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ABSTRACT

Fuel cells are devices which convert chemical energy ireatatal energy cleanly
and efficiently. Development of fuel cells compatible witfdhocarbon fuels would
make more efficient use of present fossil and renewable,faptsalso enable progress
towards a future hydrogen economy. One of the major hindrsub@ commercially
viable fuel cell technologies is the lack of materials witlogerties appropriate for
devices operating at temperatures high enough to allowocacbntaining fuels,
while low enough to suppress the negative side effects df tegperatures. Part
in a direct route towards intermediate-temperature futlteehnologies is the op-
timization of the proton conductivity of solid, ceramic,idg materials for use as
electrolytes in so-called solid oxide fuel cells.

This thesis puts forward theoretical investigations inlmn@c and microscopic
mechanisms which directly influence the proton condugtigitsolid oxide materi-
als posing as candidates for proton-conducting eleceahyterials. The foundation
of this work is the description of the atomic and electrortiticture of materials
offered by methods based on density-functional theory. Goetbwith thermody-
namic and electrostatic theory, the pressing issue of draimdary resistivity in
the otherwise promising proton-conducting solid oxide enat barium zirconate
(BaZr(s), is addressed. Furthermore, fundamental aspects retatbe optimiza-
tion of proton conductivity by means of acceptor-dopingexamined in the not as
frequently studied material lanthanum zirconateo@@aOy7). Acceptor-doping is in-
tended to increase proton concentration by causing vasggen positions, which,
by incorporation of water molecules, can be filled with hydde ions.

The most important work and results can be summarized asnfsll (i) By ex-
amining several different dopant species inZg0Oy it is shown that a poor choice
of dopant can not only lead to inefficient concentration iayement but also to
trapping of both protons and oxygen vacancies. In consigtanth experimental
observations, Ca and Sr are pointed to as the most promisipgnt® out of the
twelve investigated species. (ii) By calculating the egesfjoxygen vacancies in
the vicinity of different grain boundary structures of B&#rit is demonstrated that
accumulation of oxygen vacancies at the core of the graimtbary interfaces can
significantly hamper the effective proton conductivity Imetmaterial. This accumu-
lation leads to charged grain boundary cores and givesaiaalepletion of protons
in the surrounding region. The magnitude of the effect comds well with exper-
imental conductivity data.

Keywords: solid oxide fuel cell, electrolyte, conductivity, pointféet, acceptor,
oxygen vacancy, proton, trapping, grain boundary, segi@gsspace charge, deple-
tion, pyrochlore, perovskite, La2Zr207,BaZrO3, first mipples, DFT
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Chapter 1

Introduction

In todays fossil fuel economy, the majority of the energystoned in our society
continually comes from the combustion of oil, coal and naltgas. Meanwhile,
the general awareness of negative effects in terms of pmil@nd global warming
is steadily increasing, together with the understandiraj tenewable sources of
energy are essential if the energy demands of our growinddvwmpulation are to
be sustainable. While efforts to reduce our dependency il fogls are made in a
range of areas, the notion of a future hydrogen economy istaltzing prospect.

In a successful hydrogen economy, energy from the Sun isectawvinto chem-
ical energy via the splitting of water into hydrogen and osmyg Effectively being
stored in a fuel in the form of hydrogen molecules, this epésghen extracted as
electricity in the reverse reaction by allowing hydrogerd axxygen to recombine
into water in a controlled fashion. Depending on the apfhca solar energy is
harvested either directly on-site where the power is reggljior in centralized power
plants for further distribution of hydrogen or electricityhe electric power can be
used for most applications capable of running on directenirelectricity: from
mobile electronic devices to transportation and housing.

In a quintessential incarnation of the hydrogen economiarsergy is thus
transformed into electricity via a closed cycle of hydrogexygen and water. Pol-
lution and production of greenhouse gases is eliminatedtfa®&un is the direct
source of energy. The realization of a perfect hydrogen eennis, however, asso-
ciated with many technological challenges: from efficieatatysis of the splitting of
water, via safe storage, transportation and distributidmydrogen, to cost-effective
and reliable extraction of electric power from the hydrog8nbstantial political and
financial commitments are also required in terms of for ins&infrastructure in or-
der to facilitate the transition from our current fossikfudriven energy economy.

Although implementation of an ideal hydrogen economy isrggtterm ambi-
tion, development of the fuel cell devices capable of caimvgichemical energy di-
rectly into electricity is currently receiving significaattention (compare figure 1.1).
Benefits of thus progressing towards a clean hydrogen ecpradomg with more
short-term gains from applying the attractive efficiencytioé fuel cell principle
on the already established hydrocarbon infrastructureegeatedly being pointed
out [1-7]. The present supply of hydrocarbon fuels and a#ixies thereof, renew-
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Figure 1.1: Annual publication numbers of scientific pamenstaining the indicated
keywords, as indexed byww.scopus.comm October 2011.

able as well as fossil, is in other words believed to be pui mbre efficient use
powering fuel cells instead of wasteful combustion enginal the while devel-
oping clean, sustainable and effective means of produampstoring hydrogen,
optimizing fuel cell systems tolerant to carbon-contagninels in the meantime is
thus considered highly desirable.

One class of fuel cells is particularly insensitive to imigas in the fuel: the
solid oxide fuel cell. It takes its name from the ceramic exidaterial used as the
critical electrolyte component. So far the developmentarhmercially viable solid
oxide fuel cells have been hindered by issues related tddbdisy and performance
of available materials [2, 8]. This thesis deals with aspeelated to some of these
issues. Taking advantage of the ability of density funaldheory to realistically
describe materials on the atomic scale, theoretical ancatational methods are
employed to study fundamental mechanisms related to théuoinity of two can-
didate materials for solid oxide fuel cell electrolytes. doing so the performance
with regards to the operating temperature of solid oxidé¢ ¢e#s is adressed.

The content of the thesis is organized as follows. With tlseaech presented
mainly in the appended papers, the summarizing chapte@satelintended to define
and introduce the subject and put the results in a wider petsfe. This is chapter 1.
Chapters 2 and 3 serve as motivation and background to the wbriducing fuel
cells and outlining the challenges of materials for solitdextuel cell electrolytes.
Chapters 4 and 5 introduce the theoretical framework of thestigations, followed
by a description of method and models in chapters 6—-8. A susnofdhe papers is
then provided in chapter 9, and finally a few routes for relaterk in the future are
proposed in chapter 10.



Chapter 2

Fuel cell systems

Even though the principle of the fuel cell has been known forast two centuries,
it was not put into practical use until the US space prograthésixties and it took
nearly three more decades for wide-spread development@mdhercialization to
gather speed. [3] Over the last decade, the interest in timeédogy has been ever
increasing, but still difficulties remain in finding suitabmaterials and materials
processes which strike a viable balance between pradtyicabst, efficiency and
reliability. All of the content in the present chapter canfband in reviews on
fuel cell technology and its status and challenges. [8—1®] iitention is to briefly
survey the area to provide a background for the researcleptes in this thesis. Of
particular relevance are the effects of operating tempegatolid oxide fuel cells
and the conductivity of electrolyte materials.

2.1 Basic principle

In electrolysis an electric current is driven through watesulting in the splitting
of water molecules into hydrogen and oxygen molecules. Ada# does the re-
verse; it combines hydrogen and oxygen to produce water kaatrieity. Splitting
the water molecule stores free energy by rearranging theelogrgy configuration
of atoms in the water molecules into the higher-energy coatimn of hydrogen
molecules and oxygen molecules. Similarly, the combimatb atoms in other
hydrogen-containing compounds like hydrocarbons cooedpo a relatively speak-
ing high-energy state. The fuel cell regains this energyhmsnaically facilitating the
rearrangement into lower-energy configurations. It is thisct way of converting
chemical energy into electricity that gives the fuel cedl &dvantage in efficiency
over conventional heat engines such as petrol enginesamdteabines.

The basic fuel cell principle is outlined in figure 2.1 (a)}-(iKeeping in mind
that in general the fuel may derive from hydrocarbons, theggple is illustrated
with pure hydrogen for simplicity. In the fuel cell, hydrogen (oxygen) is adsorbed
onto the surface of the anode (cathode). Acting as catalfrstselectrodes then

INo particular loss in generality is implied since hydroaanb for use with fuel cells are typically
reformed into hydrogen, either separately in externalmetas or internally at the fuel cell anode.

3
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Figure 2.1: The fuel cell. (a)—(b): basic principle, (c)oss-sectional SEM micro-
graph of a solid oxide fuel cell [17], and (d): schematic parfance characteristics
(polarization curve) [18].

split respective molecule and incorporate the atoms istetiucture where they are
ionized. Electrons from the anode flow through the eledtimad in the external
loop to the cathode, while protons and/or oxygen ions amesparted in the elec-
trolyte. Depending on whether the electrolyte conductsl®xons and/or protons,
the components are then assembled into water at the anofter #relcathode.

The reactions of the hydrogen fuel cell are thus:

Full cell: H,+1/20, — H0 (2.1)

Anode: H — 2H" +2e” (2.2)
Cathode: 120,426 — 0>~ (2.3)

Water production: 2H + 0% — H,0, (2.4)

where the water production reaction takes place at the datfuo the case of proton-
conducting electrolytes and at the anode for the case ofeextithducting elec-
trolytes.

4



2.2 Performance factors

2.2 Performance factors

From the principle of the fuel cell, several basic perforc@requirements are evi-
dent: The rate at which adsorption and dissociation of tbedod oxygen molecules
takes place at thelectrodesmust be high, as must the assembly and discharge of
by-products (water molecules). The electrodes must alge hath high electronic
and ionic conductivity. Arelectrolyte on the other hand, should have high ionic
conductivity but to prevent short-circuiting the cell itrcaot be permeable to elec-
trons and molecules or atoms of the oxygen gas and the fuel.

Figure 2.1(d) schematically illustrates the effects ofifations in the basic fuel
cell requirements [18]. Power density (power per fuel cedlad is given by voltage
times current densityP = Ui and should be as high as possible to optimize the
performance of the fuel cell with respect to size and weigiat #hus also cost. The
dotted line indicates the electrostatic potentlakory Which in the ideal case is gen-
erated across the electrodes as a result of the availabieicdleenergy (compare
Box 1.1). In reality a number of losses are present and thenpiat can be written:

U= Utheory— Uco —Usr —Uor —Usma, (2-5)

where the subscripts co, sr, or and smd refer to the lossésated in the figure:
cross-over, slow reaction, ohmic resistance and slow médfsidn. Cross-over
losses derive from imperfections in the insulating and ggzarating properties of
the electrolyte: finite electronic conductivity and gasmeability or leaks due to for
instance cracks or poreSlow reactionrates at the electrodes generically becomes
a problem at low temperatures or with ineffective catalysitenals. Theohmic
resistanceof the fuel cell gives rise to a linear drop in the voltage asction of
current (Box 2.1 shows the effect on efficiency)s, = Ri, whereR is the area-
specific resistance (ASR) measuredlnnm?. Slow mass diffusion finally, refers
to limitations in the flow of fuel and oxygen to the electrodesl the flow of by-
products away from them.

Many practical considerations also enter the picture, ascthe compatibility
of the components, their individual durability and costgl éime practicality and cost
of the finished fuel cell device. All things considered, theemting temperature
of a fuel cell device has great effects on its performance.ighlli beneficial re-

Box 2.1: Theoretical voltage and efficiency of a hydrogen éad.

If all the free energyAG' released by reac-  Assuming for illustration only ohmic losses
tion 2.1 is converted into work done by the and lettingPheory= Utheoryl @NdPor = Ugri =

two electrons produced in the anodl,= i?R, the electrical efficiency of a fuel cell is:
—2eUeory the voltage is:

I:)theory— Por iR
Nel = =

Utheory= —AG' /26~ 1.25V—0.5T mVK . Prheory  Unpay

*Values represent standard pressures gf G and HO [19]. Implied is a maximum
thermodynamic efficiencyg ~ 1—0.2T (1000K) 2. Total efficiency would bg = nene.




2 Fuel cell systems

sult of high operating temperaturesis an increase of chemical reaction rates at
the electrode surfaces, which reduces slow reaction lods@dso makes the fuel
cell less sensitive to impurities in the fuel and more imantly enables the use of
carbon-containing fuels. In devices operating at low terapges, expensive elec-
trode materials like platinum become necessary for efftaise even with pure hy-
drogen fuel. Further demands on the purity of the fuel arégée susceptibility of
platinum to CO poisoning. Last but not least, the conducti@emanisms of ions in
solid oxides are thermally activated, which means elegtesland electrodes made
from such materials suffer less ohmic resistance losseglatémperatures.

There are howevatisadvantages of excessive temperaturek addition to the
decrease in thermodynamic efficiency (Box 2.1) it makestiaéinsulation critical
and forces the use of expensive ceramic or stainless steetiala in the construc-
tion of the fuel cell device. It also increases the degramatate of the various
components and may cause mechanical problems relatedrtoahexpansion, par-
ticularly in the compatibility between electrolyte and etede materials. Cracks
and other imperfections may form, causing cross-over bdserthermore, the time
it takes for the fuel cell to reach its operating temperatnoeeases which leads to
inconvenient start-up times and precludes use in appbicatwith intermittent en-
ergy demands. Finally it can be remarked that devices wittlesdon conducting
electrolytes risk hampered efficiency at high temperatdeesto formation of steam
at the anodes, which dilutes the fuel.

2.3 Technologies

A number of different ways of realizing the relatively sireglel cell principle have
been explored over the years. Implementations are to a gxeatt contrasted in the
choice of electrolyte and are in general named correspghditWhile this thesis
deals solely with issues related to the solid oxide fuel(@&DFC), a brief orientation
on the alternatives may be in orderA summary of conventional fuel cell types
with some of their characteristic traits is given in tabl&.2Quite striking is the
division that can be made into low-temperature and highpemature technologies.
In the temperature range between 200 and800nly the molten-carbonate fuel cell
(MCFC) can be found, at 658C. This noticeable lack of devices capable of operating
in the intermediate temperature range spurs much of thewruresearch regarding
fuel cells, with the outlook of finding a middle ground betwebe advantages and
disadvantages of high temperatures.

At the low-temperature end tlmolymer electrolyte membrane fuel cell (PEMFC)
is found. It is arguably the one garnering the greatest amnoiusitention due to its
high power density along with the quick start-up times &ftéd with its low operat-
ing temperature. These attributes make it suitable for a&waghge of applications,
including mobile installations such as cars. Unfortunatie proton-transporting
water molecules inherent in the sulfonated polymer elédeanake temperatures
above the boiling point of water, 10G, difficult to achieve.

2For further information on different fuel cell technologisee references 10,11, 15.



Table 2.1: Summary of fuel cell types and characteristitS] [

Parameters Fuel cell types
PEMEC AFC PAFC MCFC SOFC DMFC

Hectrolyte Solid polymer membrane Liquid solution of KOH Phosphoric acid (HaPO4) Lithium and potassium Stabilized solid Solid polymer membrane
(Nafion) carbonate (LiAlO2) oxide electrolyte

(Y203, Zr03)

Operating temperature (*C) 50-100 50-200 ~200 ~650 B800-1000 60-200

Anode reaction Hz — 2H" + 2e” Hz+2{0H ) = 2ZH;0+ 2o~ Hy — 2ZH* + 2e H.0+ C05% — H,0 + CO, + 2 Hs+ 0% — H,0 + 2e CH;0H + Hz0 — CO; +6H" + 6H"

Cathode reaction 1/20,5+2H" +2e” - H,0 1{20; +H;0+ 2e” — 2(0H)" 1205+ 2H* + 2e” — H,0 1j20,+C0, + 22~ — (047 1/20;+2e” = OF 30, +12H" +12H" — 6H,0

Charge carrier H* OH"- H* o™ or H*

Fuel Pure Hx Pure H- Pure Hz Hi, CO, CHy, other Hi, CO, CH,, other CH,0H

hydrocarbons hydrocarbons

Oxidant 05 in air 03 in air 05 in air 05 inair O3 in air 0y in air

Efficiency 40-50% ~50% 40% =50% =50% 40%

Cogeneration - - Yes Yes Yes Na

Reformer is required Yes Yes Yes - - -

Cell Voltage 1.1 1.0 1.1 0.7-1.0 0.8-1.0 02-04

Power density (kW/m?) 38-65 ~1 08-1.9 1.5-2.6 0.1-1.5 ~0.6

Installation Cost (US $/kW) <1500 ~1800 2100 ~2000-3000 3000 -

Capacity 30W, 1kW, 2 kW, 5 kW, 10-100 kW 100 kW, 200 kW, 1.3 MW 155 KW, 200 kW, 250 kW 1kW, 25 kW, 5 KW, 1Wto 1kW, 100 kW to
7 kW, 250 kW 1MW, 2 MW 100 kW, 250 kW, 1 MW (Research)

1.7 MW

Applications Residential; UPS; emergency  Transportation; space Transportation; Transportations Residential; utility It is used to replace batteries
services such as hospitals shuttles; portable power commercial cogeneration; (e.g. marine-ships; naval power plants; in mobiles; computers and
and banking; industry; portable power vessels; rail); industries; commercial other portable devices
transportation; commercial utility power plants cogeneration;

portable power.

Advantages High power density; quick High power density; Produce high grade High efficiency; no metal Solid electrolyte; Reduced cost due to absence
start up; solid non-corrosive  quick start up waste heat; stable catalysts needed high efficiency; of fuel reformer
electrolyte electrolyte characteristics generate high grade

waste heat
Drawbacks Expensive platinum catalyst;  Expensive platinum catalyst; Corrosive Bquid electrolyte;  High cost; corrosive liquid High cost; slow start up;  Lower efficiency and

sensitive to fuel impurities
(€O, H,5)

sensitive to fuel impurities
(€O, €O,, CHy, HoS)

sensitive to fuel
impurities (CO, H,5)

electrolyte; slow start up;
intolerance to sulfur

intolerance to sulfur

power density




2 Fuel cell systems

Despite 40 years of success in the space craft industrgsteal use of the
alkaline fuel cell (AFC) is limited due to the need of preventing contact with.CO
which otherwise reacts with, and rapidly degrades the KGddtaeblyte liquid. The
phosforic acid fuel cell (PAFC)was the most popular technology in the early 1990s
and several systems are in operation in Europe, USA and Japiimough operating
at twice as high temperatures as the PEMFC, expensive datalyd pure fuel are
still required.

From the perspective of using hydrocarbon derivatives @ls flnedirect methanol
fuel cell (DMFC) and theanolten carbonate fuel cell (MCFC)might seem interest-
ing competitors to the SOFC. DMFCs like the PEMFCs have a polieetrolyte
and inherit many of their properties. The methanol fuel haeveauses cross-over
and slow reaction losses which severely limit the power tgasd restrict the use
to low-power applications. In the temperature-wise re&yi pleasant MCFC, the
molten salt (typically a Li/Na/KC@mixture) used as electrolyte instead causes in-
conveniences. First of all its corrosive nature places hlilgmands on container
materials. Secondly, CJorms at the anode and must be recirculated to the cathode
by pumps. Third, the electrolyte can only withstand a limiteumber of thermal
cycles and must therefore be kept above its melting temyrerat all time.

The ceramic electrolyte material sblid oxide fuel cells (SOFCsjinally, brings
many of the advantages of such materials. Solid oxides &e@ afsulators or only
slightly semiconducting, with suitable electronic prapes. Their durability and
mechanical robustness are also pleasing qualities. Dickglare generally speak-
ing limited to the high-temperature disadvantages megstiom section 2.2 and
narrowing the fuel cell temperature gap from above by deualpintermediate-
temperature solid oxide fuel cells (IT-SOFCs)herefore indeed stands out as an
attractive ambition.



Chapter 3

Materials for solid oxide electrolytes

What turns out to be critical in the development of intermesgti@mperature solid
oxide fuel cells is that the dense crystal structure of thraroé electrolyte materials
not only has the benefit of making them impermeable to fuelaxygen molecules,
but also brings the disadvantage of restricting the motulions incorporated in the
structure. The conduction mechanism is thermally actijed®@d as a consequence
the resistivity rapidly increases with decreasing temjpuges.

In terms of an acceptable resistance, the need for an oweeall specific resis-
tance not exceeding 0Gcn? of a finished fuel cell has been pointed out [9]. As-
suming an electrolyte thickness of fis and an allowed contribution of 0.XBcn?
to the overall resistance, this corresponds to a specifitrelgte conductivity of
102 Scnr! [9], a number frequently encountered as the minimum tamyesdélid
oxide electrolyte materials. The material is then suitdbleuse at or above the
temperature at which the number is achieved.

In this chapter the materials which are studied in Papersdre/introduced,
along with a condensed overview of other materials and denations presently
relevant to the field. More detailed reviews and example®ao¥entional as well as
novel electrolyte materials can be found in for instancenezices 8, 13, 20.

3.1 Oxide-ion conductors

Conventional solid oxide fuel cells today employ oxide-i@mducting electrolytes
based on zirconium oxide, ZBEOTo enhance the ionic conductivity in the material it
is doped, which means a certain amount of a foreign metalsamtioduced into it.
This stabilizes the structure in its higher-conductingicdluorite phase and cause
oxygen vacancies to form which enables the oxide ions toatégn the material.
Typically yttrium (Y) or scandium (Sc) is used, giving risethe names yttria- and
scandia-stabilized zirconia respectively (YSZ and Sc8&haracteristic for zirconia
electrolytes is good structural and mechanical stabilitg aufficient ionic conduc-
tivity at the elevated temperatures solid oxide fuel cglisrate today (800-100Q).

1The mechanisms of doping and vacancy formation will be regdrto in chapters 4 and 5.

9



3 Materials for solid oxide electrolytes

Zirconia as an electrolyte has been studied for many yeatgsiproperties are rel-
atively well explored. [13, 20]

Attempts have also been made to produce oxide-ion conduetiectrolytes
based on ceria, doped CeQCompared to its fluorite relative zirconia, these mate-
rials display better ionic conductivity but during cert@ionditions a non-negligible
electronic conductivity is also seen, with correspondingss-over losses. Further-
more they struggle with issues related to stability and @ssing of the material.
Ceria is considered promising for temperatures around S0-5and research is
ongoing. [13, 20]

Other classes of oxide-ion conducting materials are algoghavestigated, in-
cluding apatites and LAMOX as well as perovskites and pddteselated struc-
tures. lonic conductivities greater than that of zirconges lencouragingly been re-
ported for all of these classes and might indicate that nesiglrs or even future
electrolyte candidates can be found among them. ApaggsL@goSr(SiQy)s025)
are difficult to synthesize but are believed to have the featdi conducting oxide
ions via a qualitatively different, interstitial, mecham than for instance zirconia.
LAMOX (La2Mo020g) undergoes a phase transition to a highly conducting phase a
580°C, but suffers from chemical and thermal incompatibilitywélectrode mate-
rials. In certain perovskite-related structures, inteéngsorder-disorder transitions
with noticeable effects on ionic oxygen conductivity arersbut need more investi-
gation along with chemical instabilities reported in thetenils. [13, 20]

3.2 Proton conductors

Leaving the oxide ion conductors, perovskite-structuredemals are of even higher
interest and connections to zirconia and ceria persist.twhbenaterials investigated
in Papers 1-V of this thesis for instance, are bathonates In a wider perspective it
should be mentioned that solid oxides may exhibit conditgtof both protons and
oxygen ions, as protons and oxygen vacancies may well doexige material. Typ-
ical proton conductors exhibit dominating proton condittiat low temperatures
but transition to oxide ion conduction at high temperatufidge relevant mechanism
of proton incorporation will be explained in chapter 4.

Generally speaking, proton conducting electrolytes btivegalready pointed out
basic benefit of water being produced at the oxygen-sideeofuél cell, allowing
full use of the hydrogen fuel. However, the greatest reastid sxide proton con-
ductors attract much attention as electrolyte candidatastermediate-temperature
fuel cells is the generally lower conduction activation rggyethey exhibit. This al-
lows for high ionic conductivities at fundamentally lowentperatures than conven-
tional oxide ion conductorsc{. the difference in slopes seen in figure 3.1 (a)). [8]

Pure and high protonic conductivity in solid oxide matesiahs first reported for
the cerate perovskites SrCg{25, 26] and BaCe®[27] by lwahara and coworkers
in the eighties when they found increased conductivitiedaped samples exposed
to humid air. Later, spurred by the troublesome reactivitgerates with CQ@ and
the known better stability of zirconates, lwahara et al gtigated the conductivity of
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3.2 Proton conductors
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Figure 3.1: Comparison of (a): the temperature-dependehcerauctivities in
typical oxide-ion conductors (YSZ) and proton conduct¢idg, 21], and (b): the
conductivity of interior and boundary of BaZg@rains. [22—24]

CazrGs, SrZrO; and the material studied in Papers I11-V of this thesis: E24P8].
The cubic perovskite structure of BaZg@ shown in figure 3.2 (a).

Since Iwaharas ground-breaking work, proton conductivitigarium cerate
(BaCeQ@, BCO) and barium zirconate (BaZgOBZO) has been extensively inves-
tigated and the materials are today two of the top conterfdefgoton-conducting
electrolytes. They exhibit in some sense mutually oppdmteefits and drawbacks,
seemingly inherited from their oxide ion conducting fluerttousins: BCO displays
some of the highest proton conductivities but suffers framorpchemical stability
and contributions of electronic conductivity, while BZO tre other hand has ex-
cellent chemical stability but in general show total cortottes about an order of
magnitude lower than BCO. Additionally, BZO is troublesonoesinthesize and
requires high sintering temperatures to obtain dense, genmmus samples. Given
the antagonistic assets of the two materials, ongoing figa®ns into mixed so-
lutions can be mentioned, along with optimization of dopsisggemes. The outlook
is hopeful enough that chemically compatible electrodesuge with cerates and
zirconates in fuel cells are being researched and the pegioce of assembled fuel
cell structures are being evaluated. [8, 14, 20, 30]

In the light of recent findings, the prospect of BZO is perhagusicularly promis-
ing. Encouraging results on the sintering issue has beamtezpby the inclusion of
sintering aids such as ZnO and different materials pronggschniques. Moreover,
it has become apparent that the low measured conductigteedue to blocking ef-
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3 Materials for solid oxide electrolytes

(©

Figure 3.2: BaZrQ@ (barium zirconate). (a): the cubic perovskite structurdie T
zirconium ion is in the center of the oxygen octahedron. BRTEM micrograph
of the boundary between two grains of BaZrf29]. (c): one of the grain boundary
structures studied in Papers IlI-V.

fects caused by grain boundaries (compare figure 3.1 (bp r@sistivity of the grain
boundaries thus overshadows the high conductivity of idatd material, shown in
figure 3.3, which was predicted to be even higher than BCO bu&rE81] a decade
ago. [8, 20, and references therein]

The grain-boundary blocking effect in BZO is clearly in negfdelucidation.
Based on experience from zirconia and ceria [33], it has [paculated that an
aggregation of positive charge at the boundaries is likelyrdributing cause [22,34]
and recent experimental evidence seems to support theliegs{35, 36]. Such an
accumulation of positive charge gives rise to an electtmsfotential barrier and
depletion of the positive oxygen vacancies and protonsdmgthain boundary region.
As of yet the cause of the positive grain boundaries has nen bmraveled and
shedding light on this issue opens for devising schemesuatecact the problem.
This is what motivates the research of Papers llI-V, wheigiitvestigated whether

12



3.2 Proton conductors
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Figure 3.3: Proton conductivities of various oxides [31]casculated from data
on proton concentrations and mobilities [32]. Notewortbythie high conductivity
of BaZrQ;s, but in the midst of the perovskites (composition ABQ@re also other
classes of less studied oxides, for instance the pyrocisiooetured LaZr,O7.

an aggregation of positive oxygen vacancies in the coreaihdroundaries in BZO
is a factor for the blocking effect. An HRTEM micrograph of e boundary and
one of the grain boundaries in which oxygen vacancy segmegatas explored are
shown in figure 3.2 (b)—(c).

Although perovskites like BCO and BZO are the most maturegorebnductors
for use as solid oxide electrolytes, the search for suitatdéerials clearly does not
end with them. Investigations of other classes of mateeaéble discovery of com-
mon denominators or qualitatively different mechanismgroton incorporation and
transport, which make possible a deeper understandingagfepties relevant for
proton-conducting electrolytes. Certain perovskitetelacompounds (BCN18) for
instance display intrinsic metal ion non-stoichiometryiethgives rise to increased
proton concentrations. Other perovskite relatives (alfites, cryolites, BalnoOs)
have intrinsically oxygen-deficient structures. Phospséike LaPQ have received
interest due to its unusual mechanisms of proton incormraind transport. Hope
for diminishing the fuel cell temperature gap from below haen raised by solid
acids like CsHS@and CsHPOy, which show high proton conductivities at 120—
300°C. Niobates and tantalates have enjoyed quite some atteshimmo excellent
chemical stability.

One class of oxides which in the context of the present thesikextra interest
is the rare-earth pyrochlore oxides, to which lanthanumariate (LaZr,O7, LZO),
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3 Materials for solid oxide electrolytes

(@) (b)

Figure 3.4: LaZr,0O; (lanthanum zirconate). In (a) the pyrochlore structure, as
given by first-principles optimization of the ionic configiion (Paper 1) is shown.
Two inequivalent oxygen sites exist, O antl Dhe Zr ions are in the center of the O
octahedra. Figure (b) displays a SEM micrograph, showiaggrof LaZr,O7 [38].

the material studied in Papers |-l belong. The structwgensn figure 3.4, has simi-
larities with the proton-conducting perovskites in thatantains interlinked oxygen
octahedra with the rare-earth cation in the center. In aes#ns also related to zir-
conia as it can be seen as a fluorite super-structure, witintkeesting difference of
an intrinsically vacant oxygen site. Possibly motivatediigse properties and the
success of the perovskites, lwahara and coworkers in 19@&tigated the proton
conductivity of a number of pyrochlore zirconates, inchgliLZO. [37] Although
doping was still necessary to obtain ionic conductivitgiaating that the intrinsic
vacancy position did not contribute, the proton condugtiwas not insignificant
(compare figure 3.3).

It can be added that the ion-conducting properties of LZOr@levant not only
from a fundamental point of view but also from the perspextiffuel cell design, as
restrictive layers of LZO have been seen to form in the iategfbetween YSZ elec-
trolytes and popular electrode materials containing Lg.[8¢hile such issues were
not seen in recent compatibility tests between BZO and reldetmaterials [30],
interdiffusion between Zr-based electrolytes and La-aming electrodes is not un-
likely to cause segregation of LZO.

Despite of this, further investigations into proton coniiltty in pyrochlore-
structured oxides have been limited compared to the pertegskEspecially lacking
are theoretical studies of the microscopic mechanismg=etta proton conductivity.
In Papers I-1l a few of the most fundamental mechanisms dbprtransport and
doping optimization are examined in LZO.
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Chapter 4

lon conduction in solid oxides

Optimizing the ionic conductivity of materials for use aes@folytes in solid oxide
fuel cells is a direct route towards improving fuel cell effiecy and narrowing the
temperature gap in present fuel cell technologies. Undedshg the mechanisms of
first and foremost proton conductivity in solid oxide on adamental level is also
the consistent theme of the present thesis. In this chapiatraduction to electrical
conductivity in general is therefore provided in sectioh.4This is followed by an
account of the effect of microstructure in terms of graind grain boundaries on
the effective, macroscopic conductivity in section 4.2.eTfemaining sections of
the chapter then outlines the specific atomistic mechanigish are explicitly or
implicitly relevant for the work presented in the appendaggrs.

4.1 Definitions and introduction

The electrical resistancR of a piece of material is a measure of its inability to
conduct direct electric current and is defined by the famdtam’s law:

1
l=Uz. (4.1)

That is, applying a voltage over a piece of material with the resistariRgives rise
to the current. Given a certain voltage, the total current depends on tbegéy of
the piece of material under consideration. For a uniforncgide current increases
with its cross-sectional area and decreases with its length

| =U=, (4.2)

which introduces the resistivitp of the material: the measure of the inability of
the material itself to conduct direct electric current. Regty is thus the intensive
material property corresponding to the extensive rest&att is however often con-
venient to consider not the inability of a material to conduarrent but instead its
ability, which is the conductivity:

1

0= (4.3)
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4 lon conduction in solid oxides

z
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X

Figure 4.1: lllustration of grain boundary conductivityffdring from bulk (grain

interior). Inside the shaded grain boundary region, a dbfié conductivity can be
expected both in the paralled4y, ) and perpendiculaoyy, ) directions.

Since electric current is the transport or flux of electriate, different charge
carriers can generally speaking contribute to the condiiztof a material and the
total conductivity is the sum of the conductivities relateceach and every one of
them. In solid oxide electrolytes the relevant charge egsrare in general oxide ions
O?~ and/or protons H and, hopefully to a negligible extent, electrons &nd/or
electron holes h:

0 = 02— +O0y+ +0g + Op+. (4.4)

Sometimes the transference numbisrused to signify the contributions of different
charge carriers to the total conductivity:

0= (tgz- +ty+ +te +1t+)0. (4.5)

In electrolytes it is desirable to obtalie- +t,;+ >>te- +1,+. In oxide-ion conduc-
torst,.- dominates while in proton conductdyg- shows the largest contribution.

Although electronic conductivity is of implicit interest the present work in that
it should be low in electrolyte materials, ionic condudimss the primary topic and
will henceforth be the focus of attention.

4.2 Microstructure: grains and grain boundaries

In a material like conventionally synthesized BaZr@ith its grains and trouble-
some grain boundaries it is unlikely that the conductiviyhomogenous and equal
throughout the material. In the interfaces between thengrdhe grain boundaries,
the structure is per definition different than in the bulkemor of the grains and a
different conductivity should be expected, compare figute 4

Considering the structural arrangement of grains seen in&ance figure 3.4(b),
a simplified model is needed to evaluate the effective caindtycof the material. A
common approach is illustrated in figure 4.2. The grains ppr@imated as cubes
with the side lengthG assigned the average grain size or diameter of grains in the
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4.2 Microstructure: grains and grain boundaries
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Figure 4.2: The brick layer model, approximating grainshwéin average siz&
separated by grain boundaries of thickngs©n the right side, one building block
of the brick layer structure is shown, with the arrow indingtthe imagined direction
of the current through the sample.

sample. Between the cubes, flat layers model grain boursdaasing some charac-
teristic thicknessg. One building block of this so-called brick layer model cisis
of a cubic bulk piece, one grain boundary layer perpendidoléhe direction of the
current and two parallel with it. If large grains and thin Ipolary layers are assumed,
G >> g, the explicit expression for the effective conductivity of this brick layer
geometry is (details in Box 4.1):

1 1 g 1

— = + A= (4.6)
Oeff  Obulk+280gy| G OgbL

which translates to an effective resistari®g = L/Ades Of the sample. For grain
boundaries with diminished conductivity compared to blikke is seen in BZO,
equation 4.6 shows the relevance of grain size and the pdipeéar component
of the grain boundary conductivity: %ogbﬂ << Opylk, the effective conductivity

Box 4.1: Effective conductivity from brick layer model.

Referring to figure 4.2 and assumi®y>> g, the "electrical curcuit” of one unit in the brick
layer geometry can be seen as one boundary layer withGfread lengthg connected in series
with a parallel connection of the bulk piece, a&%and lengthG, and two boundary layers, total
area @G and lengthG. From the parallel connectio%zol = %zcrbu|k+ ggG—Gong is obtained.
This is to be connected serially %202 = %zogbl. Thus writing 1/ce = 1/01 + 1/0, gives
the expression in equation 4.6.
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4 lon conduction in solid oxides
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Here the second term on the right hand side is suppressecigdtorg/G, which
mathematically confirms what is intuitively understoodatttarge grains and there-
fore a smaller ratio of grain boundary to bulk is preferalridhe case of resistive
grain boundaries. However, the exponential temperatuperdence of the conduc-
tivities dominates over the size effect as temperatureega¢dd ¢f. the diverging
bulk and grain boundary graphs of figure 3.1(b)), making thpact of the grain
boundaries sensitive to the activation energy of the graimblary conductivity (see
section 4.3).

In papers llI-V, it is shown that concentration gradientsexpected in the grain
boundary regions of BaZr§Xcompare figure 4.7). In such cases, the grain boundary
conductivity can be found by averaging over the interfacamaio. To a first approx-
imation it is reasonable to assume that the local condigiiwithe grain boundary
is homogenous parallel to the interface but varies perpetalily. Referring to the
coordinates indicated in figure 4.1 the grain boundary megian then be divided
into slices with width d. Parallel to the interface, the average conductivity isifibu
by integrating the conductivity of each slice:

9/2

Ogpy| = é/ o(x)dx, (4.8)
wherex = 0 has been placed at the center of the interface. In the pdiqear
direction, the slices are instead serially connected aadatterage conductivity is

given by:
9/2
Oght  9.J-g/20(X)

As demonstrated, the brick layer model provides a meanstimating the ef-
fective conductivity of a certain polycrystalline sampleen the conductivity in
different regions within the crystal, more specifically tk and grain boundary
regions. It is also routinely used to separate the measureductivity of a sample
into bulk and grain boundary contributions, as seen in figui€b). A review of the
impedance spectroscopy then employed is for instance givesierence 40, where
further discussion on and references to the brick layer ihcatealso be found.

4.3 Activation energy vs mobility and concentration

Measurements of ionic conductivity in solid oxides geratcproduce linear graphs
when logoT) or for small temperatures, log(o) is plotted against AT (compare
figures 3.1 and 3.3). In other words the conductivity tydicaéhkes the familiar
arrhenius form:

o= %exp(—Ea/kBT), (4.10)
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4.4 Mobility

which is usually taken as the definition of the activationrgpé?2 of the conductiv-
ity for a given material sample during specific measurementions.

To illuminate the origin of the expression in equation 4.1@sinecessary to
consider the conductivity of ions migrating in a crystattité from an atomistic
viewpoint. For each specific charge carrier, its contritmtio the total conductivity
depends on two factors: a) how many such carriers exist geotimaterial and b)
how mobile they are. For a certain specidbat carriesgi number of fundamen-
tal charges and has concentratiap and mobilityu;, its conductivity can thus be
written:

g =geygc;. (4.11)

There are in other words essentially two possible sourcesgifen activation en-
ergy: mobility or concentration of the charge carrier in gien. It also follows that
two ways exist of increasing the conductivity: increasihg toncentration of the
carrier or increasing its mobility.

lons migrating in a dense crystal lattice are generallyrigsd to jumping be-
tween specific lattice sites. Consequently there has toaxishinterrupted pathway
of such sites in the lattice. Furthermore the sites may nethgrated by other copies
of the migrating species. Considering further that a latite in a crystal to a lesser
or greater extent represents a stable ion position correipg to a local minimum
in the free energy landscape, it follows that in essence iblelgm of finding a ma-
terial with high ionic conductivity boils down to finding a tesial (i) capable of
hosting a large concentration of the ion in question, that(fippartially occupied,
interlinked ion sites, (iii) separated by an as low as pdesiigration barrier [41].

In the appended papers, migration barriers are only coresidie Paper | and
strong emphasis of the research is instead on the aspeeeafdrrier concentration.
The mobility aspect is discussed in the next section, whigerémaining content of
the summarizing part of the thesis is devoted to concentrati

4.4 Mobility

Starting from equation 4.11, the mobility of an ion is linkiedits self-diffusivity D
via the Nernst-Einstein relation [41]:

_gep
u= kB_I_.

An explicit expression for the self-diffusion coefficierdrcin turn be found from
random walk theory [41]:

(4.12)

m
D=¥yz(1- n)voexp(—%) , (4.13)

wherey contains geometrical details of the lattice and possibtesctions for non-
randomness in the diffusiorg is the number of neighboring equivalent sites,
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Figure 4.3: Schematic illustration of the vacancy mechani$ oxide ion migra-
tion (a) and the grotthuss mechanism of proton migration Hor simplicity only
the oxygen sublattice is shown.

is the occupied fraction of those sites, anglis a characteristic vibrational fre-
guency of the lattice, expressing the frequency of "jumperatits” of the migrat-
ing ion. AG™ = AH™ — TAS" finally, is the barrier in free energy between two
equivalent sites. Herehl™ is enthalpy andS" entropy. Noteworthy is that the
temperature dependency of the diffusivity is determinedig/migration enthalpy
AH™ = AE™ + pAV™. If for convenience a new parametet yzvoexp(AS" /kg) is
defined, the conductivity of an ionic specids a crystal lattice can now be written
by combining equations 4.11-4.13:

_ ci(l—Ci/Ni)qzezveXp(_%> . (4.14)

O kT kT

Here the density of lattice sitd$ offered the migrating species was also introduced.
It can be added that usually the concentration of chargéecsuis relatively small

so that the factof1 — c;/N;) is well approximated by unity. The case of oxide ion
conduction is slightly different in this respect, as idesites havec.- /No = 1 (all
oxygen sites are occupied by oxygen ions). After noting that(1—cs2- /No) =

(No — cvg)cv,/No, where \b denotes a vacant oxygen site, it is therefore more
common to think of oxygen migration as the migration of oxygacancies, and
consider the conductivitgy, U cy,(1—cy,/No) = Cy,.

Figure 4.3 (a) illustrates the vacancy-mediated diffugioocess of oxide ion
conduction. Regarding proton migration, protons natyraisociate with oxygen
ions to form hydroxide ions, (OH). In solid oxides this corresponds to the proton
being located in a position between lattice sites, covbldminded to an oxygen
ion. To migrate, the proton has to reorient itself around dlkggen ion and then
reassociate to a neighboring one. This two-step rotationpjoperation, called the
Grotthuss mechanisnis believed to be the main channel for proton migration in
perovskites and is schematically illustrated in figure 4€)8 Computer simulations
have shown that the highest migration barrier is associatdtthe jump step. It
has further become clear that the migration is enabled byatidns of the oxy-
gen lattice, where distortions allow the protons to be hdraleer from one oxygen
ion to the next, thus reducing the migration barrier. It isidved that the softness
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4.5 Concentration
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Figure 4.4: More detailed illustration of proton migrationperovskites. Quantum
molecular dynamics simulations showing (a): the protojett@ry, with the proton
associated to an oxygen ion most of the time and only occalkyomigrating to a
neighboring ion [31]. (b): lattice distortion during thegbon transfer step [42, 44,
45].

of the lattice in perovskites is indeed what makes them q@adily good proton

conductors. [31,42,43] The proton trajectory and lattictaitions, from quantum
molecular dynamics simulations, are shown in figure 4.4.dpée? | it is shown that
a similar proton pathway as seen in perovskites exists alpgrochlore oxides, and
the migration barrier is evaluated.

4.5 Concentration

The concentration of a free charge cariiesuch as presently discussed is for a di-
lute, non-interacting solution at thermodynamic equilibr given by the Boltzmann
distribution:

G = Nig 2Gi/keT (4.15)

whereAG{ is the change in Gibbs free energy associated with the inttooh of
one such carrier into the lattice. The underlying thermauayits will be discussed
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Figure 4.5: Schematic illustration of acceptor doping mgvirise to a charge-
compensating concentration of oxygen vacancies, (a)esuiestly replaced by hy-
droxide ions in a humid environment, (b).

in chapter 5 and methods and considerations for calculadialistic free formation
energies will be reviewed in some detail in chapter 7. Fopilmposes of the present
chapter it however suffices to ascertain that as a consegubecconductivity of
carrieri is now written:

Nig2€?y exp <_AHim+AHif) (4.16)

O = T kT

where it has been assumed that & /N; ~ 1 and the exponential factor comprising
the entropy and volume of formation has similar to the migratounterparts been
consumed by the factar It is seen that the formation enthalpy of the charge carrier
also contributes to the activation energy. The shH]" +AHif expresses the fact
that a low concentration and high mobility (hi@ih-lif, low AH™) can give rise to the
same conductivity as a high concentration and low mobilaw(AH!, highAH™).
Regarding the concentration of protons in most solid oxid#qn conductors,
it has already been touched upon in chapter 3 that signifjgantonic conductiv-
ity only appears after acceptor doping, an intentional ipocation of negatively
charged point defects in the material, followed by exposirthe sample to a hu-
mid atmosphere. The reason is that the negative chargesluted in the material
have to be compensated for, either by the creation of pesitiarges or the removal
of other negative charges. The former can for instance obguhe creation of
electron holes or protonic defects, while the latter can di@eved by the removal
of oxygen ions. While protons as a result in principle can lw®iporated directly
in connection to the doping process, oxygen vacancies are stable at the high
temperatures in question (both oxygen and hydrogen tendrttswaporization as
the temperature is increased). As the sample cools, watkscoies from a humid
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4.6 Trapping
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Figure 4.6: Schematic illustration of acceptor dopantpgiag oxygen vacancies
(left) and protons (right).

atmosphere are instead incorporated in the vacant oxygahqs, effectively cre-
ating two hydroxide ions per vacanayf. figure 4.5. The effect of thikydration
reactionis that protons are introduced in the material and the protorcentration
is increased.

In Paper Il the charge-compensating efficiency of a numbeliftdrent dopant
species incorporated in LZO at typical synthesis cond#igrevaluated.

4.6 Trapping

While introducing negative acceptor dopants in the maténiaeases the concen-
tration of oxygen vacancies and/or protons, it also has aniai downside. The
positively charged protons and oxygen vacancies can bectegé be electrostat-
ically attracted to the dopants, thus introducing local-emergy positions for the
migrating species, compare figure 4.6. In order for the ntiggaspecies to dis-
sociate from this local bound state and enter the normaldwctive, state it needs

to obtain an enthalpyAH!. In consequence, the activation energy of the species
in question—in its trapped state—is split further to incualso the dissociation or
trapping enthalpyAH! [46]:

E3=AH™ +AH' + AHY, (4.17)

Note that here the formation enthalpy refers to carrierhenttapped state. During
conditions such that the trapped states are occupied (mastipently low temper-
atures), this formation enthalpy is small and the trappedeza experience a migra-
tion barrierAH™ + AH!. In the case of proton conductors, this trapping effect may
have not only direct bearings to the ionic conductivity bapping of oxygen vacan-
cies may also have indirect effects in terms of proton cotraéon in that trapped
oxygen vacancies can not migrate to the surface of the saampléake part in the
hydration reaction. Trapping of protons by acceptor dopamt_ZO is investigated

in Paper I, and trapping of oxygen vacancies is studied irePkp

4.7 Depletion

The present chapter is concluded with figure 4.7, illustgathe effect of an accu-
mulation of positive charge at the core of grain boundari€be positive charge
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Figure 4.7: Schematic illustration of an accumulation o$ipee charge (green) at
the core of a grain boundary causing depletion of positive@h carriers (red), for
instance protons, in the grain boundary region.

electrostatically repulses positive charges in the regianising a space-charge re-
gion depleted of positive charge carriers such as protonse i the suppressed
concentration, the conductivity of these charge carrialsbe severely hampered,
with a harmful effect on the effective conductivity of the t@@al, as discussed in
section 4.2. In Papers IllI-IV the proton depletion assedatith the accumulation
of positive oxygen vacancies at the core of grain boundami&ZO is examined.
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Chapter 5

Defects in semiconductors
and insulators

Ideal, crystalline, solid state materials are construbtgdn infinite periodic repeti-
ton in space of some basic building block — a unit cell coirgisof one or more
atoms. No finite, real-world, pieces of material are howgesfect crystals. Some-
where the crystal has to end in a surface, or an interface athancrystal with a
different orientation or a different composition or arr@angent of atoms. Such in-
terfaces are also commonly found inside materials, betweains of bulk material
or to local precipitates of different phases. There may fistance also be disloca-
tions between atomic planes, and imperfections due to ngssidded or switched
atoms. These various imperfections in a crystal can beitilsdy their spatial
dimensionality as bulk-, plane-, line- and point defects.

Such defects can greatly affect the macroscopic propestiasnaterial, like its
ability to withstand thermal and mechanical stresses. Nraportantly for the sub-
ject of the present thesis, the electronic properties ofthterial is also affected. In
a periodically symmetric material the probability of fingian electron at one point
in a unit cell must be the same in the equivalent point of euverycell in the crystal.
Imperfections however break this symmetry and may intrechew electronic states
associated with the imperfection. Analogously, point defenay find positions of
higher or lower stability in the vicinity of other defects it other point defectsct.
trapping) or higher-dimensional ones like grain boundafef. segregation). Ac-
cumulation of charged point defects at grain boundarieseaiocal electric fields
and possible depletion of charge carriers. Understandiagphysics of defects in
semiconductors is essentially what has enabled the engigesnd development of
the plethora of electronic semiconductor devices whictearategrated part of our
society. As seen in previous chapters, point defects aceaafeecessary ingredient
in the ionic conductivity of solid oxides and much like theperties of electronic
semiconductor devices are dictated by the electronictsireicthe properties of solid
oxide fuel cell electrolytes are dictated by the defectdtite. By the discussion
above the structure of defects and electrons are howewggalty connected, and
treatments of the two are in a wider perspective difficulteaparate.

This chapter offers a brief introduction to point defectsl gmain boundaries,
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5 Defects in semiconductors and insulators

with the purpose of clarifying definitions and notation (&t 5.1), as well as pro-
viding an introductory model for understanding the eleakiproperties of point
defects (section 5.2) and grain boundaries (section 5.5emiconductors. Fur-
thermore the thermodynamics and chemistry of point defisciistroduced in sec-
tions 5.3-5.4.

5.1 Definitions and notation

Point defects can be defined as zero-dimensional impesfecin a crystal, meaning
a single atom is removed, added or replaced in a way that isaratistent with the
ideal crystal lattice. In the present thesis it is practicadlivide point defects into
three categoriesracanciessubstitutionaldefects andnterstitial defects. These are
illustrated in figure 5.1. Vacancies arise when a native a@soramoved from its po-
sition in the crystal lattice (figure 5.1(b)). Substitutadmpoint defects are the result
of the replacement of an atom with another, either nativeoogifin to the mate-
rial (figure 5.1(c)). Interstitial point defects, finallyeaatoms occupying positions
between points belonging to the crystal lattice (figure d))L(

By convention theKroger-Vink notationis used to denote point defects. The
specieM and lattice sites of the defect is expressed Bls. For example, a substitu-
tional point defect constructed by the incorporation @ftiitim on a site which in the
pure material is occupied by lanthanum, is denoted. TRor interstitial point defects
the position of the defect is described with the subsarifpior instance Tidenotes
a titanium atom in an interstitial position. Vacancies ar@strcommonly denoted
V, so that for example a vacancy on a lanthanum site is dengtedSometimes
a lower-casev is used instead, particularly if there is a chance of coofusvith
Vanadium. In addition to species and position, point defece characterized by
their effective chargeThe creation of a point defect in a semiconductor or insulat
is typically accompanied by a more or less local change imgehahe magnitude of
which can vary depending on the occupation of electroniestassociated with the
defect. Often one needs to specify to which charge stateeatefect one refers, and
this is done by adding a superscript to the notation. Doisgs and crossed’ ,
M’ and M*) respectively denote a positive, negative and neutrattfie charge,
measured in elementary units. For example, removing &mi@n from its position
in an ionic oxide nominally results in a vacancy where therghdas increased by
two units, why the point defect would be denotgl Placing the oxygen ion in
an interstitial position would similarly result in an’@lefect, while replacing say a
La®* with a NP corresponds to a Ng defect.

5.2 Donors and acceptors
As previously mentioned, point defects in insulators andisenductors can carry
an effective charge and give rise to electronic states wittrgies in the band gap.

Depending on the occupation of these states the charge détket changes. Posi-
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5.2 Donors and acceptors

(a) Perfect crystal lattice without point defects. (b) Vacanciesone on theB-site {/g), one on the

W-site (My).

(c) Substitutionapoint defects: two constructed (d) Interstitial point defects: two constructed
from native atomic species occupying the wrondrom native atomic specie8{ and\W) and one
lattice site Y\Ms andByy) and two from a foreign from a foreign speciedy)).

speciesGg andGyy).

Figure 5.1: Point defects in a crystal constructed from téaomac species denoted
B, for black, andw, for white. Foreign atomic species have been colored gray an
are denotedb.

tively charged point defects have released, or donatedppn®re electrons to the
host material and are consequently called donors. Ned@titarged point defects
have instead trapped, or accepted, electrons and are ealtegtors. It can be stated
that the foundation for understanding these propertieslardsn 1940 when Mott
and Gurney described what came to be known as the effectigs orahydrogenic
theory for point defects [47]. A frequently cited review drettopic was written by
Kohn in 1957 [48]. The theory is outlined here in a conceptoah as an introduc-
tion to effective charge, localized states, and acceptmisianors.

The effective mass concept concerns the behaviour of etextriose to the bot-
tom of the conduction band, and electron holes close to fheftthe valence band.
Close to the edges, electronic energy bands can often beagstirwith a parabolic
function, as depicted in figure 5.2. Recalling the energy foéa electron,

Edee(k) = h?K?/2m,

wherem is the free electron mass, it is realized that the energy exftedns near
the minimum of the conduction ban&SBM, and holes near the maximum of the
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5 Defects in semiconductors and insulators

FE i i
CBM] fo ECBM + h2k‘2/2m:

Energy F

E = Bypum — h2k2/2m;

Evewmr

- Valence band S

Wave number k

Figure 5.2: Depiction of effective masses of electrons ia tonduction band
and electron holes in the valence band. Close to the edgeplesbands are ap-
proximately parabolicje. E O k?. Comparing to the energy of a free electron,
Efree — 12k?/2me, electrons and holes close to the band edges can be seee-as fre
like electrons with some effective massgsandmy, respectively.

valence bandg/®M, can be writtef:
h?K?
ES®M(k) =E — 5.1
e (K CBM T+ 2me (5.1)
VBM h2Kk?
E k) =E — 5.2
no (K)=Evem + oy (5.2)

whereEcgym andEygy are the energies at respective band edge. Having the same
dispersion relation as free electrons, electrons and hedéese to the edges of the
conduction- and valence bands can thus be expected to bigkexgeich, only with
some effective massesg, andny, respectively.

It is now time to introduce a point defect. For illustrativarposes an ionic
compound will form the basis of the discussion, but the argiisican be applied to
covalent crystals as well. Figure 5.3 illustrates the ¢ifeacchanges imposed on the
system when donordefect is created. For instance, replacing a divalent catith
a trivalent, a point defect with an effective chargé is created. One excess electron
is also introduced to the system. This electron can be placéte bottom of the
conduction band, where it will behave like a free electrothvéffective massn
and energy given by equation 5.1. It will however be attrddtg the positive charge
of the defect, indicating there has to exist a bound statle @nergy lower than the
free-like state. The situation is very similar to a free &l@c and a proton, an ionized

INotice opposite sign in the hole energy compared to the VBa&dtedn energy in figure 5.2; in
an electron energy diagram a decrease in electron energyiiegease in hole energy.
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5.2 Donors and acceptors
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(a) Before introducing a point defect. Perfectb) Introducing a substitutional point defect.

ionic crystal constructed from two ions. The anA trivalent atom replaces one of the divalent

ions (small, cyan-colored) are negatively chargedations. Two of the three new valence electrons
due to electrons occupying two valence statesre accounted for by making the replaced cation
which are empty in the neutral atom. The cationseutral. One extra valence electron is however
(large, orange) are positive due to two missingvailable to the system.

valence electrons.

— ——

(c) The effective change to the system is the exXd) If the electronis occupying the localized
tra valence state and electron. If the electron state, the point defect is effectively neutral and
notoccupying the localized state, the point defedhe electron is bound to the point defect. The sit-
has effectively a positive charge and the electromation is similar to a hydrogen atom.

is in the free-like state in the conduction band.

The situation is similar to a proton and free elec-

tron, ie. an ionized hydrogen atom.

Figure 5.3: lllustration of the formation of a donor defectthis example by the
substitution of a divalent cation with a trivalent. The bdutocalized, state that
appears must be lower in energy than the free-like stateenctmduction band.
Comparing with a hydrogen atom the energy of the localizeta £t@an be estimated,
as can the orbital extension of the electron (see the textte fhat an equivalent
change in effective local charge and available electrordeasribed here occur for
different point defects, for instance creating an anioravay. In the cases of vacan-
cies, the localized states can be expected to be characidayzthe valence states of
neighboring ions instead of valence states of the substitue
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5 Defects in semiconductors and insulators

hydrogen atom. If the crystal hosting the point defect aedtebn is estimated with a
screening medium with some dielectric consigribe energy of the localized defect
state can be evaluated. The effective positive charge qidhe defect establishes a
Coulomb field, additional to all the other crystal fields theiseed before the point
defect was introduced. Due to the screening of the host medhe Coulomb field
is not given bye/r but instead
e/e

Udonodr) = %;
whereeis the elementary charge. The electron in the hydrogen atsthie ground
state energy

Ederogen: —64%/27”12,
which is in reference to the free vacuum state. Here the aakeneference energy is

instead that of the free-like state at the minimum of the cmtidn band, and it is
immediately concluded that the bound state of the donorctiefes an energy

etmg
Edonor= Ecam — 2h2g2’
or N
hydrogen Me
=Ecem—E —. 5.3
Edonor CBM € 2 (5.3)

The dielectric constargttypically has a value of order 10, and the valuesngfcan
range in order between@lme — 1Ime. This corresponds to a value Bfionorbetween
13.6 x 10~4 and 136 x 102 eV, or from about 1 to about 140 meV, below the con-
duction band. Compared to band gaps of order 1 eV or more, tieetpal donor
level is thus close to the conduction band. The weak bondinbeoelectron also
implies a large spatial extension which is far from poikeli Using the expression
for the bohr radius, @= iﬁiz/mee2 ~0.5A, the typical extension of an electron in a
donor state is between 5 and 580

The qualitative description adcceptordefects is analogous to that of donors.
As an example, figure 5.4 illustrates the effects of replg@ndivalent cation in
the lattice with a monovalent. In removing a divalent atownirthe system and
replacing it with a monovalent, one electron has to effetyibe removed from the
system. This electron can be taken from bulk valence statethe valence band,
which results in an effectively negative point defetft,figure 5.4(a). It can also be
taken from valence states localized at the point defectesisdigure 5.4(b), which
corresponds to a neutral point defect. The local valencetreles have lost one
partnering empty valence state in the cation and thus rept@shigher energy than
the bulk valence states in the valence band. In other woglg€fi5.4(a) represents
a situation with an electron trapped in a localized defeatestvith energy higher
than the valence band, while figure 5.4(b) represents atigitusvith no electron
trapped or conversely a hole trapped in a bound state at tiegtinely charged point
defect. To estimate the energy of the localized state, casgrawith a hydrogen-
like situtation is again possible, only the Coulomb field is.geby a negative charge,

e/e

Uaccepto(r) = T
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5.3 Concentration at thermodynamic equilibrium

(@) The electron removed from the system ha@®) The electron removed from the system has
been taken from the valence states of the bulkere been taken from the local valence states
This is illustrated with the missing electron onat the defect, illustrated with the missing elec-

the anion to the far right and the hole in theron on one of the anions closest to the replaced
valence band. Locally at the point defect, theation. Thus the point defect is neutral, with no

charge has decreased with one unit, why the dfcal excess electron, and there is no electron
fective defect charge is-1. This corresponds missing in the bulk valence states. In the band
to a local excess of one electron, which is aftpicture this corresponds to the localized state not
tributed to one valence electron in one of the arbeing occupied. Compared to the situation in

ions closest to the replaced cation. This electrofa), the localized electron has filled the hole in

has lost its corresponding empty valence state the valence band. Conversely the situation can
the cation and is more weakly bound, meaninbe thought of as the positive valence band hole
higher in energy, than valence electrons in thbeing trapped in a bound state at the negatively
bulk (the valence band). charged point defect.

Figure 5.4: Schematic illustration of how an acceptor detan form, in this ex-

ample by substituting a divalent cation with a monovalemt.otder to make the
removed divalent cation into a neutral atom, two electramsreeeded. Since the
substituent only has one valence electron, one electron effestively be removed

from the system. That electron can either be taken from balknce states (a), or
from valence states localized at the point defect (b).

and attracts the positive hole instead of a negative elecirbe bound state is by an
electron seen as higher in energy than the states in theceallamd and in the band
picture the energy of the bound state of the hole must thus be

h K
Eaccepto= Evem + Eeydrogen%' (5.4)

In full analogy with donor states, values fBE"°%*'hy/mee2 are small compared
to the band gap and it is concluded that typical, simple, ptocestates are located
in the band gap close to the valence band.

5.3 Concentration at thermodynamic equilibrium

Common for all concentration considerations in the predesgis is the assumption
of thermodynamic equilibrium. In this section the thermodsnics of point defect
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5 Defects in semiconductors and insulators

formation is therefore sketched, leading to expressionghe concentration of a
given point defect in a crystalline materal.

Considering some system of which the crystalline materiattefrest is part, the
formation of a point defect is described by a chemical efidim relation:

system including perfect crystat system including defective crystal
One may equivalently write
defect species in souree defect species in crystal

where by source it is here meant for instance the oxygen gesusuling the crystal
in the case of formation of oxygen vacancies in ambient dendi. Equivalently
the gas acts as a sink for the oxygen atom removed from théa€ryEhe source
or sink varies depending on the defect and defect procesaastipn and can for
instance also be a different region within the crystal fts€lor the purpose of the
present discussion the point defect formation equilibristierefore written:

defect species in X= defect species in X

where X » is used to denote different thermochemical "environmeots™states”
of the defect species.
Equilibrium corresponds to a minimum in Gibb’s free energy:

G=H-TS=E+pV-TS (5.5)

whereH is the enthalpySthe entropyE the energy ant the volume of the system.
The formation of\; defects of type in the crystal, %, imposes a change in the free
energy:

G =G(X1)+G(X2) — G =G(X1) +G(X2)

£ AGH(X1) + NAG? (X2) — ke TINQ4(X), O

whereAG;(X1) denotes all changes in free energy of, Xvhile for X, the change
was explicitly divided into two partsAG; (X2) comprises all changes in free energy
related to the creation of one defect, except for the changmnfigurational en-
tropy ks InQ;(X2). HereQ;(X>) is the number of microstates available to the point
defects. IfNmax denotes the number of positions available to formation efNh
defects, the configurational entropy is:

Nmax Nmax!
kg InQi(X2) = kgln ( N ) =ksln Ni! (Nmax— Nj)!

(5.7)
Nmax Ni

~ kgNmaxIn ——————— — kgNj In ——.

B max I\|max—Ni kB I Nmax—Ni

where Stirling’s formula was used. To find the equilibriunmmaer of defects in the
crystal the free energy is minimized by taking the derivatf G with respect td\;

2A detailed treatment is found in for instance Maier [49].
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5.3 Concentration at thermodynamic equilibrium

and equating with zero. After noting that a chandé oh X, is a change-dN; in
X1, the result is:
) N;

—AGi(X1) = AG] (X2) +kgTIn ————.
Nmax— Ni

N (5.8)

At this pointitis noted that a change in Gibb’s free energghwespect to the number
of particles is defined as the chemical potentiaf that particle: aiNiAGi(Xl) =
Ki(X1). If the change in X% is for the moment treated the same way, the equilibrium
relation equation 5.8 can be phrased:

W (X1) = Ki(X2), (5.9)

which states that the chemical potential of specissequal in X and X, given
thermodynamic equilibrium. Furthermore it is now possitileéeplace the numbers
N; andNmax With concentrations; andcmay in units of choice, for instance defects
and sites per volume or per formula unit of the host crystall@h Consequently,
equation 5.8 can be written:

Ci

M (X1) = (X2) +keTIN ——, (5.10)
Cmax— Gi
wherep; (X2) = AGY (X2). Exponentiation of equation 5.10 gives
AG/
Ci = (Cmax—Gi) eXp(—kB—T'> : (5.11)
where f
AG; = 1§ (X2) —(X1). (5.12)

Rewriting equation 5.11 now yields an explicit expressionthe concentration
of point defects of typein the crystal %:

1

f . (5.13)
1+ exp(AG /kgT)

Ci = Cmax

Itis seen that the occupation of the available defect sjfggis given by the Fermi-
Dirac distribution. For low defect concentrations,<< Cmax the Boltzmann ap-
proximation can instead be used:

AG!
Ci = Cmax€Xp (—kB—T'> : (5.14)

in which case the statistical decrease in occupation pilityahs sites are being
used up by speciags lost.

The maximum concentratiogy,ay, presently used refers to the number of sites
available for formation of the point defect under considiera In general, several
different species can compete for the same siteddr instance hydroxide ions and
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5 Defects in semiconductors and insulators

oxygen vacancies, which together with oxygen ions competexygen lattice sites
in solid oxides during hydration) and

Cmax = Ctot— » Cj; (5.15)
J

with ciot the total density of lattice sites in the crystal andunning over the com-
peting species.

Apart from the explicit statistical approximations, theridation above silently
assumed a concentration-independent chafig€,). While a reasonable approxi-
mation in many cases, it may not be true for extremely higlectetoncentrations
or highly interacting point defects. Formally, this digoa@cy is rectified by defin-
ing an effective number or concentration of defects, a dleadactivity 4 which is
conveniently defined in the Boltzmann form so that it subsuiaiso the statistical
approximations:

b= +ksTIng. (5.16)
The activity is in turn sometimes written in terms of an aityicoefficient fi: g =
fiNi/Nmax- In practice, defect interaction is more readily evaluatedn approxi-
mate manner by explicitly considering pairs of defedfs {rapping) or more com-
plicated clusters. Such clusters or complexes can be iadluda complete defect
treatment by defining them as independent defect species.

5.4 Defect chemistry and mass action

In general defect processes, more than one constituentatved and it is useful
to find relations between the concentrations or partialquess of the constituents.
Consider therefore the following chemical reaction model:

aA+bB=cC+dD, (5.17)

wherea, b, c,d denotes the number of species A,B,C,D taking part in the iggact
With the definition of chemical potential from section 5.3pilace, the free energy
balance can be written

apa +bpg =cpc+dp, (5.18)
which after rearranging and using equation 5.16 reads:

C ~d
ap;erpg—cp%—d;%szTln‘:g:E.

LetAG® = ap +bpg —ce —dp. Then:
NG\ . &al

whereK is called the equilibrium constant of the reaction &€& is the difference
in standard potentials, or the total difference in free gnerxcept for configura-
tional entropy, between the right and left hand sides of élaetion. The relationship
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5.4 Defect chemistry and mass action

between a chemical reaction (here equation 5.17) and aressipn like that of
equation 5.19 is called the mass action law.

Since equation 5.19 is written in the Boltzmann form, the séstriction in a
crystal lattice, equation 5.15, must be remembered whelagiy the activities
with concentrations. Moreover, since implicitly the irdgst revolves around charged
acceptor and/or donor defects, consistency with respechaoge neutrality of the
material as a whole has also to be taken into account.

Taking the equilibrium formation of oxygen vacancies in ardoped oxide as
an example, conditions such that the removal of an oxygam &tom the material
to ambient oxygen gas results in a fully ionized defect aseiiaeed. The vacancy
will then have an effective charge +2:

1
5¢V5+§Oz(g)+2e{.

For gas phase constituents the activity corresponds todatimlpressure of the gas,
if ideal gases are assumed. The mass action principle gives:
ovnZpg,
Ki=—"7"",
Co
wherecy denotes the concentration of vacancmsthe concentration of electrons
andcop the concentration of non-vacant oxygen sites. If low vagaiancentration
is assumed and no other defects compete for the oxygentsit@ottzmann approx-
imation is valid ancco = Np, with No denoting the density of oxygen sites in the
lattice. With no other defects, charge neutrality is alsoe: ne = cy/2, and an
expression for the vacancy concentration as function ofjerypartial pressure is
obtained:
ov = (4NoK)Y3ps /.
The vacancy concentration decreases with increasing oxXygessure.
For hydration of an acceptor-doped solid oxide, the retegtieecome more com-
plicated. The hydration reaction is written:

H20(g) + Vo + O = 2(OHo), (5.20)

and the mass-action relationship is

2
Ky=—>8 (5.21)
Cv Co PH,0
Further, site restriction now gives:
No = Co + Cv + CoH (5.22)

3Note that here the formation free energy is implicitly assdrto be given at a reference oxygen
pressure of 1, in the units used fpp, (tabulated values are usually in bar).
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5 Defects in semiconductors and insulators

and, assuming a single acceptor dopant A, for instarﬁz:ge(Y3+ substituted for
Zr*t), charge neutrality dictates (here it is assumed only veiearand protons com-
pensate for the dopants):

O0=2cy+CoH—Ca. (5.23)

Combining equations 5.21-5.23 gives the dependence of tterpconcentration
on dopant concentration and water partial pressure:

K K—4 /. ca Ca
con=No—— |1—/1-2"Z(2A A
: O|<—4[ \/ K ( No Né)

wherek = py,o0Ko.

The mass-action approach and the defect chemistry outieexihave been used
in Papers lll and IV to evaluate the effect of hydration on éailibrium concen-
trations of oxygen vacancies and protons in grain boundaie8aZrG. Equiva-
lently, the concentrations of point defects in a materia ba found by employing
equation 5.11 on the defects in question. Relationshipsd®at the various con-
centrations are then manifested in the relation betweemwrtikenical potentials (in
their full form, cf. equation 5.18) of the different constituents, which appedne
formation energyAG'. By introducing the chemical potential of electrops, and
self-consistently applying charge neutrality, the irdtee charge balance between
acceptors, donors, electrons and electron holes can bssadreresulting in the
equilibrium concentrations of the various defects. Thigrfalism is described in
chapter 7 and has been explicitly used in Papers Il and V.i¢itiglit is used in
all papers since it enters when comparing the energy (arslabiicentration) of in-
corporation on different lattice sites, including segtegato grain boundaries and
trapping energies.

: (5.24)

5.5 Space-charge at interfaces

Figure 5.5 illustrates how an accumulation of excess chiawrgespatially localized
region in a material will give rise to charge-compensatingaa of so-called space
charge around the region. While the figure illustrates corepon by depletion
of charge carriers with equal sign as the charged regiomtfele holes and oxygen
vacancies in the inset, protons in the large illustratianfumulation of carriers with
opposite sign is equally possible and it is the concentnadizd mobility of different
charge carriers in the material that determine the outcdme noted that similarly
the "excess” charge discussed here may arise from a dingidisbncentration of
opposite charge.

As figure 5.5 suggests, boundaries between grains are fidguseen as two
opposing grain surfaces, possibly with a layer of non-aljisie, amorphous, ma-
terial or even secondary phases in between. Furthermoradtemulated charge
is often thought of as immobile, with a frozen concentratiothe core of the in-
terface. Given such circumstances, it is reasonable tottakeharge in the core
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Potential/ log Concentration

Grain interior Grain interior

grain boundary
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depletion depletion
layer layer
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amorphous
layer P X

Figure 5.5: Two illustrations of excess positive charge gitzan boundary interface
and resulting depletion of positive charge adjacent tonkerface [22,50]. See also
figure 4.7.

as a boundary condition for finding the compensating comatoh in the space-
charge region, and treat the core charge as a paranwteGouy-Chapman and
Mott-Schottky approximations [49,51]). However, the élestatic potential caused
by the core charge will tend to deplete also the concentraifccore charge itself
and if the carriers of this charge are mobile, a steady-stateentration will be es-
tablished, balancing the effect of the electrostatic pidéand the driving force for

accumulation.

Both cases however consider thermodynamic equilibrium albife charge car-
riers; in the first case only in the space charge region, whikke second case the
consideration includes also the core. In a one-dimensiapptoximation which
is usually employed, the electrochemical potential (etettemical since charged
species in an electrostatic potential is considered) ofilmabarge carriers is then
considered as function of distanggrom the grain boundary interface and equi-
librium with the grain interior X = o) is assumed (for simplicity the Boltzmann
approximation is used here):

O =)+ keTlog o) (5.25)

i (x) +ksTlog

Only the difference in free energy between the grain integsiod grain boundary
region entersiAG? (x) = W’ (x) — (o). If no explicit driving force for accumulation
exists, this difference is given by the potential energyaoted by the charge carrier
due to the grain boundary electrostatic potente®; (x) = gieAdp(x). To find the
electrostatic potential, Poisson’s equation needs to edo

d 1
d_xM)(X) = —gp(x), (5.26)
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5 Defects in semiconductors and insulators

wherep(x) is the charge density, here determined by the concentsatiboharge
carriers:

P(X) = > dieG(x). (5.27)

More generally, given the structural difference acrossagboundary even in the
absence of amorphous layers or secondary phases, it i€lyniilat a given charge
carrier has a constant chemical potential across a graindaoy. Local differences
give rise to positive or negative segregation energieisjsiyto enrich or deplete the
grain boundary area of the carrier in question:

AGY(X) = I (x) — K (e0) = AG™(x) + G eAd (X). (5.28)

Equations 5.25 and 5.26 (with(x) given by equation 5.27 and the difference
in chemical potentials by equation 5.28) constitute a systé coupled equations
which must be solved simultaneously. In Papers IlI-V arattee numerical scheme
has been used to find the electrostatic potential and frercaoncentrations (pro-
ton, oxygen vacancies, electrons and electron holes)rdbyeenergetic segregation
(Ey: < 0) of mobile oxygen vacancies to the core of grain boundani®&aZzrOs.
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Chapter 6

Computational method

In the research put forward in the present thesis, the ehesgef point defect for-
mation is of central importance. This chapter introduces ftbst principle com-
putational atomistic method based on density-functidma@bty which has been the
primary means to evaluating energies of point defect foinatrapping and segre-
gation. Ab-initio or first-principle methods refer to thertkation of physical proper-
ties from fundamental quantum-mechanical principles @uthnvolving empirical
models or severe simplifications of the underlying phydimais. Density-functional
theory (DFT) is a means to such simplifications and has sitsasonception in the
1960’s become a house-hold word among chemists and phgsidisimerous re-
view articles €g.[52-54]) and textbookse(.[55, 56]) cover theory and application
in great detail. The aim of the present text is to provide agraew of the topic.

On the atomic scale, matter can be described as a colledtiomctei and elec-
trons, interacting via electrostatic forces. In principléproperties of such a sys-
tem can be derived from the quantum-mechanical wave fumctighe full system,
W(rq,ro,...,R1,R2,...;t), wherer; andR; denote the coordinates of the electrons
and nuclei in the system, respectively. In theory it is polesio determine the wave-
function using the time-independent Sgtlinger equation:

HW(r1,r2,...,R1,R2,...) = EW(rq,r2,...,R1,R2,...). (6.1)

In anticipation of doing so it is straight-forward to writee Hamiltonian# of the
system:

1 1 2 1 Z| ZJ

H=—2Y 0+ ——
24M ' " 24 R —Ry| 6
1 1 1 Z '
- — D.Z + = —_ ,
ZZ ! 2i;|ri—rj| §|R|—I’i|

where atomic unitsh = me = e = 1 were used, and,, M, respectively denote the
charge and mass of the nuclei. However, a finite-size pieaaaiérial contains
a number of nuclei and electrons on the order of Avogadrorstant,Na ~ 1073,
Solving any equation with that number of degrees of freedoataarly a formidable
task, far beyond the capabilities of any theoretical or cotaponal methods. It is
clear that simplifications and approximations are required
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6 Computational method

6.1 The Born-Oppenheimer approximation

A common starting point in simplifying many-atom problers4ao separate the nu-
clear and electronic degrees of freedom. While the electticsbrces acting on the
atomic nuclei are comparable in magnitude to the forces erelbctrons, the mass
of the nuclei is much larger. This fact implies that the dyramof the heavy nuclei
is much slower than the dynamics of the light electrons. Blorn-Oppenheimer
approximation [57], the electrons are assumed to adiadibtitollow the nuclear
motion. In other words, at every instance on the time scatb®huclei, the elec-
trons relax to a ground state given by the potential of thdeiuie the current con-
figuration. This enables the separation of the many-atorbleno into an electronic
problem and a nuclear problem.

6.2 Electronic structure: density-functional theory

Having separated the electronic and nuclear degrees aldmnegthe electronic prob-
lem is solved for a fixed nuclear configuration giving riseaeaternal potentialayt.
The Hamiltonian for the electronic system can then be writte

1 1
Ho=—=Y 02+ + Vext. 6.3
ZIZ i i J|ri_r.j| ext ( )

Still the complexity of this problem poses a tremendous aastaiional challenge
due to the electron-electron interaction expressed ingbersd term of equation 6.3,
which prevents the use of efficient diagonalization techegy It is in reducing the
complexity by removing these non-diagonal terms that dgrfanctional theory
enters.

The essence of DFT is to transform the problem of determithiagzave-function
of the system ointeractingelectrons into the problem of determining the electronic
density which can be found from a systemioflependenglectrons.

In 1964 Hohenberg and Kohn [58] formulated a theorem in twitspagarding
the ground-state electronic density. First, the exteroédmtialVey; of an electronic
system is up to a constant uniquely determined by the gratete-electronic density
no(r). Since formally the wave-function is determined by the maé potential,
the direct implication is that all properties of an elecimrystem is completely
determined by the electronic density. In particular thisugd be true for the energy
of the system, and the second part of the theorem concermsl#t®nship between
the ground state energy and the electronic density: Thesésean energy functional

E[n(r)] = F[n(r)] + / n(r Vexn(r)]dr, (6.4)

whose minimum is given by the ground state densifyr) and corresponds to the
ground state enerdyy of the system:

Eo = E[no(r)] = rQi?E[nU)]- (6.5)
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6.2 Electronic structure: density-functional theory

In principle it is thus possible to find the ground-state ggemnd electron density by
minimizing the energy functional, which is a 3-dimensiopedblem in contrast to
the original N-dimensional problem. Unfortunately the complex many3beffiects
are inescapable and so far no approximations have beeduated. An explicit form
of F[n(r)], which contains all effects of electron-electron intei@ttis therefore not
known.

In 1965 Kohn and Sham [59] introduced a practical schemedorputing the
ground state energy and electronic density. The key ideatledishe Hohenberg-
Kohn theorem only applies to the electronic density, nosgheific properties of the
electronic system. The density could for instance be détixeam a fictitous system
of independentlectrons. Kohn and Sham proposed to consider such a systm a
isolate the many-body effects of the true system into onenawk energy term.
Kohn and Sham showed that it is then possible to write an @kphkpression of the
energy functional in the following form:

ExcsIn(r)] = Tsn(r)] + Enln(r)] + Excln(r)] + [ n(r)Vedn(t)ldr, — (6.6)

where Ts[n(r)] is the kinetic energy functional of the independent elewrand
En[n(r)] is the Hartree energy, the electrostatic energy storeddrcliarge density
n(r). Finally Exc[n(r)] is the energy due to exchange (the Pauli principle), corre-
lation (Coulomb repulsion) and many-body contributions teekic energy in the
real, interacting, system of electrons. This exchangeetation functional is conse-
guently what now contains all many-body effects of the oddjproblem. Minimiz-

ing the Kohn-Sham functional of equation 6.6 leads to therk8ham equations:

30 k() @) = Eq(n), 67
whereVks(r) is given by

Viks(r) =Vu(r) + Vie(r) 4 Vext(r), (6.8)

and in turiViy(r) = [(n(r’)/|r —r’|)dr’ andVc(r) = 8Exc[n(r)]/dn(r). Equation 6.7

is a system of Sclidinger equations which are coupled via the electronic itiens
n(r) = 3; fi/@|2, where f; is the occupation number of the independent-electron
orbital ¢. The equations can be solved iteratively given an initiagguo(r) until

a self-consistent solution is found. The solution is theigab state electronic density
no(r), and it can be shown that the corresponding ground statgyisegiven by

Eo=) fiEi —En[no(r)] + Exc[no(r)] —/no(r)ch(f)df- (6.9)

Still, no approximations have been introduced, and if arcefcam of the exchange-
correlation functional could be found, the Kohn-Sham applhowould lead to the
exact ground-state energy and electron density correspgnid the original elec-
tronic problem. Such an exact form is however not known, gopr@imations
must be used.
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6 Computational method

To recapitulate, what is accomplished with DFT is to trade phoblem of the
system of interacting electronsf( equation 6.3) for a problem involving inde-
pendent particles, which has to be solved iteratively (&qnab.7) and in prac-
tice involves an approximation of the electron-electraeiiaction. Computationally
speaking the latter turns out to be favorable since fastaialization schemes can
be employed. The complexity of the original problem howegwersists in the form
of finding a proper exchange-correlation approximationrtiimately, it turns out
that relatively simple schemes usually yield surprisingggurate results.

Exchange-correlation approximations

In the Kohn-Sham approach to DFT, the effects of electreatsdn interaction are
built into the exchange-correlation (xc) functiork[n(r)], cf. equation 6.6. Here
the basic properties of two of the simplest and most commeniployed approxi-
mations, namely LDA and GGA are briefly outlined.

The first approximation of the xc functional was proposed lmhK and Sham
in their original paper [59] and became known as the locakdgrapproximation
(LDA). In LDA, a local xc energy densitgtP? is defined, and in every point in
space estimated with that of a homogeneous electron gaseitgla(r). The xc
functional can then be written

ELDAIN(r)] :/n(r)s)'chA(n(r))dr. (6.10)

The essential benefits of LDA is arguably its simplicity aethtive unambiguity.
An exact expression for the exchange enesgyf a homogeneous electron gas is
known, and the correlation energy can be calculated with Monte Carlo simula-
tions [60]. The xc energy is given simply as the sum of the " = & + ..

The electron density is rarely homogeneous. A natural ivgmmeent to LDA is
to take local gradients of the density into account. Thisxecdy what the popular
generalized gradient approximation (GGA) of the xc energgdd In other words,
the xc energy is considered a function of the local densityitigradienteSSA =
eSCA(n(r),0On(r)). GGA is however not one single approximation. It exists in
many flavors, and expansions to different gradient ordeve lheen experimented
with. Functionals are constructed using both theoreticathmds involving formal
requirements posed by sum-rules, long-range decay etthyempirical fitting of
parameters, aimed at reproducing experimental result®od lengths, bond angles
etc., found in molecular databases [56].

In practice, the choice of which xc functional to use oftemes down to testing
and empirical knowledge from comparison with experimehitghe present context
of semiconductors and especially point defects in semigotaads, particular atten-
tion is warranted in regards to the size of the band gap. Toweeker deserves a
separate discussion, see section 8.2.
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6.3 Nuclear structure

Practical implementation:
plane waves, supercells and pseudopotentials

It has been established that the Kohn-Sham equations §pti@ioriginal electronic
problem. Apart from the briefly mentioned iterative procegjua solution scheme
has however not yet been discussed.

A common computational approach is to transform the &dimger equations
into a linear eigenvalue problem by expanding the Kohn-Shawve-functions in
some basis set. Different basis sets are clearly possibtedde to the inherent
periodicity in crystalline system it is for condensed mattwestigations natural to
use periodic boundary conditions and choose a basis sesé plaves. As a result
of Bloch’s theorem [61], a complete basis set is then giveplage waves with wave
vectorsk within the first Brilluin zone, according to:

Wnk(r) = gcn,mee‘("*G)'r, (6.11)

wheren is the index of the eigensolutions and corresponds to éiffiebands. The
sum runs over all reciprocal lattice vect@sbut is in practice truncated by choosing
some cut-off energ¥.,: and for eactk only include lattice vectors such thé’tk +

G| < Ecut.

For perfect, crystalline, bulk systems this approach islid#nce calculations
representing an infinite piece of material only need to bearfadatoms of one unit
cell. When studying non-periodic systems, large cells awever needed and the
periodically repeated unit is called a supercell. For nengalic systems special
attention needs to be made in regards to the size of the slpeshich will be
discussed in the context of point defects in section 8.1.

The downside of using plane-wave basis functions is the slomvergence of
the sum for rapidly varying functions. Close to nuclei, elentc wave functions os-
cillate heavily, why plane wave basis sets are not idealtupately, while the elec-
trons close to the nucleus can be polarized, they do not ttkegart in chemical
bonding. It is therefore common to only include the valenleeteons in DFT cal-
culations. The potential of a nucleus is then replaced wikeudopotential which
includes the combined potential of the nucleus and the dexstrens. Pseudopo-
tentials are constructed to produce wave functions coingidith the all-electron
wavefunctions outside some cut-off radius, while insidedtt-off they are modified
for a plane-wave friendly, smooth, behavior of the wave fiomc

6.3 Nuclear structure

In standard DFT-based computation schemes, the nucleblepmp or more accu-
rately ionic problem in the case of pseudopotentials, stée classically. The elec-
tronic problem, including the ground-state energy, depgmarametrically on the
ionic configuration. This means the total eneE§ of the ion-electron system does
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6 Computational method

as well, and that the fordg on ionl is given by

aEtOt

Fi =
| aRI7

This force is readily obtained, using the Hellman-Feynnieotem [62], as the ex-
pectation value of the corresponding gradient of the Hamiétn. For instance the
ionic equilibrium configuration can then be determined bypkying some mini-

mization algorithm €g. conjugate gradient, Newton schemes) and iterative saisitio
of the electronic and ionic problems.
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Chapter 7

Ab initio modeling
of point defect formation

During the last two decades, the formalism necessary focemstully using the
computational methods based on density-functional theocglculate the stability
and electronic properties of point defects has been wealbéished [63—73]. On the
basis of thermodynamic equilibrium considerations, diefeacentrations produced
during different chemical environments, temperatures@edsures can be obtained
from realistic formation energies calculated with resgecitomic chemical poten-
tials. Similarly the equilibrium distribution of electrerover acceptor-, donor- and
host states can be readily taken into account by self-cemsidetermination of the
Fermi level of the system. The deliberations outlined hereetbeen explicitly ap-
plied in Papers Il and V but are of direct relevance for the knor all papers as
the evaluation of trapping- and segregation energies wegtomparing formation
energies.

The present chapter takes its origin from the discussionoomt plefect concen-
tration given in section 5.3 and aims to survey the use oflegtate energy output
of DFT calculations in evaluating free energies of formafiG' (T, p), of point de-
fects. First, in section 7.1, an expression for the forrmatioergy AEl = AE'(T =
0, p=0), of a point defect at zero temperature and pressure is derinesection 7.2
methods for treating the atomic chemical potentials oaegrin the formation en-
ergy are exemplified. The chemical potential of electronseigarately dealt with
in section 7.3, and in section 7.4 the calculation and mepafrnthermodynamic
charge transition levels is commented on. To conclude tlaptehn, treatments of
finite temperature and pressure are addressed in section 7.5

7.1 Formulation at zero temperature and pressure

The energies before and after formation of a point defectilarstrated in fig-

ure 7.1 and comprise first and foremost the total internakgnef the crystal:
tot tot H ;

'f:n?ateria| wio defec@BNAExaterial wi defect®SPeCtively. Furthermore the chemical poten-

tials of the reference states with which atoms are exchanged to be taken into
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7 Ab initio modeling of point defect formation

particle reservoirs with

] "« respective chemical potentials
N 1

v

(g electrons removed)

system with defect

SRR E R - - — - —
\
A

system without defect
Figure 7.1: Formation of a point defect. Atoms added to oraesd from the ma-
terial are exchanged with corresponding reservoirs. Siryilthe point defect may
carry an effective charge, which means during formation @neore electrons are
exchanged with the surrounding host material, acting asexveir for electrons.

account. In general the chemical potentials are treatedraspeters except for well-
defined situations where the values are pinned by thermaaignequilibrium with
specified material phases. Such pinning constraints ackttosgictate limits on the
chemical potentials, which will be illustrated in sectio2.7Presently the chemical
potentials can be thought of as the energy cost of excharagarmgs with a reservoir
of such atoms. If an atom is added to the material, the enexfprdformation of the
defect comprises the chemical potential of the atom in gemeoir. Similarly, when
defect formation involves removing an atom from the matgtiee energy after for-
mation will have a contribution from the chemical potentiilthe removed atom
in its corresponding reservoir. Vacancies, for instanceglve placing one atom in
such a reservoir, while substitutional doping comprisehlygacing a host atom of
the crystal in its reservoir and taking a dopant atom fromatervoir.

In the case of point defects carrying an effective chaygelectrons are during
formation added to or removed from the energy levels astetiaith the defect.
These electrons have been taken from, or placed in, theaemagnt of the point
defect, which usually only constitutes the host materidie €Energy of placing an
electron in a material is, analogously to atom reservoikgrgby the chemical po-
tential of electrons in the material, denotgd For a defect carrying an effective
chargeq measured in elementary charggglectrons have been transferred between
the defect and the surrounding host material. The energyeelto electronic ex-
change can thus be expressed by addgo the energy after formation, in which
case the situation with negative effective charges is oilin the sign of.

Concerning the energy of the crystal containing a chargeéatlefigure 7.2 il-
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7.2 Chemical potential limits

L AR AR
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Figure 7.2: Modeling charged point defect in DFT. The nundfeglectrons in the
supercell is modified corresponding to the effective charde avoid diverging
Coulomb energy due to interacting supercell images, a neiiga homogeneous
background charge is added.

lustrates the standard approach to model such chargeddesetts in DFT. First the
number of electrons used in the calculation is modified atiogrto the charge. For
example a defect with charge? is modeled by using two electrons fewer than what
would give a neutral system, while for negative chargestelas are instead added.
The change in the number of electrons alter the occupatidineoflefect-associated
states and the charge related to the defect. In DFT impleatiens employing pe-
riodic boundary conditions, an artificial homogeneous lgacknd charge of equal
magnitude but opposite sign is added to neutralize the safher

To summarize, the energies before and after formation ofirat plefect can be
written

tot
Epefore = Ematerial wio defect™ H0,added atom
tot
Eafter = Ematerial w/ defect T Ho,removed atomt- 4 Ho.e

where a zero in the subscripts was added as a reminder of eemoetature and
pressure. After some rearrangment the final expressién is:

f _ tot tot
AE0 _Ematerial w/ defect™ Ematerial w/o defect (7 1)

+ Ho,removed atonm H0,added atomt-  Ho e-

7.2 Chemical potential limits

It was noted in equation 5.18 and preceding text that theymachic equilibrium
establishes relations between the chemical potentialeeaf@mponents of the equi-
librated system. Such relations can be used to pinpoint dahees of the chemical
potentials given known equilibrium conditions, and to fimdits based on knowl-
edge regarding phase stabilities [74].

To illustrate these deliberations, the pyrochlore comjpmsiA,B,0y is taken as
an example and the three chemical potentigls, Ho g andip o are considered. The
basic assumption is that theByO7-phase is stable (or at least metastable), which
at equilibrium gives an equation involving the chemicalgmtals:

240 A+ 2o 8+ 7Ho.0 = Ho A,B,0; = EP[A2B207], (7.2)

1Several atoms are often added or removed during formatioheoflefect, with straight-forward
generalization of equation 7.1.
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7 Ab initio modeling of point defect formation

where E''{A,B,07] is the total energy of one formula unit,B,07, as given by

a DFT calculation. Here the ratios of the constituents may,vand in order to
determine all three potentials, two more equilibrium edret are needed. A priori
knowledge about which stable phases the constituents AdBacan form can be
used to consider different situations defined by simultasemjuilibrium with two of
those phases at the time. Assume for simplicity that A hadatdesbulk phase and
only one stable binary oxide phase;@s. Assume further that also B has only one
stable oxide phase, BObut can also exist as bulk. Oxygen can exist in any of the
oxide phases but also in the "bulk” gas phase(d). In principle six different points
in a phase diagram can then be examined, each correspodatgilibrium with
A>B207 and two of the other phases, see table 7.1. Having used thaaéans to
find the values of the chemical potentials, formation eresrgorresponding to each
of the specific chemical environments may be calculated.

Usually it is not motivated to study all environmental cdrahs outlined in ta-
ble 7.1. First, synthesis of a material for the most part $gbdace in equilibrium
with an atmosphere containing oxygen. The valugi®$ is then pinned, leaving
only points 1-3. Second, the values of the metal atoms ara wxggen-rich en-
vironment often limited by the formation of binary oxides,the present example
A203 and BQ, and it is natural to consider only A- and B-rich environngrde-
fined by chemical equilibrium with respective binary oxid@nly points 1 and 3
now remain. Each of these points correspond to a maximunewvafluespective
chemical potentialyp o or Yo ,g. The A-rich limit of point 1 is defined by chemical
equilibrium with AO3 and corresponds to an upper boundugia:

1

3
ugj%x — iEtOt[AZO?)] o EU0,0-

Table 7.1: Example environments as described in the tex, sumultaneous equi-
librium between two A-B-O phases. In conjunction with cheahiequilibrium with
A2B,07 and equation 7.2, all three native chemical potentigls, Ho g andpp o can
be computed at each of the six points, enabling the caloulati formation energies
corresponding to each specific chemical environment. Asrdied in the text it is
however usually not necessary to consider all these cornibirsa

phase 1 phase 2 equilibrium equation 1 equilibrium equéaion
1|0 AsO3 2lo.0= EtOt[Oz] 2o A+3H o= EtOt[Azog]
210 B 2[,10,0 = EtOt[ ] NioB = EtOt[ ]
3|0 BO; 24y 0 = E°YO,] Ho.B + 2100 = EPYBO,)
41A03 B 20,A+ 30,0 = E'[A203] Nio = E"'Bn]
5 A203 BO» 2|JO,A + 3“010 = EtOt[Azog] Ho,B+ 2|Jo,o EtOt[BOZ]
6| B BO, Nop = EtOt[ nl Mo+ 2Up.0 = EtOt[302]
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7.3 Fermi level and self-consistent concentrations

Similarly, point 3 corresponds to the B-rich limit and the>ximaum value ofyg g:
Mg = E'[BO2] — 20

In the A-rich limit pp g is at its minimum value, which can be calculated with equa-
tion 7.2. Similarly forpg a in the B-rich limit. Thus only one degree of freedom in
the chemical potentials of the native atoms remains, witms defined by the A-
and B-rich limits. Notice here that at finite temperatures ¥alues of all chemical
potentials in this situation depends on the oxygen partedgure (and temperature-
and pressure variation in the enthalpy and vibrationalogntiof oxygen). Compare
section 7.5.

For point defects involving a foreign specilt for instance dopants or impu-
rities, one more chemical potential comes into play. Theeaif this potential can
be calculated in a similar manner as previously describgaomsidering different
stable phases involvinlgl. However, important conclusions can be drawn without
doing so, specifically by studying properties given by d#feces in formation en-
ergies, for which the chemical potentials cancel. Firstritiodynamic charge tran-
sition levels are calculated by comparing the formationrgyef different charge
states of a given defect. Secondly, by comparing the foonanergy of a defect
incorporated on different lattice sites, the distributiointhe defect concentration
over the different sites can be calculated. Similarly, ialeation of trapping and
segregation energies all reservoir chemical potentiais&a

7.3 Fermi level and self-consistent concentrations

The last term appearing in equation 7.1 involves the elaatrohemical potential,
Me. Just like atomic chemical potentials this is a free eneadgted to the cost of
adding one electron to a reservoir of electrons. Also indaklogy to atomic chemi-
cal potentials, the electronic chemical potential onlyeta& distinct value in specific
equilibrium situations, determined by the thermodynanoaditions and electro-
chemical environment, as will be explained in the followinth such a specific
environment, the pinned value of the electrochemical ga@tkis suitably defined as
the Fermi level of the material.

The appearance @fpe in equation 7.1 measures the energetic cost associated
with the exchange o electrons between the defect and the electrochemical envi-
ronment. As illustrated in figure 7.3 the valuegfwill in a pure (non-defective)
material be pinned to the center of the band gap (providediémsity of states are
equal in the valence and conduction bands), but in the pcesainacceptor- and/or
donor defects the value depends on the relative conceariratid electronic prop-
erties of the different defects. Without detailed knowledggarding the formation
energy of all possible defects and their different chargtestpe can formally not be
pinpointed and must be treated as a parameter. If that kaigelen the other hand
can be gathered, it is possible to calculate the valugedfy considering charge
neutrality. In a neutral material the concentration of diéetive charge contribu-
tions must sum to zero. Hi(qg;) denotes the concentration of a certain point defect
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7 Ab initio modeling of point defect formation

—
k —

(@) Pure (non-defective) semiconductors and insulatorste T
finite-temperature smearing of the Fermi function (riglstsym-
metric aroundl. Assuming the density of states are equal near
the edges of the valence- and conduction bands, the reshtile-
electron formation is symmetric around the center of thedgap.
Hence the value qf; (the Fermi level) must be in the center of the
band gap.

(b) With acceptordefects present: Electrons from the(c) With donor defects present: Electrons can be do-
valence band can be trapped in the states associated wiged from the defect to the conduction band, leading

the defects, which reduces the concentration of electrof@ an increased concentration of electrons in the con-
duction band and a corresponding upwards shift of the

in the valence band. The Fermi function, and withgt
Fermi function angle.

must then shift downwards.

E
S

Y

y U

k

Figure 7.3: Schematic illustration of the position of therelevel (the value ofl)

in the band gap of insulators and semiconductors. Note tabrd and acceptors
regularly co-exist in a material, in which case the concaran of electrons donated
to the conduction band competes with the concentration lefshareated by accep-
tors in the valence band. The position of the Fermi level &nttetermined by the
relative concentration of different defects in the matearad the energy involved in
moving electrons between them and the bands. Equation prasses this relation-

ship and is a means to calculate the Fermi level.
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7.3 Fermi level and self-consistent concentrations

i in a specific state with chargg, and the concentration of electrons in the conduc-
tion band byncg and the concentration of holes in the valence bangay, the
charge-neutrality condition can be written:

> D Gici(d)+pve —nce =0, (7.3)
I G

where the outer sums runs over all species of point defeetgept in the system and
the inner runs over all charge states of respective defect.

To solve equation 7.3, each of the relevant concentratiarst be determined so
that the only unknown ige. In the Boltzmann approximation the dependence of the
concentrations;(q;) on pe follows (cf. equations 5.14 and 7.1):

Gi(q) O e b/t (7.4)

The concentrations of conduction band electrons and valband holes are found
by integrating over the density of statg&E) in the conduction band (CB) and va-
lence band (VB) respectively:

nce = [ _ (ke E)O(E)CE

(7.5)
Pvs = /V (1= (e, E)g(E)E.

where f (pe, E) is the Fermi function. Using the Boltzmann approximatiortos
Fermi function, equation 7.5 can be reducedd €g.reference 75):

Ncg = NCBe—(Ecam—He)/kBT _ (NCBe—ECBM/kBT) gle/kaT

(7.6)
PvB = Nyge (Fe—Evem)/keT _ <NVBeEVBM/kBT > e_“e/kBT’

whereEcgm andEypy are the energies at the conduction band minimum and va-
lence band maximum, respectiveNeg andNyg in turn denote the effective density
of states in the conduction- and valence bands, and are gwen

2Tmiks T 3/2
oo — 22T
2rmgke T\ ¥/2
h? ’

(7.7)
Nvg =2 (

wheremy, andmg are respectively the effective masses of holes in the cdimuc
band and electrons in the valence band. Note that that faBtizmann approxi-
mation of the Fermi function to be valid, conditions such thggym — e > kg T and
Me — Evem > kg T must hold.
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Figure 7.4: In the figure, VB, VBM and CB stand for valence band, valencel ban
maximum and conduction banDetermination of thermodynamic charge transition
levels from formation energies (example of oxygen vacanemfPaper Il). Plotting
the formation energy for three different charge states efdafect, it is found that
for low values ofj the state with charge-2 is most stable. At — Eyvpm ~ 2.5

a transition occurs to the state with chargé having the lowest energy, defining a
thermodynamic charge transition level as depicted in thletqpanel. Increasinge
further, another level is found fq — Eygm just over 3.

7.4 Thermodynamic charge transition levels

With the formalism for calculating formation energies imapé it is straight-forward
to calculate the thermodynamic charge transition levetkiced in the band gap
when introducing point defects in a semiconductor or insulaAt thermodynamic
equilibrium, the total concentration of a particular defed| be distributed over its
different charge states. As illustrated in figure 7.4 theiegalf2"s'""of the electronic
chemical potential where the defect changes from beingrtbdynamically most
stable in charge statg to charge state/, is found by comparing the formation
energy of the different charge states. Belp{#"s'"°"the concentration of defects
in charge state will dominate and vice versa. It should be noticed that these
levels will in general not coincide with experimentally dahined optical transition
levels. The ionic configuration in equilibrium may vary sigrantly between the
states below and above a transition level, in which casesttrassition levels will
differ from optical ones. Optical transition levels may kaoulated by using the
same defect geometry for the final charge state as for thalinithermodynamic
transition levels can on the other hand be observed in axeatis where the final
charge state can fully relax to its equilibrium configuraticuch as in deep-level
transient spectroscopy (DLTS) [76—78].
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7.5 Temperature, pressure and zero-point energy

7.5 Temperature, pressure and zero-point energy

Having so far formally restricted the treatment to zero termapure and pressure, it
is now extended to finite temperature and pressure. Efféasro-point motion are
conveniently included in the discussion as well.

In the context of point defects in semiconductors, tempeeaand pressure ef-
fects related to solid phases are commonly neglected. lygshal contributions are
small, and especially for solid reservoirs the similastt# crystal and reservoir lead
to a great deal of cancellation. Gas-phase reservoirs oottier hand can con-
tribute significantly to the free energy of formation and arere frequently taken
into account. As a first estimation of finite temperature- anessure effects it is
thus reasonable to only take changes related to atomic egehaith gas phases
into account.

Taking equilibrium with an oxygen-rich atmosphere as amgxe, the chemi-
cal potential of oxygen is defined as half Gibbs free energynaf Q(g) molecule;
Ho(T, p) = 1/290,(T, p). If the harmonic zero-point vibrational energy of the oxy-
gen moleculefwo,/ 2, is explicitly included, and ideal-gas behavior is asstitiee
chemical potential of oxygen is:

1 h
bo(T,p) = = (E‘°‘[oz] + 9% 4 po (T, p°) — Tso, (T, p°) + kaT |np—'i) . (7.8)

2 2
wherep® is some reference pressure dmng, So, is respectively the enthalpy and en-
tropy of one oxygen molecule. The energy scale is here chesématho, (0, p°) =
0. The harmonic zero-point energy is known for the oxygeneuwole (about 0.1 eV)
and values of enthalpy and entropy are readily availableh@nbodynamical ta-
bles [19].

While the approach taken in the present thesis is to neglegbdeature and
pressure effects of solid phases, a brief outline is neetis in order. It is first
noted that a pressure of 1 atm translates to31@meV/A3, which in comparison
with formation energies on the order of eV makes contrimgifrom thepV-term
of Gibbs free energy safe to neglect. If the vibrations in Bdsare modeled by
approximating théN-atom lattice with 8l harmonic oscillators, each with a unique
frequencyws, the explicit expression for the vibrational free ene@f}b(T) of a
crystal is [79]:

vib < s
FY™(T) = Z {— +kgTIn [1—exp(—hws/kBT)]}.
s=1 2
Notice that the zero-temperature vibration enters expfian the first term and that
the classical resultlksT is recovered in the high-temperature lirkgT >> hw.
The harmonic frequency modes; can be calculated by diagonalizing the force-
constant matrix corresponding to forces on the ions in ttieeda Using finite differ-
ences these forces can be calculated using DFT by applyiall, subsequent per-
turbations of the ion coordinates. Another approach toutatsng harmonic phonon
frequencies is to combine DFT with linear response thea®y. [B the formation of
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7 Ab initio modeling of point defect formation

a point defect, phonon modes can disappear (vacanciespeaggg. interstitials),
and the frequencies of existing modes can change due to ebamgteratomic po-
tentials. To a first approximation, a change &g38 can thus be expected during
formation of a point defect in a solid crystal, and a pradtiocgrovement can be
obtained by studying changes in the phonon spectrum retlatdee ion site where
the defect is introduced, and to the nearest neighbors.
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Chapter 8

Discussion of method

Methods based on density-functional theory currently @spnt the most popular
way to perform theoretical research into the electronic atmhistic properties of
crystalline materials. Despite this success and contirage@nces in computing
power, the techniques are not flawless in terms of accuragyarformance. In re-
lation to the calculation of formation energies of pointetds, there are particularly
two things which makes a combination of high accuracy andiliéa performance
less than straightforward to achieve. The first of the isssi@h artifact of model-
ing non-periodic features in implementations of DFT empigyperiodic boundary
conditions, and most notably concerns the formation enefgsharged point de-
fects. This item is attended to in section 8.1. The secongksuis the inability of
calculations utilizing standard LDA and GGA exchange-elation functionals to
accurately reproduce the band gap in insulators and seghiobors. An error in the
band gap translates to an uncertainty in the relative fdonatnergies of different
defect charge states. Section 8.2 outlines the problemaurtds to improved band
gaps, including the use of hybrid exact exchange functiondlich is employed in
Paper V.

8.1 Supercell calculations: finite-size effects

The first term on the right hand side of equation 7.1 referhéototal energy of a
piece of material containing one sample of the relevanttpefect. This one point
defect breaks the periodic symmetry of the host crystal. &fiad non-periodic
structures in the commonly employed periodic boundary sighemplementations
of DFT is inherently intricate due to the periodic repetitiof supercells. This issue
is always present when modeling systems not exhibiting yhensetry given by the
supercell periodicity: atoms and molecules, surfaces atifaces, line defects and
point defects. If for instance one point defect is placed supercell, the result is a
periodic array of point defects and not the single, isolateféct intended, compare
figures 8.1 and 8.2. Interaction between periodic defectjgaaives rise to spurious
contributions to the calculated energy. The generic smiuith minimizing the energy
error is to separate the non-periodic features by makingtipercell large enough
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8 Discussion of method

+ o

Figure 8.1: Electrostatic interaction between the pedoslipercell images of
charged point defects. Erroneous energy contributiorse drom the defect images
interacting with each other and with the neutralizing baokgd.

so that they do not interact. The effect of increasing the sizthe supercell can
be checked by studying the convergence of properties ofastgeg. formation
energies, with respect to supercell size. Furthermoregdiantities and conclusions
based on comparison of the formation energy of similar pdefects, much of the
errors due to finite supercell sizes cancel. While the mgjaitthe work in the
present thesis is founded on such convergence tests anchgsons of formation
energies, a brief discussion on these finite-size effeatevertheless appropriate.
With focus on potentially charged point defects, the spugimteractions may be
divided into two categories: electrostatic and elastic.

Electrostatic interaction

For charged point defects, an erroneous electrostatiaibation to the formation

energy comes about from the artificial array of charges anchttmogenous back-
ground charge needed to make the supercell neafrdigure 8.1. Several different
approaches to improve supercell convergence by suppgessicorrecting for the

electrostatic error have been proposed and discussedZ8 bt it is one of the ear-
liest and most straight-forward ones that has gained thé mosmentum and more
or less become standard. In 1985 Leslie and Gillan pointédhat the coulombic

error can be estimated by the Madelung energy of an array iot gbarges in a

neutralizing background and a screening medium [81]. Thesgy is given by

ag?

LG — _ﬁv

whereq denotes the defect chargethe Madelung constant which depends on lat-
tice type, anc the macroscopic dielectric constant of the screening nmedihe
material hosting the defect). However, despite the desegimame, the charge of
point defects is on a microscopic level rarely point-like ganerally has a finite ex-
tension and carries higher order electrostatic moment498% Makov and Payne
proved that the Madelung energy caused by the monopole ntoohéime charges
should be appended with a quadrupole term scaling@4.3 and that the total
coulombic error can be written [82]:

2
__ag®  2mQ -5
Emp = 2l 3eL 3 + O(L )7 (81)
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8.1 Supercell calculations: finite-size effects

whereQ denotes the quadropole moment of the charge. The derivatitns ex-
pression was based on ions or charged molecidesn charged defects hosted by
vacuum and not a condensed matter material such as a sotid.oXihe screen-
ing effects of a host other than vacuum were included in a gfmemological man-
ner and described by the dielectric constant. The dietectinstant is however a
macroscopic quantity which not necessarily describesesang effects accurately
on a microscopic level. Another implicit assumption is ttieg charge of the defect
does not extend beyond the boundaries imposed by the sllpeicguably, this
may not necessarily be true considering the large bohr sagliedicted by the hy-
drogen/effective mass model. The Makov-Payne correct@ontious be expected to
produce excellent results for ions and charged moleculess luncertain for defects
in condensed systems. Indeed, examples of failures of th@WBayne correction
to improve supercell convergence for defects in condengsi@sis can be found in
references 83-85.

Several authors have suggested a different approach toviegnthe spurious
interaction, which involves truncating or compensating tbng-range tail of the
Coulomb potential induced by the point defect [86, 89, 93]wieer, these methods
do not take into account polarization of the material owsite supercell. This leads
to an error estimated to be larger than in the standard apprfma materials with
€ > 2.8, which includes most solids of interest [91]. In a recenblmation [91]

a new, fullyab initio, approach to the coulombic interaction was presented which
might hold some promise, but evaluation and tests of the odedine still few.

For an estimation of the errors due to electrostatic intesadnvolved in the
present work, the leading monopole term of the Makov-Pdyasdie-Gillan correc-
tion was calculated to 0.08 eV for the formation energy of gedein charge state
+2 (eg. a fully ionized oxygen vacancy) in the 135-atom BZO supésagesed in
Paper V.

Elastic interaction

Elastic interaction arises from the fact that ions surrongdhe defect site relax to
a different stable configuration when the defect forms. Asitated in figure 8.2,
finite supercells prevents the relaxation to take place teitwvould for an isolated
defect. To avoid errors caused by elastic interaction, mgtle therefore need to
have a size that essentially encloses the elastic strathdalsed by the defedgt.
so that the ions at the edges of each supercell do not experaey significant strain
caused by the defect.

Models of point defects in isotropic elastic media [94] shihat the energy
caused by spurious elastic interaction falls off a3 whereR is the distance
from the defect. In supercell calculations one has a cheoidesundary conditions,
keeping the volume of the supercell constant or keeping tesspre in the system
constant equal to zero. According to the models, the elasiegy is either overes-
timated or underestimated depending on these boundarytimorsd If the volume
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Figure 8.2: Elastic interaction between the periodic sopiéimages of point de-
fects. If the supercell is small, the ions surrounding thieckewill not relax the way
they would if the defect was isolated.

is kept constant, the energy is overestimated and given by

3(1-v) rd
Eelv =Egl |1+ —— 5= 8.2
whereEg is the correct elastic energythe Poisson ratio of the elastic medium and
rc the radius of the defect core. For zero-pressure calculatioe energy is instead
underestimated and the corresponding expression is

3
Eelp = Eel [1 - 3% %} . (8.3)
The conclusions are that the error due to elastic interacaales the same way as
the second term of the Makov-Payne estimation of the elstettic error in both
constant-volume and zero-pressure calculations. Sireeedhling is known, contri-
butions from elastic interaction and multipole electréistanteraction can in princi-
ple be suppressed by extrapolating formation energiesrautavith different super-
cell sizes. In the present thesis the approach is to usearungtlume calculations,
since the energetic overestimation of the elastic coniobdeads to some cancella-
tion of errors due to electrostatic interaction.

8.2 The band gap problem

As a rule, DFT based on LDA or GGA severely underestimatesbtired gap of
semiconductors and insulators [95-99]. In barium zircentdr instance, the band
gap is calculated to 3.1 eV with GGA, in contrast to the experntal value 5.3 eV.
In addition to the explicit misdescription of wide-bandgapic conductors as mixed
or electronic conductors, the problem has direct bearingbe relative formation
energy and concentration of defects in different chargesta

There are two aspects of the band gap problem. First, exekhemgelation ap-
proximations based on local electron densities (both LDA @G A) suffer from an
error in energy related to self-interaction of electronfie®error is most severe in
densities characterized by strongly localized electrdmtals, primarily f- but also
d-states.
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8.2 The band gap problem

The second aspect of the band gap problem is related to aititypabstandard
LDA- and GGA-based DFT to produce accurate total energiesyflstems where an
electron has been placed in an otherwise unoccupied lefieténduction band),
if that level is separated from the occupied onefs Yalence band) by a gap in en-
ergy [95-97, 100, 101]. At the heart of the problem lies aaiimuity Ay in the
Xc potentiaV, between that seen by the added electron and that seen byh#rs.ot
This xc discontinuityshouldbe present but vanishes in LDA and GGA. The proce-
dure of adding an electron to otherwise unoccupied statesltoilate total energies
is characteristic not only for calculating band gaps bub dtee formation energies
of point defects with occupied defect-associated elecstates. The discontinuity
grows with the size of the energy gap, on which account piilgngne formation
energy of neutral or not fully ionized states of donors witinsitions levels close to
the conduction band are prone to error [66].

Two things can be pointed out in particufaEirst, even when adding (or remov-
ing) electrons to a supercell the aim is to calculate grouates. The issue with
adding electrons is thus not explicitly related to excitéatess versus DFT being a
ground-state theofy Second, on a primary level the band gap discussed heredshoul
not be confused with the one seen in the band structure ortgefistates derived
from the Kohn-Sham eigenvalues. The two however happenitzide due to the
vanishing xc discontinuity. The fundamental band gap iseefias the difference in
ionization energyg; and electron affinityfea,

Egap: Ea— EI7 (8-4)

or in other words the difference between the energy relateadtling an electron
to the material and the energy related to removing one. Tiereince between the
Kohn-Sham band g K§, and the fundamental gap is in fact the xc discontinuity:

Egap - Egasp—f— Axc.

In practical DFT calculations the band gap given by equéidns calculated from
total energies with electrons properly added and removed:

Egap= [E*(+1) —E*Y(0)] — [E*'(0) —E"(-1)], (8.5)

~ / /

' '

Ecam Evem

whereE™Y(i) is used to denote the total energy wiittlectrons added to the system.
Indicated are also the conduction band minimiaggy and valence band maximum
Evem corresponding to the band gap.

1For details, seeg. references 95-97,100, 102.
2Compare: Just like an atom, an ion also has a quantum-meecthgnound state.
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8 Discussion of method

Methods and approaches to best alleviate errors relatérbtioatnd gap problem
are areas of ongoing research. Nevertheless, a few teasicpn be highlighted
and summarized [100, 102].

e The GW approximatiofl03]. A many-body approach based on Green’s-
function techniques. Provides accurate band gaps but gty no feasible
way of obtaining total energies for the size of supercelisdeal for realistic
point defect investigations.

e LDA/GGA+U [104]. An explicit, repulsive, coulomb energy] is added to
localized orbitals in the valence band. This can countdhecself-interaction
error and partly improve the band gap.

e Hartree-Fock[105]. Separate method, not related to DFT. Many-body treat
ment including exact exchange evaluation (Fock exchange)ds too large
band gaps.

e Exact exchang€éEXX) [106]. Exact exchange is calculated from the Kohn-
Sham orbitals instead of using the Hartree-Fock method.

e Hybrid functionalg107, 108]. Motivated by the overestimation of band gaps
by the Hartree-Fock method and the underestimation by LERGan in-
terpolating amount of Fock exchange is mixed in with norm2ALor GGA.
High computational costs, primarily due to the long rangeh&f Fock ex-
change. By only treating short-range exchange exactljppaance can some-
times be improved while retaining improved band gaps [100].1

Application of hybrid exchange-correlation functionats becoming increasingly
popular as a means to obtaining accurate band gaps. Compeastahtiard GGA,
such calculations are however typically 50—100 times memahding in terms of
computing time, which is close to unfeasible in combinatiath the large super-
cells required to manage the finite-size errors in point cteéalculations. In Pa-
perV an approach suggested by Alkauskas and Pasquarellptfildvercoming this
dilemma was taken. With basis in the often close overlap ofefumctions derived
from GGA and corresponding hybrid functionals, the wavefions of converged
and optimized GGA (PBE [112]) calculations were used astibptioneshot” hy-
brid (PBEO [113]) computations, in which only one iteratimirthe electronic prob-
lem were performed. Excellent agreement between formatimgrgies resulting
from this approach and fully self-consistent hybrid cadtidns was obtained. Fur-
thermore the calculated band gap of 5.25 eV was in gratifgiggeement with the
experimental value 5.3 eV.
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Chapter 9

Summary of the papers

Paper |

The stable proton sites in LZO are pinpointed and an unimpeéed migration path-
way connecting these sites is identified. Furthermore téoprtrapping energies
of four common dopant species are evaluated. The two mosgeteally favor-
able proton positions are found adjacent to oxygen in thahsxdra enclosing Zr
(cf. figure 3.4(a)) with occupation of the other oxygen sité)(@nlikely on ener-
getic grounds. Based on these two positions a pathway igifigel consisting of
alternating jumps between equivalent positions, and itians between inequiva-
lent positions by rotation of the proton around its host exioh. According to the
calculations the migration barrier amounts to 0.3 eV whi#g@ping energies as large
as 1 eV are seen. In comparison with experimental activaiergies of 0.7 eV in
Ca-doped samples, the energies are in reasonable agredthengh slightly un-
derestimated. Out of the investigated dopants Ba, Mg, Sril@alatter two show
the most modest trapping energies.

Paper Il

Effects of twelve different species of di- and trivalent@gtor dopants on the charge-
compensating concentration and trapping of oxygen vaeangiLZO is evaluated.
It is found that substitution of La or Zr for aliovalent dogamesults in defects with
nominal charge. As a consequence the determining factahéocharge state of a
given dopant is whether it replacesYaor Zr**. The results show a clear corre-
lation between replacement preference and dopant sizle,depants having small
ionic radii occupying the smaller Zr site and larger dopaartsrgetically preferring
the larger La site. This behavior is explained by minimiaatof lattice strain and is
in line with conventional wisdom that size-matching betwsabstitutional dopants
and the host cation intended for replacement is an impoféatdr.

It turns out that elastic effects are significant also in therfation of oxygen
vacancies and in the pair interaction between dopants araheges. First, oxygen
vacancies are seen to form only on one of the two inequivaleygen sites in the
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9 Summary of the papers

material, almost entirely due to greater lattice relaxati®he most stable vacancy
site is the same as the one found energetically preferreddigis in Paper |. Sec-
ondly, while no decisive correlation between dopant chamgye trapping energy is
noticed, the pair interaction varies greatly with dopanési

Taken together, the results of Papers | and Il point to Ca arzkBig the most
promising of the investigated dopant species by exhibiirgpod combination of
charge-compensating concentration enhancement anddpwitig energy.

Paper Il

Investigations are initiated into the segregation of oxygacancies to grain bound-
aries in BZO and its effects on proton conductivity due tocgpeharge depletion in
the grain boundary region. Calculations show a segregatergy of —1.25 eV of
oxygen vacancies to the core of a prototype grain boundamth®basis of a simple
space charge model it is demonstrated that significant sgjzenge effects can be
expected from vacancy segregation energies of this maiménd results in electro-
static potential barriers comparable to estimates basedeasured conductivities.
Furthermore it is shown that the core vacancies are not ¢éxge¢o be extensively
replaced by hydroxide ions in hydrated samples, but pensgitbelow the hydra-
tion temperature of bulk oxygen vacancies. It is noted thathigh stability of the
oxygen vacancy position found at the interface is relatedhtarge mismatch and
lattice relaxation during vacancy formation.

Paper IV

DFT calculations of oxygen vacancy segregation to two gbmuandaries are per-
formed, and used as comparison for classical model-palesdmputations of seg-
regation energies in a total of eight different tilt grainumolary structures. Segrega-
tion energies ranging betweer).5 and—2 eV are found. In this work an energetic
grain boundary core is defined, based on the one-dimengoofdk of the segrega-
tion energies calculated in the grain boundaries. A cootisuspace charge model
with a numeric solution scheme is constructed, which shtwasthe calculated seg-
regation energies give rise to electrostatic potentiatibar between 0.2 and 0.8 V.
By evaluation of the ratio between grain boundary and butitqor conductivity, it is
demonstrated that the potential barriers cause grain @yitdocking effects which
essentially span the range seen in a collection of expetahdata. The conclusion
is that the grain boundary character of the material is dateant for the severity of
grain boundary blocking effects caused by oxygen vacancies

Similar to the observation made in Paper lll, correlatiores roticed between
segregation energy and areas of lattice strain and chargmatch. Particularly in
low-angle grain boundaries, regions of high vacancy stglale found near dislo-
cation cores. Tendencies of increasing magnitude of theegagion energies with
increasing grain boundary energy are also seen.
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Paper V

A wider and more general use of the formalism developed irePRpfor evaluat-
ing the space charge effects arising from calculated safjeggenergies, is demon-
strated. The segregation energies of all relevant chasgessbf an oxygen vacancy
in the prototype grain boundary from Paper lll, are caladaBy further performing
self-consistent calculations of bulk defect concentratiwithin the thermodynamic
stability range of BZO, and use them as input to the spacegehandel, the equi-
librium defect structure in bulk and grain boundaries of aemal characterized by
oxygen-deficient grain boundary cores is obtained. The ingnaf the valence and
conduction bands in the grain boundary due to the electrogtatential, as well as
the associated change in concentrations of conductiotrehscand valence holes,
are taken into account. A perturbative application of a id/bxchange-correlation
functional is used for efficient calculations with a propesdription of the band gap.

Unlike DFT results produced using standard GGA functionade of the hybrid
exchange-correlation functional shows that the oxygeraneg in bulk BZO is a
relatively deep donor defect, with the transition betwesmn+2/ + 1 charge state
1.4 eV below the conduction band. Furthermore, it is seehttifeamost popular
dopant species in BZO, Y, incorporates in an ideal mannemaacaeptor on the
Zr site under Ba-rich conditions, but can partly self-comgage by forming unin-
tended donor defects on the Ba site in Zr-rich conditionsaly, with the pos-
sible influence on grain boundary conductivity in mind, thes&gregation to the
grain boundary due to the positive electrostatic potemsiatudied as function of
dopant concentration, thermochemical conditions ancesimg temperature. It is
demonstrated that the space charge effects caused by oxggancy segregation is
a strong driving force for Y segregation to the grain bougdduring sintering. Low
temperatures and Ba-rich conditions amplify the segregati
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Chapter 10

Conclusion and outlook

The microscopic mechanisms which govern the ability ofdsokide materials to
conduct protons is a fascinating subject. We have seensrhbsis that this ability
can be directly enhanced by adding foreign atomic spec@sauts) to the material,
which increases the amount of protons but may in the samlkestause entrapment
of the very protons which were gained. Oxygen, which is iehéras a building
block of the material actively chosen, is cunningly first mad in reaction to the
added foreign atoms, and then put back again with protohewiolg along. The
oxygen however prefers not to return to the boundaries batvggains inside the
material, and oxygen vacancies instead blocks the pas$agetons.

While it may seem as if nature stubbornly refuses to fully ctympith our
attempts to optimize the materials candidating for use asoprconducting elec-
trolytes, it is hopefully just an expression of limited unstanding on our behalf. In
the research presented in this thesis, theoretical and wiatipnal methods aimed
at raising our level of understanding a bit further. In Padeand I efficient dopant
species with modest trapping energies in lanthanum ziteomere for instance iden-
tified, and in Papers IlI-V insight into the behavior and efffeof oxygen vacancies
in grain boundaries of barium zirconate was provided. Caig this research by
similarly investigating the energetic properties of pregan grain boundaries comes
across as relevant. In Papers | and Il it was found that psotortanthanum zir-
conate are more stable at the oxygen sites preferred alsaymen vacancies, and
analogous tendencies have been seen in comparison betviieeend perovskite
oxides [114]. Itis in other words not unlikely that protofi&e oxygen vacancies,
display energetic segregation preferences to grain boigsde barium zirconate.
High core concentrations of protons, greater space-chaotgntials and wider de-
pletion regions would be the results. Conductivity measemssupport this con-
jecture, with indications of greater space-charge effects/drated samples than in
dry samples [22].

In this context one may reflect on the possibility for quaivgly different be-
havior of grain boundary hydrogen compared to bulk. Hydroigdor instance often
amphoteric in semiconductors, with both stable donor- axégtor states [71]. The
possible existence and effects of acceptor states of hgdrag particular incorpo-
rated as negative hydride ions on vacant oxygen sites, ovpkite oxides have been
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10 Conclusion and outlook

discussed before [115,116] and were recently revisitedR & investigation of bar-
ium titanate [117]. As was illustrated for the Y dopant in Bap, acceptor states
are stabilized compared to donor states in the presence sitiveospace charge
potentials at grain boundaries. Further considering tiegagéd concentrations of
oxygen vacancies we have predicted at the grain boundaeg ctire possibility for
anomalous effects in terms of concentration and conduatiechanisms, caused by
negative hydrogen states, can at least be kept in mind. Olat@denote, it should
not be forgotten that increased proton migration barriergetbeen shown in at least
one grain boundary structure [118].

Equally important, or maybe even more so, as the behavioraibps in grain
boundaries, seems to be the behavior of acceptor dopamtasIhoted in Papers IV
and V that attraction of negative acceptor dopants by théip@sore oxygen va-
cancies does not cause significant neutralization of thie p@undary cores. The
vacancy concentration increases in response, and theeudtasitatic result is neg-
ligible. At variance with this behavior, a decrease of thecking effect in grain
boundaries as a result of increasing dopant concentrasrbkeen noted in mea-
surements, and understanding this effect might be a rouiartis devising schemes
to counteract the grain boundary problem.

Finally, the range of oxygen vacancy segregation energeeound for the dif-
ferent grain boundary structures in Paper 1V, raised goestregarding the grain
boundary character in polycrystalline samples. In thistligseems useful to look to-
ward ways to produce samples with well-characterized fatexs, in order to enable
more direct comparisons between measurements and modielsapid progression
in thin-film techniques will probably make this possible inear future [119].

In conclusion, further understanding of the blocking efffagyrain boundaries of
BZO is a route worth pursuing, and grain boundaries offegriesiting dimensions to
the defect thermochemistry of proton conductors. In a wispective, the micro-
or nanostructure of solid oxide materials represents aegegfrfreedom which might
be taken advantage of to improve the proton conductivity.ifigiance, perhaps high
defect concentrations at interfaces can, in the futureybet from a problem to an
asset, and lead to electrolytes with tailored nanoscaliguiesaving conductivities
of a completely different magnitude than today [120-123].nTake this possible,
theoretical and computational methods will surely provii@bale complements to
experiments. It is a good thing that the mind is free and cdersuget cheaper and
cheaper!

66



Acknowledgements

With the completion of this thesis near at hand, | am gratafil in debt to the many
people who made it possible. First and most of all i am thatkfumy supervisor
and examiner Professord&an Wahnstim for his patient direction and encourag-
ing support throughout all parts of my work. His combinatadrskill and humility
has been truly inspirational. The stimulating environmgerterated by my talented
friends and, in some cases former, colleagues in the M&eral Surface Theory
group has also been a great source of inspiration. Thank éar @roviding fond
memories of MST! Special appreciation is extended tarten Bprketun for contri-
butions to the present work and more importantly for kinddguice during my first
months at MST, and to Dan Fors for patient Vasp support andnaing discussions
during most of the remaining months. Finally, Edit Helge@dAars Lindman and
Paul Erhart are explicitly acknowledged and especiallykiea for their hard work
on the grain boundary project. Without their support andcktbn, the quality and
content of this thesis would be far from what it is. | owe youys.

Many people from my pre-graduate period at Chalmers coulcckeavledged
for making me embark on the present undertaking in the fiestel | am particu-
larly happy that Calle Borgentun and Andersdgir stuck in there all the way and
kept me company to, and through, graduate school. Thankgioeing plain and
simply awesome people, and for making especially the firargyat Chalmers a
pure joy! My MSc supervisor Martin Nilsson Jacobi shouldoaie mentioned, for
unknowingly making me consider a PhD degree at all.

A heap of gratitude is directed toward my family and the réshg friends, for
suitably distracting me from work on a regular basis. A sgkttiought is sent to
my father (mom, | think of you as well) but I will not mentiondhest of you. You
know who you are, and if not | will remind you more often.

Last and most. Rimma: Thanks, and props to you, for the reatdekfeat of
proofreading this thesis (yes, it is pronounced zir-ceejlaMore than that, thank
you for always being there, in and throughout everything,feing you, and for
beingmyeverything.

67






Bibliography

[1]

B. C. H. SteeleFuel-cell technology: Running on natural gdsature400,
619 (1999).

[2] T. Norby, The promise of protoni¢Nature410, 877 (2001).

[3] A. Boudghene Stambouli and E. Traversael cells, an alternative to stan-

[4]

[5]

[6]

[7]

[8]

[9]

dard sources of energyRenewable and Sustainable Energy Reviéw295
(2002).

M. Momirlan and T. Veziroglu,The properties of hydrogen as fuel tomorrow
in sustainable energy system for a cleaner plameternational Journal of
Hydrogen Energ\80, 795 (2005).

M. Granovskii, I. Dincer, and M. A. Roselkxergetic life cycle assessment
of hydrogen production from renewab]&eurnal of Power Sourcd$7, 461
(2007).

L. Hernandez and V. Kafaro\se of bioethanol for sustainable electrical en-
ergy productionInternational Journal of Hydrogen Energg, 7041 (2009).

I. Dincer and M. A. RosenSustainability aspects of hydrogen and fuel cell
systemsEnergy for Sustainable Developmeig, 137 (2011).

E. Fabbri, D. Pergolesi, and E. Traverdéaterials challenges toward proton-
conducting oxide fuel cells: a critical revieWhemical Society Reviews9,
4355 (2010).

B. C. H. Steele and A. HeinzelMaterials for fuel-cell technologiedNature
414, 345 (2001).

[10] L. Carrette, K. A. Friedrich, and U. Stimminguel Cells: Principles, Types,

Fuels, and ApplicationsChemPhysCherh, 162 (2000).

[11] I. EG&G Technical Servicedruel cell handbook7 ed. (U.S. Department

of Energy, Office of Fossil Energy, National Energy Techiggidaboratory,
Morgantown, West Virginia, 2004).

[12] S. M. Haile,Materials for fuel cells Materials Today, 24 (2003).

69



Bibliography

[13] A. J. Jacobsonylaterials for Solid Oxide Fuel Cell]sChemistry of Materials
22, 660 (2009).

[14] F. Lefebvre-Joud, G. Gauthier, and J. Moug@urrent status of proton-
conducting solid oxide fuel cells developmeiturnal of Applied Electro-
chemistry39, 535 (2009).

[15] A. Kirubakaran, S. Jain, and R. Nenfareview on fuel cell technologies and
power electronic interfaceRenewable and Sustainable Energy Revié®s
2430 (2009).

[16] A. Orera and P. R. Slateljew Chemical Systems for Solid Oxide Fuel Cells
Chemistry of Material®2, 675 (2009).

[17] C. Xia and M. Liu,A Simple and Cost-Effective Approach to Fabrication of
Dense Ceramic Membranes on Porous Substralesrnal of the American
Ceramic Society4, 1903 (2001).

[18] S. M. Haile,Fuel cell materials and componentcta Materialia51, 5981
(2003).

[19] M. W. Chase, JANAF Thermochemical Table8 ed. (American Chemical
Society and the American Institute of Physics, New York,d)98

[20] L. Malavasi, C. A. J. Fisher, and M. S. Isla@xide-ion and proton con-
ducting electrolyte materials for clean energy applicaso structural and
mechanistic feature€€hem. Soc. Re9, 4370 (2010).

[21] H. Iwahara,Technological challenges in the application of proton cactihg
ceramics Solid State lonicg7, 289 (1995).

[22] C. Kjolseth, H. Fjeld, O. Prytz, P. I. Dahl, C. Estournes,Haugsrud, and
T. Norby, Space-charge theory applied to the grain boundary impeéanic
proton conducting BaZr0.9Y0.103-deltolid State lonic481, 268 (2010).

[23] S. Duval, P. Holtappels, U. Vogt, E. Pomjakushina, K. @am U. Stim-
ming, and T. Graule,Electrical conductivity of the proton conductor
BaZr0.9Y0.103-delta obtained by high temperature anngalsolid State
lonics178 1437 (2007).

[24] P. Babilo, T. Uda, and S. M. Hail&?rocessing of Yttrium-Doped Barium
Zirconate for High Proton Conductivifydournal of Materials Resear@?,
1322 (2007).

[25] H. lwahara, T. Esaka, H. Uchida, and N. MaeBapton conduction in sin-
tered oxides and its application to steam electrolysis fairbgen production
Solid State lonic8-4, 359 (1981).

70



Bibliography

[26] H.lwahara, H. Uchida, and S. Tanak#igh temperature type proton conduc-
tor based on SrCeO3 and its application to solid electrolyi tells Solid
State lonic®-10, Part 2 1021 (1983).

[27] H. lwaharaProton Conduction in Sintered Oxides Based on BaG&oarnal
of The Electrochemical Society35 529 (1988).

[28] H. Iwahara, T. Yajima, T. Hibino, K. Ozaki, and H. SuzuRrotonic conduc-
tion in calcium, strontium and barium zirconateSolid State lonic$1, 65
(1993).

[29] P. 1. Dahl, H. L. Lein, Y. Yu, J. Tolchard, T. Grande, M Hairsrud, C. Kjolseth,
T. Norby, and R. Haugsrudliicrostructural characterization and electrical
properties of spray pyrolyzed conventionally sintered at-pressed BaZrO3
and BaZr0.9Y0.103-delt&olid State lonicd82 32 (2011).

[30] J. Tolchard and T. Grand€hemical compatibility of candidate oxide cath-
odes for BaZrO3 electrolyteSolid State lonicd 78 593 (2007).

[31] K. D. Kreuer, Proton-conducting oxidgsAnnual Review of Materials Re-
search33, 333 (2003).

[32] T. Norby and Y. Larring,Concentration and transport of protons in oxides
Current Opinion in Solid State and Materials Scie@c893 (1997).

[33] X. Guo and R. WaseBpace charge concept for acceptor-doped zirconia and
ceria and experimental eviden¢&lid State lonicd 73 63 (2004).

[34] F. Iguchi, N. Sata, T. Tsurui, and H. YuganWicrostructures and grain
boundary conductivity of BaZr1-xYxO3 (x = 0.05, 0.10, 0déramics Solid
State lonicsl78 691 (2007).

[35] M. Shirpour, R. Merkle, and J. MaieEvidence for space charge effects in
Y-doped BaZrO3 from reduction experimer@slid State lonics .

[36] F. Iguchi, C. Chen, H. Yugami, and S. Kimjrect evidence of potential bar-
riers at grain boundaries in Y-doped BaZrO3 from dc-biasetegence mea-
surements]. Mater. Chem21, 16517 (2011).

[37] T. Shimura, M. Komori, and H. Iwaharlgnic conduction in pyrochlore-type
oxides containing rare earth elements at high temperatBatid State lonics
86-88, Part 1, 685 (1996).

[38] A. Ota, Y. Matsumura, M. Yoshinaka, K. Hirota, and O. Yaguchi,Forma-
tion and sintering of 8 mol% Y203-substituted La2Zr207 keyhigdrazine
method Journal of materials science lettdrg 199201 (1998).

[39] A. Chen, J. R. Smith, K. L. Duncan, R. T. DeHoff, K. S. Jgnassd E. D.
WachsmanEffect of La2Zr207 on Interfacial Resistance in Solid Oxdel
Cells Journal of The Electrochemical Socieity7, B1624 (2010).

71



Bibliography

[40] S. M. Haile, D. L. West, and J. Campbelihe role of microstructure and
processing on the proton conducting properties of gadofimidoped barium
cerate Journal of Materials Researdl3, 1576 (1998).

[41] J. A. Kilner, Fast oxygen transport in acceptor doped oxideslid State lon-
ics 129, 13 (2000).

[42] K. D. Kreuer, inPerovskite Oxide for Solid Oxide Fuel Cellauel Cells and
Hydrogen Energyedited by T. Ishihara (Springer US, Boston, MA, 2009),
pp. 261-272.

[43] T. Norby, inPerovskite Oxide for Solid Oxide Fuel Cekslited by T. Ishihara
(Springer US, Boston, MA, 2009), pp. 217-241.

[44] W. Muench, G. Seifert, K. D. Kreuer, and J. Mai&rquantum molecular dy-
namics study of proton conduction phenomena in BaC&0oBd State lonics
86-88, Part 1 647 (1996).

[45] W. Muench, K. D. Kreuer, G. Seifertli, and J. Maidér,quantum molecular
dynamics study of proton diffusion in SrTiO3 and CaTiS8lid State lonics
125 39 (1999).

[46] J. A. Kilner, A. Berenov, and J. Rossiny, Rerovskite Oxide for Solid Oxide
Fuel Cells edited by T. Ishihara (Springer US, Boston, MA, 2009), gp-9
116.

[47] N. F. Mott and R. W. Gurne)Electronic processes in ionic crystal€laren-
don, Oxford, 1940).

[48] W. Kohn, Solid State Physics {Academic Press Inc., New York, 1957), p.
252.

[49] J. Maier,Physical Chemistry of lonic Materialdohn Wiley & Sons, Chich-
ester, West Sussex, 2004).

[50] I. Denk, J. Claus, and J. MaieElectrochemical Investigations of SrTiO3
BoundariesJournal of The Electrochemical Socieit¢4, 3526 (1997).

[51] X. Guo and R. WaseElectrical properties of the grain boundaries of oxygen
ion conductors: Acceptor-doped zirconia and cerirogress in Materials
Sciencebl, 151 (2006).

[52] R. O. Jones and O. Gunnarssadime density functional formalism, its appli-
cations and prospect&eviews of Modern Physi@l, 689 (1989).

[53] M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. Dadnopou-
los, Iterative minimization techniques for ab initio total-egg calculations:
molecular dynamics and conjugate gradienReviews of Modern Physics
64, 1045 (1992).

72



Bibliography

[54] W. Kohn, Nobel Lecture: Electronic structure of matterwave funcsi@md
density functionalsReviews of Modern Physical, 1253 (1999).

[55] R. M. Martin, Electronic Structure: Basic Theory and Practical Methods
(Cambridge University Press, Cambridge, 2004).

[56] J. Kohanoff, Electronic Structure Calculations for Solids and Molecules
Theory and Computational Method€ambridge University Press, Cam-
bridge, 2006).

[57] M. Born and R. OppenheimeZur Quantentheorie der Molekeli®nnalen
der Physik389 457 (1927).

[58] P. Hohenberg and W. Kohimhomogeneous Electron GaBhysical Review
136, B864 (1964).

[59] W. Kohn and L. J. Shan§elf-Consistent Equations Including Exchange and
Correlation EffectsPhysical Revievl40, A1133 (1965).

[60] D. M. Ceperley and B. J. AlderGGround State of the Electron Gas by a
Stochastic MethqdPhysical Review Letter45, 566 (1980).

[61] F. Bloch, Ueber die Quantenmechanik der Elektronen in Kristallgitte
Zeitschrift fuer Physils2, 555 (1929).

[62] R. P. Feynmarkorces in MoleculesPhysical Revievb6, 340 (1939).

[63] S.B. Zhang and J. E. Northru@hemical potential dependence of defect for-
mation energies in GaAs: Application to Ga self-diffusi®mysical Review
Letters67, 2339 (1991).

[64] D. B. Laks, C. G. Van de Walle, G. F. Neumark, P. E. Bloeand S. T.
PantelidesNative defects and self-compensation in Zii8wgsical Review B
45, 10965 (1992).

[65] C. G. Van de Walle, D. B. Laks, G. F. Neumark, and S. T. Ralgs, First-
principles calculations of solubilities and doping limit&i, Na, and N in
ZnSe Physical Review Bl7, 9425 (1993).

[66] A.F. Kohan, G. Ceder, D. Morgan, and C. G. Van de Wdflest-principles
study of native point defects in ZnPhysical Review B1, 15019 (2000).

[67] C. Stampfl, M. Veronica Ganduglia-Pirovano, K. Reuter] 8. Scheffler,
Catalysis and corrosion: the theoretical surface-scienmatext Surface Sci-
ence500 368 (2002).

[68] K. Reuter and M. SchefflerComposition, structure, and stability of
RuQ.2(110) as a function of oxygen pressuphiysical Review B5, 035406
(2001).

73



Bibliography

[69] C. G. Van de Walle and J. Neugebaugrst-principles calculations for de-
fects and impurities: Applications to llI-nitridedournal of Applied Physics
95, 3851 (2004).

[70] A.Janottiand C. G. Van de Wallelydrogen multicentre bongdslat Mater6,
44 (2007).

[71] C. G. Van de Walle and J. Neugebauéniversal alignment of hydrogen lev-
els in semiconductors, insulators and solutioNature423 626 (2003).

[72] P. Erhart and K. AlbeThermodynamics of mono- and di-vacancies in barium
titanate Journal of Applied Physic$02 084111 (2007).

[73] P. Erhart and K. AlbeModeling the electrical conductivity in BaTiO3 on the
basis of first-principles calculationgournal of Applied Physict04, 044315
(2008).

[74] G. Qian, R. M. Martin, and D. J. Chadijrst-principles study of the atomic
reconstructions and energies of Ga- and As-stabilized GEXY surfaces
Physical Review B8, 7649 (1988).

[75] D. Neamen,Semiconductor Physics And Devices: Basic Principi®d.
(McGraw-Hill, New York, 2003).

[76] M. Lannoo and J. Bourgoirgemiconductors I: Theoretical Aspe¢&pringer,
Berlin, 1981).

[77] M. Lannoo and J. BourgoinSemiconductors II: Experimental Aspects
(Springer, Berlin, 1983).

[78] P. M. Mooney, inldentification of Defects in Semiconductoeslited by M.
Stavola (Academic Press, San Diego, 1999), Vol. 51B.

[79] L. E. Reichl,Statistical Physics2 ed. (Wiley, New York, 1998).

[80] S. Baroni, S. de Gironcoli, A. Dal Corso, and P. GiannpPhionons and re-
lated crystal properties from density-functional pertation theory Reviews
of Modern Physic§3, 515 (2001).

[81] M. Leslie and N. J. GillanThe energy and elastic dipole tensor of defects in
ionic crystals calculated by the supercell methdournal of Physics C: Solid
State Physic48, 973 (1985).

[82] G. Makov and M. C. Payn@eriodic boundary conditions in ab initio calcu-
lations Physical Review B51, 4014 (1995).

[83] J. Shim, E. Lee, Y. J. Lee, and R. M. Nieminé&ensity-functional calcula-
tions of defect formation energies using supercell meth@fects in dia-
mond Physical Review B'1, 035206 (2005).

74



Bibliography

[84] A. F. Wright and N. A. Modine,Comparison of two methods for circum-
venting the Coulomb divergence in supercell calculatiomscharged point
defectsPhysical Review B4, 235209 (2006).

[85] C. W. M. Castleton, A. Hoeglund, and S. Mirbd¥Janaging the supercell
approximation for charged defects in semiconductors: tEhsize scaling,
charge correction factors, the band-gap problem, and thén&to dielectric
constant Physical Review B3, 035215 (2006).

[86] P. Carloni, P. E. Bloechl, and M. ParrinelBlectronic structure of the Cu, Zn
superoxide dismutase active site and its interactions véhstubstrateThe
Journal of Physical Chemist89, 1338 (1995).

[87] D. Segev and S. WeiDesign of Shallow Donor Levels in Diamond by
Isovalent-Donor CouplingPhysical Review Letterdl, 126406 (2003).

[88] P. A. Schultz]ocal electrostatic moments and periodic boundary coodsi
Physical Review B0, 1551 (1999).

[89] P. A. SchultzCharged Local Defects in Extended SysteRig/sical Review
Letters84, 1942 (2000).

[90] L. N. Kantorovich,Elimination of the long-range dipole interaction in cal-
culations with periodic boundary conditionRhysical Review B0, 15476
(1999).

[91] C. Freysoldt, J. Neugebauer, and C. G. Van de W&lldly Ab Initio Finite-
Size Corrections for Charged-Defect Supercell Calculatiétysical Review
Letters102 016402 (2009).

[92] I. Dabo, B. Kozinsky, N. E. Singh-Miller, and N. MarzaElectrostatics in
periodic boundary conditions and real-space correctidPisysical Review B
77,115139 (2008).

[93] C. A. Rozzi, D. Varsano, A. Marini, E. K. U. Gross, and A. [iRo, Exact
Coulomb cutoff technique for supercell calculatipPysical Review B3,
205119 (2006).

[94] Y. Mishin, M. R. Sorensen, and A. F. VoteZalculation of point-defect en-
tropy in metals Philosophical Magazine &1, 2591 (2001).

[95] J. P. Perdew and M. Levi2hysical Content of the Exact Kohn-Sham Orbital
Energies: Band Gaps and Derivative Discontinuiti®fysical Review Let-
ters51, 1884 (1983).

[96] L. J. Sham and M. Schluetddensity-Functional Theory of the Energy Gap
Physical Review Letters1, 1888 (1983).

75



Bibliography

[97] L. J. Sham and M. Schluetédensity-functional theory of the band gdghys-
ical Review B32, 3883 (1985).

[98] G. Ortiz,Gradient-corrected pseudopotential calculations in semductors
Physical Review BI5, 11328 (1992).

[99] C. Filippi, D. J. Singh, and C. J. UmrigaAll-electron local-density and
generalized-gradient calculations of the structural peojes of semiconduc-
tors, Physical Review B0, 14947 (1994).

[100] C. Van de Walle Computational studies of conductivity in wide-band-gap
semiconductors and oxideslournal of Physics: Condensed Matt20,
064230 (2008).

[101] R. W. Godby, M. Schlueter, and L. J. Sha®elf-energy operators and
exchange-correlation potentials in semiconductdeiysical Review B37,
10159 (1988).

[102] R. M. Nieminen, inTheory of Defects in Semiconductovsl. 104 of Topics
in Applied Physicsedited by D. A. Drabold and S. K. Estreicher (Springer,
Berlin, Heidelberg, 2007), pp. 29-68.

[103] M. S. Hybertsen and S. G. Louiglectron correlation in semiconductors and
insulators: Band gaps and quasiparticle energi@hysical Review B34,
5390 (1986).

[104] V. I. Anisimov, F. Aryasetiawan, and A. I. LichtensteFirst-principles cal-
culations of the electronic structure and spectra of stigrnogprrelated sys-
tems: the LDA + U methqdJournal of Physics: Condensed Mat®r767
(2997).

[105] V. Fock, Naeherungsmethode zur Loesung des quantenmechanischen
Mehrkoerperproblemeitschrift fuer Physil61, 126 (1930).

[106] M. Staedele, J. A. Majewski, P. Vogl, and A. Goerlirifxact Kohn-Sham
Exchange Potential in Semiconductofhysical Review Letterg9, 2089
(1997).

[107] A. D. Becke,Density-Functional Thermochemistry. Ill. The Role of Bxac
ExchangeJournal of Chemical Physi@8, 5648 (1993).

[108] C. Adamo and V. Barondpward reliable density functional methods without
adjustable parameters: The PBEO mqdehe Journal of Chemical Physics
110 6158 (1999).

[109] J. Heyd, G. E. Scuseria, and M. Ernzerhidfjbrid functionals based on a
screened Coulomb potentjalhe Journal of Chemical Physidsdl8 8207
(2003).

76



Bibliography

[110] J. Heyd, G. E. Scuseria, and M. ErnzerhBfratum: Hybrid functionals
based on a screened Coulomb potential [J. Chem. Phys. 118, (@203)],
The Journal of Chemical Physi&®4, 219906 (2006).

[111] A. Alkauskas and A. PasquarelBffect of improved band-gap description in
density functional theory on defect energy levels in alpbartz Physica B:
Condensed Mattet01-402 670 (2007).

[112] J. P. Perdew, K. Burke, and M. Ernzerh@gneralized Gradient Approxima-
tion Made SimplePhysical Review Letterg7, 3865 (1996).

[113] J. P. Perdew, M. Ernzerhof, and K. Burkeationale for mixing exact ex-
change with density functional approximatioriBhe Journal of Chemical
Physics105 9982 (1996).

[114] T. S. Bjorheim, A. Kuwabara, I. Ahmed, R. Haugsrud, $Iéh, and T.
Norby, A combined conductivity and DFT study of protons in PbZrO8 an
alkaline earth zirconate perovskiteSolid State lonic481, 130 (2010).

[115] S. Steinsvik, Y. Larring, and T. Norbylydrogen ion conduction in iron-
substituted strontium titanate, SrTilxFexO3x/2 (0x0Bplid State lonics
143 103 (2001).

[116] P. Finn W. Speculations on the existence of hydride ions in proton ecimy
oxides Solid State lonic445, 387 (2001).

[117] Y. lwazaki, T. Suzuki, and S. Tsuneyulegatively charged hydrogen at
oxygen-vacancy sites in BaTiO3: Density-functional clatan, Journal of
Applied Physicsl08 083705 (2010).

[118] D. Kim, B. Kim, and Y. Kim,(In press) Energy barriers for proton migration
in yttrium-doped barium zirconate super cell with Sigma50)3D01] tilt
grain boundary Solid State lonics .

[119] D. C. van der Laan, T. J. Haugan, P. N. Barnes, D. AbrajrRoKametani,
D. C. Larbalestier, and M. W. Rupicfihe effect of strain on grains and grain
boundaries in YBa 2 Cu 3 O 7 coated conduct@saperconductor Science
and Technology3, 014004 (2010).

[120] N. Sata, K. Eberman, K. Eberl, and J. MaMesoscopic fast ion conduction
in nanometre-scale planar heterostructyrd&ture408 946948 (2000).

[121] J. Maier,Nanoionics: ion transport and electrochemical storage amfined
systemsNature Materialgl, 805815 (2005).

[122] J. Garcia-Barriocanal, A. Rivera-Calzada, M. VardlaSefrioui, E. Iborra,
C. Leon, S. J. Pennycook, and J. Santamatialossal lonic Conductivity
at Interfaces of Epitaxial ZrO2:Y203/SrTiO3 Heterostwrels Science321,
676 (2008).

77



Bibliography

[123] H. J. Avila-Paredes, E. Barrera-Calva, H. U. Ander€®RnA. D. Souza, M.
Martin, Z. A. Munir, and S. KimRoom-temperature protonic conduction in
nanocrystalline films of yttria-stabilized zirconid. Mater. Chem20, 6235
(2010).

78



Paper |

Protonic defects in pure and doped La 2Zr,07 pyrochlore oxide
M. E. Bjorketun, C. S. Knee, B. J. Nyman and G. Wahistr
Solid State lonicd 78 1642 (2008).






Paper I

Substitutional doping and oxygen vacancies in La 2Zr>07 pyrochlore oxide
B. J. Nyman, M. E. Byrketun and G. Wahngim
Solid State lonic4d.89 19 (2011)






Paper Il

Oxygen vacancy segregation and space-charge effects

in grain boundaries of dry and hydrated BaZrO 3

B. J. Nyman, E. E. Helgee and G. Wahistr

Applied Physics Letters, doi:10.1063/1.3681169 (2012)






Paper |V

Grain boundaries in BaZrO3: Oxygen vacancy segregation and

space charge effects from first principles and atomistic simu lations
E. E. Helgee, B. J. Nyman, A. Lindman and G. Wahistr

(in manuscript)






Paper V

Equilibrium defect structure of yttrium-doped barium zirconate
with oxygen deficient grain boundary cores

B. J. Nyman, P. Erhart and G. Wahristr

(in manuscript)



