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Summary

The present work deals with the nitrogen related defect chemistry of wide band gap oxides
and how nitrogen substitution may affect their functional properties through changes in defect
equilibria and electronic structure. The primary objective has been to determine the type and
charge state of various nitrogen defects and their concentration as a function of temperature
and atmospheric conditions. The physical properties of these defects may be utilized to tailor
functional properties related to e.g. ionic and electronic transport, photocatalytic properties and
corrosion.

First principles calculations were employed to determine the equilibrium defect structure of
a range of wide band gap oxides and to obtain insight into the atomistic and electronic structure
of oxides containing various nitrogen defects. The considered oxides comprised MgO, CaO,
SrO, Al2O3, In2O3, Sc2O3, Y2O3, La2O3, TiO2, SnO2, ZrO2, BaZrO3 and SrZrO3. The defects
considered were, in Kröger-Vink notation, Nq

O, NH×
O, and (NH2)•O as well as V ••

O and OH•
O. The

Nq
O acceptor level was found to be deep and the binding energy of NH×

O with respect to N/
O and

OH•
O was found to be significantly negative, i.e. binding, in all of the investigated oxides. The

defect structure of the oxides was found to be remarkably similar under reducing and nitriding
conditions (1 bar N2, 1 bar H2 and 1× 10−7 bar H2O): NH×

O predominates at low temperatures
and [N/

O] = 2[V ••
O ] predominates at higher temperatures (>900 K for most of the oxides). In

terms of electronic structure, N/
O was found to introduce isolated N-2p states within the band

gap, while the N-2p states of NH×
O are shifted towards, or overlap with the VBM. Accordingly,

NH×
O may be more suitable than N/

O for tuning the band gap of oxides.
Experimental investigation of RE2O3 (RE = Nd, Gd, Er, Y) and ZrO2 specimens treated

in NH3 up to 1473 K corresponded well with the defect structure predicted computationally.
In the case of Y2O3, the NH×

O concentration was estimated to 7 × 10−3 mol fraction in a
specimen quenched in NH3 from 1473 K which was argued to be in reasonable agreement
with the concentration predicted theoretically, 5 × 10−2 mol fraction. Based on electrical
conductivity measurements, it was established that dissolution of NH×

O in NH3 atmosphere
had no significant effect on the electrical properties, as expected due to the effectively neutral
charge of this species. However, as the nitriding atmosphere was replaced with an inert gas, a
transient increase in conductivity of more than one order of magnitude was observed. This was
interpreted as dissociation of the NH×

O species followed by out-diffusion of hydrogen, leaving
N/

O which then must be charge compensated by other positive defects such as oxygen vacancies
and electron holes, which can account for the increase in conductivity. This transient effect then
represents a non-equilibrium process in which the out-diffusion of hydrogen, most probably as
protons, is faster than that of nitrogen.

The defect chemistry of a Σ3 (111) grain boundary in BaZrO3 was investigated by first
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principles calculations and space-charge theory models. It was of particular interest to
determine whether accumulation of N/

O in the otherwise positive boundary core could suppress
the space-charge potential by lowering the core charge. However, N/

O exhibited a limited
segregation tendency to the core due to a positive segregation energy of 0.08 eV. On the other
hand, the segregation energy of protonic defects was significantly negative, -0.81, -0.58 and
-1.36 eV for OH•

O, NH×
O and (NH2)•O, respectively. The concentration enhancement of nitrogen

defects in the core was significant, and it was determined that N/
O, NH×

O and (NH2)•O can
predominate the core in different temperature regimes but not suppress the unwanted space-
charge effects.

The nitrogen and hydrogen related defect chemistry of mayenite, Ca12Al14O33, was
investigated due to its unique structure which can host rather unusual defect species. Results
from first principles calculation suggest that nitrogen is primarily incorporated substitutionally
on oxygen sites as NH−

2 and N3−. The concentration of nitrogen was estimated to within the
same order of magnitude by the computational methods and X-ray photoelectron spectroscopy
(XPS) and gas phase mass spectrometry (GP-MS) of specimens quenched in NH3 from 1223 K,
yielding a stoichiometry close to Ca12Al14O31.5N0.5:(NH2)0.5O0.5. Out-diffusion of nitrogen
was found to occur around 973 K in Ar by XPS and GP-MS in accordance with previous
reports. This process was accompanied by an abrupt increase in conductivity due to the lack of
a sufficiently large source of oxygen in the surrounding atmosphere, so that the specimen was
effectively reduced. Dissolution of hydride ions from H2 in the reduced and highly conductive
post-NH3 state was substantiated.

Oxide nitrides and nitrides were evaluated as potential proton conducting ceramics by first
principles calculation on SrTaO2N and ThTaN3 perovskites. The level of proton incorporation
was obtained from the thermodynamics of dissociative absorption of water and ammonia into
anion vacancies in the acceptor doped materials. Protons were found to be significantly
more stable associated with the nitride ions than the oxide ions in SrTaO2N and the proton
position and bond length to the anions in both materials were mostly very similar to those in
corresponding perovskite oxides such as SrZrO3. In comparison to SrZrO3, the concentration
of protons was predicted to be significantly lower in ThTaN3 and SrTaO2N.

Finally, the defect chemistry of nitrogen in oxides was reviewed with particular emphasis
on experimental and theoretical investigations relevant to the present work. Furthermore, the
electronic structure and stability of a fully NH×

O substituted oxide nitride, SrTa(NH)2N, was
discussed.
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Chapter 1

Introduction

Materials science is a corner stone of technology and has, as such, an immense impact on
modern societies. Particularly, successful implementation of renewable energy sources relies
on improved functional materials for use in for instance fuel cells, batteries and solar cells,
and greenhouse gas emission from fossil fuels can be reduced by utilizing gas separation
membranes. Furthermore, as functional materials are exceedingly utilized in devices within
information technology, telecommunication and medicine, they allow for improved standards
of living. In this respect, it is important to realize that state-of-the-art technologies are relevant
for developing countries since material and production costs as well as power consumption
often can be kept to a minimum for solid-state components; examples include photocatalytic
purification of water1, polymer based solar cells for off-grid power supply2 and light emitting
diodes (LED) for increased access to clean, safe and affordable lighting.3

In order to improve the functional properties of materials, fundamental understanding of
their physical origin is necessary. Functional properties of crystalline solids are to a large
extent determined by the type and concentration of defects in the material; defect induced
properties can be related to for instance electronic and ionic transport, catalysis, magnetism,
optical phenomena and corrosion. Metal oxides, which are the primary focus in this thesis, are
central for many applications due to their many extraordinary and useful properties as well as
stability and availability. Traditionally, the defect chemistry of oxides has been tailored through
the addition of aliovalent cations or treatment under oxidizing or reducing conditions to inflict
oxygen non-stoichiometry. In the present work, the nitrogen related defect chemistry of oxides
is investigated in order to evaluate the potential of nitrogen as an additional variable for tailoring
the functional properties of oxides.

First principles computational methods have been utilized to investigate the nitrogen related
defect chemistry of wide band gap oxides, e.g., Y2O3, ZrO2, TiO2 and SrZrO3, with particular
emphasis on the interaction between nitrogen and protonic defects. Such calculations provide
detailed insight into the atomistic and electronic structure of nitrogen containing oxides and
allow for efficient study of many compounds. Experimental studies have been performed on
similar oxides in order to verify the computational findings and to elucidate the kinetic aspects
of nitrogen incorporation. Specifically, electrical conductivity measurements were utilized to
probe the defect chemical processes taking place while the oxide specimens were equilibrated
at elevated temperatures with ammonia atmospheres as the nitriding agent. The electrical
characterization was supported by other techniques such as X-ray diffraction (XRD) to ensure
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that the crystallographic structure remained unchanged, X-ray photoelectron spectroscopy
(XPS) for semi-quantitative analysis of nitrogen in the oxide structure, and gas phase mass
spectrometry (GP-MS) for semi-quantitative analysis of nitrogen and hydrogen diffusing out of
the NH3 treated specimens.

As a mineral with a complex cage structure and some rather unusual properties, mayenite
(Ca12Al14O33) represents a unique structural and chemical environment which has served as a
model compound to further explore how nitrogen can behave in oxide materials. Association
between nitrogen and protons was of particular interest also in this material and conductivity
measurements were employed to elucidate on non-equilibrium processes associated with the
nitrogen and hydrogen related defect chemistry.

The grain boundaries in polycrystalline materials represent another characteristic environ-
ment for defects and they can significantly affect the functional properties of the material. Par-
ticularly, the proton transport properties of polycrystalline acceptor substituted BaZrO3 suffers
from high grain boundary resistivity due to the depletion of protons in the space-charge regions.
First principles calculations were performed for a symmetric tilt boundary in BaZrO3 in order
to obtain detailed insight into the defect chemistry of the core-space-charge system with respect
to external variables such as temperature and atmospheric conditions. Especially, it was inves-
tigated whether nitrogen defects could improve the proton conducting properties of such oxides
by suppressing disadvantageous space-charge effects.

Finally, mixed oxide nitride and nitride phases within the perovskite structure, SrTaO2N
and ThTaN3, respectively, have been evaluated as proton conducting ceramics by first principles
calculation of the thermodynamics of proton incorporation according to dissociative absorption
of H2O and NH3. Furthermore, aspects related to materials design within the perovskite oxide
and nitride systems are discussed.

This thesis is based on six manuscripts concerning the nitrogen and hydrogen related defect
chemistry of oxides, oxide nitrides and nitrides. Prior to the manuscripts, an introductory part
on the methodology will be given; the experimental part should be considered supplementary
to what is described in the manuscripts while the computational part is meant as a short
introduction to the underlying principles of density functional theory (DFT), as well as some
aspects related to the practical implementation and accuracy of this methodology in material
science and defect chemistry. In the last part of the thesis, relevant literature and a discussion
covering the manuscripts will be provided in the form of a review article.
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Chapter 2

Methodology

2.1 Experimental

Non-oxidizing conditions is a prerequisite for dissolution of substitutional nitrogen into an
oxide due to the lower thermodynamic stability of nitrides relative to the corresponding oxides.4

Furthermore, due to the high stability of the N2 molecule and exceptional strength of the N≡N
bond (ΔH◦

diss = 946 kJ mol−1), the direct reaction between N2 and oxides has not proven
to be effective.5 On the other hand, ammonia (NH3) is a widely used nitrogen source for
incorporation of nitrogen into oxides and preparation of oxide nitrides and nitrides from oxide
precursors.4–8 At typical reaction temperatures, 600 ◦C < T < 1200 ◦C, NH3 will decompose
into inactive N2 and H2 and thermal ammonolysis must therefore be carried out under non-
equilibrium conditions by keeping a high NH3 flow rate in order for reactive nitriding species
to be present in the high temperature gas mixture. A continuous exchange of the atmosphere
in the reaction chamber also ensures removal of oxidizing species such as H2O originating
from reaction product and leakages. A gas mixer unit, illustrated in Fig. 1, was utilized
to obtain controlled atmospheres during electrical characterization. The mineral oil bubblers
ensure overpressure control and excess gas relief. The gas outputs from the measurement cell
and from M1-M4 were bubbled through lactic acid (not shown in the figure) to neutralize excess
NH3. Lactic acid is a liquid which forms a non-harmful liquid salt, ammonium lactate, upon
reaction with NH3, thereby keeping the ammonia trap from clogging at all times.

2.2 Computational

Introduction

The mutually interacting electrons and nuclei that define a material represent a many-
body system for which an exact quantum mechanical treatment is generally not possible;
approximations are necessary. For the so-called first principles or ab initio methods, such as
DFT, these approximations comply with fundamental quantum mechanical principles and do
not involve empirical models. In this respect, the Born-Oppenheimer approximation,9 which
separates the electronic and nuclear degrees of freedom, can be applied on the basis that the
dynamics of nuclei are much slower than the dynamics of electrons. The foundation for DFT
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Figure 1: Schematic of the gas mixer unit and measurement cell (NorECs, Norway) utilized for
electrical characterization in controlled atmospheres at approximately atmospheric pressure.

was laid through the Hohenberg-Kohn10 theorems which demonstrate that all physical ground
state properties of an electronic system are uniquely determined by the electron density, and
that the ground state energy is only obtained with the true ground state density. As such, the
challenge of obtaining the wave function for a system of N electrons with a total of 3N spatial
variables is reduced to obtaining the electron density which depends on only 3 spatial variables.
A practical scheme to describe the form of the hitherto unknown functional necessary to obtain
the ground state energy from the electron density was suggested by Kohn and Sham.11 They
introduced a reference system of non-interacting one-electron wave functions for which the
major part of the kinetic energy of the electrons could be calculated exactly. The remaining
part of the kinetic energy and the non-classical parts of the potential energy, i.e., related to
electron self interaction correction, exchange and correlation, remains unknown and must be
approximated.

The first approximation to the exchange-correlation functional, the local density approx-
imation (LDA), was proposed in the original paper by Kohn and Sham.11 Within LDA, the
exchange-correlation energy per electron in a given point is assumed to be the same as that of a
homogeneous electron gas with the same density (for which the exchange energy is known ex-
actly12 and the correlation energy can be calculated numerically with high accuracy13). Despite
its basis in a hypothetical uniform electron gas, LDA performs quite well for many crystalline
systems and is still used today. The generalized gradient approximation14 (GGA) is a natu-
ral improvement over LDA by also taking into account the variation in the electron density
at a given point. GGA exists as a variety of parameterizations, e.g., PBE15, PW9116,17 and
BLYP18,19.

In the last decades, density functional theory based methods have proven their relevance
for materials science due to their capable physical description of solids and computational
efficiency. The bulk properties of solids, i.e., lattice constants, bulk moduli and cohesive
energies, are generally well reproduced.20 In this respect, GGA is in many cases a significant
improvement over LDA especially for molecules and magnetic systems.21 These functionals,
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however, suffer from a severe underestimation of band gaps. This problem has been addressed
by developing computationally efficient hybrid functionals which mix DFT exchange with exact
non-local Hartree-Fock exchange. In addition to improved bulk properties, hybrid functionals
such as PBE022 and HSE23 offer significantly improved band gaps for semiconductors and
insulators including oxides, nitrides and sulphides.24,25

In contrast to first principles methods, classical potential based methods are not always
suitable for defect calculations involving non-stoichiometry or extrinsic defects due to the lack
of experimental references necessary to optimize the empirical parameters for such defective
systems. On the other hand, classical potential based methods can be superior for dealing
with disordered systems due to the implementation of partial occupancy and possibility for
computing large supercells. However, although the crystallography of such systems may be
well described, energetics and thermodynamic data are less reliable.

Practical implementation and accuracy

The periodicity of crystalline solids can be exploited by implementing periodic boundary
conditions such that only the unit cell needs to be considered explicitly. Accordingly, the
electronic charge density can be efficiently described through superposition of plane waves.
On the basis that core electrons can be considered inert, pseudopotentials are implemented
to represent the nucleus and core electrons of an atom (frozen core approximation), and only
the valence electrons are considered in the calculation. The cut-off energy, i.e., upper limit
frequency of the plane waves, can thereby be reduced to improve the computational cost due to
the large number of plane waves necessary to accurately describe the rapidly oscillating wave
functions close to the nuclei. The projector augmented wave (PAW) method26 delivers improved
accuracy by accounting for the nodal features of the valence orbitals and ensuring orthogonality
between valence and core wave functions. Finally, since the electronic wave functions at k-
points close to each other within the Brillouin zone (i.e. primitive cell in reciprocal space) are
almost identical, the system can be evaluated at a finite number of k-points.

In practice, the input parameters for a DFT calculation of a material are simply the elemental
composition and (initial) atomic positions. The electronic charge density is calculated within
the Born-Oppenheimer approximation and the total energy and forces acting on all ions are
obtained. Consequently, the atomistic structure can be optimized in an iterative procedure to a
required accuracy with respect to total energy and forces on the atoms. For solids with point
defects (which lack perfect periodicity) supercells can be employed to approximate an isolated
system by minimizing interactions between the periodic images of the defect. Various defect
charge states can be considered by adjusting the total number of electrons in the system as
long as the intended defect charge state represents the ground state configuration so that the
excess electrons/holes actually are associated with the defect. The spurious interaction between
charged defects and the uniform background charge applied to charged cells can be corrected by
aligning the electrostatic potential in a bulk-like area of the defective cell to the perfect cell.27

As such, the magnitude of the error introduced by using the supercell method can be kept to
a minimum, e.g., the difference in defect formation energy between 80 and 640 atom Y2O3

supercells was within 5 meV for the effectively neutral imide, NH×
O, and within 73 meV for

singly charged hydroxide, OH•
O (additional details in Paper I).
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The free energy of formation of a defect can be calculated from the total energy difference
between a defective and perfect cell and a set of chemical potentials, μ,

ΔGf
defect(T, p) = Etot

defect − Etot
perfect +

∑

i

Δniμi(T, p) + qμe (1)

where Δni is the difference in the number of constituent atoms of type i between these cells and
q is the effective charge state of the defect.28 The atomic chemical potentials, μi(T, p), define the
environmental conditions. The Fermi level or chemical potential of electrons, μe, can be defined
only when equilibrium is established and therefore depends on the concentration and charge of
all defects. Thus, in order to determine the general behavior of one or more defects in a material,
the Fermi level is considered a variable and the defect formation energy can be evaluated as a
function of it, as shown in Fig. 2 for Nq

O and V q
O. The equilibrium Fermi level, μeq

e , can be
determined for a set of conditions (T , μO and μN) by imposing the electroneutrality condition,
e.g., [N/

O] = 2[V ••
O ] + [V •

O]. As such, a physical description of the defect structure of the
material can be obtained from the defect diagram. The thermodynamic transition levels between
defect charge states, denoted ε in the figure, are independent of environmental conditions and
other defects in the system. The absolute position of these defect levels relative to the band
edges are obviously subject to relatively large variations depending on the approach used for
the exchange-correlation functional due to the band gap problem.29,30

�������

�	


��

��

��������

�

��

�
�

�

��
��

�

�

�
�
��

�
��
�
	
�

	
�
��

��
��
�

����������������

�

��

�

�������

�	


�
�
��
	
�
�
��
�
	
�

�
�
	
�
�
�
��
�
	
��
�
	
�

Figure 2: Schematic diagram of the formation energy of Nq
O and V q

O as a function of the Fermi
level which varies between the valence band maximum (VBM) and conduction band minimum
(CBM).The slopes are indicated with the defect charge state, q.
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Fortunately, the position of the transition levels relative to each other has been shown to be
similar between GGA and hybrid functional calculations.31,32 For the wide band gap materials
considered in this work, it is also reasonable to assume that defects predominately exist in their
fully ionized charge states and accurate transition levels are therefore not crucial for obtaining
the correct equilibrium defect structure given that the defect formation energies are adequate. In
this respect, the difference in defect formation energies from GGA and HSE type calculations
was within 6 % for N/

O and OH•
O in 80 atom Y2O3 cells at the equilibrium Fermi level (Paper

I), and within 10 % for the hydration enthalpy of mayenite (Paper IV). The hydration enthalpy
of SrZrO3 exhibited a larger difference of approximately 20 % between GGA and HSE based
calculations (Paper I and V, respectively). This may partly be attributed to the rather large
difference in supercell size, 360 and 80 atoms for GGA and HSE, respectively. The significant
discrepancies in the reaction enthalpies (e.g. hydration enthalpy) with the LDA based hybrid
functional noted in Paper V may partly be attributed to the 0.49 eV error in the binding energy
of the H2O molecule with LDA compared to the 0.03 eV error with GGA.33
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