nanocrystalline ceria is
summarized in Table 16. In order (1) to consider as many influences as possible and (2) to get
an overview as broad as possible the studies, ref. [10. 119, 131] 'have been chosen because they deal
with different sample geometries (pellets vs. thin films), different preparation techniques (PLD
vs. spray pyrolysis) and different doping contents. Additionally, they originate from different

research groups.

The data in Table 16 was not taken at low temperatures too making it necessary to extrapolate.
In ref. (191 it was found that the SCL potential does not significantly change with the p0; and as a
matter of fact all studies in Table 16 report on M, values of the electronic conductivity around
—% as in the bulk. Hence, for the nanocrystalline samples a similar approach as in eq. {156} can
be used. However, for these samples which are dominated by GB effects eq. {156} which refers
to the bulk properties needs to be modified. Firstly, the activation energies can be affected by
the GB effects. This makes it necessary to use effective ionic and electronic activation energies
Eqe and Eqyge as they are given in the relevant publications:

dln(oV(;.'mT) din(o, T)

Ea’VO.. :_kBWJ Ea'e, =—k3W {157}
As second modification the results can be extrapolated with regard to the grain size too. Since
for 10 mol% acceptor doped samples the extent of the SCL is only in the A range (Fig. 23a) and,
hence, much smaller than the grain size the SCLs do not overlap. Furthermore, for the
nanocrystalline samples in Table 16 the conductivity is expected to be controlled by the GBs.
Therefore, the relations oyg* mocd and oe mocl/d are approximately valid (compare with
eq. {56} to {59}). With the electronic p0O: dependence of —% this gives a dependence of pOf,?nB

on d-8.5% As a result, the following relation was used to extrapolate the data of the
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nanocrystalline samples to 280 °C, an acceptor doping content of 10 mol% and a grain size of

10 nm as in rt-nano thin film:

6 7i(Ea e' 7Ea vs® )
pOsoe wcd 8 (zyfc, ) e 0T {158}

The resulting pOZE’?nB values (grey shaded column in Table 16) lie in the range between 10-3* and
10-25 bar. This is significantly larger than in the bulk (10-3° to 10-3¢ bar) and shows that, as
expected, the EDB is shifted towards higher oxygen partial pressures due to the GB effects.

poEDB
pOEDB Ca E E .
Ref. Samples 2,m 9/ °C / mol% d/nm a.e avo / bar
/ bar (Dopant) / eV / eV (extra-
polated)
[10] Nanocrystalline 13 491  x0.0015 30 1.9 11 10-30
Pellet

10-18 11 2.48 1.13 10-34
-19 -34
10 20 (Gd) 15 2.52 1.19 10 .

Seven 10-17 20 2.53 1.25 10
[119] Nanocrystalline 10-16 600 36 2.48 1.33 10-25
Thin Films (PLD) 115 15 2.38 1.28 1027
1017 10 (Gd) 30 2.59 1.34 1030
10-16 58 2.54 1.36 10-26
Nanocrystalline 1017 B _ 2

Thin Film (PLD) 2 1° 65 Epo—Eqye =128 10

(131l Nanocrystalline 700 20 (Gd)
Thin Film (Spray  4-10-16 78 E —-E .. =128 10-27
. ae aV,
Pyrolysis)

Table 16: Literature Data of the Electrolytic Domain Boundary in Nanocrystalline CeO:

In the right, grey shaded column the pOzE,lr)nB values which are extrapolated to the measurement conditions
used here are given. The data are extrapolated to 8=280°C, |ZA|CA =10mol% Gd and d=10nm using
eq. {158}.

Ref. [10]: Kim and Maier, ref. [1191: Suzuki, Kosacki and Anderson, ref. [131]: Rupp, Infortuna and Gauckler

64 In defect chemistry regimes (II-a) and (II-b) the pO. dependencies of the electronic and ionic conductivity
contributions are Mpo, =—1/4 and Mpo, =0, respectively (left panel of Fig. 4). Therefore, for the ratio
Oem/ovsm the relationship oe,m/ovge m o pO_l/4 and, hence, p02 o (Ge:,m/ovge,m)~* is valid.

Therefore, if the p0: is decreased the ratio oe m/UVo“ m will be increased. For this reason, the p0O: at which
Oe,m =ovgm (i.e. the pOZm value) will be shifted towards higher values if cem/ovs*m (and, thus,

Ser m/SV(;' m ) increases as given in eq. {52}: p02m —(Se ,m/SVO", ) pOEQOB.

Hence, an increase of only se,m by one order of magnitude (or a decrease of only syg*,m) corresponds to an
increase of the pOzE,?nB value by four orders of magnitude. If d decreases both sem and syg*,m change (se.m
increases and sy;*m decreases). As a consequence, if d is decreased by one order of magnitude the pOzE,l,)n

value will be increased by eight orders of magnitude (see also eq. {52}).
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However, the absolute pOg?nB values between 10-34 and 10-25 bar are still exceptionally low
compared with the pO: range considered in this study between 10-° and 1 bar. Consequently, for
the rt-nano sample under the given conditions (6=280°C, p0O:=10°bar) the electronic
conductivity contribution is expected to be negligibly small and, therefore, the effective

conductivity to be purely ionic (p0O: independent).

5.5.3.2 Temperature Dependence

After the preliminary considerations let us now focus on the measured conductivity data of the
three samples as shown in Fig. 55. The ht-epitaxial thin film exhibited the largest conductivity
and an activation energy of 0.73 eV that is typical for the bulk and epitaxial films of acceptor
doped ceria.[1# 40,92, 113,114, 130] The activation energy increased for the ht-nano sample by 0.2 eV
indicating that, as expected, the perpendicular GBs block the ionic transport.[11. 14 22 50, 119, 131]

For the rt-nano film E, increased even stronger, up to a value of 1.14 eV.

The changes in the activation energy correspond to a decrease in the conductivity values. Thus,
with respect to the ht-epitaxial film the ht-nano sample showed a conductivity decrease by one

order of magnitude and, remarkably, the rt-nano thin film by 3 orders of magnitude.
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Fig. 55: Temperature Dependence of the Effective Conductivity of the 10 mol% Gd Doped ht-epitaxial,
ht-nano and rt-nano Ce0O: Thin Films

Reproduced from Gébel et al.l’%] by permission of the PCCP Owner Societies.
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Hence, while the ht-epitaxial film is dominated by bulk properties (case (i) in section 2.2.3.2,
O, =0V »), the nanocrystalline samples are controlled by the GBs. For the ht-nano film

case (ii) of section 2.2.3.2 (om =01}0",m =[[ovg o] 1+ [Am}o",m]—l]—l) applies.

Clearly, this large conductivity reduction of the rt-nano sample is qualitatively connected with
its particularly small grains. Interestingly, however, the different grain size of the two
nanocrystalline films is not sufficient to quantitatively give an explanation. While the
conductivity difference between ht-nano and rt-nano sample is a factor of about 100 the grain
size differs only by a factor of 4 (40 nm vs. 10 nm). As a consequence, the average properties of

the individual GBs in both films must be different.
Two different mechanisms can explain the conductivity data:

(A) Higher SCL Potential in the rt-nano Sample

Using eq. {122} the SCL potentials can be calculated under the assumption of a Mott-
Schottky type profile (i.e. a flat dopant profile). For the ht-nano thin film this yields a value
of 0.22 + 0.05V whereas the rt-nano sample exhibits a higher value of 0.30 £+ 0.05V. A
different potential value is well possible given that both samples exhibit slightly different
microstructures. In particular, the orientations of the GBs are well known to influence the
SCL potential.[20] Also in another study an increase in the SCL potential in ceria with
decreasing grain size was found.!13]

While both values are in agreement with other studies[1% 14 98 991 in which potential values
between 0.20 and 0.34 V are found still the value of the rt-nano sample is remarkably high
under the given conditions. In ref. (111 it was found that the SCL potential in acceptor doped
ceria decreases with decreasing temperature. Here we can observe the same behavior. The
nearly identical nanocrystalline films (compared with the ht-nano sample) presented in
section 5.3.3.1.2 show a potential value of 0.32 + 0.05V at 700 °C which then obviously
decreases to a value of only 0.22 + 0.05V at around 300 °C. The rt-nano film instead
exhibits a potential of 0.30 + 0.05V despite the low temperature. Since not only the
potential @, but the whole term e®, /k;T exponentially influences the conductivity (see
e.g. eq.{98} or {122}) for a given potential the conductivity changes at reduced

temperatures are much more severe.6>

(B) SCLs Characterized by a Partial Enrichment of the Acceptor Dopant in the ht-nano Sample
It is, however, not entirely clear whether for both samples the MS assumption is strictly

valid. On the one hand, for the rt-nano film this is most likely since this sample never

65 As an example the conductivity change due to a potential of 0.3 V at 300 °C is expected to be about as large
as for a potential of 0.5 Vat 700 °C.
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perceived temperatures sufficiently high to mobilize the cations. On the other hand, for the
ht-nano sample the cations may have been sufficiently mobile to be enriched in the SCLs
during the deposition at 720 °C. Since an enrichment of the cations partially shields the
positive GB core charge higher SCL potentials are needed to result in the same
conductivity changes as for a flat dopant profile. In the extreme situation of a pure Gouy-
Chapman case (e.g. very large cation enrichment) a potential of 0.27 V¢ is necessary to
explain the conductivity drop of the ht-nano sample shown in Fig. 55. This is already very
close to the value of 0.30 + 0.05 V calculated for the rt-nano film. Note, however, that (1)
the actual degree of dopant enrichment at the GBs in the ht-nano film is not obvious and
that (2) at temperatures below 400 °C the supposedly non-flat cation concentration profile

becomes frozen, complicating the situation considerably.

5.5.3.3 Oxygen Partial Pressure Dependence

The conductivity of the 10 mol% Gd doped rt-nano film being reduced by 3 orders of magnitude
shows that this sample indeed fulfils the original goal of this study, namely to obtain a sample
with extremely pronounced GB effects. Nevertheless, even more striking are the following

properties of the rt-nano sample concerning its pO: dependence.

Let us firstly concentrate on the ht-epitaxial and ht-nano films. As entirely expected both films
do not exhibit a p0O, dependent conductivity in the available p0O: range between 10-> and 1 bar.
For the ht-nano sample this result is important since it confirms the finding of ref. [22] that the

SCL potential is pO: independent in acceptor doped ceria.

Given the conductivity data in the literature (section 5.5.3.1.2) also for the rt-nano film no pO:
dependent conductivity is expected. However, surprisingly in this sample the conductivity was
observed to considerably change upon a pO: variation (Fig. 56). This effect was found to be

quantitatively reversible and reproducible.

Since, as explained above a change of the SCL potential with pO: can be excluded here the p0O:
dependent contribution of the conductivity must be electronic. In particular, for the rt-nano
sample the measured conductivity has to be described by case (iii) of section 2.2.3.2, which
predicts a constant ionic conductivity contribution and a p0O. dependent electronic conductivity
contribution: om = a[%-,m + alel.,m_o -(p02/p02,0)~V/4. Indeed, the data points in Fig. 56b can nicely
be fitted with eq. {159}:

66 calculated using the numerical approach (Chapter 3)
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Fig. 56: pO: Dependence of the Effective Conductivity of the 10 mol% Gd Doped ht-nano and rt-nano
CeO: Thin Films

(a) Relative, Effective Conductivity vs. Time upon an Abrupt p0: Increase:

Upon a sudden increase in pO: the effective conductivity of the rt-nano sample decreased significantly.

t : time, oy, (-0 : effective conductivity at the onset of the pOz jump

(b) Effective Conductivity vs. pO2z (Linear Plot):

The pO: dependence of the conductivity can be well fitted with eq. {159} that describes a pO2 independent

ionic conductivity contribution and a pO: dependent electronic conductivity contribution. Notice the break

across the y-axis.

Panel (a): Reproduced from Gregori, Gébel and Maier!’’! with permission from ECS Transactions, The Electrochemical Society (Copyright 2012).
Panel (b): Reproduced from Gobel et al.l*%l by permission of the PCCP Owner Societies.

m
o, =0t +col . PO " {159}¢7
m Vo' m e',m,0 POz,o

With an exponent Mo, of —%.5 that is close to the expected value of —% the fit confirms the

finding of a perceptible electronic conductivity contribution.

It is now possible to independently verify the consistency of the SCL theory for this sample by
checking whether the increase of the electronic conductivity can be explained with the same SCL
potential already determined from the decrease of the ionic conductivity of 0.30 £ 0.05 V.
However, to accomplish this the electronic bulk conductivity must be known (see eq. {39}, {57}
and {121}) which in the 10 mol% Gd doped rt-nano sample itself is not experimentally
accessible. For this purpose, we can use the data of the ht-epitaxial nominally pure film in
Fig. 65a (page 125). Under consideration of the electron mobility data of Tuller!”" (eq.{17},
Ue 0=390 cmzK/(Vs), he =0.40eV ) and the reduction equilibrium (eq.{4})% the calculation

67 p02, : reference oxygen partial pressure, o—y,_m‘(,; o-y.,m at p02p

68 For further details on the calculation see Gobel et al.[16] and the supplementary information therein.



5.5 Strongly Enhanced Electronic Conductivity Domain 115

yields that the electronic conductivity increase in the 10 mol% Gd doped rt-nano sample
corresponds to a SCL potential of 0.29 + 0.07 V, which is in good agreement with the value found

from the decrease of the ionic conductivity (0.30 £ 0.05 V).

5.5.3.4 Further Considerations on the Activation Energy

SCL effects are well known the strongly change the conductivity properties in nanocrystalline
materials. As an example we can take SrTiOs. Here in a previous study of nanocrystalline pellets
(grain size: 30 nm) the electron hole conductivity was found to be decreased by 3 orders of
magnitude while the electron conductivity was increased by the same ratio.[2!] These
conductivity changes were observed to result in a shift of the pO: of the transition point between
p- and n-type conductivity of 12 orders of magnitude.[21] This extreme example shows that in
some cases SCL effects can result in extraordinarily large shifts of the transition oxygen partial

pressure.

A comparable transition oxygen partial pressure in CeO: is the pO: at the electrolytic domain
boundary. The fit in Fig. 56b yields that for a pO: of 105 bar the electronic conductivity
contribution reaches 25 % of the total effective conductivity (i.e. ge m / ovg,m :% ). Hence, with
p02 oc(ae.,m/av(;',m)—“ 64, page 110 the electrolytic domain boundary (where o-e.,m/ayo--,m =1) is

determined to be at a pOg?nB value of 10-7 bar.

Let us now compare this value with the literature data on CeO:. Since at such low temperatures
comparable systems have not been investigated in previous studies we have no other possibility
but to take the next best data available. These are the values in Table 15 and Table 16 which are
extrapolated from the high temperature literature data. In comparison with the extrapolated
data, the pOgl,’nB value of 107 bar measured in this study is larger by at least 29 order of
magnitude (compared with the bulk, Table 15) or 18 orders of magnitude (compared with other
nanocrystalline samples, Table 16). What is the exact physico-chemical origin of this stunning
result (e.g. a change in the activation energy) and how well the high and low temperature

properties of ceria can be compared will be discussed below and in the following sections.

In the bulk of acceptor doped ceria the electron concentration is temperature dependent in
contrast to the oxygen vacancy concentration which is constant. Therefore, the electronic
activation energy (4HRr/2 + he: ) is much larger than the ionic one (hys ). As a consequence, at low
temperatures the conductivity is mainly ionic and at high temperatures it is mainly electronic
Fig. 57a).

In the presence of grain boundaries, however, the activation energies change. Since the oxygen

vacancies are depleted and the electrons are enriched at the GBs the ionic activation energy
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increases and the electronic activation energy decreases. This effect is well known in the
literature which even reports on samples exhibiting reduced E, .. values of down to 0.7 eV.[6 133]
Consistently, also in this study an increase of Eq,ys+ above 1 eV (Fig. 55) and a decrease of Eg ¢

below 0.8 eV (Fig. 65a) were observed.

Nevertheless, what remained unknown so far is what happens in an extreme situation. As the
values above suggest it might be possible that the electronic activation energy becomes even
larger than the ionic one. Such a switch over would correspond to drastic consequences for the
sample since now at low temperatures the conductivity would be expected to be mainly

electronic and at high temperatures mainly ionic (Fig. 57b).

(a) Conductivity: Conductivity:
lonic lonic
— Electronic — Electronic

-=---=Total

-=---=Total

log(c )
log(c )

1/T 1/T

Fig.57: (a) Usually Observed and (b) Reversed Ranking of the Activation Energies in Acceptor Doped
Ceria

(@) For Ege >Eqys", as in the bulk of CeO2 at low temperatures oxygen vacancies dominate the total
conductivity and at high temperatures electrons.

(b) In a (hypothetical) sample exhibiting Eqe < Eqy;* the temperature regimes are switched over. Here the
conductivity is expected to be mainly electronic at low temperatures and mainly ionic at high temperatures.

In order to answer the question whether the 10 mol% Gd doped rt-nano sample indeed shows
such a reversed order of the activation energies the experiment already shown in Fig. 564, i.e. a
sudden increase of pO:, was carried out at several temperatures (Fig. 58a). Due to the abrupt
change in pO: the electronic conductivity contribution decreased while the ionic one stayed
constant. As shown in Fig. 58a the relative drop of conductivity upon p0O: increase was found to
be larger for lower temperatures. This means that also the electronic conductivity contribution
was larger at lower temperatures and that indeed the sample behaves as qualitatively indicated

in Fig. 57b. For this sample the electronic activation energy must be smaller than the ionic one.
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Quantitatively, the results shown in Fig. 58a can be used to separate the ionic and electronic
contributions. This yields effective ionic and electronic activation energies of 1.2 eV and 0.9 eV,
respectively. Hence, the intermediate total activation energy value of 1.1 eV previously given in

Fig. 55 is a combination of both contributions.
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Fig. 58: Separation of the Ionic and Electronic Conductivity Contributions of the 10 mol% Gd Doped
rt-nano Thin Film at Various Temperatures

(a) Relative Conductivity vs. Time upon an Abrupt pO: increase:

Due to the electronic conductivity contribution the overall conductivity decreased upon an increase in p0:
while the ionic contribution was p0O: independent. Clearly, the relative conductivity reduction (and, hence, the
relative electronic conductivity contribution) was larger at lower temperatures (i.e. Eqe <Eay;*)

(b) Temperature Dependence of the Ionic and Electronic Conductivity Contributions:
A quantitative analysis of the data in plot (a) allowed for the determination of the ionic and electronic
activation energies Eqy;* and Eq,e . There were found to be 1.21 # 0.08 eV and 0.90 * 0.04 eV, respectively.

Due to the switch over of the activation energies the nature of the rt-nano film may be
considered to be completely different compared with regular ceria samples (e.g. the ones in
Table 15 and Table 16). Usually, i.e. for Eg e > Eq s, the EDB shifts towards smaller pO: values
upon temperature decrease since pO§08 «cexp(—4/(ksT)-(Eq,e: —Eayg)).*° Indeed, all studies
listed in Table 15 and Table 16 report on samples with this kind of behavior. However, for the
here presented rt-nano sample Ege <Eqyg and, therefore, the pOffoB and pOE?nB values

increase with decreasing temperatures. Hence, the lower the temperature the larger the

69 seeeq. {158}
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difference in pOf,?nB is expected to be between both kinds of samples. This explains the

astonishingly large pOE [,)nB

Table 15 and Table 16.

value of the rt-nano film compared with the literature data given in

This reasoning also clarifies why in none of the abundant studies on nanocrystalline ceria so far

an effect was found that is equivalent with the drastic increase of the pOZE’?nB

value observed in
the rt-nano sample. For such a particular sample and at high pO: it is possible to observe the
large electronic conductivity at low temperatures only. However, nearly all studies in the
literature focus on temperatures considerably higher than 300 °C where this effect is simply
inaccessible. As an example, if we take the pOfl,)nB value of the rt-nano film of 10-7 bar at 280 °C
and extrapolate it with eq. {158} to 700 °C (by ignoring the grain growth for a moment) the

resulting value of 10-12 bar is very similar with the ones found in other studies at 700 °C.70
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Fig. 59: Temperature Dependence of the Effective Conductivity of the 1 mol% Gd Doped ht-epitaxial,
ht-nano and rt-nano Ce0O2 Thin Films

(a) pOz = 4-10-5 bar
See section 5.5.3.5.

(b) pOz =1 bar

At both pO:2 the ht-epitaxial sample is a mainly ionic conductor (i.e. Ea = Eq,yge ) while the ht-nano and rt-nano
films exhibit n-type conductivity (i.e. Ea = Eqe ) (see also Fig. 60).

70 As an example, the 20 mol% Gd doped, nanocrystalline PLD film with a grain size of 65 nm studied in
ref. [131] showed a pOfl,)nB of 2-10-17 bar at 700 °C (see Table 16). Extrapolated using eq. {158} to a doping
content of 10 mol% Gd and a grain size of 10 nm, as in the rt-nano film, for this sample a pOfl,)nB value of
4-10-9 bar is expected at 700 °C. This value is even larger than the hypothetical p0§?,,3 value of the rt-nano
sample at 700 °C (of 10-12 bar) which, hence, at these temperatures would not have been unexpectedly

large at all.
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Therefore, only because the measurements were restricted to low temperatures in our study we

had the chance to discover this surprising effect.

5.5.3.5 Enhanced Electronic Bulk Conductivity

On the one hand, as stated above the conductivity effects in the rt-nano sample are in agreement
EDB

with the SCL theory. On the other hand, the shift of p0O;7," is unexpectedly large compared with
the literature values. This suggests that also the bulk properties, and specifically the pOZEBOB
values, are changed in the CeO: thin films investigated here.
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Fig. 60: pO: Dependence of the Effective Conductivity of the 1 mol% Gd Doped ht-epitaxial, ht-nano
and rt-nano CeO: Thin Films

(a) Logarithmic Plot (b) Linear Plot (only ht-epitaxial)
See main text below.

The ht-nano and rt-nano samples showed p0; dependencies close to —1/4, typical for n-type conductivity.
Notably, the effective conductivity of the ht-epitaxial sample was found to be also very slightly pO> dependent
(see linear plot (b)). The fit using eq. {159} yields a large, predominant ionic contribution and a small
electronic contribution. Notice the break across the y-axis in plot (b).

The ionic conductivity contribution of the ht-nano sample is too small to be separated from the large
electronic contribution. Hence, under consideration of the data at p0Oz = 1 bar in panel (a) it must be smaller
than about 3.5 orders of magnitude compared with the ionic contribution of the ht-epitaxial film. Using the
relationships in Table 7 (or the numerical approach) at 310 °C this was found to correspond to a SCL potential
of at least 0.33 + 0.05 V in this sample.

In the 10 mol% Gd doped rt-nano sample (with the experimentally found SCL potential of about
0.3V) the ionic conductivity was decreased by 3 orders of magnitude (eq.{122}) and the

electronic one increased by 1 order of magnitude (eq.{121}). This corresponds to a difference
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between the pOg?nB and pOfgoB values of roughly (3+1)-4 = 16 orders of magnitude (eq. {52})

which shows that as in the above mentioned case of nanocrystalline SrTiOsl2!! (shift of the
transition pOz by 12 orders of magnitude) also in nanocrystalline ceria SCL effects dominate the
conductivity properties. Due to the shift of 16 orders of magnitude on account of the GB effects
in the rt-nano sample the pOfgoB value is expected to be at around 10-(7+16) = 10-23 bar. This value,
however, is more than 13 orders of magnitude larger than what is expected from the literature

data (pOfgoB values in the range between 10-°° and 10-3¢ bar, Table 15).

In order to experimentally verify, whether the bulk electron conductivity is enhanced in the thin

films, two series of films with a smaller doping content of 1 and 0.15 mol% Gd were fabricated.

Also in this case it is convenient to consider first what is expected for these doping contents in
the literature. By extrapolating the bulk data of Table 15 down to 310 °C pOfBOB values between
1040 and 10-?8 bar are expected for 1 mol%, and between 10-3> and 10-23 bar for 0.15 mol%

acceptor doping (eq. {156}).
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Fig. 61: Temperature Dependence of the Effective Conductivity of the 0.15mol% Gd Doped
ht-epitaxial, ht-nano and rt-nano CeO:z Thin Films

(a) pOz =105 bar (b) pOz=1bar

At 10-5 bar the ht-epitaxial sample is a mainly electronic conductor (i.e. Ea ~Eqe) whereas at 1 bar the

electronic and ionic contributions are comparably large (see Fig. 62). Both the ht-nano and rt-nano thin films

are electronic conductors with Ea = Ege .

As for the experimental data, the 1 mol% doped ht-epitaxial sample showed an activation

energy around 0.7 eV typical for bulk ionic conductivity (Fig. 59).[14 40, 92,113,114, 130] Nevertheless,
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a careful analysis of the p0O. dependence of this film (Fig. 60b) revealed a small electronic
conductivity contribution with Mo, =—%2+05 (case (v) in section 2.2.3.2, 0, =0y3* .« + O¢' 0 )-
The recorded electronic contribution corresponds to a pOEDB value of 10-19 bar7t at 310 °C

which is more than 18 orders of magnitude larger than expected from the literature.

Also the 0.15mol% doped ht-epitaxial sample exhibited significant ionic and electronic
conductivity contributions as shown in Fig. 62.72 Due to the lower doping content the pOEDB
value is here higher than for the 1 mol% doped film. It is 1 bar (see Fig. 62) and, hence, more

than 23 orders of magnitude larger than expected from the literature values.
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Fig. 62: pO:Dependence of the Effective Conductivity of the 0.15 mol% Gd Doped ht-epitaxial, ht-nano
and rt-nano CeO2 Thin Films

(a) Logarithmic Plot (b) Linear Plot (only ht-epitaxial)

As for the 1 mol Gd doped films also here the ht-nano and rt-nano samples were observed to be electronic

conductors (Mpo, ~—1/4) while the ht-epitaxial film exhibited an additional ionic contribution. The lower

dopant level shifts the ratio of both contributions in the ht-epitaxial film towards a more electronically
dominated conductivity compared with Fig. 60.

The ionic conductivity contribution of the ht-nano sample (which cannot be separated from the electronic
one) is least 2 orders of magnitude smaller compared the ht-epitaxial film. This yields a minimum value for
the SCL potential in the ht-nano film of 0.21 + 0.05V using the relationships in Table 7 or the numerical
approach.

71 The pOzE,?oB value of 10-10 bar was determined by extrapolating the electronic conductivity contribution
observed between 10-5 and 1 bar in Fig. 60 to a value for ce.m/ovs,m of 1 with pO2 o (Ge,m/ovg"m)~* (see
also footnote 6% page 110),

72 The applicable case in section 2.2.3.2 is, thus, again case (v) with o, = 6V§* 0 + ¢’ 0.
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Hence, the experiments on the 0.15 and 1 mol% doped samples confirm that the pogﬁ’f values

are strongly increased compared with the literature. This fascinating outcome shows that the
exceptionally large shift of the EDB towards high pO: which was observed in all films
investigated here, with the 10 mol% Gd doped rt-nano film being the most prominent example,
bases on two origins: (1) for all films a very high bulk electron conductivity (and hence a large
pOZEBOB value) and (2) additionally for the nanocrystalline samples strong SCL effects
characterized by a drastic decrease in the ionic conductivity and a further, strong increase in the
electron conductivity (leading to a large value of s /SVO--,,,, and, hence, an enormously large

value oprEDB eq. {52}).

2,m ’

5.5.3.6 Change in the Electronic Activation Energy at 500 °C

The enhanced bulk electron conductivity corresponds to a very small electronic activation
energy (Fig. 59, Fig. 61 and Fig. 65a). A previous study (section 5.3.3.2.4, page 96) showed that
the electronic activation energies of nominally pure thin films between 550 and 700 °C are
surprisingly low (Table 11) corresponding to a reduction enthalpy of merely 3.3 eV (compared
with 4.67 eV in the singly crystall74). Clearly, the lower reduction enthalpy results in a large

electron conductivity increase particularly at low temperatures.

In addition to this, a measurement performed on an epitaxial, nominally pure film (case (vi) in
section 2.2.3.2, 0, =0, ) over a broad temperature range between 250 and 700 °C showed a
significant further reduction of E, from 1.4 eV at higher temperatures to 1.0 eV at temperatures
below 500 °C (Fig. 63).

The fact that the variation in E. is around 0.4 eV suggests that not only the electron mobility is
changed (since h,. ~0.4eV )74 but that a significant contribution must originate from a further

decrease of the reduction enthalpy.

The change of E. can be incorporated in the schemes previously shown in Fig. 57 as illustrated
in Fig. 64. As elucidated in section 5.5.3.4 for the rt-nano sample at low temperatures E; . was
found to be smaller than Ej s . The data in Fig. 63 suggests that for higher temperatures Eg e
increases to values around 1.4 eV’® which are significantly larger than Egys (that in
nanocrystalline samples is typically between 1.0 and 1.2 eV, e.g. see Table 10 and Fig. 58).

Hence, qualitatively three temperature regimes can be distinguished. The conductivity is

73 1.4 eV were observed in the nominally pure sample. However, the change of the reduction enthalpy is
expected to result in a strongly increased Eq value in the acceptor doped samples too.
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predominantly (1) electronic at low temperatures, (2) ionic at intermediate temperatures and

(3) at high temperatures electronic again (Fig. 64).
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Fig. 63: Temperature Dependence of the Effective Conductivity of a Nominally Pure, ht-epitaxial CeO:
Thin Film over a Broad Temperature Range between 250 and 700 °C

(a) Effective Conductivity as a Function of Temperature

(b) Activation Energy Calculated between Two Adjacent Data Points in Plot (a) as a Function of Temperature

The electronic activation energy was found to change at around 500 °C by about 0.4 eV. Note that the lower
activation energy at reduced temperatures is not a cause of a slow kinetics. Also at low temperatures the thin
film was observed to be in thermodynamic equilibrium with the surrounding atmosphere.

This explains why in the literature, in which the data was recorded around or above 500 °C, for
decreasing temperatures a shift of the EDB towards lower pO: values (i.e. Ege > Eqyge ) was
observed (Table 15 and Table 16) whereas in this study, performed at temperatures below

400 °C the exact opposite (i.e. Eq e < Eq s ) was found.

5.5.3.7 Grain Boundary Effects in the 1 and 0.15 mol% Gd Doped and
Nominally Pure Thin Films

As shown above the 1 and 0.15 mol% Gd doped ht-epitaxial films exhibited a mixed ionic and
electronic conductivity (Fig. 60 and Fig. 62). Due to the positive SCL potential at the GBs the
ionic conductivity contribution vanishes in the respective ht-nano and rt-nano films which

exhibit p0O: dependencies typical for n-type conduction (o, =0'|e|-,m =0¢' 0+ Aalel-‘m, case (iv) in
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Fig. 64: Proposed Activation Energies in Acceptor Doped Ceria

As shown in Fig. 63 the electronic activation energy changes around 500 °C. For acceptor doped samples
qualitatively this corresponds to a separation in three temperature regimes. (1) At low temperatures the total
conductivity is expected to be mainly electronic, (2) at intermediate temperatures predominantly ionic and
(3) at high temperature once more electronic.

section 2.2.3.2). However, the electronic conductivity of the ht-nano samples is surprisingly
reduced compared with the ht-epitaxial films (Fig.59 to Fig. 62). The same effect was also

observed in nominally pure films (Fig. 65).

While the SCL theory predicts an increase of the electronic conductivity instead the finding is in
agreement with a recent investigation of GB effects in ceria where a similar reduction of the
electronic conductivity was observed.[!32] This also fits well to what was found for donor doped
CeOz thin films in the framework of this PhD study (section 5.6). Here the GBs were observed to

block the electron transport too.

The fact that the ionic conductivity is reduced in the ht-nano film shows that SCL effects are
significant in these samples as expected. Therefore, the most likely explanation of the reduced
electron conductivity is a second superimposed conductivity effect at the GBs. This might well
be a reduced electron mobility as explained in detail in section 5.6.3.2 or a grain size

dependence of the reduction enthalpy.

In any case for the rt-nano samples the electron conductivity was detected to be increased again
for all three doping contents compared with the respective ht-nano samples (Fig. 59 to Fig. 62
and Fig. 65). Here it is useful to consider that the 10 mol% doped rt-nano sample exhibited
particularly strong SCL effects (see paragraphs (A) and (B) in section 5.5.3.2). Probably also the
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less doped and nominally pure rt-nano films are characterized by similarly pronounced SCLs

effects which overcompensate the reduction of the electron conductivity.
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Fig. 65: (a) Temperature and (b) pO: Dependence of the Effective Conductivity of the Nominally Pure
ht-epitaxial, ht-nano and rt-nano Ce02 Thin Films

For plot (a) the ht-nano and rt-nano samples were recorded at a p0O: of 1 bar. The ht-epitaxial sample was
measured in the framework of a different study (the one shown in section 5.3) at a different pO: of 10-3 bar
(triangles). In order to compare all three films the data of the ht-epitaxial sample was extrapolated to a pO: of
1 bar using the measured p0z dependence of —1/6, see plot (b). This Mp0, value is also expected for pure ceria
(Table 1).

5.5.4 Section Conclusions

In summary, nanocrystalline ceria thin films prepared at low temperatures and characterized by
very small grains were investigated and compared with nanocrystalline samples prepared at
high temperatures and with epitaxial films. In order to prevent grain growth the samples
needed to be measured at temperatures below 400 °C. At these conditions the thin films exhibit
conductivity features which are markedly different compared with the properties extrapolated

from the literature data.

For the most prominent example, the 10 mol% Gd doped rt-nano film, the ionic conductivity was
observed to be decreased by 3 orders of magnitude while the electronic conductivity was found
to be strongly increased. In this sample the pO: of the electrolytic domain boundary pog?nB was
measured to be at a value of 107 bar. Since no literature data for the low temperature properties

of Ce02 were available this result could be compared only with the literature data recorded at
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high temperatures which for this purpose has been extrapolated to low temperatures.

EDB

Compared with these extrapolated values the measured p0O;,

value was found to be strongly
increased. Further measurements have been carried out in order to examine (a) what is the
cause of this drastic effect and (b) how well the high and low temperature properties of ceria are
comparable. It could also be shown why the data here recorded varies strongly from other
studies performed at high temperatures. The electronic activation energy decreases

considerably for temperatures below 500 °C.

Furthermore, the effective electronic activation energy was found to be smaller than the ionic
activation energy leading to the very unusual effect of an increase of the electronic transference

number for decreasing temperatures.

These remarkable conductivity features were observed to originate from two causes. (1) Due to

the very pronounced SCL effects the ratio between electronic and ionic conductivity

EDB

contributions is enhanced. This was found to result in a large increase of the p0;

value by 16
orders of magnitude that is comparable with recent results on nanocrystalline SrTiO3 indicating
a large shift of the transition p0O: between p- and n-type conduction of 12 orders of magnitude.
(2) Compared to what is expected from measurements at high temperatures, at low
temperatures the bulk electron conductivity is strongly increased (leading to an increase of
pOfgoB by further at least 13 orders of magnitude). The conductivity data indicates that the
cause of this conductivity increase is most probably a decreased reduction enthalpy. Hence,
altogether compared with the literature bulk data extrapolated to low temperatures the pO: of

the EDB was found to be shifted by at least 16 + 13 = 29 orders of magnitude.

A number of ht-nano samples showed a decrease of the electronic conductivity at the GBs. This
was attributed to a second GB conductivity effect which superimposes the SCL effects. This

effect is probably due to structural reasons (a change in mobility and/or reduction enthalpy).
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5.6 Electronically Blocking Grain Boundaries in
Donor Doped Cerium Oxide

5.6.1 Section Introduction

In the last section it could be shown that not only the ionic but also the electronic conductivity
can be drastically changed at the GBs in ceria. Therefore, in order to get a further understanding
on the electronic GB effects the next experiment was performed on a pure n-type conductor that
is so far only barely investigated: donor doped CeO.. While in the literature only very few data is
available on the defect chemistry of this material (e.g. ref. [73.83-89]), the conductivity variations at
the GBs have not been examined at all. This makes a study of these effects particularly

interesting.

As discussed in section 5.5.3.7 the electronic conductivities in the measured nominally pure and
acceptor doped ht-nano films were decreased despite the presence of a positive SCL potential at
the GBs. This indicates the existence of additional GB effects on the electronic conductivity
which are, however, difficult to analyze in these samples since they are superimposed by strong
SCL effects. For donor doped cerium oxide the situation is different. Let us here regard again
Fig. 34 (page 73) which shows the expected SCL effects in ceria under consideration of the SCL
charge. As explained in section 5.1.5.3 for positive SCL potentials, as they are found in ceria, the
SCL effects strongly affect the ionic conductivity for acceptor doping as indicated by arrow A in
Fig. 34a. However, due to the limiting influence of the SCL charge a positive SCL potential in
donor doped ceria is not expected to result in a considerable change of the electron conductivity
(see arrow C in Fig. 34b). This indicates that the further GB effects on the electronic conductivity
shown in section 5.5.3.7 should become nearly unperturbated in donor doped ceria (under the
assumption of a positive SCL potential there too). Also due to this the investigation of donor

doped CeO: is of high relevance.

Specifically, as above an ht-epitaxial (here grown on an Al,03 <1102> substrate), an ht-nano
and an rt-nano film were prepared and investigated. The doping content of the samples was
2 mol% of Nb.

5.6.2 Microstructure

The XRD, TEM and EDP experiments confirmed the epitaxial microstructure of the ht-epitaxial

thin film. (1) Only the (100) and related orientations were recorded in the XRD pattern, (2) the
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TEM and HRTEM micrographs did not show grain boundaries and (3) the EDP featured the
regular array of a single crystalline phase (Fig. 66 and Fig. 67).

(a) Epitaxial film

Ceria film i Ceria film

(b) ht-nano film

Ceria film

Fig.66: TEM and HRTEM Micrographs and Electron Diffraction Patterns (EDP) of the 2 mol% Nb
Doped CeO: Thin Films

(a) ht-epitaxial (b) ht-nano
From the Top: CeOz Thin Film and Substrate

Reprinted from Gébel et al.l'5] (Copyright 2012) with permission from Elsevier.
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The ht-nano and rt-nano samples exhibited a polycrystalline, columnar microstructure. Here (1)
many orientations were found in the XRD experiment, (2) the TEM and HRTEM micrographs

featured a columnar microstructure and (3) the EDP was typical for a polycrystalline sample.

Notably, also the rt-nano film showed all expected XRD signals indicating a crystalline structure
of this sample. The broadening of the peaks can be attributed to the decrease in lateral grain size

compared with the ht-nano film. Interestingly, for this particular donor doped rt-nano sample

the XRD signals were slightly shifted.

The GBs observed with HRTEM were found to be clean. No second phase was detected.

black: AI203
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brown: CeO2
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Fig. 67: XRD Patterns of the 2 mol% Nb Doped CeO: Thin Films

(a) ht-epitaxial (b) ht-nano (c) rt-nano
For clarity the curves have been smoothed. The very intense SiO2 (0003) signals have been cut.

Reprinted from Gébel et al.l*5] (Copyright 2012) with permission from Elsevier.

5.6.3 Conductivity Data

5.6.3.1 Defect Chemistry

The conductivity of the donor doped films exhibited a pO; dependence between —% and —%

(see Fig. 68) with no significant difference between the M,,p, values of the three samples (under
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consideration of the measurement uncertainty). As shown in section 2.1 this indicates not only
n-type conductivity dominated by the presence of oxygen interstitial defects but also that a
considerable fraction of the oxygen interstitials is only singly charged. Hence, in the considered
pO: range between 10 and 1 bar the samples are at the border between defect chemistry
regimes (IV) and (V) (see Table 1 and Fig. 4, right panel). This finding is in good agreement with
ref. [73.88] in which for donor and uranium doped Ce0O: under similar conditions pO:

dependencies between -1 and -1/ were found.

1074 © ht-epitaxial
] ht-nano
1 .. 5 © nt-nano
Tse 00 X
] 0.2 S-7
1024 \"3\/(‘3%
z Py
)
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~ ] ‘-qu N 7
bE ] ‘-\\\ /(30
] .. Y%,
] h ‘\02)
-4— \‘~“
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pO, I bar

Fig. 68: p0:Dependence of the Effective Conductivity of the 2 mol% Nb Doped CeO: Thin Films

Reprinted from Gébel et al.l'5] (Copyright 2012) with permission from Elsevier.

A previous study on U doped ceria, a comparable material, indicates that the oxygen insertion
reaction is exothermic (enthalpy of -0.76 £ 0.5 eV).[73] Due to this the border between defect
chemistry regimes (III) and (IV) is expected to shift towards higher pO: values for increasing
temperatures resulting in a less steeper pO: dependence in the given constant pO: range. As a

matter of fact, at 700 °C the M, values were found to decrease to -0.12 + 0.02.

More quantitatively it is possible to calculate the oxygen insertion enthalpy from the
temperature dependence of the conductivity (Fig.69a). Here we can take the data of the
ht-epitaxial film in which (1) no GB effects are present (i.e. case (vi) in section 2.2.3.2 and
0,=0¢ o Can be applied) and (2) the charge neutrality condition of defect chemistry
regime (IV),
Mo, =—%I5i0_5z—%). Under the assumption that Tuller’s electron mobility datal’+ % is also

ZD|CD=2C01.~,OO, is fulfilled best compared with the two other films (since

valid in donor doped ceria the enthalpy of the oxygen insertion 4H, is determined to be

-0.35 0.1 eV (Fig. 69b). If the fairly large measurement uncertainty is considered this is in
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reasonable agreement with the value found in ref. [73] of -0.76 + 0.5 eV. Note, however, that both

studies base on differently doped samples (2mol% Nb vs. 1mol% U) with different

microstructures (epitaxial thin film vs. polycrystalline pellet).
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Fig. 69: Temperature Dependence of the (a) Effective Conductivity and (b) Oxygen Insertion
Equilibrium of the 2 mol% Nb Doped CeO: Thin Films

Ko : pre exponential factor of the oxygen insertion equilibrium constant (see reaction {7} and eq. {16})

Reprinted from Gébel et al.l'5] (Copyright 2012) with permission from Elsevier.

5.6.3.2 Grain Boundary Effects

Notably, the n-type conductivity of the ht-nano sample was observed to be reduced with respect
to the ht-epitaxial film by one and for the rt-nano film by even up to two orders of magnitude
(Fig. 68 and Fig. 69a). In addition, the activation energies of the nanocrystalline films were
increased by about 0.1 eV (Fig. 69a). Both findings indicate that the GBs in donor doped cerium
oxide block the electronic conduction in accordance with case (vii) of section 2.2.3.2 and, hence,

L -1 L -14y-1
O-mzo-e',mz((ce',oo) +(Ao-e',m) ) 74

74 Also a pellet of 2 mol% Nb doped ceria was prepared and measured. The resulting impedance spectra
(Fig. 70) showed only one semicircle which, however, could clearly be assigned to the GB resistance for
two reasons. In comparison with the bulk values (1) its capacitance was 5 times larger and (2) its
resistance and activation energy values were strongly increased (Fig.69). Probably here the bulk
semicircle (which is expected to have an extremely small resistance) is out of the frequency range of the
measurement. As a matter of fact, the p0; dependence of the pellet which is about —1/5.4 also at low

temperatures indicates that the pellet is at the border of the defect chemistry regimes (III) and (IV) while
... footnote continued on next page
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Given that in the literature pure and acceptor doped ceria are well known to exhibit an
enhanced electronic conductivity at the GBs,[3 4 68 10,12,16,17,22] thjs is quite a remarkable

finding. For the origin of this effect three possibilities can be considered:”>

(A) Segregation at the GBs
The segregation of a second phase at the GBs could induce an additional resistance.
However, not only is CeO2 found to tolerate even larger donor dopant concentrations than
2 mol% (about 4 mol%)!8¢ but also the HRTEM micrographs (Fig. 66) showed clean GBs
with no second phase. Hence, segregations can be ruled out to be the origin of the blocking

GBs.

(B) Negative SCL Potential

A negative electric potential at the GBs, leading to a depletion of the electrons in the SCLs,
could in principle explain the reduced n-type conductivity. Nevertheless, the positive SCL
potential in pure and acceptor doped ceria originates from a positive GB core charge
which again has fundamental structural origins such as a lower local occupancy of oxide
ions in the GB core (as experimentally confirmed in related materials , see ref. [3]). The
reason why the GB core should be structurally different in donor doped ceria (e.g. due to

an increase of excess electrons or other negatively charged defects in the core) is not

for similar conditions the thin films are between defect chemistry regimes (IV) and (V). This can explain
the higher bulk conductivity in the pellet compared with the ht-epitaxial film (compare with Fig. 4, right
panel); however, the origin of the shifted defect chemistry regimes is unclear.
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Fig. 70: Impedance Spectrum of a 2 mol% Nb Doped Ceria Pellet

(a) The impedance spectrum features one semicircle.
(b) Also at high frequencies no additional semicircle is observed.

Reprinted from Gébel et al.l51 (Copyright 2012) with permission from Elsevier.

75 For the rt-nano film also a fourth cause is possible. For this particular donor doped sample a small shift in
the XRD signals was detected (Fig.67). The corresponding slight structural change could result in
conductivity changes. However, this does not affect the general finding of the electronically blocking nature
of the GBs given that in comparison with the ht-epitaxial sample the conductivity is already strongly
diminished in the ht-nano film which does not show a change in the positions of the XRD reflections.
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obvious. However, for other materials such as TiO[!34 1351 and SrTiOsl!3¢] a very similar
switch-over of the sign of @, upon changing from acceptor to donor doping was found.
Hence, also for donor doped CeO: a negative SCL potential is in principle conceivable.

In this case, @, can be determined using the relationships in Table 7 or the numerical
approach (Chapter 3). The calculation yields a value of -0.32 + 0.05 V. Interestingly, while
the sign is different the absolute value of @, is comparable with what is found in pure and
donor doped ceria (0.20 to 0.34 V).[10.14,16,17,98,99] [t js not clear whether this similarity

originates from a fundamental physico-chemical origin or is merely coincidental.

(C) Positive SCL Potential and Mobility Changes

As elucidated in the section introduction 5.6.1 in donor doped ceria the SCL effects on the
effective conductivity are expected to be minor if @, remains positive as in pure and
acceptor doped ceria. Therefore other boundary effects on the conductivity can become
perceivable which in acceptor doped and pure ceria are superimposed by the strong SCL
effects.

A possible additional effect might be a change of the electron mobility, maybe due to local
strain at the GBs. In the literature many studies confirm that strain effects locally affect the
conductivity (e.g. ref.[23 2729115 116])  [n addition, it is known that depending on the
reduction level the activation energy of the electron mobility h,, varies from about 0.2 eV
to 0.6 eV.19 911 [n acceptor doped cerium oxide even a change of the electron mobility at
the GBs is reported.[''”l Here already a change of h, from 0.4 to 0.5 eV would result in a
conductivity drop by more than one order of magnitude at 200 °C if the preexponential
factor is assumed to stay constant (eq.{17}). Hence, mobility changes could explain the

observed conductivity decrease.

[t is not obvious which of the last two scenarios occurs in the donor doped films investigated
here. However, the finding discussed in section 5.5.3.7 indicates that also in pure and acceptor
doped CeO: other boundary effects on the electron conductivity, e.g. mobility changes, are

present. Therefore, scenario (C) appears to be more likely than scenario (B).

5.6.4 Section Conclusions

Thin films of 2 mol% Nb doped cerium oxide were investigated. At the given temperatures and
p0: range the defect chemistry of the samples was found to be dominated by oxygen
interstitials. At temperatures around and below 300 °C the thin films appeared to be at the
border between defect chemistry regimes (IV) and (V), whereas for higher temperatures the pO:

dependence decreased indicating a shift to the region between defect chemistry regimes (III)
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and (IV) (see Table 1 and Fig. 4, right panel). The oxygen insertion enthalpy was observed to be

-0.35 £ 0.1 eV in acceptable agreement with previous studies.[”3]

Remarkably, the GBs in the donor doped films were found to block the electron transport in
contrast to acceptor doped ceria where they are well known to induce an increase of the
electron conductivity® 4 68 10,12,16,17,22] (with the exception of the results discussed in
section 5.5.3.7). The conductivity drop can be explained with three possibilities. Here the first
one, segregation of a second phase, can be excluded due to the HRTEM investigations. The
results of the previous section indicate that a decrease in the electron mobility is the most likely

explanation. However, also a negative SCL potential is conceivable.
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Chapter 6

Main Conclusions

Boundary effects were found to crucially affect the ionic and electronic conductivity in cerium
oxide thin films. Here two different kinds of boundaries can be distinguished: the film substrate

interface (FSI) and grain boundaries (GBs).

(A) FSI Effects on the Ionic Conductivity®

Only strongly acceptor doped ceria is a predominantly ionic conductor. However, due to
the high doping content the size of a space charge layer (SCL) at the FSI is expected to be
negligibly small resulting in only insignificant conductivity changes. The results of this
study confirm this expectation. Thus, epitaxial, acceptor doped ceria films grown on Al203

<0001> were found not to exhibit a thickness dependent ionic conductivity.

(B) FSI Effects on the Electronic Conductivity”’

The studied epitaxial, nominally pure ceria films grown on Al203 <0001> which were
characterized by a predominantly electronic conductivity showed a conductivity drop and
an increase of the activation energy with decreasing film thickness. Since GB effects can be
excluded in this case the effect can be attributed to the FSI. Qualitatively and quantitatively

the conductivity decrease is in agreement with the SCL theory.

(C) GB Effects on the lonic Conductivity
(C.1) Nanocrystalline Films Grown on Si0278

In the most of the investigated samples the GBs were found to control the
conductivity even more significantly than effects at the FSI. As an example in
nanocrystalline, acceptor doped ceria films grown on SiO2 <0001> the effective

conductivity was observed to be decreased by one order of magnitude in

76 See section 5.3 and in particular 5.3.3.1.1.
77 See section 5.3 and in particular 5.3.3.2.2.

78 See section 5.3 and in particular 5.3.3.1.2.
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(C.2)

(C.3)

(C.4)

comparison with the bulk value. This corresponds with a SCL potential at the GBs of
0.32 £0.05Vat 700 °C.

Thickness Dependent Conductivity due to GB Effects’8

Interestingly, due to a dependence of the grain size on the film thickness in this last
mentioned set of samples the conductivity was observed to follow a very similar
trend compared with what is expected for FSI effects. This indicates that in
polycrystalline thin films GB effects can be misinterpreted as FSI effects easily. That
is of significance not only for future investigations of boundary effects in CeO2 and

related materials but also for a number of recent studies (e.g. ref. [24-26, 281),

Reduced SCL Effects’

The diminished ionic conductivity at the GBs considerably limits the usability of
cerium oxide in applications. This made it particularly promising to investigate
whether the SCL potential can be reduced in polycrystalline ceria samples. For
nanocrystalline, acceptor doped CeO2 thin films grown on Al203  and MgO <100>
substrates a strong decrease of the SCL potential to a value of 0.19 = 0.05 V at 700 °C
was observed. This corresponds to a much larger ionic conductivity in comparison
with the nanocrystalline films on SiO2 <0001> and is most likely the result of the
lower lattice mismatch between the substrate material and CeO.. Here the lattice
mismatch is (1) still large enough to result in the growth of polycrystalline films but
(2) small enough to yield only small misorientations of adjacent grains. This again

results in low GB core charges and, therefore, diminished SCL effects.

Enhanced SCL Effects8®

The strongest boundary effects were detected in strongly acceptor doped films
prepared at room temperature. In these nanocrystalline films with very small grains
(* 10 nm) the ionic conductivity was measured to be decreased by three orders of
magnitude corresponding with an increased SCL potential of 0.30 + 0.05V at 300 °C
(in comparison with films prepared at 720°C with 0.22 £0.05V at 300 °C).
Additionally, here the assumption of a flat dopant concentration profile (Mott-
Schottky case) is expected to be fulfilled better resulting in less steep SCL profiles

and, hence, more pronounced conductivity effects.

79 See section 5.4.

80 See section 5.5 and in particular 5.5.3.2.
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(D) GB Effects on the Electronic Conductivity
(D.1) Strong Shift of the Electrolytic Domain Boundary®$!

The samples prepared at room temperature were found to exhibit unique properties
of the electronic conductivity as well. Here the electrolytic domain boundary was
observed to be considerably shifted to higher pO: values compared to what is
expected in the literature for the bulk of ceria (extrapolated to the given
measurement conditions): by 29 orders of magnitude. This remarkable shift was

found to be the result of a superposition of two effects.

Firstly, the pronounced SCL effects at the GBs severely block and shortcut the ionic
and electronic transport, respectively, and contribute to 16 orders of magnitude of
the pO: shift. Hence, as in nanocrystalline SrTiOs where a comparable shift of the pO:
at the transition point between n- and p-type conduction by 12 orders of magnitude
was observed[?] also in nanocrystalline CeO2 the SCL effects can result in very strong

displacements of the conductivity domains (ionic, n- or p-type) concerning the pOz.

Secondly, at low temperatures the electronic bulk conductivity was found to be
unexpectedly large accounting for a shift of the electrolytic domain boundary by 13
orders of magnitude (see bullet point (E)). Both effects were found to add to the
observed total shift by 16 + 13 = 29 orders of magnitude.

(D.2) Electronically Blocking GBs in Acceptor Doped and Nominally Pure Cerium Oxides?

Interestingly, while the electronic conductivity was found to be increased in the
nanocrystalline samples prepared at room temperature, in the films grown at 720 °C
it was observed to be decreased despite the presence of a positive SCL potential at
the GBs. This indicates the existence of additional boundary effects on the electronic
conductivity in cerium oxide thin films such as mobility variations and/or a change

of the reduction enthalpy.

(D.3) Electronically Blocking GBs in Donor Doped Cerium Oxide®3

In order to get a better insight in how the GBs affect the electronic conductivity also
thin films of a material only barely investigated so far were studied: donor doped
CeO.. Here the measurements could confirm the observations on the defect

chemistry of this material made in earlier studies, namely the presence of oxygen

81 See section 5.5 and in particular 5.5.3.3.
82 See section 5.5 and in particular 5.5.3.7.

83 See section 5.6.
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interstitial defects. Notably, the GBs in donor doped ceria were found to significantly
block the electron transport. Two mechanism for this effect remain possible: (1) a

negative SCL potential at the GBs and (2) a change of the electron mobility.

(E) Bulk Effects on the Electronic Conductivity 8+

The electronic activation energy of the investigated nominally pure and acceptor doped
thin films was observed to be reduced in comparison with the single crystal data,[74
probably due to a diminished reduction enthalpy. Moreover, at low temperatures the
electronic activation energy was found to be decreased further resulting in a particularly
large electronic conductivity at such conditions. Since in the above mentioned
nanocrystalline samples prepared at room temperature strong SCL effects were present
here the electronic activation energy was decreased even more while the ionic value was
increased. Remarkably, this change of the activation energies was found to result in a
reduction of the electronic value even below the ionic one. Therefore, contrary to the usual
observation made in ceria in these samples an increase of the electronic transference

number with decreasing temperature was detected.

(F) Numerical Analysis of the SCL Effects in Cerium Oxides>

Additionally to the experimental investigations the SCL effects in ceria were also analyzed
by numerically calculating the expected SCL profiles. This allowed for a careful analysis of
the complex relationships between (1) the material parameters (doping, equilibrium
constants, etc.), (2) the profile characteristics (SCL potential, SCL charge, SCL extent, SCL
steepness, etc.) and (3) the strength of the resulting conductivity effects. In contrast to the
analytical solutions for non-overlapping SCLs in the literature the numerical approach was
found to very precisely determine both SCL profiles and conductivity effects without the

use of further assumptions, even for asymmetric and mixed cases.

(G) Improvement of the SCL Analysis®®

Beyond the applicability to CeO: the numerical approach allowed for a test of the
assumptions made in the widely used analytical solutions which could show that their
preciseness varies significantly depending on the actual case (Gouy-Chapman, Mott-
Schottky or mixed). Remarkably, the test resulted in the formulation of new, improved
relationships. These generally applicable formulae were found to reliably yield very

precise outcomes even for complicated situations, such as low potentials and mixed cases.

84 See sections 5.3 and 5.5 and in particular 5.3.3.2.4 and 5.5.3.4 to 5.5.3.6.
85 See section 5.1 and in particular 5.1.3 and 5.1.5.

86 See section 5.1 and in particular 5.1.4.
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List of Abbreviations

O O — charge carrier

(<) o b= cerium oxide, CeO>

CPE s constant phase element

deplereernnne depletion

121 D)2 FR electrolytic domain boundary

121D N electron diffraction pattern

[T TR equation

VS S error function: erf(x)= Z/HI;e—fz dt

(<] o § AN imaginary error function: erfi(x)=—i-erf(i - x) withi as the imaginary unit
(2 40 SR experimental

I O flow controller

FIB.eeerreseeris focused ion beam

3 VT figure

I (R film-substrate interface

(€] 3 J0 grain boundary

GC case...enreeenn. Gouy-Chapman case

HRTEM.......coneenn. high-resolution transmission electron microscopy

ht-epitaxial ......... CeO- thin films prepared on Al.03 substrates (<0001> or <1102 > orientation)
at 720 °C deposition temperature which feature an epitaxial microstructure

ht-nano ... CeO2 thin films prepared on SiO2 <0001> substrates at 720 °C deposition
temperature which feature a polycrystalline, columnar microstructure with a
lateral grain size of about 40 nm

1Y 00 2 O mixed ionic electronic conductor
1Y ot LY Mott-Schottky case
011 DR nothing

1107 o LT conductivity dominated by electron (e') defects



1\ List of Abbreviations

PC e personal computer

PLD..eerererreeenns pulsed laser deposition

RC element........... one resistor and one capacitor connected in parallel

13810 3 — reversible solid oxide fuel cell

rt-NANO oeeeeerreeenns CeO2 thin films prepared on SiO2 <0001> substrates at room temperature
which feature a polycrystalline, columnar microstructure with a lateral grain
size of about 10 nm

SCCMeerrrrerreressenenns standard cubic centimeters per minute

Y O} PR space charge layer

SEM..ireeereeenens scanning electron microscopy

74 signum function: sgn(x) is -1 forx< 0, 0 forx=0and +1 forx>0

NY 0] 2L G solid oxide fuel cell

TEM.eeecerreeenes transmission electron microscopy

XRD erveerrsnnnenens X-ray diffraction

)Y yttria stabilized zirconia

(TR0 2 O— micro solid oxide fuel cell
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List of Symbols

Defects

Alcg ceeenisssinnnns singly charged acceptor dopant on cerium site

O Ce' cation on cerium site

D R singly charged donor dopant on cerium site

€' s excess electrons (e' =Ce,, Ce' cation on cerium site)

R electron holes

(07 S oxide ions on oxygen sublattice sites

O} cvvrrrrrreneeeneessssssaaens oxygen interstitials (singly charged)

O} cvrrrrrreeerssesssssssnnens oxygen interstitials (doubly charged)

|/ unoccupied interstitial positions

|/ oxygen vacancies

Quantities

P activity of an arbitrary CC i (see eq. {20})

R abbreviation for the term e ?m4¢%0/2k57 i the GC case

Y — abbreviation for the erfi terms in eq. {133}

Y T — abbreviation for the erfi terms in eq. {135}

N relative decrease in the SCL potential for each step of the numerical calculation
of a SCL profile (see eq. {76})

Lo (local) concentration

o — bulk concentration

T p———— bulk concentration of CC 1

& S — bulk concentration of CC 2

o bulk concentration of the acceptor dopant



VI List of Symbols

o — concentration of the cerium cations in pure CeO:z (¢, =2.526- 10%2 cm'3)

o] P — bulk concentration of the donor dopant

Lp T e — bulk concentration of an arbitrary depleted CC

o — bulk concentration of the (either acceptor or donor) dopant
(ZpopCpop =ZaCa +ZpCp)

Cor g st bulk concentration of electrons (n,, = ce,’w)

Clp weesssssssssssssssssssnnnns desired final concentration in the last step of the numerical calculation of a SCL
profile (see eq. {75})

[ — bulk concentration of an arbitrary enriched CC

CJy wrrsssssssssssssssssssssssnnens local concentration of an arbitrary CC h

7 — bulk concentration of an arbitrary CC h

Cpo g st bulk concentration of electron holes

(oS —— local concentration of an arbitrary CC i (see eq. {22})

T —— local concentration of an arbitrary CC i at the interface (see eq. {22})

o — bulk concentration of an arbitrary CC i

. local concentration of an arbitrary CC i at the coordinate xp, where the electric
field becomes zero (for overlapping SCLs)

(R — local concentration of an arbitrary CC i at calculation step k

I R — bulk concentration of an arbitrary immobile CC j

T — bulk concentration of the enriched majority CC in the GC case

R P — maximal, physically possible concentration of the enriched majority CC in the
GC or mixed case

oS maximal, local concentration of the enriched CC in the GC case (see eq. {36})

c O o bulk concentration of singly charged oxygen interstitials

Copn g s bulk concentration of doubly charged oxygen interstitials

CV(;. ........................... local concentration of oxygen vacancies

Clpan g s local concentration of oxygen vacancies at the interface

R bulk concentration of oxygen vacancies

C oeerreeeserene capacitance

O — bulk capacitance

CL" ............................. capacitance of the parallel GBs on the electron transport

Choeeseesersensens capacitance of the perpendicular GBs on the electron transport

capacitance of the electrodes on the electron transport
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O S — effective capacitance of the electrodes comprising both the oxygen vacancy and
electron transport

O T —— stray capacitance

CL'(;. .......................... capacitance of the parallel GBs on the oxygen vacancy transport

C;(;. .......................... capacitance of the perpendicular GBs on the oxygen vacancy transport

C[/O..'eleC .................. capacitance of the electrodes on the oxygen vacancy transport

[0 P — stray constant phase element

7 N grain size (for polycrystalline, columnar thin films: lateral grain size)

1 S — thickness of an individual multilayer

€ reerrresssesssesssassssainns electron charge, 1.602-10-19 C

S electric field

2 S— electric field at the interface (see eq. {28})

A — effective activation energy (slope of the data points in the In(c,,T) vs.1/T plot,
see eq. {13})

Ea,e' .......................... effective activation energy of the electrons (see eq. {157})

Ea,V.. ...................... effective activation energy of the oxygen vacancies (see eq. {157})

Eg 0 .......................... electric field where the charge density of the enriched majority CC in the mixed
case reaches the value of the immobile CCs

Exk ........................... electric field at coordinate x; (see eq. {27})

] frequency

G o, conductance

o g bulk conductance of the electrons

GL'I ............................. conductance of all perpendicular GBs on the electron transport

Glel. | ——— conductance of a single parallel GB on the electron transport

Gm' ............................. effective conductance

AT C intercept on the y-axis in the G,, vs. L plot (see Fig. 39)

N as subscript: describes an arbitrary mobile charge carrier (CC)

he, ............................. electron hopping energy

P — activation energy of the mobility of an arbitrary CC i (see eq. {17})

hv(;’ ........................... activation energy of the oxygen vacancy mobility

Y4 5 (R reaction enthalpy (see eq. {16})

WA enthalpy of the anti-Frenkel pair formation (reaction {1})

WA\ s [T — enthalpy of the electron-hole formation (reaction {5})

VA) s [ — enthalpy of the oxygen insertion (reaction {7})
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VA o [ — enthalpy of the reduction under oxygen excorporation (reaction {3})
VA) o [ — enthalpy of the formation of singly charged oxygen interstitials (reaction {9})
first meaning as a subscript: describes an arbitrary mobile charge carrier (CC)

second meaning, only in Table 7 and section 5.2: imaginary unit

INE e, integral in the solution of an arbitrary parabolic potential profile, see
footnote 52

) as subscript: describes an arbitrary immobile charge carrier (CC)

J ceeeerneeesnsnesessenens geometrical factor depending on the sample dimensions (for the thin films
J =1 /(l,-L), see Fig. 15)

L QT as subscript: describes a single calculation step in the numerical approach

Kpg coonereressseessssesesn Boltzmann constant, 1.381-10-23 J /K

)L Q- equilibrium constant (see eq. {16})

R S— pre exponential factor (equilibrium constant for T — «, see eq. {16}))

@ — equilibrium constant of the anti-Frenkel pair formation (reaction {1})

@ — equilibrium constant of the electron-hole formation (reaction {5})

@ equilibrium constant of the oxygen insertion (reaction {7})

L —— equilibrium constant of the formation of singly charged oxygen interstitials
(reaction {9})

Y equilibrium constant of the reduction under oxygen excorporation (reaction
{31

QSO pre exponential factor of the oxygen insertion equilibrium constant (see
reaction {7} and eq. {16})

Kp s XRD signals originating from spurious Cu K B radiation

S —— distance between the electrodes (here 1 mm, see Fig. 15)

Y — edge length of the square substrate (here 10 mm, see Fig. 15)

) T —— SCL extent (calculated using the numerical approach, see eq. {79} and {80})

R thickness of the thin film (see Fig. 15)

L/ p——— acceptor dopant dependence (slope of the data points in the log(om) vs.
log(|zA|cA) plot, see eq. {15})

L — donor dopant dependence (slope of the data points in the log(on,) vs.

1og(|zD|cD) plot, see eq. {15})
pO: dependence (slope of the data points in the log(om) vs.log(p02) plot, see

i eq. {14)
(R local electron concentration
1 —— local electron concentration at the interface
T bulk concentration of electrons
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number of immobile defects

number of mobile defects

number of parallel SCLs [NgB =2l,/d)

number of perpendicular SCLs (NGLB =21, /d)

number of calculation steps in the numerical approach
oxygen partial pressure

reference oxygen partial pressure (see eq. {159})

pO: at the electrolytic domain boundary (i.e. pO: at the boundary between

defect chemistry regimes (II-a) and (II-b) where O, =Ow ,Se€e Table 1)
’ 0

criterion used to define the SCL extent Is¢; in the numerical approach, with
0<qg<1 (seeeq.{79} and {80}). Between the interface (x=0) and x =Is¢;, a
contribution on 2; and £2; of atleast q-2; and q - £2;, respectively is reached for
each mobile CC i. In section 5.1 a g value of 0.99 is used.

admittance (z[!) of a constant phase element at @ =1s""
effective resistivity (r,,, = 0;71)

resistance

bulk resistance of the electrons

resistance of the parallel GBs on the electron transport
resistance of the perpendicular GBs on the electron transport
resistance of the electrodes on the electron transport

effectlve resistance of the electrons comprising bulk and GB contributions,
R, =R, +RY+®R)"

effective resistance of the electrodes comprising both the oxygen vacancy and
electron transport

effective resistance (see eq. {137})

stray resistance

bulk resistance of the oxygen vacancies

resistance of the parallel GBs on the oxygen vacancy transport
resistance of the perpendicular GBs on the oxygen vacancy transport
resistance of a single perpendicular GB on the oxygen vacancy transport
resistance of the electrodes on the oxygen vacancy transport

effective resistance of the oxygen Vacanc1es comPrlsmg bulk and GB
contributions, R .. (RV.. + RL.. )+ (R - )
0

conductivity normalized with regard to the bulk conductivity (s=o/0,, )

effective conductivity contribution of the electrons, normalized with regard to
the bulk conductivity (see Table 7)
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TSample,l ..................

Tsamplelz ..................

contribution of an arbitrary CC i to the total effective conductivity o,,
normalized with regard to the bulk conductivity (see eq. {39} and {83})

S; m value calculated using the analytical approximations
S; m Vvalue calculated using the numerical approach

effective conductivity of an arbitrary CC i comprising its bulk conductivity and
the conductivity change at the parallel GBs, normalized with regard to the bulk
conductivity (see eq. {42})

effective conductivity of an arbitrary CC i comprising its bulk conductivity and
the conductivity change at the perpendicular GBs, normalized with regard to
the bulk conductivity (see eq. {43})

effective conductivity contribution of the oxygen vacancies, normalized with
regard to the bulk conductivity (see Table 7)

change in the conductivity, normalized with regard to the bulk conductivity

effective conductivity change of an arbitrary CC i at the parallel GBs, normalized
with regard to the bulk conductivity (see eq. {42} and Table 2)

effective conductivity change of an arbitrary CC i at the perpendicular GBs,
normalized with regard to the bulk conductivity (see eq. {43} and Table 2)

time

temperature in K

temperature in K of the thermocouple at the heater coil of the oven
temperature in K of thermocouple 1 in Fig. 16

temperature in K of thermocouple 2 in Fig. 16

electron mobility

mobility of an arbitrary CCi (see eq. {17})

oxygen vacancy mobility

pre exponential factor of the electron mobility (see eq. {17})

pre exponential factor of the mobility of an arbitrary CCi (see eq. {17})
resistance normalized with regard to the geometrical factor (see eq. {143})
normalized resistance of all perpendicular GBs on the oxygen vacancy transport

normalized resistance of a single perpendicular GB on the oxygen vacancy
transport

distance to the interface
coordinate where the electric field becomes zero (for overlapping SCLs)

coordinate where the charge density of the enriched majority CC in the mixed
case reaches the value of the immobile CCs

in Chapter 2: arbitrary x coordinate
in Chapter 3: x coordinate at calculation step k
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D gy SR — coordinate of the minimum of the electric potential for the parabola profile of
eq. {108}

G —— charge balance point of the SCL (see eq. {81})

/4 G interval along the x-axis between two subsequent calculation steps

V4D ¢ V— interval along the x-axis between the next calculation step k +1 and the current
one k (Ax;, =x;,1 — Xi, see eq. {74} and {78})

) conductance normalized with regard to the geometrical factor (see eq. {143})

Ye,,Oo .......................... normalized bulk conductance of the electrons (Ye,,Oo =L- Ty )

Ye,’m ......................... normalized, effective conductance of the electrons

Y(lll ............................. normalized conductance of all perpendicular GBs on the electron transport

Yll | r—— normalized conductance of a single parallel GB on the electron transport

YV(;'.,OO ...................... normalized bulk conductance of the oxygen vacancies (YV(;.‘Oo =L GV(;',oo)

YVO..’m ...................... normalized, effective conductance of the oxygen vacancies

T intercept on the y-axis in the Ye,,m vs. L plot

/AT charge number

S — charge number CC 1

R — charge number CC 2

S charge number of the acceptor dopant

Y — charge number of the donor dopant

AR —— charge number of an arbitrary depleted CC

R — charge number of the (either acceptor or donor) dopant
(ZpopCpop =Z4Ca +ZpCp)

- charge number of the electrons (ze, =-1)

/O —— charge number of an arbitrary enriched CC

1 charge number of an arbitrary CC h

Zj csssseresssssssssssssasens charge number of an arbitrary CC i

- charge number of an arbitrary immobile CC j

A —— charge number of the enriched majority CC in the GC case

oy eeeereseeses e |Zmax | 1argest absolute charge number of all mobile CCs (i.e. largest of all |z; )

................................ charge number of the oxygen vacancies (ZV.. =2)
0

/A impedance (Z' =real part, Z" = imaginary part)
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o N steepness of the SCL (see eq. {82})
ﬁlLl ............................. fraction of the parallelly aligned SCLs on all SCLs (in the brick layer model
I =2, see eq.{70})

Vi) ’ q.

ﬂLL ............................. fraction of the perpendicularly aligned SCLs on all SCLs (in the brick layer
model ;- =14, seeeq.{70})

V10 V20 V3 weeeessssssssens coefficients used in the solution of an arbitrary, parabolic potential profile, see
footnote 52

) L one-dimensional density of the parallel SCLs (see Table 2)

) A one-dimensional density of the perpendicular SCLs (see Table 2)

o deviation between the two effective conductivity values of the electrons using

the numerical approach and the analytical approximations

Y — deviation between the two effective conductivity values of an arbitrary CC i
calculated using the numerical approach and the analytical approximations

5V.. ........................... deviation between the two effective conductivity values of the oxygen vacancies

? calculated using the numerical approach and the analytical approximations

£ werrmsrererssessmssesesens vacuum permittivity, 8.854-10"12 F/m

Ep wersmsmmmsssssssssssssssssens relative permittivity

7 B slope of the linear fit of the data points in the d vs. L plot (see eq. {142})

I —— degree of influence of an arbitrary CC i (symmetrical GC case) (see eq. {35})

7 temperature in °C

P — temperature in °C of the thermocouple at the heater coil of the oven

TR — temperature in °C of thermocouple 1 in Fig. 16

T Ay E— temperature in °C of thermocouple 2 in Fig. 16

(O — Bragg angle

[ orerssssmssssssssssssansens intercept on the y-axis of the linear fit of the data points in the d vs. L plot (see
eq. {142})

K weerrseessssessssessssesas exponent in the CPE (For an ideal capacitor x is 1. In ionic conductors usually x
values between 0.8 and 1 are observed.)

R Debye length (see eq. {34})

/Ie, ............................. Debye length with regard to the electrons (see eq. {100} and footnote #4)

/IV(;. ........................... Debye length with regard to the oxygen vacancies (see eq. {100} and
footnote #4)

A s screening length in the MS case (see eq. {33})

Y — chemical potential of an arbitrary CC i (see eq. {20})

,ul-o ............................. chemical potential of an arbitrary CC i at standard conditions (see eq. {20})

7 — electrochemical potential of an arbitrary CC i (see eq. {20})
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coefficients used in the solution of an arbitrary, parabolic potential profile, see
footnote 52

pi
local charge density (see eq. {25})
local charge density at the interface

local charge density where the charge density of the enriched majority CC in the
mixed case reaches the value of the immobile CCs

accumulated charge density of all immobile defects (see eq. {25})
accumulated charge density of all mobile defects (see eq. {25})
charge density at calculation step k

difference in charge density between the current calculation step k and the
previous one k —1 (see eq. {73})

conductivity
bulk conductivity of the electrons

contribution of the electrons on the total effective conductivity o,, (for the

usually oﬁ)served case in ceria of non-overlapping SCLs with a positive potential

O X see eq. {40})

effective conductivity of the electrons comprising their bulk conductivity and

the conductivity change at the parallel GBs, ol =45l || +o,
e )

e',m e

,m

ol || at the reference oxygen partial pressure p0,
e',m ,

local mean electron conductivity in the SCLs at the parallel GBs (excluding the
bulk contribution, see eq. {70}))

effective conductivity of the electrons comprising their bulk conductivity and
the conductivity change at the perpendicular GBs, (ael, m)_1 = (Aael, m)_1 +

o,
e', o
bulk conductivity of an arbitrary CC i (see eq. {11})

contribution of an arbitrary CC i to the total effective conductivity o,,, (see
eq. {38}, {40} and {41})

effective conductivity of an arbitrary CC i comprising its bulk conductivity and
the conductivity change at the parallel GBs (see eq. {42})

effective conductivity of an arbitrary CC i comprising its bulk conductivity and
the conductivity change at the perpendicular GBs (see eq. {43})

local mean conductivity in the SCLs at the parallel GBs (excluding the bulk
contribution, see eq. {70}))

local mean conductivity in the SCLs at the perpendicular GBs (excluding the
bulk contribution, see eq. {70})

total effective conductivity, i.e. sum of all contributions o; ,, (see eq. {37}, {38}
and {138})

effective conductivity at the onset of the pOz jump



XIV List of Symbols

e —- bulk conductivity of the oxygen vacancies
0 ,®©
O ee  reesssssssssssssens contribution of the oxygen vacancies on the total effective conductivity o, (for
VO 0 0 - - L
the usually observeg case in ceria of non-overlapping SCLs with a positive
potential O'V(;.’m ~ GV(;',m ,see eq. {41})
0';.. ...................... effective conductivity of the oxygen vacancies comprising their bulk
0 conductivity and the conductivity change at the parallel GBs,
(04, ) =(d0k, Yol
5;.. .......................... local mean oxygen vacancy conductivity in the SCLs at the perpendicular GBs
0 (excluding the bulk contribution, see eq. {43})
W4 Vo NN conductivity change
Aa”l ..................... effective conductivity change of the electrons at the parallel GBs
e',m
Ao-j, [ e effective conductivity change of the electrons at the perpendicular GBs
Ao,!!m ....................... effective conductivity change of an arbitrary CC i at the parallel GBs (see
eq. {42} and {56} and Table 2)
Aoﬁm ....................... effective conductivity change of an arbitrary CC i at the perpendicular GBs (see
eq. {43} and {56} and Table 2)
Aa{/'.. .................. effective conductivity change of the oxygen vacancies at the parallel GBs
0 M
Aa;.. - effective conductivity change of the oxygen vacancies at the perpendicular GBs
0
D charge of the GB core
Ee, ............................. contribution of the electrons on the total SCL charge Xs¢; (see eq. {53} and
{152})
D contribution of an arbitrary enriched CC on the total SCL charge X',
D —— preliminary (non-corrected) 2, value
D — contribution of an arbitrary CC i on the total SCL charge X', (see eq. {53})
N preliminary (non-corrected) 2; value
D — 2 value with @y being inserted as SCL potential in the respective relationships
of the GC case in Table 7
D S — 2 value with @r being inserted as SCL potential in the respective relationships
of the GC case in Table 7
D — contribution of the enriched majority CC in the GC case on the total SCL charge
s
D 2 A — preliminary (non-corrected) 2,,,; value
D T — total, accumulated charge of the SCL (see eq. {18}, {19}, {28} and {54})
D A — preliminary (non-corrected) X'y, value
ZSCL, @ weeereeeessssssseens 2'sc1, value with @y being inserted as SCL potential in the respective
relationships of the GC case in Table 7
D) oy A ——— Xsc, value with @r being inserted as SCL potential in the respective

relationships of the GC case in Table 7
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2 e s contribution of the oxygen vacancies on the total SCL charge 2., (see eq.{53})

0

WD) — contribution of the part of the SCL profile where |cDO| >|o)> |cDE| on 2,

WD — contribution of the GC like part of the SCL profile on 2; in the mixed case

WD T preliminary (non-corrected) 42; ;- value

YA DY S —— contribution of the MS like part of the SCL profile on 2; in the mixed case

AZ o B weressesssins contribution of the part of the SCL profile where |cDO| >|o)> |cDE| onz,

AZGCL GC wrrerrsssssnns contribution of the GC like part of the SCL profile on X, in the mixed case

AZGep G wrvrmmeeree preliminary (non-corrected) AXs¢;, g¢c value

VD) T— accumulated charge in the SCL between x and x + Ax (see eq. {74})

T creveeesesessssssesseessnes relaxation time

L5 2 coefficient used in the solution of an arbitrary, parabolic potential profile, see
footnote 52 (usually v =—z;e/kgT)

1 — volume fraction of all SCLs (see eq. {70})

D ceerrerersesreriisnenns electric potential

(2 SCL potential (electric potential at the interface)

D orerrerrrrssressessris electric potential in the bulk (here defined as zero)

(L R —— desired final potential in the last step of the numerical calculation of a SCL
profile (see eq. {75})

(2 — electric potential where the charge density of the enriched majority CC in the
mixed case reaches the value of the immobile CCs

(T electric potential where the enriched majority CC reaches its maximum
concentration

@XB .......................... electric potential at the coordinate x5, where the electric field becomes zero
(for overlapping SCLs)

@Xk ........................... electric potential at coordinate x; (see eq. {72} and {77})

72N coefficient used in the solution of an arbitrary, parabolic potential profile to
distinguish between the determination of X; and (2;, see footnote 52 (i €{1,-1},
to determine 2j: =1, to determine £2;: y =-1)

20 S angular frequency

L0 FH —— resistance of a single perpendicular SCL on the conduction of an arbitrary
depleted CC, normalized with regard to the mobility and sample geometry

L0/ T — preliminary (non-corrected) £2;,,, value

9 —— resistance of a single perpendicular SCL on the conduction of an arbitrary CC i,

normalized with regard to the mobility and sample geometry (see eq. {55})

K/ preliminary (non-corrected) 2, value
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L — £} value with @ being inserted as SCL potential in the respective relationships
of the GC case in Table 7

L0/ S— £} value with @r being inserted as SCL potential in the respective
relationships of the GC case in Table 7

L - resistance of a single perpendicular SCL on the oxygen vacancy conduction,

0 normalized with regard to the mobility and sample geometry (see eq. {55} and

{146})

VT — contribution of the part of the SCL profile where |<DO| >|@|> |cDE| on £,

VAT @7 pe— contribution of the GC like part of the SCL profile on £2; in the mixed case

W T R preliminary (non-corrected) A<, .- value

WA Ry J— contribution of the MS like part of the SCL profile on 2, in the mixed case
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