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Abstract

The characterization of materials is a crucial step that enables their use in practical de-

vices. With the goal of developing improved devices, the utility of advancing the manner in

which materials are characterized is clear. In this work, novel characterization and analysis

techniques that utilize synchrotron-based spectroscopic techniques are developed and em-

ployed to gain deeper insight into the electronic properties of material systems than would

otherwise be possible. A variety of material systems are studied, which range from new phases

of bulk semiconductors to materials that have been perturbed in some way, such as by the

presence of dopants, intercalants, or vacancies. These materials are characterized using a va-

riety of synchrotron-based spectroscopic techniques which range from core-level spectroscopy

techniques that probe the occupied and unoccupied electronic density states of a material,

to those which reveal the presence of localized defects. The electronic properties of the semi-

conductor ZnSiN2 have been studied using core-level spectroscopic techniques, yielding an

electronic band gap of 4.7±0.3 eV, in agreement with a calculated value of 4.51 eV. A new

carrier-dependent excitation approach has been developed to detect and identify the origin

of defects in semiconductor systems and gain qualitative insight into the carrier dynamics

following X-ray excitation. Applied to ZnSiN2, this yields a hierarchy of mid-gap nitrogen

vacancy defect levels. A new analytical approach has been developed to interpret a char-

acteristic spectral feature of intercalated graphitic systems, called the pre-π∗ feature. The

redistribution of spectral weight in this region is direct evidence of charge transfer between

the intercalated ion and the host lattice. This is demonstrated in a study of PF−6 -intercalated

graphite, in which charge is transferred from the host lattice to the intercalant anion. The

electronic properties of several other semiconductor systems have also been studied. The

band gap of MgSiN2 has been determined to be 5.6±0.2 eV, in agreement with a calculated

value of 5.7 eV. The band gap of the Ia3, R3c and Pbcn polymorphs of In2O3 have been

determined to be 3.2 ± 0.3, 3.1 ± 0.3 and 2.9 ± 0.3 eV, respectively. This is in agreement

with respective calculated values of 3.3, 3.3 and 2.9 eV determined for the Ia3, R3c and Pbcn

In2O3 polymorphs, respectively.
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1 Introduction

1.1 Motivation for Studying Advanced Materials

In the modern era, the standard of living of the general public has been greatly enhanced

with the invention and commercialization of semiconductor devices. The invention of the

transistor in the 1940s by William Schockley, John Bardeen and Walter Brattain launched

the semiconductor industry at Bell Laboratories. This subsequently led to the rapid growth of

the semiconductor industry, which reached a scale in excess of $100 million US dollars by 1957.

For their seminal work Schockley, Bardeen and Brattain were awarded the Nobel Prize in

Physics in 1956. Since that time, semiconductors have become ubiquitous in daily life, moving

from devices such as transistor radios and digital clocks to personal computers, solar cells,

digital cameras, to name but a few examples. The full impact of semiconductors on society

is so broad as to be beyond the scope of this document. Considering merely their economic

impact, semiconductor industry sales have exhibited exponential growth, with the sector

reaching over $400 billion US dollars in sales in 2019. A plot of sales of the semiconductor

over time is shown in Fig. 1.1.

An essential component supporting the continuous advance of semiconductor devices have

been improvements in the understanding, characterization and synthesis of the underlying

semiconductor materials themselves. These improvements have been motivated in part by

a desire to continuously improve the performance of the resulting semiconductor devices. A

vivid example of this can be seen in Fig. 1.2, which shows the steady improvement of solar

cell conversion efficiency for various types of photovoltaic devices over time. Considering

photovoltaic solar cells as a class, the overall efficiency has increased from 8% in 1976 to

47% in 2019. This drastic improvement is enabled in part by the improved synthesis and

characterization of semiconductors, as well as the synthesis of new material systems. Since the
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Figure 1.1: Worldwide annual revenue of semiconductor sales, as reported in the
Historical Billings Report of the Worldwide Semiconductor Trade Statistics group. The
vertical axis is on a logarithmic scale. [1]

1960s, silicon has been the most widely used semiconductor system in part because advances

in synthesis techniques allowed crystals of very high purity to be manufactured. Since that

time, the number of semiconductor systems used in commercial devices has considerably

expanded. Given the societal desire to improve standards of living by having more efficient,

higher performing devices, the need to characterize new materials, and advance the way in

which materials are characterized, thereby helping to enable their use in devices, is clear.

1.1.1 Work Performed and Organization

In this thesis, the electronic properties of material systems have been studied using several

synchrotron-based experimental techniques. The techniques employed include X-ray absorp-

tion spectroscopy (XAS), X-ray emission spectroscopy (XES), X-ray excited optical lumines-

cence (XEOL) spectroscopy and resonant inelastic X-ray scattering (RIXS) spectroscopy. In

each case, X-ray photons impinge on a sample and the response of the material is measured

with a detector, with each technique yielding a measured spectrum. Each of these techniques

provide distinct information about the electronic properties of the material being studied.
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Figure 1.2: Highest confirmed conversion efficiencies of solar cells for a range of
photovoltaic technologies, from 1976 to 2020. This chart is maintained by the U.S.
National Renewable Energy Laboratory.

These experimental techniques are described in Chapter 3.

To gain insight into the material properties from the measured spectra, complementary

theoretical calculations were performed. These calculations are used to generate calculated

spectra which are used to interpret the measured spectra. Various theoretical approaches are

employed, and principally utilize density functional theory (DFT). The theoretical approaches

used to interpret the experimental spectra and gain insight into the measured material prop-

erties are described in Chapter 2.

In this thesis a wide range of material systems are studied, with greatly varying properties

and potential applications. These materials range from new materials that are of interest

in lighting applications, to new phases of bulk semiconductors, to materials that have been

perturbed in some way, such as by the presence of dopants, intercalants or vacancies. The

properties characterized range from bulk electronic properties, such as the electronic band

gap, to relatively localized properties, such as discerning the presence and local environment

of dopants or defects. The studies in this thesis are linked by the development of novel char-

acterization and analysis approaches that are employed to gain insight into these material
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systems. In certain cases, an existing experimental technique is used in a new way to gain

insight into properties of materials for which it has not previously been utilized. In others,

material systems are studied experimentally using a standard spectroscopic approach, but

new analytical techniques are used to gain additional insight from the experimental spec-

tra. In both of these cases, whether the novelty is in how an experiment is performed, or

in the analysis of the resulting data, the resulting advancement in material characterization

described in this thesis yields insight about the material studied that is generalizable to ma-

terials beyond those studied in this thesis. In some cases, these characterization advances are

applicable to entire classes of systems. In addition to elucidating the properties of the specific

material systems presented in this work, the development of these new broadly applicable

material characterization templates represents the accomplishment and overarching theme of

this thesis.

This thesis is presented as a manuscript-style thesis. The organization of the thesis is as

follows. Having presented the necessity of characterizing materials and the need to advance

this characterization as much as possible, a brief summary of the most significant develop-

ments in this thesis are described in the introduction. This is followed by a discussion of

the theoretical techniques used in this thesis in Chapter 2 and a discussion of the experi-

mental techniques used in this thesis in Chapter 3. This is followed by a chapter listing the

manuscripts included in this work, their significance as well as describing the contribution of

the author in Chapter 4. Finally, the manuscripts themselves are presented, each with their

own chapter. These are presented in the order they were published.

1.1.2 Advancements in the Characterization of Materials in this

Thesis

As mentioned above, in this thesis several semiconductor systems with greatly varying prop-

erties and potential applications are studied with a variety of experimental and theoretical

techniques to gain a greater understanding of their electronic properties. Each report on a

system studied in this thesis has some novel aspect, whether it is because we present the

first report of a particular material, or are the first to measure a particular parameter. For
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several of the studies presented herein we attempt to go beyond a standard approach, both

experimentally and theoretically, to gain new insight into materials than the same techniques

have yielded in the past. We describe these approaches below.

Detecting a Hierarchy of Mid-Gap Defect Levels in Semiconductors

When synthesizing a material for use in a device, the overall performance of the device

will not simply be determined by the bulk electronic properties of a given material, such

as the electronic band gap, but also by the presence of relatively dilute dopants or defects.

Therefore, before a given material can be used in a device, the link between basic electronic

properties, such as the presence of defects, and synthesis conditions must be elucidated so

that the desired electronic properties can be obtained.

In Chapter 13 the optical luminescence of the semiconductor ZnSiN2 under X-ray irradi-

ation is monitored as a function of the incident beam brightness. Several optical transitions

are observed that are not visible under excitation with a conventional laboratory source. The

experimental data alone suggest the presence of at least one mid-gap defect level which leads

to trap-assisted recombination. Considered in concert with supporting DFT calculations,

the experimental spectra can be rationalized to understand not just the presence but the

physical origin of the observed luminescence spectra as well. Coupling the experimental data

and the theoretical calculations also allows for qualitative insight into the carrier dynamics

of this material.

In this particular work ZnSiN2 was studied, but the combined experimental and theoret-

ical approach utilized forms a template which can be applied to any semiconductor system

with luminescent defects. Extending this approach systematically to study many samples of

a particular semiconductor in which the synthesis conditions have been systematically varied

could be used to elucidate a connection between the presence of a particular defect and the

synthesis conditions.

Direct Evidence of Charge Transfer in Graphitic Systems

Graphite has attracted extensive interest as a replacement for widely used transition-metal

based cathodes in batteries, due to the potential of maintaining a high energy density while
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minimizing environmental impact. However, in contrast with the intercalation of cations

(particularly Li+) into graphite anodes, fundamental processes associated with anion inter-

calation in graphite cathodes, such as how critical physical properties change to accommodate

large molecular anions, and their corresponding changes to the overall electronic properties,

are poorly understood. Interpreting X-ray absorption spectroscopy (XAS) measurements of

graphitic systems is complicated by the fact that, for graphitic systems which have been per-

turbed, for example by intercalation, functionalization, or doping, the assignment of a feature

at a specific energy cannot be performed as a specific feature can have multiple origins.

In Chapter 11 we have studied an anion-intercalated graphite system, in which a distinct

feature, called a pre-π∗ XAS spectral feature, has been observed. To interpret this feature, an

unfolding of the band structure technique was utilized to assign anion intercalation-induced

changes in experimental spectra to shifts in the graphite Fermi energy level and is direct

evidence of charge transfer between the intercalated ion and host lattice. To our knowledge

this is the first time a graphitic pre-π∗ spectra feature has been simultaneously observed

and rationalized. Although only one intercalant was used in this study, our theoretical work

suggests that this approach is applicable to both cations and anions, and is generalizable to

other intercalants.

Additional Studies

In addition to the aforementioned works, studies of several other semiconductors have been

performed. The first project undertaken by the author was an experimental and theoretical

study of the electronic properties of MgSiN2 (in Chapter 5). In this case, the material

itself is not that novel, but potential applications of this material are limited simply because

important basic electronic properties, such as the band gap, have not been characterized.

This study fills in this literature gap.

In other cases, the novelty of a material stems the synthesis process. In Chapter 10 we

study another nitride, InN that has been grown via the ammonothermal synthesis process.

As with ZnSiN2, it is important to understand the characteristics of defects in the material

and how they can be controlled before such a material can be used in a practical device. A

notable aspect of this study is that we are able to get information about the degradation of
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InN synthesized with this technique by observing optical luminescence from vibronic modes

of a trapped gas with the XEOL technique. In addition, we are able to identify the presence

of substitutional oxygen contaminants and additional defect levels.

Another approach to developing materials with the potential for novel properties is by

probing higher temperature and/or pressure sample synthesis regimes. This is the approach

taken in Chapter 6 in which we report on the electronic properties of several polymorphs of

indium oxide. Indium oxide (In2O3) is a material of significance given its widespread use as

a transparent conducting layer (in applications such as solar cells and light emitting diodes)

and in gas sensing applications. The novelty of this work stems from two aspects. First,

this is a first characterization of a new phase of this material. The second aspect is that

the analysis performed in this work goes beyond the standard approach for such a paper

and addresses a question scarcely raised in the literature was addressed: When performing a

DFT calculation to interpret experimental spectra, is it more correct to use the experimental

lattice parameters as an input, or the results of a relaxed ab initio calculation?

This is also the approach taken in Chapter 8, in which the synthesis and characterization of

the rare earth phosphor host Sr[Be6ON4]:Eu2+ is reported for the first time. These phosphor

host materials are of interest for use in lighting applications as a part of a phosphor-converted

light-emitting diode (pc-LED). In this case, the emissions from the 4f 65d1 → 4f 7 transition in

Eu2+. A key issue when building a pc-LED is the choice of phosphor host as the choice of host

will affect the color of light output as well as overall device efficiency. This work represents

the first time an oxonitridoberyllate Sr[Be6ON4]:Eu2+ is studied, which has narrow-band

emission in the cyan region.

Tin oxide (SnO2), when doped with transition metal atoms, has attracted significant

interest as a diluted magnetic semiconductor host owing to its room temperature ferromag-

netism. The ability to characterize and control the local environment of the transition metal

atoms, to which the ferromagnetism is sensitively related, is an important problem in this

field. In particular, identifying at which crystallographic sites the dopant atoms reside and

their proximity to vacancies is essential to identifying the origin of the ferromagnetism of

these materials. In Chapter 12 we study Co,Zn-doped SnO2 with X-ray spectroscopy and

interpret our spectra with a standard crystal field approach. One constraint with such an
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approach is that, although one can obtain crystal field parameters that describe the symme-

try of the local environment of dopants, but no information about the atomic positions of

the nearest neighbors is obtained. In this work, we utilize a non-standard approach by using

DFT to generate a structural input for a crystal field calculation to gain additional insight

into the local environment of the dopant atoms.

Black titania (TiO2) has attracted extensive interest as a photocatalytic material, but

the precise origin of the distortion which leads to the transition from ‘white’ titania to

reduced black titania is not well understood. To address this problem we have, in Chapter 9,

performed extended X-ray absorption fine structure (EXAFS) measurements at the oxygen K

edge. The novelty of this work is that these measurements are not typically performed at

such low energies, but the combination of a large monochromator energy range and energy-

dispersive X-ray detectors at the beamline endstation used to perform these measurements

makes this possible for the first time.

Doping can also be used to tune the electronic properties of low-dimensional materials

such as graphene. A long-held goal has been to utilize dopants to introduce a band gap

in graphene, so exploring the parameter space to understand the perturbations caused by

different dopants is crucial. Through our work on nitrogen-doped graphene in Chapter 7, we

are able to identify three different defect species, and see how their relative concentration

varies with sample synthesis conditions.

Another approach to developing materials with novel properties is to investigate materials

with reduced dimensionality. A reduced-dimension form of carbon that has attracted increas-

ing interest is carbyne, a one-dimensional allotrope of carbon. Since this material was first

predicted, it has become clear that carbyne refers to a class of materials with one-dimensional

characteristics, ranging from isolated chains trapped in nanowires to repeating chains in bulk

structures. In Chapter 14 we study a bulk linear carbon chain system experimentally and

theoretically using techniques sensitive to the partial density of states for the first time.
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2 Theory

2.1 Crystal Properties

In this work, an important concern is linking a feature observed in an experimental spectrum

to the properties of the host material. This involves various types of perturbation to a host

crystalline structure (such as via intercalation, the presence of defects or core holes etc.)

Therefore, a basic discussion of the properties of crystals is warranted. This section follows

the approach of Haug and Koch [2], with the formulation of the Bloch theorem adapted from

Ref. [3].

The study of crystals grew in prominence with the discovery of X-ray diffraction by Max

von Laue, which demonstrated that crystals are composed of ions arranged in a periodic

lattice. For an ideal crystal, an infinite lattice is defined by a particular basis which is

repeated at particular points called lattice points. The lattice is defined by a lattice vector

~Rn which connects two identical sites separated by n lattice cells. This can be expanded as:

~Rn =
3∑
i=1

ni~ai, (2.1)

where ni are integers and ~ai are the basis vectors which define the lattice. For a given

crystal, there are infinitely many possible set of basis vectors, which occupy a specific unit

cell volume. A primitive set of basis vectors is defined as the set of basis vectors define the

smallest possible unit cell volume to define a given crystal structure known as the primitive

unit cell. The basis vectors are not necessarily orthogonal, such as in hexagonal or trigonal

lattices.

For a given lattice, the overall potential will have the same periodicity as the lattice, such

that

V (~r) = V (~r + ~Rn). (2.2)
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Correspondingly, other properties, such as the electronic wavefunction ψ(~r) and density ρ(~r)

will also have the same periodicity. This periodicity can be formally expressed by a translation

operator T̂n operating on an arbitrary function f :

T̂n(~r) = f(~r + ~Rn). (2.3)

Applying this to ψ(~r) yields

T̂nψ(~r) = ψ(~r + ~Rn) = tnψ(~r), (2.4)

where tn is an eigenvalue of the T̂n operator. Since |ψ(~r)|2 must equal |ψ(~r + ~Rn)|2, |tn|2

must equal 1, and tn is a phase factor. Since the Hamiltonian (H) of a lattice has the

same symmetry as the lattice, it commutes with the translation operator. We can therefore

introduce a quantum number ~k associated with the translation operator:

T̂nψ(~k, ~r) = ψ(~k, ~r + ~Rn) = tnψ(~k, ~r). (2.5)

For successive translations ~Rm and ~Rn,

T̂n+m = T̂nT̂m, (2.6)

for which the phase factor tm+n is given by:

tm+n = tntm. (2.7)

Considering Eqs. (2.5)–(2.7) one possible ansatz for tn is

tn = ei(
~k·~Rn+2πN), (2.8)

where N is an integer, and the additional phase of ei2πN is redundant. This formulation

allows for the definition of a reciprocal lattice vector ~G such that:

ei(
~k·~Rn) ≡ ei((

~k+ ~G)·~Rn , (2.9)

where comparison with Eq. (2.8) yields ~G · ~Rn = 2πN . The reciprocal lattice vector ~G is the

sum of constituent reciprocal basis vectors ~bi:

~G =
3∑
i=1

mi
~bi, (2.10)
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where mi are integers. We can now see that ~k is a vector in reciprocal space. Substituting

this definition into ~G · ~Rn = 2πN yields:

~G · ~Rn =
3∑

i,j=1

minj~bi · ~aj = 2πN, (2.11)

which is satisfied if

~bi · ~aj = 2πδij, (2.12)

for i, j = 1, 2, 3. Accordingly, a given ~bi is perpendicular to any ~aj for i 6= j. The reciprocal

lattice vector ~bi is therefore parallel and proportional to ~aj × ~ak, where i 6= j, k. Compari-

son with 2.12 yields the proportionality constant, and the reciprocal lattice vectors can be

expressed as

~bi = 2π
~aj × ~ak

|~ai · ~aj × ~ak|
. (2.13)

Just as the ~ai basis vectors define the real-space crystal lattice, the ~bi reciprocal lattice

vectors define a reciprocal lattice, which is also known as the first Brillouin zone. The period-

icity in real space of the lattice (and related parameters such as the electronic potential and

electron density) together with the definition of the reciprocal lattice vector ~G in Eq. (2.9)

suggests that the reciprocal lattice is equivalent to the Fourier transform of the real lattice.

Although there are no formal restrictions on ~k introduced above, by convention, ~k is taken to

be within the first Brillouin zone, since any ~k extending beyond this can be mapped onto an

equivalent site in the first Brillouin zone. When ~k is used as a quantum number to describe

other parameters with the same symmetry as the crystal, such as the electronic wavefunction,

which extend beyond the Brillouin zone, these parameters can be similarly mapped back to

the first Brillouin zone, and are then also characterized with an additional parameter. In the

case of electronic wavefunction this is called the band index v.

Reflections on the aforementioned periodicity of the lattice, corresponding properties such

as the overall potential, as well as the formulation of a corresponding reciprocal lattice led to

the formulation of the Bloch theorem, which states that for a periodic lattice, the electronic

wavefunction must satisfy:

e
~k· ~Rnψν(~k, ~r) = ψν(~k, ~r + ~Rn), (2.14)
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where ν is the band index. This theorem is satisfied if the wavefunction is of the form:

ψν(~k, ~r) = ei
~k·~ruν(~k, ~r), (2.15)

where ~k is the crystal momentum and uλ(~k, ~r) is called the Bloch function, which is subject

to the condition that uν(~k, ~r) has the same periodicity as the lattice.

2.2 Density Functional Theory

This section is substantially based on sections of the document submitted for the author’s

comprehensive exam.

All of the materials considered in this thesis are modelled as crystalline systems. Such

systems represent a quantum many-body problem and are a problem for which, as stated

by P. Dirac, “... the difficulty lies only in the fact that the application of these laws leads

to equations that are too complex to be solved.” [4] Thus, with the exception of trivial

systems, this problem cannot be solved exactly and certain approximations must be made.

Density functional theory (DFT) is a widely used technique which addresses this very broadly

applicable problem. Since its initial development by Walter Kohn, [5, 6] for which he was

awarded the 1999 Nobel Prize in Physics, [7] its widespead usage has lead to 12 of the top

100 most-cited scientific papers from every scientific discipline ever published to be related

to DFT. [8]

2.2.1 Development of Density Functional Theory

For a system composed of atomic nuclei and electrons, such as a crystalline solid, the many-

body Hamiltonian is given by:

Ĥ =− h̄
2

2

∑
I

∇2
I

MI︸ ︷︷ ︸
T̂n

+
−h̄2

2

∑
i

∇2
i

me︸ ︷︷ ︸
T̂e

+
1

8πε0

∑
i 6=j

e2

|~ri − ~rj|︸ ︷︷ ︸
V̂ee

+
−1

4πε0

∑
i,I

e2ZI

| ~RI − ~ri|︸ ︷︷ ︸
V̂en

+
1

8πε0

∑
I 6=J

e2ZIZJ

| ~RI − ~RJ |︸ ︷︷ ︸
V̂nn

,

(2.16)
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where nuclei with nuclear charge Z at ~R and have mass M are indexed using I and J , and

summations with these indices run over each nucleus. Electrons at ~r have massme are indexed

using i and j, and these summations run over each electron. The reduced Planck constant

is given by h̄ and ε0 is the permittivity of free space. The terms in this Hamiltonian have

been grouped to respectively describe the kinetic energy of the nuclei (T̂n) and electrons (T̂e),

as well as the potential energy of the Coulomb interaction associated with electron-electron

interactions (V̂ee), electron-nuclei interactions (V̂en) and nuclei-nuclei interactions (V̂nn). [9]

The time-independent non-relativistic form of the Schrödinger equation for this Hamilto-

nian can be expressed as:

ĤΨ = EΨ, (2.17)

where Ĥ is the Hamiltonian operator acting on a wavefunction Ψ and E is the energy eigen-

value. This equation can only be solved analytically for two-body systems (such as the

hydrogen atom) and all other cases require numerical techniques and approximations.

The first approximation made arises from the fact that the masses of atomic nuclei and

electrons differ by at least four orders of magnitude, and the nuclei are thus relatively station-

ary. Assuming that the electrons relax to a new ground state in response to small changes

in nuclei positions, one can consider their positions as fixed and treat them as an external

potential. In this approximation, known as the Born-Oppenheimer approximation, [10] Tn

and Vnn reduce to constants and the the Coulomb interaction with the electrons due to the

nuclei, Ven, can be treated as an external potential, Vext. Eq. (2.16) thus simplifies to:

Ĥ = T̂e + V̂ee + V̂ext. (2.18)

Although the above equation is considerably simplified, it still represents a complex many-

body problem. The simplest possible approach would be to treat each electron independently,

and ignore V̂ee altogether. While computationally simple, solutions computed this way would

not obey the Pauli exclusion principle, and given that V̂ee is of the same order of magnitude

as the other terms, it cannot be simply ignored. Ideally, one would like to have the simplic-

ity of treating each electron independently while still properly accounting for the Coulomb

interaction. Treating the electrons classically introduces an electrostatic potential called the
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Hartree potential: [11]

VH(~r) =

∫
d3r′

ρ(~r ′)

|~r − ~r ′|
, (2.19)

where the Hartree potential satisfies the Poisson equation:

∇2VH(~r) = −4πρ(~r). (2.20)

For each electron in the system, the single-particle Schrödinger equation is thus given (in

Hartree units) by: −∇2

2︸ ︷︷ ︸
T0i

+Vext(~r) + VH(~r)

φi(~r) = εiφi(~r), (2.21)

where T0i is the kinetic energy of the ith non-interacting electron, φi(~r) is the single-particle

wavefunction of the ith electron, and the overall electron density is given by:

ρ(~r) =
∑
i

|φi(~r)|2. (2.22)

Since any solution φi(~r) to Eq. (2.21), in turn depends on both Eq. (2.19) and Eq. (2.22),

these equations can only be solved self-consistently.

This approach can be extended to account for the exchange interaction through the use

of Slater determinants. By requiring that the energy is minimized with respect to variations

in the single-particle wavefunctions φi(~r) and that φi(~r) be orthogonal, one can obtain the

Hartree-Fock equation:[
−∇2

2
+ Vext(~r) + VH(~r)

]
φi(~r) +

∫
d3r ′

∑
j

−φ∗j(~r ′)φj(~r)
|~r − ~r ′|︸ ︷︷ ︸

VX(~r,~r ′)

φi(~r
′) = εiφi(~r), (2.23)

where VX(~r, ~r ′) is known as the Fock exchange potential. Although this is an improvement,

VX(~r, ~r ′), depending on two spatial coordinates, is a non-local potential and thus can be

computationally complex.

The next level of approximation, density functional theory, builds on Hartree-Fock and

is enabled through the use of two theorems developed by Hohenberg and Kohn [5] and Kohn

and Sham. [6] Noting that the total energy of a given Hamiltonian in Eq. (2.18) is given by

E = 〈Ψ|Ĥ|Ψ〉, (2.24)
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since the Hamiltonian applies to any given material, the energy of the system is a functional

of the wavefunction Ψ:

E = F [Ψ]. (2.25)

Here F denotes a generic functional, with square brackets used to show the dependent func-

tions on which the functional depends. Having made the Born-Oppenheimer approximation,

for a system with n electrons, the wavefunction thus depends on 3n coordinates so that

Ψ(~r1, ~r2, . . . , ~rn). Hohenberg and Kohn observed that, [3, 5, 9] for a many-electron system

in the ground state, there is a one-to-one correspondence between the ground state density

ρ(~r) and Vext. This is known as the Hohenberg-Kohn theorem. As a corollary, combining

equations Eq. (2.18) and Eq. (2.24) the total energy for a given external potential, EVext , is

given by:

EVext = 〈Ψ|T̂ + V̂ee|Ψ〉︸ ︷︷ ︸
FHK [ρ]

+〈Ψ|V̂ext|Ψ〉 (2.26)

= FHK [ρ] +

∫
d3rρ(~r)Vext(~r), (2.27)

where FHK [ρ] is the Hohenberg-Kohn density functional and is universal. Since this energy

is for the ground state, it is minimized for a given Vext.

2.2.2 The Kohn-Sham Equations

Although the Hohenberg-Kohn density functional theorem shows that the ground state total

energy depends on the electron density, the functional itself is left unspecified. Given the

simplicity of considering a system of independent electrons, Kohn and Sham [6,12] proposed

writing the functional in terms of independent electrons with an extra term which to account

for this difference:

EVext [ρ] = T0[ρ] +

∫
d3rρ(~r)

(
Vext(~r) +

VH(~r)

2

)
+ Exc[ρ], (2.28)

where T0 is the kinetic energy of non-interacting electrons with density ρ, VH is the Hartree

potential, and Exc is the exchange-correlation energy which accounts for the exchange and

correlation effects neglected in VH . Applying the variational principle to Eq. (2.28) yields:

δEVext [ρ]

δρ(~r)
=

δT0

δρ(~r)
+ Vext(~r) +

VH(~r)

2
+
δExc
δρ(~r)

. (2.29)
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Comparing this to a system with a corresponding effective potential VKS(~r) in which there

are no electron-electron interactions,

δE[ρ]

δρ(~r)
=

δT0

δρ(~r)
+ VKS(~r). (2.30)

We see that these problems are identical if:

VKS = Vext +
VH(~r)

2
+
δExc
δρ(~r)︸ ︷︷ ︸
Vxc

. (2.31)

Thus, we see that we can reformulate the many-electron Hamiltonian into one composed of

non-interacting particles in which the Hamiltonian, called the Kohn-Sham Hamiltonian, is

given by:

ĤKS = T0 +
VH
2

+ Vxc + Vext, (2.32)

which can be solved using the Schrödinger equation for non-interacting electrons

ĤKSφi = εiφi, (2.33)

and the charge density is given by:

ρ(~r) =
N∑
i

|φi(~r)|2, (2.34)

where φi(~r) are the single particle wave functions. Although the above does not consider an

electron gas with spin, the Kohn-Sham equations can be extended to this case. [13] As with

the Hartree and Hartree-Fock equations, VH and Vxc depend on ρ(~r) which itself depends on

φi. As such, these equations cannot be determined and solved unless the solution is already

known. As such, this system can only be solved self-consistently in a manner outlined in

Fig. 2.1.

In this case, an initial starting density is guessed, and this density is used to determine

the Kohn-Sham Hamiltonian. The Kohn-Sham Schrödinger equation (KSSE) is then solved,

yielding the quasiparticle wavefunctions φi, which in turn yields an updated electron density.

This procedure is repeated until the newly obtained density has, to within some tolerance,

converged with the density from the previous cycle. Once this condition is satisfied, ρ(~r)

16



Figure 2.1: Schematic flow chart of the iterative procedure used in self-consistent
calculations.

is consistent with HKS, a solution has been obtained and the calculation is finished. It is

worth noting that only the converged ρ(~r) has any direct physical meaning, since φi and εi

correspond to quasiparticle properties.

Practically solving the KSSE requires making a number of choices including whether

the system will be solved using (i) an all-electron scheme or (ii) treating the core electrons

and nuclei in a pseudopotential scheme. This will in turn lead to choices of basis function

used to represent the pseudoparticle wavefunctions, as well as for (ii) many different choices

of pseudopotential scheme. Modern implementations of DFT provide reproducible ‘precise’

results over a wide range of these choices, mutually validating these results and allowing the

user to choose the scheme most appropriate for a given problem. [14]

2.2.3 Exchange-Correlation Functionals and Applications

Having transformed the many-electron Hamiltonian into the Kohn-Sham Hamiltonian, no

approximations beyond Born-Oppenheimer have been made (assuming one can write down
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an exact form of Exc[ρ]). To actually solve the KSSE, some form of Exc[ρ] must be postulated,

and this is where further approximations are made.

The simplest possible density functional is the local spin-density approximation (LDA),

in which it is assumed that the exchange-correlation energy per unit charge is the same as

that for a homogeneous electron gas, εunifxc (ρ↓, ρ↑):

ELDA
xc [ρ↓, ρ↑] =

∫
d3rρ(~r)εunifxc (ρ↓, ρ↑), (2.35)

where ρ↓ and ρ↓ correspond to the electron densities of a spin polarized gas. The εunifxc (ρ↓, ρ↑)

can be determined by accurately calculating total energy of a uniform electron gas using

quantum Monte-Carlo (QMC) or other many-body techniques, and subtracting the kinetic

and Hartree contributions. Different implementations of the LDA will only differ slightly,

depending on the specific parameterization of εunifxc (ρ↓, ρ↑) used. [15]

The LDA has been widely used in part with many great successes in chemistry and

physics. It has accurately described chemical bond lengths in molecules to within a few

percent, although it fares poorly for hydrogen bonds. [16] An example of a notable success of

the LDA functional has been in predicting the properties of crystalline Silicon. In an early

study of many candidate phases of Si, [17,18] the diamond phase was identified as the lowest

energy, and the lattice constant, crystal energy and bulk modulus were found to within 1%

of the experimental value. The transformation from diamond to β-tin was also correctly

predicted (see Fig. 2.2).

This success raises a question: given that solids are inhomogeneous systems, why does the

LDA appear to work so well? The exchange correlation hole Pxc(~r, ~r′), which can be thought

of as difference in electron density at ~r due to an electron at ~r′, has an energy which depends

only on its spherical average, and must integrate over all space to −1. [19] This spherical

average is well approximated in the LDA, even in inhomogeneous systems such as atoms,

despite Pxc(~r, ~r′) being poorly described, and the sum rule is obeyed. [19] A comparison

between the QMC and LDA calculated exchange holes for the Ne atom, and their spherical

average is shown in Fig. 2.2. In the case the QMC Pxc(~r, ~r′) hole has a large weight at the

atomic nucleus, while the LDA hole is centered at the electron. Nevertheless, despite this

error, the LDA spherical average of the exchange hole agrees well with the QMC calculation.
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Figure 2.2: (left) Calculated energy versus volume (relative to the experiment) of
different Si polytypes calculated using the LDA exchange-correlation functional. [17]
(center) Contour plots of the error of the LDA (a) exchange and (b) correlation energy
densities relative to quantum Monte-Carlo values in the (110) plane of silicon. [20]
(top right) The exchange hole of a neon atom, as calculated exactly and using the LDA
functional, as labelled. (bottom right) The spherical average of the exchange hole times
r′′ calculated exactly and using the LDA functional. [19]

The success of the LDA stems in part from the fact that the electron-electron interaction

depends on the spherical average of the exchange-correlation hole which is well approximated

by the LDA. Furthermore, in studying systems such as the aforementioned crystalline Si, in

comparing the LDA results to QMC results, it has been found that errors in the exchange and

correlation energy densities tend to fortuitously cancel, leading to reasonable overall total

energies. [20] This cancellation of errors is shown in Fig. 2.2.

Despite these successes, the LDA has some notable failures as well. Although chemical

bond lengths are accurate, mean absolute error in the atomization energy of molecules, a

commonly used figure of merit to assess the accuracy of a functional on molecular systems,

tends to be in the range of 70-100kcal/mol, which is significantly greater than the desired

‘chemically accurate’ upper bound of 1kcal/mol, [21] and it incorrectly predicts bulk Fe to

be non-magnetic.

Exchange-correlation functionals which go beyond the LDA in complexity have been

developed, and can be considered as part of a ‘Jacob’s ladder’ in which each rung of the ladder
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Figure 2.3: A ‘Jacob’s Ladder’ of exchange-correlation functional approximations.

progressively contains more local ingredients and hence greater accuracy, but also greater

computational complexity, allowing users to choose a functional based on their accuracy

requirements. [22] A schematic of this ladder is shown in Fig. 2.3. The LDA represents the first

rung of the ladder and depends only on ρ. Beyond the LDA, functionals can be split up into

two types: (i) non-empirical functionals in which all parameters are determined by conditions

obeyed by the exact functional, and (ii) semi-empirical which contain parameters which are

fit to particular systems. Although ideally one would want a non-empirical functional with

high accuracy on a broad range of systems, empirical functionals can make very accurate

predictions on systems similar to those used in the fitting parameters, though they may

otherwise be qualitatively incorrect.

The second rung, called the generalized gradient approximation (GGA), depends both

the charge density and density gradient:

EGGA
xc [ρ↓, ρ↑] =

∫
d3rρ(~r)εGGAxc (ρ↓, ρ↑,∇ρ↓,∇ρ↑), (2.36)

where ∇ρ↑(~r) and ∇ρ↓(~r) are charge density gradients. In comparison with εunifxc (ρ↓, ρ↑)

of the LDA, in which the parameters are well established, there are many formulations of

εGGAxc (ρ↓, ρ↑,∇ρ↓,∇ρ↑). [22, 23] Relative to the LDA, GGA functionals tend to yield better

bulk properties, such as cohesive energies, lattice constants and bulk moduli. [21, 24] For

solids, a widely used GGA functional is the Perdew-Becke-Ernzerhof (PBE) GGA functional,
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Figure 2.4: MRE of lattice constant a0 in % versus MRE of the cohesive energy in %
for many different GGA functionals, as labelled. Adapted from [21].

which is an exact functional and sum rules imposed by the exchange-correlation hole are

satisfied. [23] Many reformulations of the PBE functional have been proposed, which can

show improvements for particular properties in a given class of systems at the expense of

others. Despite many reformulations, no universal GGA has been constructed. This is

demonstrated in Fig. 2.4 which shows the mean relative error (MRE) for the cohesive energy

versus the MRE for lattice constant for many different GGA functionals computed over 44

strongly and 5 weakly bound solids.

The success of GGA functionals in describing physical and chemical systems have lead

to their widespread use, leading to the publications describing GGA functionals to be the

seventh, eighth and 16th most cited scholarly articles of all time (references [23, 25, 26], re-

spectively). [8]

In this work, only LDA and GGA-based functionals were utilized. Higher order functionals

include the meta-GGA functionals, which include Kohn-Sham energy densities of occupied

molecules, and hyper-GGA functionals (HGGA) which incorporate Hartree-Fock exchange

energies, or some other quantity therefrom derived, are not further discussed.
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Figure 2.5: Theoretical versus experimental band gaps for many different materials
and functionals, as indicated. Adapted from [27].

2.2.4 The Band Gap Problem

Although density functional theory can well describe many properties of solids, one funda-

mental limitation of the technique is a proper calculation of the electronic band gap. The

electronic band gap, formally defined as

Eg = I − A, (2.37)

where I is the first ionization potential and A is electron affinity, does not necessarily match

the KSSE generated band gap. This is due to a derivative discontinuity in the exchange-

correlation functional. In DFT, the chemical potential is defined as:

µ =
δEtot
δρ(~r)

. (2.38)

For a system in the ground state, this suggests that µ is position-independent. In a thought

experiment for two well-separated neutral atoms X and Y with different chemical potentials

µx > µy, Perdew [18,28] noted that a density variation which transfers charge δNy > 0 from

X to Y will lead to a change in energy of the system δE = (µy − µx) ∗ δNy < 0, which

is a contradiction. Thus, for integer charge systems µ is continuous but not differentiable,
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leading to a discontinuity. To address this issue, a meta-GGA called the MBJLDA was

proposed by Tran and Blaha [27], which is parameterized to yield accurate band gaps. As

can be seen in Fig. 2.5, the MBJLDA yields band gaps which are competitive with results

from HGGA exchange-correlation functionals as well as much more computationally intensive

GW calculations.

2.2.5 Structural Input Considerations

Given that the principal input for DFT calculations are the atomic positions, one issue

which is treated inconsistently in the literature is whether it is more appropriate to (i) use an

experimentally determined lattice as an input parameter, or (ii) allow the lattice constants

and atomic positions to each relax. Many examples of each approach can be found in the

literature. It is unclear whether, at a given level of theory, the properties of relaxed or

unrelaxed experimental structures are more accurate. The latter approach allows a lower

overall energy minimum to be reached and provides an ab initio answer about what the

structural and electronic properties of a given material will be at a given level of theory.

This lack of consistency also extends to how different functionals are benchmarked in lit-

erature reports by experts within the field. For example, when utilizing an ab initio approach

for calculating properties of solids the calculated lattice parameter is often used as a bench-

mark. [21,24,29] Alternatively, when benchmarking functionals by their calculated band gap,

shown in Fig. 2.5, band gaps derived from experimental structural inputs are used. [27]

In practice, the choice of input as well as the choice of exchange-correlation functional are

sometimes treated as phenomenological parameters. For example, in a study of bulk black

phosphorous, in which covalent bonding and van der Waals dispersion are significant, the

relaxed structures using LDA, GGA and hybrid functionals perform sufficiently poorly so

that the known experimental structure is used. [30] In a study of the effect of compressive

strain on the band gap of a black phosphorous monolayer, functionals were first benchmarked

by their accuracy in predicting the experimental lattice parameters and the best functional

was then used to consider the effects of strain. [31]

The necessity for certain material problems to utilize a phenomenological approach re-

flect approximations made when choosing a particular exchange-correlation functional and
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corresponding limitations in the practical utility of DFT. The trade-off between choosing be-

tween ab initio and experimental lattice parameters is explored for the case of several In2O3

polymorphs in Chapter 6. To the best of the authors knowledge a detailed study comparing

these approaches is not addressed in the literature.

2.3 Band Structure Diagrams

As mentioned above, a crystal is a periodic lattice in real space, which has a corresponding

lattice in reciprocal space. Having obtained the electronic wavefunction for a given crystal,

one can then plot how the available states (which may be occupied or unoccupied) vary as a

function of energy throughout the first Brillouin zone. Such a plot is called an energy-crystal

momentum diagram or band structure diagram. Since the Brillouin zone of a bulk crystal is

three-dimensional, and information conveyed in a graph is typically two-dimensional, band

structure diagrams are displayed for a particular path through the Brillouin zone. These

paths are typically chosen so as to incorporate high symmetry points called critical points. If

the crystal has any symmetry operations beyond the trivial identity operator, certain points

in the first Brillouin zone ~k-space can be mapped to equivalent points in ~k-space, leading

to a reduced unique section of ~k-space, called the irreducible Brillouin zone, that should be

considered. Although there is no universally agreed standard on which points to include for a

given Brillouin zone, and thus the selected paths for a given material may vary, typical paths

in the band structure diagram link critical points in the irreducible Brillouin zone. There are

also algorithmic approaches which can generate systematic paths. [32]

A band structure diagram can be utilized for a number of purposes. For example, it

can be utilized to distinguish whether a material is a semiconductor, metal or semi-metal.

If a material is a semiconductor, visualization of the band extrema can be used to discern

whether or not the material is has a direct or indirect bandgap, what kind of transitions

or scattering processes are allowed, and for the calculation of the effective mass of charge

carriers. The electronic band structure of occupied states can be observed using angle-

resolved photoemission spectroscopy (ARPES). [33]

As an example, we consider the case of AB-stacked graphite, which has a hexagonal
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Figure 2.6: (a) Real space diagram of unit cell of AB-stacked graphite, with carbon
atoms shown as brown spheres. (b) First Brillouin zone of the reciprocal lattice of
AB-stacked graphite, with selected high symmetry points as indicated.

unit cell in both real and reciprocal space. This is shown in panels (a) and (b) of Fig. 2.6,

respectively. A typical path through ~k-space (Γ−K −M − Γ) is indicated by green arrows.

To emphasize that the electronic band structure can actually be observed, and is not simply

a theoretical abstraction, we show an experimental ARPES spectrum taken around the K

point of graphite, which was adapted from [34], together with a band structure diagram

generated from a DFT calculation performed by the author. They are shown in Fig. 2.7 (a)

and (b), respectively. Since ARPES is sensitive only to occupied states, only energies below

the Fermi energy level are shown. These two diagrams share great similarities, including the

splitting of the π band into bonding and anti-bonding bands.

Band structure diagrams can also be used to observe charge transfer between different

materials via changes of the Fermi energy level around critical points in an energy crystal-

momentum diagram. This has been demonstrated experimentally by C. Coletti et al. on a

series of ARPES measurements performed on a monolayer of graphene grown on an SiC(0001)

doped with increasing quantities of a molecule which formed a charge-transfer complex. [35]

This is shown in Fig. 2.8. For a pristine sample, the Fermi energy level is 0.42 eV above

the Dirac point and the material is overall n-type. As increasingly thick layers of F4-TCNQ

molecules are deposited the material forms a charge-transfer complex, with electrons being

transferred from the graphene to the deposited molecules. As more molecules are added (and

charge is transferred), the position of the Fermi energy level is eventually lowered to the
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Figure 2.7: (a) Experimental graphite ARPES spectrum with the crystal momentum
measured along an axis about the K-point. Bonding and anti-bonding π bands are
labelled as BB and AB, respectively. Adapted from [34]. (b) Band structure diagram
in the vicinity of the K-point with the horizontal axis pointing in the Brillouin zone
directions indicated. Calculation by author.
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Figure 2.8: UV-excited ARPES spectra showing the dispersion of the π bands in
the vicinity of the K point for a graphene monolayer grown on an SiC(0001) interface.
Panel (a) shows ARPES spectra for a pristine sample, wile panels (b)-(e) show samples
coated with increasing amounts of F4-TCNQ molecules. Adapted from [35].

Dirac point of graphene.

2.3.1 Band Diagrams of More Complex Systems

Although band structure diagrams can yield detailed information about crystalline systems,

in many cases systems of interest will occur for cases in which the translational periodicity

of a crystal are perturbed or modulated.

Examples include systems perturbed by phonons, defects, dopants, intercalants, or a

system that has been alloyed. [36–38] In this case the perturbed system is considered as a

supercell of the primitive unit cell, which raises a question: How can the dispersion of states

in the supercell be compared to the primitive unit cell? This discussion below follows the

approach of Rubel et al. [36]

One technique is to utilize a Bloch spectral weight approach. Briefly (and for simplicity),

we consider a wavefunction given in a plane-wave basis set given by:

Ψν(~k, ~r) =
∑
~g

cν,~k(~g)ei(
~k+~g)·~r, (2.39)

where ν is the band index, k is the wavevector, g is the momentum of the plane-wave basis

set (and has the same dimensionality as the Brillouin zone) and cν,~k(~g) is the expansion

coefficient. This formulation applies to both primitive cells and supercells, with lower case
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Figure 2.9: (a) The Brillouin zone of AB-stacked graphite, with the reciprocal axes
as shown. A selected path through is shown in green, with the critical points labelled
as indicated. (b) A projection of the AB-stacked graphite Brillouin zone with c∗ = 0
shown in black. The same projection for a 4× 4× 1 supercell is shown in green. (c) A
mapped version of the supercell is shown, showing how points in momentum space can
be mapped between the original unit cell and a supercell.

and upper case coefficients used for these cases, respectively.

The relationship between the Brillouin zone of a primitive cell and a supercell is shown

schematically in Fig. 2.9. A cross-section of the Brillouin zone of graphite is shown in

Fig. 2.9(b) in black, with the Brillouin zone of a 4 × 4 × 1 supercell is shown in green.

Considering Eq. (2.39), a comparison can be made between the expansion coefficients of the

primitive and supercell cases when:

~k + ~g = ~K + ~G. (2.40)

Given the smaller size of the supercell Brillouin zone, as shown in Fig. 2.9(c), a given point of

momentum space in the supercell maps or ‘unfolds’ onto many points of the Brillouin zone of

the primitive unit cell, each with an associated subgroup of Cν,~k(~g) coefficients. The spectral

weight of points that have been unfolded to the primitive Brillouin zone is given by:

wν(~k) =
∑
g

|Cν, ~K( ~k + g)|2. (2.41)

As an example of the utility of applying this technique to a perturbed system, we consider

in Fig. 2.10 the case of graphite which has been perturbed by a core hole. In the left panel

is the band structure diagram of AB-stacked graphite. In the middle panel is the band
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structure diagram through the same path through the Brillouin zone of a 3× 3× 1 supercell

of graphite perturbed by the presence of a core hole. As can be seen, naively considering

the supercell Brillouin zone renders a schematic which is formally correct but unintelligible.

Unfolding the band structure to the original primitive Brillouin zone, and considering the

original k-path allows for a rational comparison between the perturbed system and the ground

state. This is shown in the right panel of Fig. 2.10. One difference between a conventional

band structure diagram and one obtained using a Bloch spectral weight approach is that

a conventional band structure diagram merely shows the presence of electronic states as a

function of crystal momentum and energy, while in a Bloch spectral weight approach, each

corresponding point has a particular spectral weight, which is denoted by the point size in

this schematic. Having performed the downfolding, one can now compare similar regions

between the original unit cell band structure diagram and the corresponding region in the

downfolded perturbed supercell band structure diagram to compare the differences.

In this example, several changes induced by the core hole can be observed. Most promi-

nently, one can see that the spectral weight of states in the vicinity of the Fermi energy level

at the K point are perturbed by the presence of the core hole. More broadly, when com-

paring the band structure of the pristine and downfolded perturbed cases, one can see that

for each band in the pristine case there are corresponding spectral features in the perturbed

case. However, the distribution of the spectral weight is perturbed, leading to new bands

or distorted features. These perturbations reflect the disorder introduced by the core hole

perturbation.
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Figure 2.10: (left) Band structure diagram of AB-stacked graphite. (middle) Band
structure diagram of a 3× 3× 1 supercell of AB-stacked graphite perturbed by a core
hole. (right) Band structure diagram of 3×3×1 supercell folded to the original Brillouin
zone using a Bloch Spectral weight approach.

30



3 Experimental Techniques

3.1 Introduction

Spectroscopy measurements, which can be considered as measuring the response of a system

to a particular excitation as a function of energy, are important techniques used to study the

properties of materials. Depending on the technique used, the energy being measured might

be the energy of emitted photons, such as with X-ray emission spectroscopy (XES), or the

energy of the incident photon, as in X-ray absorption spectroscopy (XAS). The development

of third generation synchrotron light sources, with high brilliance light and tunable excitation

energy, make feasible a wide range of techniques that utilize photons in the soft and hard

X-ray regions. Throughout this thesis, several synchrotron-based spectroscopic techniques

are utilized to study the properties of materials. These techniques all involve mounting a

sample in a beamline endstation in ultra-high vacuum (UHV) and impinging the sample with

monochromatic X-rays to gain insight into the material properties. The techniques utilized

in this work are X-ray absorption spectroscopy, non-resonant X-ray emission Spectroscopy,

resonant inelastic X-ray scattering and X-ray excited optical luminescence.

3.2 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy is a technique which measures the absorption of X-rays as

function of the incident energy, and thus studies the interaction of the incident photons with

the electrons in the sample being studied. XAS spectra are typically collected in the vicinity

of a transition of a bound core-level electron to unoccupied states in the conduction band.

The energy required for this transition is characteristic of the atomic species being probed

and the core electron being excited and thus provides a mechanism to probe a particular
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Figure 3.1: A schematic representation of the different regions of an XAS spectrum.
The energy scale here is relative to the centre of an absorption edge. Adapted from [39].

atomic species within a sample.

Different regions of an X-ray absorption spectrum, which are shown schematically in

Fig. 3.1, yield different information about a given sample. The region around the absorption

edge is called the X-ray absorption near-edge structure (XANES) region, which is dominated

by transitions of core electrons to unbound states. The following region is called the extended

X-ray absorption fine structure (EXAFS) region and contains oscillations that occur due to

backscattering events caused by interference of excited photoelectrons. These oscillations

yield information about the local environment of the excited atom. [39] There is no fixed

definition of when an XAS spectrum transitions between the XANES and EXAFS regions,

but as a rule of thumb the XANES spectrum is typically considered to extend to about 50 eV.

3.2.1 X-ray Absorption Near-Edge Structure Theory

The shape of the XANES spectrum depends on the transition probability rate Pif between an

initial state |Ψi〉 and final state |Ψf〉 [40] driven by a harmonic time-dependent perturbation

V̂ (t) = V̂ eiωt (such as a plane wave) is described by Fermi’s Golden Rule:

Pif ∝ |〈Ψf |V̂ |Ψi〉|2ρf , (3.1)

where ρf is the density of states of the final state of the measurement. For an electomagnetic

plane wave, the vector potential is described by:

~A ∝ ~e
(
ei(

~k·~r−ωt) + e−i(
~k·~r−ωt))

)
, (3.2)
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where ~k is the plane wave wavevector, frequency ω and propagation vector ~e. The potential

is then given by

V̂ (t) ∝ ~A · ~p, (3.3)

where ~p =
∑

i ~pi are the electron momentum operators. Substituting Eq. (3.2) and Eq. (3.3)

into Eq. (3.1) yields:

Pif ∝ |〈Ψf |ei(
~k·~r)~e · ~p|Ψi〉|2ρf . (3.4)

Here only the first term of the vector potential was retained, as this corresponds to absorp-

tion transitions. This expression can be further simplified by making the dipole transition

approximation, so that ~k · ~r � 1, which yields:

Pif ∝ |〈Ψf |~e · ~p|Ψi〉|2ρf . (3.5)

The dipole transition approximation is well satisfied for the X-ray energies utilized in this

work. In making the dipole approximation, when analyzing the XANES spectra only transi-

tions with changes in the angular momentum quantum number of ∆l are considered.

One notable aspect of the Eq. (3.5) is that the transition probability of a given excitation

energy depends on the density of states of the final state of the system, which corresponds to

an electron having been promoted to an unoccupied state. Since only dipole transitions are

allowed, ρf corresponds to the partial density of states of a system, which has been perturbed

by the presence of a core hole. Since the binding energies of core electrons in atoms vary

significantly with atomic number and core-level transition, XANES therefore provides an

element-specific probe of the partial electronic density of states (PDOS).

When performing an X-ray absorption measurement, in principle one need only impinge a

sample of known thickness with X-ray photons and measure how the intensity of the beam is

modulated with a detector placed after the sample. This is shown schematically in Fig. 3.2.

In this case, the absorption coefficient can be determined from the Beer-Lambert equation

for absorption:

I(E) = I0(E)e−µ(E)x, (3.6)

where µ is attenuation length, x is the thickness of the material, I0 is the initial intensity, I is

the transmitted intensity and E is the excitation energy. From this equation the absorption
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Figure 3.2: Schematic representation of X-ray absorption.

cross-section ban be obtained via:

σ(E) =
µ(E)

n
, (3.7)

where σ is the absorption cross-section and n is the atomic number density. A challenge arises

in performing such a measurement in the soft X-ray energy energy range as the attenuation

length can reach below 100 nanometers. Carefully controlling the sample dimensions to make

a sample thin enough to perform such a measurement is sufficiently difficult that yield-based

techniques, in which a quantity proportional to the absorption cross-section, are utilized

instead.

3.2.2 XANES Measurement Techniques

XANES spectra can be obtained using several different techniques. Following the excitation

of a core electron to a higher energy state in a material, this excitonic state is inherently

unstable and the core hole will be filled within a characteristic lifetime so that the material

can return to a lower energy state. [39,41] The energy associated with the filling of the core

level can be released by Auger scattering processes or via radiative recombination. This is

shown schematically in Fig. 3.3(a) and (b), respectively. Each relaxation mechanism provides

an opportunity to measure a XANES spectrum.

In the case of Auger-assisted recombination, electrons are ejected from the material. If
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Figure 3.3: Schematic representations of TEY XANES, TFY/PFY XANES and XES
measurements are shown in panels (a),(b) and (c), respectively. For each panel the
order of processes is indicated numerically.

the path to ground is carefully controlled, the compensating ground current can be measured

with a sensitive ammeter, providing a means to measure a quantity that is proportional to the

absorption of core holes by the material. This technique is called Total Electron Yield (TEY)

XANES. In interpreting a TEY spectrum, there are two notable considerations. First, since

the current source are ejected electrons, one must consider that the volume of the sample

from which electrons will be ejected is determined by the inelastic mean free path (IMFP) of

these electrons. Studies performed on a range of elements and compounds suggest that for

electrons scattered by soft X-ray photon energies are ejected from a volume near the surface

on the order of several nanometers. [42] This volume is less than the X-ray attenuation length

of typical materials in the same energy range (which are on the order of tens to hundreds

of nanometers). [43] As a result, a TEY spectrum is relatively surface sensitive, and may

not reflect the characteristics of the bulk of a material. In addition, for samples which have

poor conductivity (such as for wide band-gap semiconductors or for samples mounted on

insulating substrates) sample charging may occur, yielding a distorted spectrum.

In the case of radiative recombination, the emitted X-rays can be observed with an X-ray

detector. In the case that such a detector is not energy dispersive, and the detector measures

all X-rays emitted from a sample, such a measurement is called a Total Fluorescence Yield

(TFY) XANES measurement. In the case of a dispersive detector, only photons emitted
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associated with the filling of a particular core level are counted, and such a measurement

is called a Partial Fluorescence Yield (PFY) XANES measurement. Since these techniques

measure the emitted X-rays the signal from these measurements is from the same volume of

sample excited by the incident X-ray beam. This corresponds to a depth of tens to hundreds

of nanometers, making these techniques relatively bulk sensitive compared to TEY.

To perform TFY measurements, a detector such as a channel electron multiplier (CEM)

is used. A CEM is a device which, upon X-ray excitation, generates avalanches via secondary

emission which can be measured as a current. Such a device provides no energy resolution

and also cannot discriminate between avalanches caused by emitted X-rays or Auger electrons

meaning that if the entrance to the device is not sufficiently screened from Auger electrons

then the TFY measurement may include a TEY signal.

To perform PFY measurements detectors such as silicon drift detectors (SDD) may be

used. Silicon drift detectors are event-based detectors in which the incident photon energy

is measured via the degree of ionization it produces. Although the energy resolution of such

a detector is coarse, with a full-width half-maximum on the order of tens of electron-volts,

this is sufficient to discriminate between radiative transitions between different core levels.

Compared with TFY, this provides a more direct measurement of a particular core-hole fill

rate, as it allows X-rays emitted from other elements or via inner-shell transitions to be

filtered out. Since SDDs are event-based detectors, they cannot discriminate between the

ionization produced by the multiple incident photons if they occur within the same event

window. Accordingly, care must be taken to ensure that the detector is not saturated by too

many ionization events.

3.2.3 Extended Absorption Fine Structure Spectroscopy

XAS spectra collected in the region following the XANES region are collected in the extended

absorption fine structure (EXAFS) region which extends to several hundred eV beyond the

absorption edge (or threshold). Spectra collected in this region are used to gain structural

information about the interatomic distance and coordination number of the 1st and 2nd

nearest neighbours of the element being excited.

As can be seen in the schematic XAS spectrum shown in Fig. 3.1, the XAS spectrum ex-
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hibits oscillatory behaviour around a smoothly varying background. [44] Phenomenologically,

these two components can be separated, with the EXAFS spectrum χ(E) phenomenologically

defined as:

χ(E) = (µ(E)− µ0(E)) /∆µ0, (3.8)

where E is the excitation energy, µ(E) is the absorption coefficient, µ0(E) is the smoothly

varying background and ∆µ0 is a normalization factor. As core electrons are excited at

energies well above the absorption threshold, these photoelectrons have an excess kinetic

energy and are characterized by a certain momentum. Rather than being plotted against

energy, EXAFS spectra are often plotted against a ‘photoelectron momentum index,’ k,

defined as

k =
√
E − Ec, (3.9)

where Ec is the threshold energy required to excite a core hole.

As these electrons propagate throughout the material, they are backscattered by the

atoms within the crystal, leading to constructive and destructive interference. This, in turn,

leads to the oscillatory behaviour seen in the EXAFS spectrum.

EXAFS spectra are interpreted using a quantitative parametic formula called the EXAFS

equation described below:

χ(k) =
∑
i

S2
0Ni
|fi(k)|
kR2

i

e−2Riλ(k)e−2σ2k2sin(2kRi + 2δc + Φi). (3.10)

In this formula, Ri is the distance between the absorbing atom and the backscattering atom

of species i, Ni is the number of scattering species i atoms, S2
0 is an overall amplitude factor

and fi(k) is the backscattering amplitude of atom i. Thermal fluctuations are accounted for

with the Debye-Waller factor σ2, while the decay of the wave due to the mean free path of

the photoelectron is taken into account with the e−2Riλ(k) term, where λ(k) is the mean free

path. The phase factor Φi reflects a phase shift due to backscattering with neighbours i and

depends on the backscattering amplitude while δc is a phase shift due to the absorbing atom.

This formula is used to interpret EXAFS spectra of several TiO2 phases in Chapter 9.
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3.3 X-ray Emission Spectroscopy

X-ray emission spectroscopy (XES), taken very generally, is a process in which a system is

excited by the promotion of a core electron to an unoccupied state which then decays via

a radiative transition which fills the core hole. [45, 46] This can be considered broadly as

two regimes, non-resonant X-ray emission spectroscopy (NXES) and resonant inelastic X-ray

scattering (RIXS). XES measurements are nowadays typically only performed at synchrotron

light sources since the probability of an XES transition is low.

When performing an XES measurement, the sample is excited with monochromatic X-rays

and the emitted X-ray spectra are measured using an energy-dispersive X-ray spectrometer

which uses a grating to spatially separate X-rays of different energies.

3.3.1 Non-resonant X-ray Emission Spectroscopy

In a non-resonant X-ray emission spectroscopy (NXES) measurement monochromatic X-rays

excite a core electron well above the lowest available unoccupied state to the continuum above

the absorption threshold. In this case the excited electron becomes delocalized or atomically

ionized and is no longer bound to a particular atom. Following excitation, this core hole can

be filled via radiative transitions from electrons in higher energy occupied states associated

with that atom. Since the excited electron which created the core hole is no longer bound

to that particular atom, the radiative filling of the core hole can be considered as a process

independent of the excitation. In this case the emission probability rate is given by, as with

XANES, Fermi’s Golden Rule:

Pif ∝ |〈Ψf |~e · ~p|Ψi〉|2ρf . (3.11)

In the case of NXES, |Ψi〉 corresponds to a system with a core hole and a delocalized electron.

|Ψf〉 and ρf (E) correspond to a system with the core level filled, a hole in the valence band

and a delocalized electron. As such, the spectral weight of an NXES measurements depends

on the PDOS of a system not perturbed by the presence of a core hole and thus NXES provides

an element specific probe of the occupied PDOS. The NXES process is shown schematically

in 3.3(c).
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3.3.2 Resonant Inelastic X-ray Scattering

Resonant inelastic X-ray scattering (RIXS) is a one-step photon-in photon-out process in

which monochromatic X-rays resonantly excite a core electron to an unoccupied intermediate

state in the vicinity of the absorption threshold. The final state of the system is then achieved

via the emission of an X-ray photon and the filling of the core level. The intermediate state,

in which a core electron is promoted to an unoccupied state, corresponds to the final state

of a XANES spectrum. The final state of the system in the RIXS process leaves a hole

in the valence band and an electron in the conduction band. In the case that the incident

and outgoing photons have different energy, this photon is inelastically scattered with the

resulting energy difference corresponding to an observed excitation. RIXS spectra can be

described using the second order scattering formalism described by the Kramers-Heisenberg

formula given below: [45, 46]

I(h̄ωin, h̄ωout) ∝
∑
f

∣∣∣∣∣∑
j

〈Ψf |T̂f |Ψj〉〈Ψj|T̂i|Ψi〉
Ei + h̄ωin − Ej + iΓm

∣∣∣∣∣
2

× δ (Ei + h̄ωin − h̄ωout − Ef ) , (3.12)

where Ψi, Ψj and Ψf represent the initial, intermediate and final states, respectively, Ei, Ej

and Ef represent the energies of the initial, intermediate and final states, respectively. The

energy of the incident and emitted photons is given by h̄ωin and h̄ωout, respectively, while

T̂i and T̂f are dipole radiative transition operators which govern transitions from the initial

to intermediate states and intermediate to final states, respectively. The intermediate state

lifetime broadening Γm reflects the lifetime of the core hole which is the intermediate state.

In semiconductor systems, with states near the absorption threshold that are relatively

delocalized (and thus weakly correlated), the momentum conservation of the overall pro-

cess can yield information about the energy-crystal momentum dispersion of occupied states.

[45,47,48] This can therefore be used as a tool to, for example, distinguish between semicon-

ductors which have direct or indirect band gaps. For systems with more localized systems,

such as those with 3d transition metal atoms, excitations, which contribute the the RIXS

spectrum, might include dd and charge transfer excitations. For such a system, the spectra

are typically interpreted using a crystal field multiplet approach. In this work, the former
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approach has been utilized to study In2O3 while the latter has been used to study Co-doped

SnO2 in Chapter 6 and Chapter 12, respectively.

3.4 X-ray Excited Optical Luminescence

X-ray excited optical luminescence (XEOL) spectroscopy is a technique in which a sample

is irradiated with X-rays and an optical spectrum is collected with an optical spectrometer.

Since XEOL is a photon-in photon-out technique, it can be considered as complementary to

a XANES measurement, providing another channel of information about the sample being

studied. For samples mounted on luminescent substrates, this has provided another means to

measure the XANES spectrum itself. [49, 50] In these cases, we note that although XANES

is a core-level spectroscopic technique, the luminescence from the substrate material is not

itself due to core-level transitions.

Despite not being a core-level technique, XEOL can retain several of the advantages of

XANES, such as exploiting the fact that the absorption cross-section allows particular atomic

species to be excited to identify the origin of optical transitions in a nanowire system. [51]

At the energies accessible in the soft X-ray range at a typical synchrotron beamline, the

Beer-Lambert X-ray attenuation coefficient can vary by an order of magnitude or more. This

in turn can allow measurements to be performed in which the volume in which X-rays are

absorbed, and accordingly carriers excited, to be controlled by varying the excitation energy.

For a sample which has luminescent defects, this can provide a means to develop depth

profiles of such defects in a material. [52, 53]

The brilliance provided by synchrotron light sources can also allow for the injection of

sufficient carriers for XEOL to observe transitions that are not possible in a laboratory setting.

As an example, band-to-band transitions have been observed in wide band-gap semiconductor

nitrides which are not accessible using a laboratory excitation source. [54] This is utilized

in Chapter 10 to elucidate the presence of a trapped gas within an InN sample, as well as

luminescence from a contaminant side phase. Similarly, it enabled the identification of a

hierarchy of mid-gap defect states in ZnSiN2 in Chapter 13.

40



4 List of Manuscripts

Here the experimental and theoretical techniques performed in each manuscript are de-

scribed, and the contribution of each author is stated. The goal and significance of each

manuscript is also described.

Band gap and electronic structure of MgSiN2 determined using soft X-ray spec-

troscopy and density functional theory

Authors: T. de Boer, T. D. Boyko, C. Braun, W. Schnick and A. Moewes

Summary and Author Contributions

In this manuscript, presented in Chapter 5, [55] MgSiN2 was synthesized and characterized

structurally with X-ray diffraction (XRD). The sample was then measured experimentally

using XES and XAS, and analyzed with DFT. C. Braun synthesized the sample, performed

XRD measurements and structural characterization under the supervision of W. Schnick.

The XES and XES spectra were collected by T. Boyko, and analyzed by T. de Boer. The

data analysis and calculations were performed by Tristan de Boer under the supervision

of Alexander Moewes and with the assistance of T. Boyko. The goal of this work was to

characterize the band gap of MgSiN2. This particular material was chosen as the authors

first complete research project due to the relative simplicity of the project. This has been

published in Physica Status Solidi - Rapid Research Letters.

Band gap and electronic structure of cubic, rhombohedral and orthorhombic

In2O3 polymorphs: Experiment and theory

Authors: T. de Boer, M. F. Bekheet, A. Gurlo, R. Riedel and A. Moewes
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Summary and Author Contributions

In this manuscript, presented in 6, [56] the orthorhombic and rhombohedral phases of In2O3

were synthesized and characterized structurally with XRD by M. F. Bekheet under the super-

vision of A. Gurlo and R. Riedel. These samples, together with cubic In2O3 were examined

with XES, XAS and DFT calculations by T. de Boer under the supervision of A. Moewes.

The goal of this work was to characterize the orthorhombic phase of In2O3, which is synthe-

sized under high pressure and had only been recovered under ambient conditions recently by

our collaborators. As such, we performed the first analysis of this material sensitive to the

electronic properties (all other characterization was structural). To place the properties of

the orthorhombic phase in a proper context, we also studied all known other phases of In2O3

to allow for a comparison between these materials. We also go beyond a standard XES, XAS

and DFT analysis by addressing a question scarcely raised in the literature: When performing

a DFT calculation to interpret experimental spectra, is it more correct to use the experimen-

tal lattice parameters as an input, or the results of a relaxed ab initio calculation? For the

materials considered herein negligible differences in the calculated spectra were observed for

both scenarios. Furthermore, allowing the atomic positions to relax resulted in changes to

the nearest-neighbour distances of a few hundredths of an angstrom, which is beyond the

accuracy of the XRD measurements. This work has been published in Physical Review B.

Tuning the electronic structure of graphene through nitrogen doping: experiment

and theory

Authors: N. Ketabi, T. de Boer, M. Karakaya, J. Zhu, R. Podila, A. M. Rao, E. Z.

Kurmaev, and A. Moewes

Summary and Author Contributions

The goal of this work, presented in Chapter 7, [57] was to understand how the electronic

structure of nitrogen-doped graphene could be controlled via the presence of different de-

fects. To this end, nitrogen doped graphene was grown by chemical vapour deposition by M.

Karakaya, J. Zhu, R. Podila, and A. M. Rao. XES and XAS measurements were performed
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at the nitrogen and carbon edges and DFT calculations were performed by N. Ketabi and T.

de Boer under the supervision of A. Moewes. E. Z. Kurmaev provided advice and initiated

the collaboration. N. Ketabi and T. de Boer prepared the manuscript, undergoing several

revisions and extensive rewriting by T. de Boer. Through the XES and XAS measurements,

several nitrogen dopant species were identified and their relative concentration was linked

with the synthesis conditions. The presence of pyridinic and nitrilic-like nitrogen sites lead

to n-type and p-type graphene, respectively. This work has been published in RSC Advances.

Luminescence of an Oxonitridoberyllate: A Study of Narrow-Band Cyan-Emitting

Sr[Be6ON4]:Eu2+

Authors: P. Strobel, T. de Boer, V. Weiler, P. J. Schmidt, A. Moewes and W. Schnick

Summary and Author Contributions

In this study, presented in Chapter 8, [58], the crystal structure, electronic structure and

luminescent properties of Sr[Be6ON4]:Eu2+ are examined using energy-dispersive X-ray spec-

troscopy (EDS), XRD, XES, XAS, UV-excited photoluminescence and diffuse reflectance

measurements. The material shows narrow-band cyan emission, and represents the first ex-

ample of an oxonitridoberyllate phosphor. With a quantum efficiency of 20% and good ther-

mal stability, this is a promising phosphor which may enable the development of improved

pc-LEDs with a better color rendering index. Sample synthesis, EDS, XRD, UV-excited

photoluminescence and diffuse reflectance measurements as well as the rationalization of the

structure were performed by P. Strobel, V. Weiler, P. J. Schmidt and W. Schnick. XES and

XAS measurements as well as DFT calculations were performed by T. de Boer under the

supervision of A. Moewes. XAS and non-resonant XES measurements were performed to

determine the band gap. The energy separation between the conduction band and the 5d

Eu2+ energy level was measured by performing resonant excitations at the onset of the N K

XAS spectrum. This value of 0.26 eV and the thermal quenching behavior was determined

to be similar to other efficient phosphors, such as Sr[LiAl3N4]:Eu2+. [54] This work has been

published in Chemistry of Materials.
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Oxygen Vacancy Induced Structural Distortions in Black Titania: A Unique

Approach using Soft X-ray EXAFS at the O–K Edge

Authors: B. Leedahl, T. de Boer, X. Yuan and A. Moewes

Summary and Author Contributions

The goal of this work, presented in 9, [59] was to demonstrate that EXAFS measurements

could be performed at the oxygen K–edge and hence in an unusually soft X-ray regime. To

this end, three different phases of TiO2, rutile, anatase and black titania, were subjected

to EXAFS measurements at the O K edge. These materials were chosen because the rutile

and anatase phases are very well characterized, but the precise change that occurs to form

black titania is debated heavily in the literature. The novelty of performing an O K EX-

AFS measurement stems from the fact such measurements are not typically performed. The

reason for this is that, at energies in the soft X-ray regime, many elements have absorption

edges, making interpretation of the spectra more challenging. In addition, EXAFS spectra

typically extend a large energy range above the absorption threshold to capture the oscilla-

tions. It is difficult in the soft X-ray regime to measure an extended energy range with one

monochromator grating. Finally, EXAFS measurements are usually performed in a transmis-

sion geometry rather than using a yield-based technique. This experiment was made possible

by a combination of characteristics at the REIXS beamline at the Canadian Light Source,

specifically the combination of a large monochromator energy range and energy-dispersive

silicon drift detectors. This work demonstrates that such measurements are possible, and

shows a reduction in the average oxygen nearest-neighbor distance providing novel and im-

portant insight on the structure of black titania. The black titania sample was synthesized

by X. Yuan. The conception of the experiment, collection of data, manuscript preparation

and analysis were performed by B. Leedahl under the supervision of A. Moewes. T. de Boer

assisted with the data analysis and contributed to the discussion section of the manuscript.

Supporting DFT calculations were performed but turned out to not be helpful in interpreting

the EXAFS results and were thus not included. This work has been published in Chemistry

– A European Journal.
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Bandgap and Electronic Structure Determination of Oxygen-Containing Am-

monothermal InN: Experiment and Theory

Authors: M. R. Amin, T. de Boer, P. Becker, J. Hertrampf, R. Niewa, and A. Moewes

Summary and Author Contributions

In this manuscript, presented in Chapter 10, [60] the goal of this work was to characterize

the electronic properties of InN samples synthesized using ammonothermal synthesis. Several

InN samples were grown and structurally characterized with XRD by P. Becker, J. Hertrampf

and R. Niewa. The samples were characterized with XES, XAS, DFT and XEOL by M. R.

Amin and T. de Boer under the supervision of A. Moewes. The manuscript preparation

was performed by M. R. Amin with substantial contributions from T. de Boer. With recent

advancements in ammonothermal synthesis, there has been a renewed interest in utilizing

this technique to grow semiconductors. The band gap was determined using two techniques:

via XES-XAS separation and also via XEOL. The element-specific nature of XES and XAS

allowed us to determine that substitutional oxygen was present in these samples, while XEOL

allowed us to determine the presence of trapped gas within the system. Several important

elements of the manuscript, including performing XEOL measurements and performing DFT

calculations that allowed for the determination of substitutional oxygen atoms in InN, were

conceived of and performed at the direction of T. de Boer. T. de Boer analyzed the XEOL

data. This work has been published in The Journal of Physical Chemistry C.

Direct Evidence of Charge Transfer upon Anion Intercalation in Graphite Cath-

odes through New Electronic States: An Experimental and Theoretical Study of

Hexafluorophosphate

Authors: T. de Boer, J. G. Lapping, J. A. Read, T. T. Fister, M. Balasubramanian, J.

Cabana and A. Moewes
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Summary and Author Contributions

In this manuscript, presented in Chapter 11, [61] PF−6 -intercalated graphite and graphite

samples were prepared, characterized electrochemically, with X-ray Raman Spectroscopy at

the C K edge, and with XAS at the F K and P K edges by our collaborators J. Lapping,

J. Read, T. Fister, M. Balasubramanian and J. Cabana. These samples were characterized

using C K XES and C K XAS and DFT calculations by T. de Boer under the supervision

of A. Moewes. Manuscript preparation was performed by T. de Boer. The goal of this work

was to understand what changes occur to the electronic structure of graphite upon anion

intercalation (this is rather poorly understood compared to the cation intercalation). As

such, samples were prepared, with PF−6 chosen as a prototype intercalant. The significance

of this work is that we observed and could rationalize a new pre-π∗ feature at the C K

edge of both the XRS and XAS spectra as being a clear signature of charge transfer from

the graphite host to the intercalated anion. Utilizing an unfolding of the band structure

technique, we are able to show that this can alternatively be interpreted as a lowering of

the Fermi energy level. Furthermore, this result is not unique to this choice of anion, and is

likely generalizable to other intercalants (provided the host lattice remains graphitic). This

work has been published in Chemistry of Materials.

Origin and Control of Room Temperature Ferromagnetism in Co,Zn-doped SnO2:

Oxygen Vacancies and their Local Environment

Authors: J. Ho, T. de Boer, P. M. Braun, B. Leedahl, D. Manikandan, M. Ramaswamy,

and A. Moewes

Summary and Author Contributions

In this manuscript, presented in Chapter 12, [62] the goal of this work was understand the

structural origin of the room temperature ferromagnetism in Co,Zn-doped SnO2. To this

end, a series of Co,Zn-doped SnO2 samples were synthesized and magnetically characterized

by our collaborators D. Manikandan and M. Ramaswamy. These samples were characterized

at the Co L edge using RIXS and XAS, and at the Zn L edge using XAS, as well as with
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XEOL by J. Ho, B. Leedahl and T. de Boer under the supervision of A. Moewes. Crystal

field calculations were performed by J .Ho and P. Braun. DFT calculations and manuscript

preparation were performed by T. de Boer. A novel aspect of this work is that it goes beyond

utilizing a standard crystal field model to interpret Co L edge RIXS and XAS spectra to elu-

cidate information about the symmetry of the dopant local environment. In addition to the

standard approach, DFT calculations of structural relaxations of different local environments

are performed and used as a structural input to a second set of crystal field calculations. This

provides more detailed information about the local environment of dopants. A key experi-

mental finding of this work is that upon annealing, oxygen vacancies migrate from the Zn

atoms to the Co atoms, and that this is linked with an increase in the saturation magne-

tization upon annealing. This work has been published in Journal of Materials Chemistry

C.

Deep level defects and band gap of ZnSiN2

Authors: T. de Boer, J. Häusler, P. Stobel, W. Schnick, and A. Moewes

Summary and Author Contributions

The goal of this work, presented in Chapter 13, was two-fold. First, it was to characterize

the electronic structure of ZnSiN2 using via XES and XAS measurements and DFT calcu-

lations. The second goal was demonstrate that XEOL measurements, when coupled with

DFT calculations, could detect and identify mid-gap defect states in semiconductors. The

materials were grown and structurally characterized with XRD by J. Häusler, P. Stobel and

W. Schnick. The XES, XAS and XEOL measurements as well as the DFT calculations were

performed by T. de Boer under the supervision of A. Moewes. ZnSiN2 is part of a class of

systems which are considered as an alternative to the III-V group of semiconductors. Re-

cent developments by our collaborators have allowed freestanding crystals of this material

to be grown via ammonothermal synthesis. As such, it is important to understand both the

bulk electronic properties, such as the band gap, as well as how the electronic properties are

perturbed by the presence of unintentional defects.

In this work, XEOL is utilized in a novel way to identify a hierarchy of mid-gap defect
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levels in ZnSiN2. In concert with DFT calculations, we are able to identify the origin of

these defect levels, and gain a qualitative understanding of the carrier dynamics in this

system. We identify a specific trap-assisted recombination mechanism, as well as see the

increasing occupation of higher energy mid-gap states as the excited carrier concentration

is increased. The significance of this finding extends beyond the ZnSiN2 system as this

approach is generally applicable to semiconductor systems with mid-gap states that exhibit

radiative transitions. This experiment was conceived of and performed by T. de Boer under

the supervision of A. Moewes.

Electronic properties of crystalline ordered carbyne chains: Experiment and the-

ory

Authors:T. de Boer, D. Zatsepin, D. Raikov, E. Z. Kurmaev, A. F. Zatsepin and A.

Moewes

Summary and Author Contributions

The goal of this work, presented in Chapter 14, was to study a form a one-dimensional

allotrope of carbon known as carbyne. To this end, a series of samples in which linear carbon

chains (LCC) are encapsulated within a crystal lattice were synthesized by D. Zatsepin, D.

Raikov, E. Z. Kurmaev, A. F. Zatsepin. XAS measurements, DFT calculations, analysis and

manuscript preparation were performed by T. de Boer under the supervision of A. Moewes.

A principal challenge with this material system is that, although the certain properties (such

as the spacing between chains) has been characterized, detailed information about the chains

themselves such as the carbon chain length, bond ordering, how these chains are terminated,

and the role any termination may play in stabilizing the carbon chains is unknown. This is

addressed in two respects: First, DFT calculations are performed to model carbyne chains

of varying length, with and without hydrogen termination, which is analyzed within a pair-

correlation framework. This provides detailed information about how the bond length varies

within a chain as a function of chain length and termination. Second, calculated spectra from

these calculations are compared to the experimental data. The experimental specta suggest

that the films are disordered, composed of domains of varying chain length and orientation,
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and could on average be considered amorphous. This represents the characterization of a bulk

LCC material directly sensitive to the partial density of states with a supporting theoretical

interpretation.
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Abstract

We present a study of MgSiN2 using soft X-ray absorption and emission spectroscopy which

directly probe the partial density of states. MgSiN2 is new as a host lattice for luminescence

materials and used in phosphor-converted light-emitting diodes. We compare our measure-

ments to our full potential, all electron density funtional theory calculations. We find excellent

agreement between experiment and theory and the band gap of MgSiN2 is measured to be

5.6±0.2 eV in agreement with our calculated value of 5.72 eV.
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5.1 Introduction

Nitridosilicates and their related subgroups have been extensively investigated over the past

few decades owing to their structural and functional diversity, suggesting a wide range of

applications for these materials [63].

Ternary and multinary alkaline-earth nitrides have emerged as important host lattices for

phosphor-converted light emitting diodes (pc-LEDs) [63–66]. In particular, nitridosilicates

and their related subgroups (e.g. oxonitridosilicates, nitridoalumosilicates and SiAlONs)

are excellent candidates for hosts of luminescent materials [67–71]. Many members of the

MSiN2 compound class (M = Mg, Ca, Sr, Ba) [72–76] have been found to be excellent

rare earth doped LED-Phosphor hosts [77–82] . More recently, new Mg-nitridosilicates

(Ca[Mg3SiN4]:Ce3+, Sr[Mg3SiN4]:Eu2+, Eu[Mg3SiN4]) [83, 84] and Mg-nitriodoaluminates

(M[Mg2Al2N4]:Eu2+ with M = Ca, Si, Ba) [85] and Sr[LiAl3N4]:Eu2+ [86] have emerged

as next generation host materials for red emitting phosphors with superior luminescence

properties.

Of this class of materials, MgSiN2 [74–76, 80] has a combination of properties such as

high thermal conductivity, thermal stability, high hardness, electrical resistance, fracture

toughness and good strength, which open a wide range of potential applications [76,87,88].

The structural relationship to binary high-performance ceramics such as Si3N4 or AlN

and the analogy with known high-pressure oxosilicates also gave rise to comprehensive high-

pressure investigations on MgSiN2 [89–91]. High-pressure compounds like spinel-type γ-

Si3N4 [92,93] revealed that structures with condensed [SiN6] octahedra result in outstanding

micro- and macroscopic materials properties. The first nitridosilicate with sixfold coordinated

Si, β-MgSiN2 has recently been found [94]. MgSiN2 has also been investigated as a sinter

additive for Si3N4 ceramics [95–97] because it lowers the oxygen content of the sintered body,

resulting in improved thermal conductivity [98]. The high thermal and chemical stability and

non-centrosymmetric structure of MgSiN2 suggest it may be of interest in nonlinear optical

applications [99].

V-doped MgSiN2 has been investigated and predicted to be a ferromagnet which exhibits

half-metallicity [100]. Half-metallic ferromagnets are expected to play an important role in
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possible spintronic applications, and have been investigated in several classes of materials,

including transition metal-doped semiconductors [101,102].

A detailed view inside the electronic structure in emerging high-performance materials is

required to optimally use a material in a technical application. To this end, several theoretical

investigations of MgSiN2 have been carried out [103–107], but almost no experimental studies

sensitive to important electronic properties such as the band gap or partial density of states

(pDOS), have been performed. Diffuse reflectance measurements, intended to measure the

band gap [104,108], and electron energy loss spectroscopy measurements have been performed

[107].

In this work X-ray absorption near-edge structure (XANES) and X-ray emission spec-

troscopy (XES) techniques, which are sensitive to the unoccupied and occupied local pDOS

respectively, are used to gain insight into important electronic properties of MgSiN2. Specif-

ically, by comparing the measured X-ray spectra with theoretical spectra calculated using ab

inito density functional theory (DFT), properties such as the band gap and pDOS can be

determined.

5.2 Experiment

5.2.1 Synthesis

MgSiN2 was synthesized by mixing Mg metal (Alfa Aesar, 99.98%) and silicon diimide (syn-

thesised according to [109]) in an agate mortar and filled into a tungsten crucible under argon

atmosphere in a glove box (Unilab, MBraun, O2 < 1 ppm, H2O < 1 ppm). The crucible

was heated to 1650 ◦C with a rate of about 13.75 ◦C/min under purified N2 in the reactor of

a radio-frequency furnace and kept at that temperature for 5 h. Subsequently, the reaction

product was cooled down to 1400 ◦C with a rate of about 0.69 ◦C/min and then quenched

to room temperature by switching off the furnace. A colorless, coarsely crystalline product

is obtained, which was confirmed to be MgSiN2 using X-ray powder diffraction.
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5.2.2 Band structure and density of states

XANES measurements at the N 1s edge were performed at the REIXS beamline of the

Canadian Light Source, while beamline 8.0.1 of the Advanced Light Source at Lawrence

Berkeley National Laboratory was used to measure N Kα X-ray emission spectra (XES)

[110]. The resolving power ( E
∆E

) of the XANES and XES measurements are 4000 and 1300,

respectively, corresponding to energy resolutions (∆E) of 0.1 eV and 0.3 eV. MgSiN2 powder

was pressed onto carbon tape and XANES measurements were performed in total electron

yield (TEY) mode. XANES spectra were normalized to the incident photon flux by measuring

the photocurrent generated on a highly transparent gold mesh placed in the photon beam

before the sample. XES spectra were collected by a soft-X-ray fluorescence spectrometer in

Rowland circle geometry [110]. All measurements were performed with the sample mounted

at 45 degrees to the incident beam. The XES spectrometer is collecting the emission at

90 degrees with respect to the incident beam. All measurements were performed at room

temperature.

The XANES and XES spectra were calibrated using a powder sample of hexagonal boron

nitride. The XANES spectra and XES excitation energy were calibrated using an initial peak

position of 402.10 eV in the TEY mode. The XES fluorescence energy was calibrated using

emission peak positions of 392.75 and 394.60 eV.

XANES and XES spectra probe the unoccupied and occupied local pDOS, respectively, by

exciting core electrons to the conduction band and monitoring their subsequent decay. These

measurements depend on the potential of the final state of the crystal for that measurement,

which for XANES corresponds to a crystal perturbed by the presence of a core hole (in our

case in the N 1s orbital). Therefore, although XANES and XES measurements are sensitive

to states in the conduction and valence bands the band gap can only be determined from the

XANES–XES separation once the perturbation introduced by the core hole, which tends to

shift spectral weight to lower energies [111], is accounted for. The band edge positions of the

broadened experimental spectra are determined from the second derivative of the measured

spectra. This approach allows for band edge identification in a systematic and unambiguous

fashion [112].
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5.2.3 DFT calculation details

The electronic structure of MgSiN2 is modelled using ab initio full potential, all electron DFT

calculations using WIEN2k (ver. 13.1), a commercially available software package which uses

linearized augmented plane waves with local orbitals in a Kohn-Sham scheme [113]. The

generalized gradient approximation (GGA) exchange correlation functional of Perdew et al.

was used [23]. It is well known that the GGA underestimates the band gap of semiconductors

by up to 50% [27,114] and therefore calculations were also performed using a semi-empirical

potential, the modified Becke-Johnson potential (mBJLDA) [27], which better estimates band

gaps of semiconductors.

Nearly touching muffin tin radii of 1.28, 0.95 and 0.78 Å were used for Mg, Si and N

atoms, respectively. The plane wave basis used in the interstitial region is expanded up to a

cutoff of RMTKmax = 7.0, where RMT is the smallest atomic muffin tin radius and Kmax is

the magnitude of the largest K-vector in the expansion. An energy cutoff of −6.0 Ry is used

to separate the core and valence electrons. A 10× 8× 11 k-point mesh was used with energy

and charge convergence parameters of 10−5 Ry and 0.001 e, respectively.

To model the XANES spectra, an N 1s core hole was added to an individual atom in

a supercell of the unit cell such that individual core holes are separated by at least 10 Å.

This corresponds to a 2 × 2 × 2 supercell with a correspondingly smaller 5 × 4 × 5 k-point

mesh. A core hole calculation was performed for each non-equivalent N site. The DFT

calculations are used to calculate the electronic density of states and band structure as well

as to generate predicted XES and XANES spectra to allow for comparison with experiment.

The predicted spectra are calculated by multiplying the pDOS with a dipole transition matrix

and a radial transition probability [115]. The calculated spectra are broadened using a

combination of Lorentzian and Gaussian line shapes reflecting lifetime and instrumentation-

related broadening, respectively. Parameters reflecting the beamline resolution and typical

lifetimes of N atoms are used.
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5.3 Results and Discussion

The measured and calculated N Kα XES and N 1s XANES spectra of MgSiN2 are shown

in Figure 5.1. The previously discussed shifting of spectral weight to lower energies induced

by the core hole can be clearly seen in the calculated XANES spectra. A reduction in onset

of spectral weight of 67 meV relative to the ground state calculation (reductions of 50 and

67 meV are obtained for the first and second nitrogen sites, respectively) is predicted by the

calculations. This is in agreement with earlier studies which show that a core hole shift of a

few hundred meV or less is typical for this type of material [116].

Using the second derivative of the measured spectra, an experimental XANES–XES sep-

aration of 5.5 ± 0.2 eV is measured, yielding an overall band gap of 5.6 ± 0.2 eV. Using

the mBJLDA, a band gap of 5.72 eV is predicted, which is in agreement with the measured

value within the experimental error. The measured and calculated band gap values in this

work agree with a predicted value of 5.7 eV obtained using the Heyd–Scuseria–Ernzerhof

(HSE) hybrid density functional [107]. The GGA band gap calculated in this study is in

general agreement with prior work, in which it has been predicted to be between 4.15-4.35

eV [103,104,106]. The measured and calculated band gaps are summarized in Table 5.1.

The band gap obtained in this study is in contrast with results obtained by measuring

diffuse reflectance (DR) spectra, in which a band gap of 4.8 eV was claimed although no

supporting data were presented [104,108]. The energy range over which the DR spectra were

collected is only reported in the work of Fang et al. [104], in which spectra were collected

between 2.0–5.0 eV. The discrepancy in the reported results may be explained in part by the

fact that this energy range is too small to allow comparison with the value obtained in this

study.

Comparing MgSiN2 to wurtzite AlN, a structurally analogous material [103] which has a

band gap of 6.2± 0.2 eV [117], we see that the band gap of MgSiN2 is 0.6 eV smaller. This

difference is in slight contrast to HSE calculations performed by Quirk et al. in which the

band gap was predicted to be 5.7 eV for both materials [107].

The band structure of MgSiN2 calculated using the GGA functional is shown in Figure

5.2(a). The predicted valence and conduction band edges are at the T and Γ points, respec-
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Figure 5.1: (top left) Calculated and experimental N Kα XES spectra of MgSiN2

with excitation energy as indicated. (top right) Experimental (red) and calculated N
K 1s XANES spectra in the ground state (blue dashed) and with a core hole present
(blue) are shown. Colored arrows represent excitation energies of the XES spectra in
the top left panel. (bottom) Second derivative of XES and XAS spectra, with peaks
corresponding to band edges indicated by blue arrows.

tively, yielding an indirect band gap. Examining the states in the vicinity of the band gap,

the low energy conduction band states are attributed to a single relatively anisotropic high

curvature band while the valence band (VB) states split into two isotropic bands. Prior work

has predicted both direct [104] and indirect band gaps [103, 106, 107]. All works predict the

conduction band edge at the Γ point, but predict different positions of the valence band edge.

The valence band edge position predicted in this work is in agreement with that predicted

using the HSE functional [107].

Table 5.1: Measured and calculated band gaps of MgSiN2. All units in eV.
aExperimental value obtained using DR spectroscopy. bTheoretical value obtained using
the HSE functional.

Eg(exp.) Eg(GGA) Eg(mBJ) Eg(Literature)

5.6 ± 0.2 4.17 5.72 4.8a [104,108] 5.7b [107]

Having addressed the band gap, we now consider the measured and calculated N K-

edge XANES and XES spectra shown in Figure 5.1. Calculated XANES spectra for the
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(a) (b)

Figure 5.2: (a) Band structure diagram of MgSiN2. (b) Calculated partial DOS of
Mg and Si (top, middle panels) and total DOS per unit cell for each atomic type in
MgSiN2 (bottom panel). For comparison, normalized experimental spectra are overlaid
with the total DOS. The spectral energy axis has been translated so that the onset of
unbroadened spectral weight is aligned with the calculated conduction and valence band
edges. Both diagrams are calculated using the GGA exchange correlation functional.

system in the ground state and accounting for the presence of a core hole are also shown.

These spectra were calculated using the GGA functional. As previously mentioned, the GGA

generally underestimates the band gap of materials, and therefore the calculated spectra are

shown shifted along the energy axis so that the band gap calculated with the GGA functional

matches experiment.

Comparing the measured and calculated XANES spectra, we can see that the overall

agreement with the core hole calculated spectrum is excellent. There are seven main features

(a-g) in the measured XANES spectrum which are all reproduced in the core hole calculated

spectrum, although feature b is exaggerated in the calculated spectrum. The relative intensity

of features a-c with respect to f-g is overestimated in the calculated core hole spectrum.

Comparing the intensity of feature g in experiment to the calculated spectrum in the presence

and absence of a core hole, we see that the intensity of this feature is overestimated in the

absence of a core hole and underestimated by the core hole calculation.
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XES spectra were collected at several excitation energies, although there are no discernible

differences between them. There are three main features in the XES spectra (1 to 3), which

are well reproduced in the calculated spectra. The similarity of the spectra is explained by the

fact that although MgSiN2 has two crystallographically unique nitrogen sites, the calculated

pDOS for each site is almost identical. Therefore, one site cannot be preferentially excited

leading to the indistinguishable XES spectra.

The overall excellent agreement between the experimental and theoretical XANES and

XES spectra provides experimental support for the calculated DOS, which we now examine

in more detail. The calculated partial and total DOS of MgSiN2 are shown in Figure 5.2(b).

For each atomic species the spectral weight of the valence band exists in two ranges, from

-8.1 eV to 0.0 eV, and from -16.2 eV to -13.0 eV. The upper VB of the N atoms is dominated

by p-character states while the lower VB is dominated by s-character states. All other

contributions are weaker by at least an order of magnitude. Since the N p states are hybridized

throughout the upper VB, the N Kα XES measurements provide experimental support for

the calculated pDOS as well as the calculated upper VB width. Considering the Si atoms,

we see that in both regions of the valence band, the Si s, p and d states are more evenly

distributed and all bond with the N s and p states. The s, p and d spectral weight of the Mg

atoms is much more evenly distributed for the Mg atoms than for N or Si. Mg has a localized

semicore state in the vicinity of -40 eV, with an integrated area of 3.57 electrons/atom.

The conduction band (CB) total atomic DOS is fairly evenly distributed between each

atom species. The Mg and Si s, p and d pDOS all contribute significantly to the CB while

for the N atoms, the p character orbitals contribute significantly more than the N s pDOS.

The distribution of the Si and N pDOS resembles that of other nitridosilicates composed

of [SiN4] tetrahedra. In β-Si3N4, which is composed only of [SiN4] tetrahedra and has similar

Si–N distances, the VB spectral weight is similarly distributed in two spectral ranges with

similar widths and separations [118,119]. In MSiN2 nitridosilicates with larger cations (M=Sr,

Ba) the Si and N spectral weight is similar in shape, but the width of the valence bands are

broadened [77].
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5.4 Conclusion

We obtained the electronic structure of MgSiN2 theoretically and experimentally. By com-

paring the measured and calculated spectra, insight into the pDOS has been obtained. The

band gap of MgSiN2 is determined to be 5.6 ± 0.2 eV, in agreement with a theoretical value

of 5.72 eV obtained using the semi-empirical mBJLDA potential. The band gap is predicted

to be indirect.
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Abstract

Recent studies on In2O3 have revealed a rich phase diagram and led to the discovery of new

In2O3 polymorphs, including the synthesis and ambient recovery of Pbcn In2O3. The elec-

tronic properties of this new phase are studied together with other better known polymorphs

(Ia3 and R3c) using soft X-ray absorption and emission spectroscopy, directly probing the

partial density of states and transition matrix elements. Together with complementary full-

potential all electron density functional theory calculations, this allows important material

parameters, such as the electronic band gap and partial density of states, to be elucidated.

Excellent agreement between experiment and theory is obtained, with band gaps of 3.2±0.3,

3.1± 0.3 and 2.9± 0.3 eV determined for the Ia3, R3c and Pbcn In2O3 polymorphs, respec-

tively. The effective mass of carriers in Pbcn In2O3 is predicted to be 12% less than in the
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widely used Ia3 polymorph while having a similar effective optical band gap.

6.1 Introduction

Indium oxide (In2O3) is a transparent semiconducting oxide which can become conducting if

grown in oxygen-poor environments or doped with atoms such as Sn. [120] In this case, the

combination of transparency at optical wavelengths, reflectivity at infrared wavelengths [121]

and high conductivity has facilitated the use of In2O3 as a transparent conductive layer in a

broad range of applications including in solar cells, [120,122] light emitting diodes, [123,124]

liquid crystal displays [125] as well as a cladding layer in GaN-based laser diodes. [126, 127]

In2O3 is also used in gas sensing applications owing to the sensitivity of electrical properties

such as conductivity and Seebeck coefficient to the local environment. [120,128–133]

The multitude of applications of In2O3 has recently lead to extensive studies exploring the

phase diagram of this material as new polymorphs may have more favorable properties or open

up new applications. [134–139] The existence of a high pressure rhombohedral corundum-

type polymorph of In2O3 has long been known, [140] and has recently attracted interest

due to advances in the synthesis of this material. [136, 141–144] This polymorph exhibits

more stable conductivity than the widely used cubic polymorph, [145] and has been found

to be useful in gas sensing applications, being highly sensitive to dilute ethanol, H2S and

ammonia. [146, 147] It has been tested also as anode materials for lithium-ion batteries and

showed an enhanced and stable capacity compared to commonly used cubic polymorph. [148]

In the environmental applications, it has been reported to exhibit excellent photocatalytic

activities for degenerating rhodamine B and methylene blue dyes under UV irradiation. [149]

Recently, new metastable phases such as orthorhombic Pbcn [138,150] and Pbca [139] In2O3

have been synthesized, although only Pbcn In2O3 has been recovered at ambient conditions.

The properties of Pbcn In2O3 are not known since this polymorph was not available at

ambient pressure before this work.

To facilitate the use of new In2O3 polymorphs in applications, a detailed understanding of

their electronic structure is required. In this work cubic bixbyite (Ia3, no. 206), rhombohedral

corundum-type (R3c, no. 167) and orthorhombic In2O3 (Pbcn, no. 60), henceforth referred
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to as c-In2O3, rh-In2O3 and o-In2O3 respectively, are studied using soft X-ray absorption

spectroscopy (XAS) and soft X-ray emission spectroscopy (XES). These measurements, which

directly probe the partial electronic density of states and transition matrix elements of a

material, are compared with theoretical spectra calculated using density functional theory,

providing support for the calculated electronic properties.

In addition to representing the first study sensitive to the electronic properties of the Pbcn

polymorph, to the best of the authors knowledge this work also represents the first study of

rh-In2O3 using XAS and XES.

6.2 Experimental and Calculation Details

6.2.1 Sample synthesis

High purity (99.999%) c-In2O3 was obtained commercially from Sigma-Aldrich. Rh-In2O3

and o-In2O3 samples were also studied. Rh-In2O3 was synthesized by precipitation from

the solution of indium nitrate in methanol by adding concentrated ammonia solution and

subsequent calcination of the obtained precipitate at 500 ◦C. [142] The orthorhombic o-In2O3

was obtained from the rh-In2O3 polymorph under high-pressure high-temperature conditions

(8-9 GPa, 600–1100 ◦C) in multi-anvil and toroid apparatus. [138] The synthesis of o-In2O3

as well as the structural parameters of both rh-In2O3 and o-In2O3 are described in detail

elsewhere. [138]

XAS, XES Measurements

X-ray absorption and emission spectroscopy, which are sensitive to the unoccupied and oc-

cupied partial density of states (PDOS) of a particular element, respectively, were performed

at the O 1s and O Kα edges of each In2O3 polymorph. XES measurements with excita-

tion energies far above the excitation threshold were performed at beamline 8.0.1 of the

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory, while XAS and

resonant inelastic X-ray scattering (RIXS) measurements were performed REIXS beamline

of the Canadian Light Source (CLS). These measurements are performed by promoting core
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electrons to the conduction band and monitoring their scattering (RIXS) or subsequent de-

cay (XAS, XES). The resolving power (E/∆E) of the XAS and XES measurements at the

CLS are 5000 and 600, respectively, while the resolving power of XES measurements at the

ALS is 800. Samples were pressed onto carbon tape and XAS measurements were performed

in total electron yield (TEY) and total fluorescence yield (TFY) modes. All measurements

were performed with the sample mounted 45 degrees to the incident beam. XES spectra were

collected using a soft X-ray fluorescence spectrometer in a Rowland circle geometry oriented

at 90 degrees with respect to the incident radiation. The measured spectra were calibrated

using using a powder Bismuth germanate (BGO) sample. The XAS spectra were calibrated

using an initial peak of 532.7 eV while the XES spectra were calibrated using BGO features

located at 517.9 and 526.0 eV. All measurements were performed at room temperature.

Calculation Details

The electronic structure of the In2O3 polymorphs was modelled using density functional

theory (DFT) with WIEN2k (ver. 13.1), a full-potential all-electron commercially available

software package which uses linearized augmented plane waves with local-orbitals in a Kohn-

Sham scheme. [113] Calculations were performed using the Perdew, Burke and Ernzerhof

generalized gradient approximation (PBE-GGA) exchange-correlation functional. Since the

PBE-GGA generally significantly underestimates the band gap of materials, the modified

Becke-Johnson (mBJ) exchange-correlation functional is used. [27]

Calculations were performed using both experimental lattice parameters and, to inves-

tigate the effect of strain present in the experimental structures, calculations in which the

atomic positions and lattice parameters were allowed to relax were also performed. Since it

is well known that the PBE-GGA functional tends to overestimate the lattice parameters

of semiconductors, changes in relaxed unit cell volume were also investigated using formu-

lation of the generalized gradient approximation which yields improved equilibrium lattice

constants (PBEsol), [151] as well as using the local density approximation (LDA), [15] which

tends to underestimate lattice parameters. The experimental and calculated relaxed crystal

structure parameters used in this study are shown in Table 6.1. In all calculations RKmax=7

was used, and the k-mesh was selected so that the total energy per unit cell was stable to
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within 10−5 Ry. This resulted in 10 × 10 × 10, 21 × 21 × 21 and 13 × 19 × 19 k-meshes for

the c-In2O3, rh-In2O3 and o-In2O3 polymorphs, respectively.

The DFT calculations are used to calculate the density of states and band structure,

as well as to directly calculate predicted XES and XAS spectra, allowing for a detailed

comparison with experiment. The spectra are calculated by multiplying the PDOS with a

dipole transition matrix and a radial transition probability. [152] The calculated spectra are

broadened using a combination of Lorentzian and Gaussian line shapes reflecting lifetime

and instrumentation related broadening, respectively. The XAS and XES spectra depend on

the final state of the system for that measurement, which for XAS spectra corresponds to

a crystal perturbed by the presence of a core hole, [111, 153] which tends to shift spectral

weight to lower energies. To account for this perturbation, a core hole added to a single atom

in a supercell of each In2O3 polymorph such that individual core holes would be separated

by at least 10 Å, and separate core hole calculations were performed for each oxygen atomic

site. This resulted in 1× 1× 1, 2× 2× 2 and 2× 2× 2 supercells for c-In2O3, rh-In2O3 and

o-In2O3, respectively, with correspondingly smaller k-meshes.

Table 6.1: Experimental (relaxed) lattice parameters for each In2O3 polymorph to-
gether with the calculated total energy per formula unit. Fractional changes in the
volume between the relaxed and experimental parameters are given by ∆vol for the
PBE-GGA, PBEsol and LDA functionals in unemphasized, square and curly brack-
ets, respectively. Experimental parameters are taken from ref. [154] for c-In2O3 and
ref. [138] for rh-In2O3 and o-In2O3.

Compound Unit Cell Atom Wyckoff x y z Total energy

Space group (Å) site per f.u. (Ry)

c-In2O3 a = 10.1170 (10.2835) In1 8b 0.25000 (0.25000) 0.25000 (0.25000) 0.25000 (0.25000) -23984.8766

Ia3 a = 10.1170 (10.2835) In2 24d 0.46650 (0.46591) 0.0000 (0.0000) 0.25000 (0.25000) (-23984.8830)

a = 10.1170 (10.2835) O 48e 0.39085 (0.39094) 0.15435 (0.15466) 0.38140 (0.38146)

∆vol = 5.0% [1.4%] {-1.5%}

rh-In2O3 a = b = 5.4814 (5.5776) In 12c 0.0000 (0.0000) 0.0000 (0.0000) 0.35720 (0.35768) -23984.8658

R3c c = 14.4998 (14.7543) O 18e 0.96367 (0.96200) 0.33333 (0.33333) 0.58330 (0.58333) (-23984.8742)

∆vol = 5.4% [1.7%] {-1.4%}

o-In2O3 a = 7.9295 (8.0733) In 8d 0.11483 (0.11556) 0.74607 (0.75272) 0.02627 (0.02951) -23984.8543

Pbcn b = 5.4821 (5.5898) O1 8d 0.85114 (0.84957) 0.61188 (0.60991) 0.09552 (0.10471) (-23984.8652)

c = 5.5898 (5.6912) O2 4c 0.00000 (0.0000) 0.03792 (0.04276) 0.25000 (0.25000)

∆vol = 5.5% [1.9%] {-0.9%}
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6.3 Results and Discussion

Agreement between experiment and theory

The measured XES and XAS spectra for each In2O3 polymorph are shown in Figure 6.1

together with spectra calculated using the PBE-GGA functional. The calculated spectra

in the presence and absence of a core hole are shown with solid and short dotted lines,

respectively. Calculated spectra corresponding to the experimental structures are shown in

blue and magneta, while spectra corresponding to a lattice with relaxed atomic positions are

shown in orange.

Considering the XAS, the overall agreement between the measured and calculated exper-

imental spectra is excellent, with all major features reproduced at approximately the correct

energy position and at the correct peak intensity with the exception of feature b in the rh-

In2O3 spectra. The TEY and TFY spectra, which are relatively surface and bulk sensitive,

respectively, are in excellent agreement suggesting that the measured spectra are represen-

tative of the bulk material and no surface contaminants are present. As previously noted,

the PBE-GGA functional tends to underestimate the band gap of semiconductors and so the

calculated spectra have been rigidly shifted to align spectral features.

Performing calculations in which the atomic positions are allowed to relax yields differ-

ences in of less than 0.01 Å for the c-In2O3 and rh-In2O3 polymorphs, resulting in negligible

differences between the calculated XES and XAS spectra for the relaxed and experimental

structures, shown in orange in Figure 6.1. For o-In2O3, the atomic positions shifted by at

most 0.05 Å, a considerably larger shift (with a similar change in nearest neighbor distances).

A corresponding larger difference between the calculated spectra for this polymorph is ob-

served, with worse agreement with the experimentally measured spectra when the atoms are

allowed to relax (particularly at features b, c and d). This worse agreement (i) supports the

experimentally determined structure parameters, and (ii) suggests that the o-In2O3 phase

is under internal strain, having been synthesized at high pressures, while the experiment is

performed at ambient conditions and is thus far from equilibrium.

The metastability of the rh- and o-In2O3 polymorphs is further reflected in the calculated

65



Figure 6.1: (top left) Calculated and experimental O K XES spectra with excitation
energy far above excitation threshold, with features labelled 1-4. Inset is a 10x mag-
nification of feature 1 with a red line to guide the eye. Calculated spectra using the
experimental atomic positions are shown in blue, and with relaxed atomic positions in
orange. (top right) Experimental TFY (TEY) XAS spectra are shown in red (black)
lines. Calculated O K XAS spectra using experimental lattice structure are shown in
the ground state (magenta dashed) and with a core hole present (blue). Calculated
spectra for unit cells with relaxed atomic positions are shown in orange. (bottom) The
second derivative of XES and XAS spectra, with peaks corresponding to band edges
indicated by arrows with the peak energy shown in the diagram. The line color matches
that of the underlying data. For each panel the data are presented for c-In2O3, rh-In2O3

and o-In2O3 in ascending order.
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total energy, which increases as the density of the polymorph increases (shown in Table 6.1).

To assess the presence of compressive strain, the lattice parameters were allowed to relax,

with fractional changes in unit cell volume relative to known experimental values reported

in Table 6.1. It is well known that the PBE-GGA functional used in this study tends to

overestimate lattice cell parameters, [151] so to assess any trends in relaxed volume as a

function of input polymorph, the PBEsol and LDA functionals were also used. The results

show that regardless of the type of functional used, the relaxed fractional unit cell volume

increases as the polymorph density increases. This increasing error with polymorph density

reflects the overall compressive strain of the metastable rh-In2O3 and o-In2O3 polymorphs.

The XES spectra for each polymorph show four features (1-4) which are in excellent

agreement with theory, with the exception of the feature 1 which is misplaced by 3.2 eV. The

disagreement between experiment and theory can be explained by considering the calculated

density of states (DOS) in Figure 6.2, which will be discussed in more detail below. It is

well known that properly describing on-site Coulomb interaction in systems with relatively

localized orbitals, such as In 4d, is a shortcoming of the current level of theory. For each In2O3

polymorph, the middle valence band (VB) is dominated by In d states which are hybridized

with a small quantity of O p states. Studies on c-In2O3 accounting for on-site self-interaction

corrections (SICs) [155] or using functionals with a greater degree of chemical accuracy [156]

confirm that although the spectral weight distribution of the In d states is incorrect at

the current level of theory, the spectral weight in the uppermost VB is nevertheless well

described. As such, the overall agreement for the main emission spectrum (features 2-4)

provides experimental support for the calculated DOS for the uppermost VB, to which In d

states make only a minor contribution. The incorrect positioning of feature 1, which is due

to In d and O p hybridization, provides confirmation that only the calculated DOS of the

uppermost VB in the current work is expected to be of physical significance and that the

calculated energetic position of the second VB is incorrect. The position of feature 1 is the

same for each polymorph and is in general agreement with prior measurements on c-In2O3

XES and X-ray photoemission spectroscopy measurements. [157–161]
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Figure 6.2: Calculated band structure and PDOS diagrams for c-, rh- and o-In2O3,
in (a), (b) and (c) respectively. (left panel) The horizontal axis of the of the band
structure panel corresponds to a path through high symmetry points in the Brillouin
zone. (right panel) The PDOS for O s, p and In s, p, d character are shown together
with the total DOS per fundamental unit (f.u.).

Band gap

XAS and XES are techniques which probe the occupied and unoccupied PDOS of a material

and are therefore useful in determining the band gap. However, as previously mentioned,

the XAS spectra are perturbed by the presence of a core hole and the band gap can only

be determined from the XES-XAS separation once this perturbation has been accounted for.

The aforementioned shifting of spectral weight to lower energies in the presence of the O 1s

core hole can be clearly seen in each polymorph, but negligible shifts in the vicinity of the

spectral weight onset are observed, so the experimentally determined band gap corresponds

to the XES-XAS separation for the systems studied. The onset of spectral weight in the

XES and XAS spectra are determined using peaks in the second derivative of the spectra,

a technique which allows the onset to be unambiguously and reproducibly determined. [112]

To calculate the second derivative, the experimental spectra were initially smoothed using a

low pass FFT filter to discriminate against high frequency noise. For each polymorph, the

initial XAS second derivative peak occurred at the same energy in both the TEY and TFY

spectra.

The measured and calculated band gap values are shown in Table 6.2 together with other
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theoretical and experimental literature values. The band gap of the c-In2O3, rh-In2O3 and

o-In2O3 polymorphs are determined to be 3.2± 0.3, 3.1± 0.3 and 2.9± 0.3 eV , respectively.

For each polymorph the experimental band gaps agree with that predicted by the mBJ

functional, with predicted values of 3.16, 3.26 and 2.92 eV respectively.

Since the o-In2O3 sample is a mixture of o-In2O3, rh-In2O3 and InOOH, care must be

taken in interpreting the XES-XAS separation. Considering that the Fermi energy level is

expected to be uniform throughout the mixture, after accounting for differences in binding

energies of the O 1s levels for each atomic site in the mixture and the different band gaps

for each polymorph, the calculations predict that the spectral weight at the extrema of the

XES and XAS spectra is due solely to o-In2O3 and thus the measured XES-XAS separation

reflects that of o-In2O3.

The measured band gap of c-In2O3 is somewhat larger than that obtained using other

techniques, being compatible within experimental error with the value of 2.93±0.15 eV ob-

tained using optical absorption measurements, [160] but slightly exceeding values of 2.7 eV,

2.7±0.1 eV and 2.78±0.04 eV obtained using optical absorption, [162] angle-resolved pho-

toemission spectroscopy (ARPES) [163] and scanning tunnelling spectroscopy, [164] respec-

tively. The reason for this disagreement may be due to the relatively slow onset of the

spectral weight in the XAS spectra associated with the slow onset of states in the conduction

band, shown in Figure 6.2, making identifying the onset of spectral weight from the second

derivative challenging. The band gap of rh-In2O3 is compatible with the results of optical

measurements, [160] while the measured band gap of o-In2O3 exceeds that predicted by the

Heyd-Scuseria-Ernzerhof (HSE) hybrid density functional. [165]

Having addressed the band gap we now consider the electronic band structure. The PBE-

GGA calculated band structures are shown in Figure 6.2. For each polymorph, the lowermost

conduction bands are dispersive and have minima at the Γ point. The bands in the vicinity

of the valence band maximum (VBM) are dense and very dispersive, leading to a large peak

in the initial DOS, as shown in Figure 6.2. The band gaps for each polymorph are predicted

to be indirect with a direct gap at the Γ points for each polymorph within 50 meV of the

global VBM. For c-In2O3, theoretical work has suggested both direct [159,160,167,168] and

indirect [155, 156] band gaps, although all of these calculations predict that for c-In2O3 the
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c-In2O3 rh-In2O3 o-In2O3

Eg(exp) 3.25±0.3 3.10±0.3 2.87±0.3

Eg(PBE-GGA) 1.193 1.30 1.048

Eg(mBJ) 3.16 3.26 2.923

Eg(literature) 3.10a;

2.7±0.1b;

2.93±0.15c;

3.2e;

2.78±0.04f ;

2.7g; 2.83h

3.26a; 3.02±0.15c 2.50d

Table 6.2: Experimental and calculated band gaps in units of eV. aHSE03+G0W0,
[156] bExperimental result obtained using ARPES, [163] cOptical absorption measure-
ments, [160] dHSE06, [165] eXES, XAS, [161] fSTS, [164] gOptical absorption measure-
ments, [162] hSpectroscopic ellipsometry measurements. [166]

VBM at the Γ point are within 50 meV of the global VBM, in agreement with the current

work.

RIXS, a technique in which emission spectra are collected at various above-threshold ex-

citation energies, can provide insight into the nature of the band gap. By collecting RIXS

spectra as well as XES spectra from excitations far above the absorption threshold (NXES),

the RIXS spectra can be decomposed into k-selective (‘coherent’) and k-unselective (‘inco-

herent’) contributions by subtracting the largest possible fraction of NXES spectra from the

RIXS spectra as long as the remaining spectrum is positive. [48] This allows for the clarifica-

tion of whether a band gap is direct or indirect independent of any theoretical input, and can

also allow for band mapping. In direct band gap semiconductors, such as hexagonal GaN,

enhancement at the highest emission energies of the RIXS spectrum is observed, whereas

for indirect band gap semiconductors, such as AlN, RIXS enhancement at lower emission

energies is observed.

Several RIXS spectra for each In2O3 polymorph were collected in the vicinity of the

absorption threshold, but upon decomposition the coherent component was indistinguishable

from the NXES spectra. A representative example of the measured RIXS spectra and the
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Figure 6.3: Resonant and non-resonant O K edge emission spectra of rh-In2O3 excited
at 531.4 eV and far above the excitation threshold spectra are shown with blue and
black lines respectively. The coherent fraction of the blue RIXS spectrum is shown in
green and is experimentally indistinguishable from the non-resonant spectrum. RIXS
spectra were collected at several excitation energies, indicated by arrows on the rh-In2O3

TFY XAS spectrum. Only the blue arrow excitation energy is shown.

extracted coherent component is shown for the case of rh-In2O3 in Figure 6.3. The similarity

of the coherent and incoherent components suggest that within the experimental resolution,

the DOS times a dipole transition matrix element is uniform in the k-space near the Γ point,

which is compatible with the presence of many dispersive bands in the VB, as shown in

Figure 3. Given this limitation, RIXS yields little insight into the directness of the band gap.

The indistinguishability of the the RIXS spectra is in agreement with a prior study of thin

films of c-In2O3 [159] in which the similarity of the coherent and incoherent components of the

RIXS spectra were attributed to a direct band gap, but in our view the experimental data are

inconclusive on this point. Alternative techniques such as ARPES and optical transmission

measurements suggest direct and indirect band gaps for c-In2O3, respectively. [162,163]

Density of States

The calculated density of states for each In2O3 polymorph is shown in Figure 6.2. The va-

lence band for each polymorph consists of three valence bands (VB1, VB2, VB3 in descending

energy). Near the VBM the valence band for each polymorph has a very sharp onset cor-
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responding to the aforementioned shallow dispersion near the VBM. VB1 is dominated by

O p states, with a small admixture of In d states, with increasing contributions from In s

states at the low end of the valence band. The calculated band width of VB1 (5.52, 5.78 and

5.83 eV of c-, rh- and o-In2O3, respectively) increases with polymorph density. The fraction

of spectral weight in VB1 attributed to In and O is fairly constant across polymorphs with

In contributing 13% of the spectral weight in each case. Prior work on c-In2O3 using semi-

empirical SICs showed that for c-In2O3 the composition of VB1 is relatively insensitive to the

effect of the SICs, which do significantly affect the energetic position and fractional orbital

and atomic contribution to VB2 and VB3. This explains the overall agreement between the

calculated and measured spectra for c-In2O3 and the agreement for rh-In2O3 and o-In2O3

suggests that the the spectral weight distribution in VB1 would be similarly unaffected by

using a more sophisticated level of theory.

Electron Effective Masses

c-In2O3 rh-In2O3 o-In2O3

Γ→ H: 0.20 [0.23] Γ→ T : 0.19 Γ→ X: 0.16

Γ→ P : 0.19 (0.18±0.02) [0.23] Γ→ L: 0.18 Γ→ Y : 0.17

Γ→ N : 0.18 (0.24±0.02) [0.20] Γ→ Z: 0.17

Table 6.3: Effective mass of carriers in the conduction band evaluated at the Γ point in
units of electron rest mass. Values in parentheses are experimental ARPES values. [163]
Values is square brackets are calculated using the LDA functional. [135]

An important parameter affecting the performance of devices which may use new In2O3

polymorphs is the effective mass of carriers in the conduction band, which can be easily

extracted from the data in Figure 6.2 by fitting a polynomial to the E vs k mesh between

the two high symmetry k-points and evaluating the effective mass at the Γ point:

1

me∗
=

1

h̄2

∂2E(~k)

∂~k2

∣∣∣∣∣
~k=Γ

,

where me∗ is the effective electronic mass. The calculated effective electron mass for different

polymorphs as a fraction of the free electron rest mass is shown in Table 6.3. The calcu-

lated effective mass in c-In2O3 is fairly isotropic and is estimated to be between 0.18me and
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0.20me depending on the direction, where me is the electronic rest mass, in general agree-

ment with the results obtained using the LDA [135] and HSE03 functionals. [156] Similar

values are obtained for rh-In2O3. In contrast, the effective mass of o-In2O3 is expected to

be between 0.16me and 0.17me, 12% smaller than that of c- and rh-In2O3. The calculated

values for c-In2O3 are in general agreement with values obtained using a variety of exper-

imental techniques. Effective masses between 0.18 ± 0.02me and 0.24 ± 0.02me have been

obtained using ARPES, [163, 169] while spectroscopic ellipsometry [170] and Hall mobility

and Seebeck coefficient measurements [171] suggest a value of 0.30me. This similarity of me∗

between polymorphs is in agreement with prior work on transition and post-transition metal

oxides, which shows that the effective mass is relatively unchanged for polymorphs of single

cation oxides even in cases where the oxygen atoms have different coordination. [135,172] The

oxygen atoms in the polymorphs studied in this work are all tetrahedrally coordinated with

local structural differences being due to changes in corner, edge and face sharing between

[InO6] octrahedra.

The optical band gap of c-In2O3 exceeds that of the fundamental band gap since transi-

tions from the valence to conduction bands are dipole forbidden due to the crystal symmetry

leading to an experimental effective optical band gap 0.62 eV greater than the fundamental

band gap, [160,168] in agreement with a 0.7 eV shift calculated in this work. Using a hybrid

functional, a similar 0.6 eV increase of the effective optical band gap has been predicted for

o-In2O3, despite the absence of a center of inversion (a 0.4 eV increase is predicted in this

study). [165] The band gap of 2.9 ± 0.3 eV of o-In2O3 measured in this study suggests an

effective optical band gap of 3.5 ± 0.3 eV, similar to the 3.55 eV effective optical band gap

of c-In2O3. [160] Given the significant usage of c-In2O3 in applications which require both

optical transparency and good conductivity, the similar effective optical band gaps of c- and

o-In2O3 coupled with the lower me∗ of carriers in o-In2O3 suggest that substituting c-In2O3

with o-In2O3 in these applications could result in devices with improved energy efficiency.
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6.4 Conclusion

The electronic structure of the new orthorhombic In2O3 polymorph together with the cubic

bixbyite, rhombohedral In2O3 polymorphs have been studied experimentally and theoreti-

cally. Excellent overall agreement between the measured and calculated spectra is obtained,

providing experimental support for the calculated electronic structure. The band gap of o-

In2O3 has been identified as 2.9 ± 0.3 eV, in agreement with a calculated value of 2.92 eV,

representing the first measurement of this important parameter. The effective mass of carri-

ers near the conduction band edge is predicted to be isotropic and 12% smaller than that of

c-In2O3 with me∗ = 0.17me but with a similar effective optical band gap. Given the potential

benefits to current applications this suggests that further work to obtain single-phase o-In2O3

is warranted.
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Abstract

Tuning the electronic properties of graphene by doping atoms into its lattice makes it more

applicable for electronic devices. We present a study of nitrogen doped graphene samples

grown using chemical vapor deposition with a variety of synthesis conditions. Soft X-ray

absorption and emission spectroscopy, which are techniques sensitive to the unoccupied and

occupied partial electronic density of states, respectively, were used to study the electronic
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structure of N-doped graphene. Complementary full-potential, all-electron density functional

theory calculations of the measured spectra reveal the existence of graphitic, pyridinic and

nitrilic-like sites in the samples studied. Although our study shows that the defect type

is sensitively related to the synthesis conditions, the graphitic configuration is found to be

the most dominant one in each system studied. The dependence of the defect type on the

sample growth conditions and the corresponding shifts in the Fermi energy level from the

Dirac point, result in n- or p-type material being obtained.

7.1 Introduction

Graphene, a two-dimensional single layer of hexagonally-arranged carbon atoms, has been

extensively studied [173–176] owing to a unique combination of exceptional mechanical,

optical and electronic properties, including high transparency, [177] tunable electron den-

sity, [178,179] excellent conductivity, [174,180] mechanical strength and flexibility. [181,182]

Graphene has been considered for a wide range of applications, including biosensors, [183]

hydrogen storage, [184, 185] solar cells, [186] optical diodes, [187] energy storage, [188] and

spintronic applications. [189,190]

One direction in graphene research has been trying to replace Si electronics by building

on the high mobility of electrons in graphene. While graphene holds a great potential for

electronic applications, an important limitation has been the absence of an electronic band

gap. This apparent bottleneck has led to the development of several approaches to modulate

the electronic structure and ultimately the band gap. [177–179,191–193] These include grow-

ing epitaxial graphene layers on a SiC substrate, [194, 195] using AA-stacked multilayered

graphene oxide [196] and/or functionalizing and intercalating few-layer graphene with atoms

or molecules [197] such as oxygen, [191,198,199] alkali and transition metal atoms, [200–202]

hydrogen, and sodium. [203–205] An alternative approach involves introducing dopants into

the graphene lattice, which breaks the symmetry of the graphene sublattice, and thereby

introduces a band gap into the otherwise semi-metallic electronic structure. A wide range of

dopants has been investigated and molecules such as NO2 and N2O4, [206] as well as metal-

loids and non-metallic atoms such a B, N, O, and F [197,203,207–209] have been doped in the
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graphene lattice. Of these dopants, nitrogen is of particular interest owing to the similarity of

its ionic radius to that of carbon. A similar ionic radius for the dopant is ideal for introducing

a band gap in graphene, and yet retaining the high-electron mobility. [210] Furthermore, the

electron lone pair in nitrogen makes N-doped graphene an ideal electrocatalyst in fuel cells,

a possible platform for electrochemical biosensors, and an excellent electrode for high perfor-

mance lithium ion batteries. [192,211,212] The richness of C-N chemistry and the similarity

of their ionic radii results in the formation of many configurations such as graphitic, pyridinic,

pyrrolic, and porphyric in which the dopant is embedded in the graphene lattice. [210] From

an application perspective, it is necessary to understand the influence of local dopant configu-

ration on the electronic properties of graphene and gain appropriate control to predominantly

introduce dopants of desired configuration into the graphene lattice.

In this study, N-doped chemical vapor deposition (CVD) grown graphene samples are

investigated using soft X-ray absorption and emission spectroscopy, techniques which directly

probe the unoccupied and occupied partial density of states (PDOS), respectively. The

measured spectra are compared with calculated spectra of different types of model nitrogen

defects. This comparison allows us to identify the dopant location and their corresponding

effects on the electronic structure of graphene. To our knowledge, this work represents

the first study of the nitrogen emission spectra of N-doped graphene, yielding additional

information about the dopant species present in each sample studied. By comparing measured

and calculated absorption and emission spectra at the carbon and nitrogen edges, we are able

to link changes in the synthesis conditions to changes in the dominant synthesized dopant

site, which in turn affects the electronic properties of synthesized material.

7.2 Experiments

7.2.1 Sample synthesis

N-Doped graphene was grown on Cu foils using chemical vapor deposition technique. [213]

Briefly, Cu foils were heated to 1000 ◦C in the presence of 50 sccm of H2 and 450 sccm of Ar

in a 1 inch diameter quartz tube. Subsequently 2–4 sccm of methane was bubbled into the
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quartz tube through a mixture of benzylamine and acetonitrile for 30 minutes. Benzylamine

and acetonitrile were used as nitrogen sources. As discussed in our earlier work, [210, 213]

different ratios of benzylamine and acetonitrile were used to alter the dopant concentration

(see Table 7.1). Finally, the samples were cooled to room temperature under flowing H2, Ar

and CH4 as described elsewhere in detail. [213] Four N-doped graphene samples were studied

in this work, with varying the benzylamine to acetonitrile ratio, the amount of methane used

during sample synthesis, and slightly different N-concentration (the synthesizing parameters

are shown in Table 7.1).

Table 7.1: Benzylamine to acetonitrile ratio, the amount of methane during the sam-
ples synthesis and the N-concentration in atomic percentage for the four samples stud-
ied.

Sample Sample 1 Sample 2 Sample 3 Sample 4

Benzylamine:acetonitrile 0:1 1:1 3:1 0:1

Methane (sccm) 4 4 4 2

N-Concentration (%) 1 1.1 0.7 0.9

As it is shown in Table 7.1, the N-concentration differs slightly in four samples stud-

ied, which allows us relating the various nitrogen configurations exclusively to the different

synthesis conditions.

7.2.2 Measurements

High-resolution X-ray absorption spectra (XAS) at the N and C 1s edges were measured in

total electron yield (TEY) mode at the SGM [214] and REIXS [215] beamlines, respectively,

both located at the Canadian Light Source (CLS) at the University of Saskatchewan. All

measurements were performed using linearly polarized light with the sample at a 45 ◦ angle

to the incident radiation with the exception of the N 1s XAS measurements, which were

performed at a 25 ◦ incidence angle. This was done owing to the small sample thickness

and relatively low nitrogen concentration in the doped samples used in this study. The N

1s XAS spectra were normalized to the incident photon flux by measuring the photocurrent

generated on a highly transparent gold mesh placed in the photon beam before the sample.
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At the carbon edge, due to some carbon contamination of the gold mesh, the C 1s XAS

spectra were normalized using the current from a photodiode that was placed in the beam.

The N 1s and C 1s XAS spectra were calibrated using an initial peak position of 402.10 eV

and 285.4 eV in the TEY mode of a hexagonal boron nitride and highly oriented pyrolytic

graphite, respectively. In XAS, 1s core electrons are excited to the conduction band by the

incident X-rays at a rate which depends on the partial density of unoccupied states and

the transition matrix element, making this a technique that is sensitive to element, site and

orbital character. [197,216,217]

X-ray emission spectroscopy (XES) is a complementary technique to XAS as the observed

spectral shape also depends on the partial density of occupied states as well as the transition

matrix element. In an XES measurement, core electrons are excited into the continuum

and the subsequent radiative decay of the core levels is monitored using a spectrometer that

counts the emitted photons and analyzes their energy. These techniques directly probe the

complete electronic structure of the materials studied.

XES measurements at the N K and C K edges were performed at beamline 8.0.1 of the

Advanced Light Source at Lawrence Berkeley National Laboratory [110] and the REIXS

beamline at the CLS, respectively. Both emission spectrometers use the Rowland circle

geometry and area-sensitive multi-channel-plate photon detectors. The XES spectra energies

were calibrated using the elastic scattering peaks.

The resolving power (E/∆E) of the XAS and XES measurements at the nitrogen edge

are 4200, at the SGM beamline at the CLS, and 2100 at the beamline 8.0.1 at the Advanced

Light Source, respectively. At the carbon edge, the resolving power of the XAS and XES

measurements are 3000 and 1500 at the REIXS beamline at the CLS.

7.2.3 Calculations

In order to fully understand the N-doped graphene structure and to identify particular ni-

trogen dopant configurations, graphene lattices with graphitic, pyridinic, and nitrilic-like

defects were modeled using ab initio density functional theory (DFT). These dopant config-

urations are shown schematically in Figure 7.1. In the graphitic configuration the nitrogen

atom occupies a carbon site and is sp2-bonded with three carbon neighbors. A pyridinic
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Figure 7.1: A schematic representation of the three different nitrogen doped config-
urations. Carbon atoms are shown in grey, nitrogen atoms in red and the hydrogen
atoms in blue color.

configuration occurs when a nitrogen atom is incorporated into the lattice together with an

adjacent vacancy, while a nitrilic dopant has a nitrogen atom bonded to one carbon and two

hydrogen atoms and is also adjacent to vacancies. The simulated structures are obtained

by inserting a single defect into a 7 × 7 × 1 supercell of the graphene lattice and allowing

the structure to relax via force minimization. [218] The electronic structure of the graphene

supercells is calculated using the full-potential, all-electron DFT code WIEN2k, which uses

linearized augmented plane waves and local orbitals in a Kohn-Sham scheme. [219] The local

density approximation (LDA) exchange-correlation functional was used. The LDA functional

is well established as a known theoretical quantity for graphene-based materials. It accu-

rately reproduces an optimal interplanar spacing very close to the experimental value and

an appropriate Dirac cone at the Fermi level in graphite and graphene, respectively. [196] As

such, we have done our calculations using LDA functional. More computationally expensive

methods like GW are not feasible because the unit cell is too large and GW needs to be em-

ployed for systems where electron correlation has to be taken into account. All calculations

were performed using an 8× 8 k-point mesh with energy and charge convergence parameters

of 10−4 Ry and 0.001 e, respectively. Nearly touching muffin tin radii were used with the

plane wave basis in the interstitial region expanded to a cutoff of RMTKMAX = 7.0, where

RMT is the radius of the smallest muffin tin sphere and KMAX is the magnitude of the largest

k-vector in the expansion. A -6.0 Ry cutoff energy was used to separate the core and valence

levels.

In addition to calculating the electronic density of states, theoretical XES and XAS spec-
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tra were computed by multiplying the partial density of states with the dipole transition

matrix and radial transition probability, [152] facilitating comparison between our exper-

imental and calculated spectra. To better match the experimental spectra, the calculated

XES and XAS spectra are broadened using a combination of Gaussian and Lorentzian profiles

to account for instrumental and lifetime broadening, respectively.

7.3 Results and discussion

The measured and calculated XAS and XES spectra are shown in Figure 7.2 for the C

and N K edges. The left-hand panels correspond to emission spectra, while the right-hand

panels correspond to absorption spectra. The relative energies of the carbon and nitrogen

spectra were aligned using the calculated Fermi energy level of the graphitic defect. Notable

features in these spectra have been labeled A to H respectively, and vertical lines are shown

to highlight matching spectral features between the spectra.

XAS measurements in general depend on the DOS of the final state of the system for

this measurement. [111] For graphene-based materials calculations, the perturbation in the

XAS spectrum caused by the presence of a C 1s core hole is negligible and unnecessary to

consider. [196, 197, 220] The reason is related to the cancellation of errors due to neglecting

the core and valence relaxation effects. [197,221–223] Considering the reasons above and the

excellent agreement between our ground state calculations and the measured spectra, the

effect of core hole in our calculations is not included.

First, we discuss the energies and origins of the carbon edge spectral features followed

by nitrogen edge spectral features. Together, these spectra yield information on the dopant

configuration and corresponding electronic structure of each N-doped graphene sample. Con-

sidering the C 1s XAS spectra (panel (d)) characteristic σ* and π* hybridization of the car-

bon atoms (labeled as peak E and G, respectively in Figure 7.2) can be seen. The slight

broadening of the σ* feature compared to pristine graphene, indicates long range distortions

introduced by the dopant. [224] The feature at 291.8 eV in the C 1s spectra is attributed to

the long range order in the electronic structure of graphene. [197] Furthermore, in samples

1 and 2 there is one minor feature at 287.0 eV, which is labeled as peak F in the N 1s
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Figure 7.2: Comparison of experimental XES/XAS to the three calculated ground
state spectra at the N 1s and C 1s edges.
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XAS spectra. In a study done by Schiros et al., features at 287-288 eV for CVD graphene

were assigned to C-O and C-H resonances. [197] The similar feature in the graphene oxide

spectra have previously been attributed to the modified local states of C sites by the nearby

functional groups on the sample surface in graphene-like systems. [220] As it is shown in

our calculations, for the N-doped graphene samples, this feature is assigned to the graphitic

configuration of C-N bonding. The C K XES for pristine and N-doped graphene are nearly

the same indicating no distinct disruption in graphene lattice by nitrogen doping as expected

due to the low dopant concentration. However, as we can see there is an increase in the σ

character states near the Fermi energy (features C and D) in doped graphene (especially in

sample 4) in comparison to pristine graphene spectra. These features are introduced by the

presence of vacancies or N-H sigma bonding, and are reflected in our nitrilic and pyridinic

calculated spectra.

Owing to the relatively low dopant concentration, differences in the carbon spectra, al-

though present, are relatively minor. In sharp contrast, in the nitrogen spectra clear differ-

ences emerge. There are eight main features in the N 1s XES (A to D) and N K XAS spectra

(E to H). Comparing the intensity, width and spectral weight of features in the calculated

spectrum of each defect type allows features to assign in the experimental spectra to a par-

ticular nitrogen dopant site. Graphitic, pyridinic and nitrilic-like dopants are present with

different relative intensities highlighting the sensitivity of the N-dopant type to the growth

conditions. Varying the synthesis conditions leads to significant differences in the spectral

weight distribution of each sample. From these differences, it is clear that the methane flow

rate and ratio of benzylamine to acetonitrile play important roles in the resulting nitrogen

defect type. And we will turn now to this analysis.

Feature E at 400.2 eV (Figure 7.2(b)), which corresponds to the π* resonance, is present

in samples 1-3, but is absent in sample 4. Since methane is an effective hydrogen source in

CVD-grown graphene, [225] considering differences in the synthesis conditions of each sample,

we attribute this absence to the lower methane concentration present when synthesizing this

sample. This is further supported by the excellent agreement between the experimental

spectra and our theoretical calculation, which predicts that this feature is only present for

nitrilic defects.
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Feature F, at 401.8 eV is assigned to the hybridization of N 2p and C 2p-states in the

conduction band. Although there are differences in the spectra of our N-doped samples, the

good match between two distinct features, peaks F (at 401.8 eV) and G (at 408.2 eV) in the N

1s XAS and peak B as the main feature in the N Kα XES of all the measured and calculated

spectra, validates the graphitic nitrogen defect as the dominant nitrogen configuration. This

result is in agreement with the previous studies. [213, 220, 221] We note that the absence of

feature E and the strong F peak in the N 1s XAS spectrum of sample 4 show that this is

the sample with the highest graphitic N-sites amongst the other N-doped graphene samples.

In the graphitic dopant type, the nitrogen atom undergoes an sp2 hybridization and forms

three σ bonds with the three neighboring carbon atoms. [207, 222] However, the existence

of five other features labeled as A (at 388.0 eV), C (at 394.5 eV), D (at 395.2 eV), E (at

400.2 eV), and H (at 412.6 eV) indicates the presence of defects beyond the graphitic type.

As one can see in Figure 7.2, sample 3 has a strong peak at 400.2 eV, labeled as E. This

shows a significant contribution of nitrilic dopant site in this sample. We attribute this

to the higher ratio of benzylamine to acetonitrile during the sample synthesis process of

this particular sample, which had been justified by the XPS results represented by Rao et

al. [213] The strong E feature may arise due to more residue of the benzylamine, which has an

amine functional group, NH2, in its structure. This increase in the nitrilic configuration with

increasing benzylamine precursor concentration agrees well with other results for N-doped

carbon nanotubes. [226–228]

The assignments of labeled features to different nitrogen configurations are shown in Table

2.

The existence of the vacancy within the pyridinic dopant results in a considerable differ-

ence between graphitic and pyridinic dopant. [229] This defect is reflected in feature C in

the measured XES spectra of our samples, specifically in sample 4, spectra. Feature C has

weak intensity in the spectra collected on samples 1, 2 and 3. The relative differences in

spectral weight in each of the samples studied show the sensitivity of the resulting nitrogen

configurations to small changes in the synthesis conditions.

Figure 7.3 shows the calculated partial N p character DOS, N total DOS, C total DOS

for a representative C atom far from the defect as well as the C atom adjacent to the defect
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Table 7.2: Energy and the origin of the calculated and measured features in the
emission and absorption spectra at the N K edge are shown. Each column contains the
energy of the feature (in eV) and its origin. “x” denotes the weak features, “X” the
strong ones, and “?” is used for the features too weak to clearly be seen. “?” is used
when there is no feature.

Peak A B C D E F G H

Energy (eV) 388 391.6 394.5 395.2 400.2 401.8 408.2 412.6

Sample 1 x X ? X X x X x

Sample 2 x X ? X x x X ?

Sample 3 X X ? X X x X ?

Sample 4 x X x x - X X x

Origin Nitr. Graph. Pyrid. Nitr. Nitr. Graph. Graph. Nitr.

and the total unit cell DOS for each of the modeled systems. Considering the N atoms,

the p character orbitals contribute significantly more than the s-character orbitals so only

the p-character DOS are shown. The N p-state hybridization in the calculated DOS is also

supported experimentally by the N 1s XES. It is seen that the N p states locally dominate

the VB, especially near the valence band maximum; in all three nitrogen defect models the

carbon contribution is weaker, although some hybridization does occur. This is characteristic

of the π-bonding in graphene.

An opening of a band gap is an important requirement in many applications of graphene-

based devices. As the XES and XAS techniques probe occupied and unoccupied states,

respectively, the XES-XAS separation can be used to determine the band gap. For the

samples studied here, the valence and conduction bands are dominated by the C p DOS,

so to measure the band gap we have used the C 1s XES-XAS separation. A commonly

used approach to determine the onset of spectral weight in the XES and XAS spectra is

by determining the intersection of straight lines fit to the background and signal of a given

spectrum. Using this approach, no band gap is evident in any of the samples measured,

which is also reflected in our calculations.

It is well known that introducing dopants to a material can provide additional electrons or

holes to a lattice, creating n- or p-type materials, respectively. [230–232] In undoped graphene
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Figure 7.3: Calculated partial and total DOS of N and C and the total DOS per unit
cell for each nitrogen defect in graphene lattice, offset for clarity. “C nn” denotes the
nearest neighbor carbon atom to the nitrogen defect. Schematic representation of the
cone-like Fermi level of N-doped graphene and the shifted Fermi energy is shown for
each dopant configuration. The red arrows show the minimum in total DOS, which
changes in position by ±0.5 eV for each dopant type.
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the Fermi level occurs at the tip of the Dirac cone [206]and n-type (p-type) doping shifts

the Fermi energy level upward (downward) in the vicinity of the Dirac point. Having the

calculated DOS plots shown in Figure 7.3, we find the Fermi level moves from the Dirac points

as a result of N-doping in graphene. As shown in Figure 7.3, the graphitic dopant shifts the

Fermi energy from the Dirac point of graphene by +0.5 eV. Therefore, the graphitic dopant

produces n-type doped graphene as a result of an excess charge distributed in the carbon

π-states, which originates from one excess valence electron of the nitrogen atom. Moreover,

as shown in Figure 7.3, in the graphitic model structure, the calculated pDOS is dominated

by π-states, which corresponds to the fraction of the extra electron of the nitrogen atom.

This is in agreement with the results reported by Schiros et al. [197] and Wu et al. [233]

In contrast to the graphitic defect, we see in Figure 7.3 that the pyridinic and nitrilic-like

dopants shift the Fermi energy by -0.5 eV below the Dirac point which leads to p-type

doping. In the case of pyridinic dopant, the missing electron due to the vacancy causes this

shift. In the nitrilic-like dopants, the presence of hydrogen results in forming N-H bonds and

as the involved bound electrons do not contribute to the π-states, this scenario withdraws

charge from adjacent carbon atoms and consequently provides the p-type doped graphene,

which is consistent with the previous work. [203,234]

The measurements and supporting theoretical work in this study demonstrate that there

are different nitrogen sites in N-doped graphene samples as the result of various ratios of

precursor gases during the sample synthesis. These different N sites have different electronic

properties, which cause distinct features in the nitrogen and carbon absorption and emission

spectra of the N-doped graphene. Previous theoretical work has predicted that co-doping of

N and B leads to a substantial band gap opening, depending on the concentration of N and

B. [229, 233, 235, 236] Furthermore, controlling the type of nitrogen defect obtained in co-

doping using different synthesis conditions may help control this band gap, which highlights

the importance of our results.
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7.4 Conclusions

Four N-doped graphene samples grown using different synthesis conditions were studied using

XES and XAS. We have presented a detailed understanding of the different nitrogen config-

urations and their effects on the electronic structure of graphene. DFT calculations of the

spectra and their direct comparison to the measured XES and XAS spectra have allowed the

graphitic, pyridinic and nitrilic-like nitrogen defect types to be clearly identified, showing the

sensitivity of the defect type to the growth conditions. Despite the different sample synthesis

conditions, the graphitic defect was observed to be dominant in each system studied. We

find that pyridinic and nitrilic-like nitrogen sites result in p-type material while an n-type

material is generated by the graphitic defect. The synthesis conditions considerably impact

the resulting defect type, which has important implications in future efforts to engineer the

electronic band structure of graphene, particularly in a co-doping regime.
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Abstract

Oxo- and (oxo)nitridoberyllates show exceptional potential as host lattices for application in

illumination grade phosphor converted (pc)LEDs due to their remarkable electronic and struc-

tural characteristics, allowing highly efficient narrow-band emission upon doping with Eu2+.

Sr[Be6ON4]:Eu2+, the first example of an oxonitridoberyllate phosphor, exhibits narrow-band

cyan emission (λem = 495 nm; full width at half-maximum, fwhm = 35 nm; ≈1400 cm−1),

comparable to the emission of the oxonitridosilicate BaSi2O2N2:Eu2+ (fwhm = 35 nm) or a

cyan-emitting primary LED (fwhm = 27 nm). Sr[Be6ON4]:Eu2+ reveals a highly condensed

rigid 3D network with a remarkably large degree of condensation [i.e., atomic ratio Be:(O,N)]

of κ = 1.2 that is achieved by interconnection of highly condensed layers of BeN4 tetrahedra

by Be2ON6 units via common edges. The crystal structure of Sr[Be6ON4]:Eu2+ was solved
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on the basis of single-crystal and powder XRD data (C2/c, no. 15, a = 13.9283(14), b

= 5.7582(6), c = 4.9908(5) Å, β = 90.195(1)◦, Z = 4, R1 = 0.033, wR2 = 0.065, GoF =

1.046). Sr[Be6ON4]:Eu2+ shows a close structural relationship to other nitride as well as

oxide compounds, and therefore closes a structural gap helping to understand relations in

Be-containing solid-state materials. The electronic structure of Sr[Be6ON4]:Eu2+ was charac-

terized by X-ray spectroscopy measurements, supported by density functional theory (DFT)

calculations. Due to its excellent emission properties, large band gap, rigid 3D network, as

well as chemical and thermal stability, Sr[Be6ON4]:Eu2+ is a promising phosphor to close the

cyan gap in efficient high-CRI pcLEDs (CRI, color rendering index).

8.1 Introduction

In recent years, investigation of narrow-band red luminophores has been in the focus of

LED phosphor development for improving the CRI (color rendering index, Ra8) and re-

ducing IR spillover of white light-emitting LEDs. [86, 237] In most common LEDs blue-

emitting InGaN chips are used to excite light-converting phosphors that add green-yellow

and orange-red spectral components. After the discovery of highly efficient red-emitting

BSSNE ((Ba,Sr)2Si5N8:Eu2+) and SCASN ((Sr,Ca)AlSiN3:Eu2+), as well as narrow-band

red-emitting SLA (Sr[LiAl3N4]:Eu2+), a good base for highly efficient pcLEDs with good

color rendition and CRI values around 90 was established. [86, 237–239] At the same time

there is need for narrow-band green, yellow, and blue phosphors for various LED application

fields like illumination, consumer electronics, and display backlighting technology. [237]

CRI values of common LEDs are usually limited in blue excited pcLEDs. [240] This can

be explained by missing emission intensity between the blue light of the InGaN-LED and

the emission of common green-yellow phosphors, e.g., YAG:Ce and LuAG:Ce, the so-called

cyan gap. [241] To overcome this limitation, a phosphor emitting in this particular spectral

region with narrow-band emission between 490 and 500 nm and a strong absorption in the

blue spectral range is required.

Prerequisites for phosphors emitting in the blue to green region are not different from those

for red phosphors and include chemical and thermal stability, high conversion efficiency, and
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narrow-band emission as a consequence of the small Stokes shift needed for efficient excitation

with blue light. [242] Several specific requirements for solid-state materials leading to highly

efficient, narrow-band emitting phosphors with a small Stokes shift have been identified over

the last years: a rigid host lattice providing a highly symmetric dopant site (e.g., Eu2+,

Ce3+) with a high coordination number and a large band gap for gaining high QE (quantum

efficiency). [84,237] These properties are often provided by (oxo)nitridosilicate and -aluminate

host structures. For obtaining emission in the blue to green spectral region only few Eu2+-

doped oxide and oxonitride compounds are available. [240,243] An important phosphor with

tunable emission in the required spectral region is the oxonitridosilicate MSi2O2N2 (M = Ca,

Sr, Ba). [244] By replacing Ca with the larger Sr or Ba the initially yellow-green emission

with an emission maximum of 560 nm can be blue-shifted to 537 nm (Sr) and even 495 nm

(Ba) accompanied by structural changes. [244–247] A drawback of this compound group is

its layered crystal structure leading to insufficient thermal and chemical stability. [248] To

increase stability and therefore retain optimum luminescence properties of LED phosphors

at operating conditions, host materials with 3D-network structures would be preferable.

[248] Recently, we have proposed nitridoberyllates as a new class of materials exhibiting the

required structural and optical characteristics of efficient host lattices for Eu2+-doped LED

phosphors. Sr[BeSi2N4]:Eu2+, which is isotypic to SrBe3O4, [249] exhibits a highly condensed

3D-network structure, made up of trigonal planar and tetrahedral building units with strongly

covalent Be-N and Si-N bonds. Its symmetric, rigid host lattice offers a large band gap;

however, due to exceptionally long Sr-N bonds, trapped exciton emission is obtained. [250]

Nevertheless, exploration of Sr[BeSi2N4]:Eu2+ with its highly condensed, rigid network was

the starting point for extensive investigations on (oxo)nitridoberyllate compounds.

In this work, we present a novel Eu2+-doped oxonitridoberyllate phosphor, structurally

related to Sr[BeSi2N4]:Eu2+, with exceptional luminescence properties. SrBe6ON4:Eu2+

exhibits a similarly narrow emission (λem = 495 nm; fwhm = 35 nm; ≈1400 cm−1) as

BaSi2O2N2:Eu2+ (Ba222), [244] but shows increased thermal stability of the emission. This

improvement results from the highly condensed structure of SrBe6ON4:Eu2+ with a 3D net-

work of BeON3 and BeN4 tetrahedra. Excellent emission properties of narrow-band cyan-

emitting Sr[Be6ON4]:Eu2+ make this novel oxonitridoberyllate phosphor a highly promising
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material for application in, e.g., high-CRI white pcLEDs.

8.2 Experimental Section

8.2.1 Safety Assessment

Beryllium dusts and soluble salts are hazardous and can cause diseases, such as cancer, beryl-

liosis, and chronic beryllium disease (CBD). [250, 251] When small particles of a beryllium

compound are inhaled or dissolved the element can be incorporated. Beryllium can accumu-

late in the human body, leading to chronic diseases. Nevertheless, Be-containing materials

are common in industrial applications, such as ceramics, automotive, aerospace, and elec-

tronics or semiconductors. [251,252] Schlenk-lines and glove boxes are suitable and required

to reduce risk of exposure, when working with Be. Appropriate safety measures are feasible,

and we therefore assess insoluble, coarse-grained Be-containing solid-state compounds to be

less dangerous. Natural examples are Be-containing gem stones, e.g., beryl, aquamarine, and

emerald. Therefore, application of (oxo)nitridoberyllate phosphors in pcLEDs is conceivable.

8.2.2 Synthesis

All experiments requiring highly sensitive starting materials or Be-containing compounds

were performed in Argon-filled glove boxes (Unilab, MBraun, Garching; O2 < 1 ppm, H2O <

1 ppm) or in dry Schlenk-type glassware attached to a vacuum line (10−3 mbar). Argon (Air

Liquide, 5.0) was dried and purified in columns filled with silica gel (Merck), molecular sieve

(Fluka, 4 Å), KOH (Merck, ≥ 85%), P4O10 (Roth, ≥99%), and titanium sponge (700 ◦C,

Johnsen Matthey, 99.5%).

Crystalline samples of Sr[Be6ON4]:Eu2+ were synthesized by reacting SrO (103.6 mg,

1.0 mmol, Alfa Aesar, 99.5%) and Be3N2 [30.3 mg, 0.55 mmol, synthesized from Be (ABCR,

99+%, 325 mesh) in a radio frequency (rf) furnace under N2 atmosphere at 1300 ◦C] after

mixing in an agate mortar. [253] For doped compounds 1 mol % of SrO was replaced by

Eu2O3 (ABCR, 99.99%). The reaction mixture was filled into W crucibles and subsequently

heated in 1 h to 1400 ◦C in an rf furnace. The temperature was maintained at 1400 ◦C for
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1 h, then cooled down to 700 ◦C in 0.5 h and subsequently to room temperature by shutting

down the furnace.

Powder samples of Sr[Be6ON4]:Eu2+ were synthesized in Ta ampules. Sr(N3)2 (25.7 mg,

0.15 mmol), Be3N2 (13.9 mg, 0.25 mmol), BeO (3.8 mg, 0.15 mmol), and Eu2O3 (0.3 mg,

0.005 mmol) were mixed, filled into Ta ampules that subsequently were weld shut and heated

in evacuated silica tubes to 950 ◦C in 3 h. The temperature was kept for 24 h, cooled down

to 500 ◦C in 3 h and then to room temperature by shutting down the furnace.

8.2.3 Elemental Analysis

Energy-dispersive X-ray spectroscopy (EDS) and complementary ICP-OES (inductively cou-

pled plasma optical emission spectrometry) analysis were used to determine the elemental

composition of Sr[Be6ON4]:Eu2+. For EDS a Dualbeam Helios Nanolab G3 UC scanning

electron microscope (SEM, FEI) with X-Max 80 SDD detector (Oxford Instruments) was

used. The EDS data were obtained from several particles with an accelerating voltage of 20

kV. The morphology of the crystalline samples was additionally investigated by SEM.

ICP-OES analysis was conducted with a Varian Vista RL spectrometer to determine the

atomic ratio of Sr, Be, and Eu.

8.2.4 Single-Crystal X-ray Diffraction

A green single crystal of Sr[Be6ON4]:Eu2+ was selected and fixed on a micromount (MiTe-

Gen). X-ray diffraction data were collected on a Bruker D8 Venture diffractometer with

rotating anode. Goebel mirror optics were used to specifically select and focus the Mo

Kα radiation (λ = 0.71073 Å). Integration and absorption correction was carried out with

the program package APEX3. [254] The crystal structure was solved by Direct Methods

(SHELXS) [255] and refined by full-matrix least-squares methods (SHELXL). [256, 257] Eu

was disregarded in the structure refinement due to its low amount and its therefore insignif-

icant contribution to the scattering density. The O/N ordering was determined during the

refinement. All atom sites were refined anisotropically. Sr[Be6ON4]:Eu2+ was additionally

refined as a two-component twin.
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Further details on the structure investigation may be obtained from the Fachinformation-

szentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax, (+49)7247-808-666;

E-mail, crysdata@fiz-karlsruhe.de) upon quoting the depository number CSD 434259.

8.2.5 Powder X-ray Diffraction

The structural model obtained from single-crystal data was further investigated by pow-

der X-ray diffraction methods. A powder sample of Sr[Be6ON4]:Eu2+ was sealed in a glass

capillary with 0.2 mm diameter and 0.01 mm wall thickness (Hilgenberg, Germany) and

measured on a STOE STADI P diffractometer (Cu Kα1 radiation, Ge(111) monochroma-

tor, Mythen1K detector) in Debye-Scherrer geometry. Data were refined with the TOPAS

Academic 4.1 package. [258] The Rietveld method was used by applying the fundamental

parameters approach (direct convolution of source emission profiles, axial instrument con-

tributions, crystallite size, and microstrain effects). Capillary absorption correction (inner

diameter 0.18 mm) was carried out using the calculated absorption coefficient.

Luminescence

Luminescence spectra of Sr[Be6ON4]:Eu2+ were obtained with a HORIBA Fluoromax4 spec-

trofluorimeter system connected to an Olympus BX51 microscope by optical fibers. The

spectral width of the excitation wavelength at 440 nm is 10 nm. Emission spectra were

recorded in a wavelength range between 460 and 820 nm with 2 nm step size. Excitation

spectra were obtained with a monitoring wavelength of 510 nm for Sr[Be6ON4]:Eu2+. For QE

determination, an industrial setup was used with a BaSO4 sample as reference (reflectance

of 100%). Sample absorption was calculated from the difference in the reflectance of sample

and reference. The QE is given as the quotient of sample emission and absorption.

8.2.6 UV/VIS Spectroscopy

A reflectance spectrum of a Eu2+-doped powder sample was obtained with an Edinburgh

Photonics FLS920-s spectrometer equipped with a 450 W Xe900 arc lamp (single photon-

photomultiplier detector, Czerny-Turner monochromator with triple grating turret). The
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spectra were measured in the wavelength range from 240 to 780 nm (5 nm step size). The

optical band gap was estimated from the intersection of line tangents in the reflectance

spectrum. [259,260]

8.2.7 X-ray Spectroscopy

The X-ray absorption spectroscopy (XAS) measurements, which are probing the unoccupied

partial density of states (PDOS), were conducted at the Spherical Grating Monochromator

(SGM) beamline at the Canadian Light Source (CLS), Saskatoon, Canada. [214] X-ray emis-

sion spectroscopy (XES), which is sensitive to the occupied PDOS, and resonant inelastic

X-ray scattering (RIXS) measurements were conducted at the Resonant Elastic and Inelastic

X-ray Scattering (REIXS) beamline at the CLS. The SGM beamline has a monochromator

resolving power (E/∆E) of about 5000 at the N K-edge, and partial fluorescence yield (PFY)

XAS spectra were collected using an array of silicon drift detectors. REIXS has a monochro-

mator resolving power of 5000, and a Rowland circle X-ray spectrometer for collecting the

emission measurements with a resolving power of 1700 at the N K-edge. These measurements

are performed by promoting core electrons to the conduction band and monitoring their scat-

tering (RIXS) or subsequent decay (XAS, XES). Samples were pressed into clean wafers of

In foil and transferred to the vacuum chambers used for the measurements. All measure-

ments were conducted at ambient temperature, and data were collected in rapid succession.

The XAS spectra were energy-calibrated using a peak value of 402.1 eV in hexagonal boron

nitride. The XES spectra were calibrated using elastic scattering peaks.

8.2.8 Density Functional Theory

The electronic structure of SrBe6ON4 was modeled using WIEN2k, a full-potential, all-

electron commercially available, density functional theory (DFT) software package which

uses linearized augmented plane waves with local orbitals in a Kohn-Sham scheme. [113]

Calculations were performed using the PBEsol generalized gradient approximation (GGA)

exchange-correlation functional. [151] Since the PBEsol exchange-correlation functional sig-

nificantly underestimates the band gap of materials, the modified Becke-Johnson (mBJ)
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exchange-correlation functional is also used. [27] A basis set size of RKmax = 7 was used, and

the k-mesh was selected so that the total energy per unit cell was stable within 10−5 Ry per

unit cell, which corresponds to a 9×10×9 k-mesh.

The DFT calculations are used to calculate the density of states and band structure,

as well as to directly calculate predicted XES and XAS spectra, allowing for a detailed

comparison with experiment. The spectra are calculated by multiplying the PDOS with

a dipole transition matrix and a radial transition probability. [152] Calculated spectra are

broadened to reflect lifetime and instrumentation related broadening. XES and XAS spectra

depend on the final state of the system, which for XAS spectra corresponds to a system

perturbed by an X-ray injected core hole. [153] To account for this perturbation, a core hole

is added to a 1×2×2 supercell of the unit cell with a compensating background electronic

charge, and separate core hole calculations were performed for each nitrogen site.

8.3 Results and Discussion

8.3.1 Synthesis and Elemental Analysis

Single-crystalline samples of Sr[Be6ON4]:Eu2+ were synthesized by solid-state reactions in

W crucibles in an rf furnace. A heterogeneous mixture containing air- and water-stable

luminescent single crystals of Sr[Be6ON4]:Eu2+ was obtained. Cyan-emitting powder samples

of Sr[Be6ON4]:Eu2+ were synthesized in Ta ampules. Morphology and elemental composition

were investigated by electron microscopy, accompanied by EDS (Sr, O, N) and complementary

ICP-OES (Sr, Eu, Be) investigations. SEM pictures of Sr[Be6ON4]:Eu2+ show either platelet-

like (Figure 8.1) or block-like morphology. Averaged results of EDS as well as ICP analysis

are given in Table 1. Light elements (O, N) might be underestimated especially by EDS,

and Be usually cannot be quantified by this method. Results of individual measurements are

given in the Supporting Information.

The stability of the novel Be-containing compound SrBe6ON4 was examined by solubility

tests. The compound showed chemical stability against 0.1 M HCl (pH 1) and was dissolved

in 1 M HCl (pH 0).
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Figure 8.1: SEM image of platelet-like Sr[Be6ON4]:Eu2+ crystal (scale bar 100 µm),
numbers 1–6 mark locations of EDS scans.

Table 8.1: Elemental analysis of Sr[Be6ON4]:Eu2+

Sr Eu Be O N

EDS 1 1 3

ICP 1 <0.01 7
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Figure 8.2: Rietveld refinement of the structural model of Sr[Be6ON4] (Cu Kα1 radia-
tion). Experimental data (black line), calculated pattern (red line), and difference curve
(green line). Tick marks: blue, positions of Bragg reflections of SrBe6ON4; unidentified
side-phases are marked with asterisks.

Crystal Structure Determination

X-ray diffraction experiments were performed on single crystals of Sr[Be6ON4]. The ox-

onitridoberyllate crystallizes in the monoclinic group C2/c (no. 15) and was refined as a

two-component rotation twin. Structure solution was initially performed in P1. Crystal

data obtained from single-crystal XRD show pseudo-orthorhombic metrics. Applying the

Rietveld method on a powder sample of Sr[Be6ON4], the monoclinic angle β = 90.195(1) ◦

was confirmed (Figure 8.2).

Crystallographic data of the structure solution and refinement are summarized in Table

2. Atomic coordinates and isotropic displacement parameters are given in Table 3. Bond

lengths and angles as well as anisotropic displacement parameters (ADPs) and a graphical

presentation of the ADPs of Sr[Be6ON4] are given in the Supporting Information (SI).

The consistency of the structural model is supported by lattice-energy calculations (MAPLE,

Madelung Part of Lattice Energy). MAPLE values were calculated for each ion type and for

the entire structure. The results of the MAPLE calculations are summarized in the SI. The

partial MAPLE values are in good agreement with reference data reported before, confirm-
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Table 8.2: Crystal data for Sr[Be6ON4]. Esd’s are given in parentheses. aValue ob-
tained from PXRD Reitveld refinement; single-crystal data show pseudo-orthorhombic
metrics.

formula mass [g mol−1] 213.72

crystal system/space group monoclinic, C2/c (no. 15)

lattice parameters [Å, deg] a = 13.9283(14)

b = 5.7582(6)

c = 4.9908(5)

β = 90.195(1)a

cell volume [Å
3
] 400.27(7)

formula units per cell Z 4

X-ray density [g cm−1] 3.547

linear absorption coefficient [cm−1] 13.325

F(000) 392

crystal dimensions (mm3) 0.05×0.02×0.01

diffractometer D8 Venture

radiation Mo Kα (λ = 0.71073 Å)

temperature [K] 293(2)

Abs correction multiscan

θ range [deg] 3.83-45.78

measured reflections 10858

independent reflections 1676 [Rint = 0.0756]

observed reflections 1559

min/max transmission 0.716/1.000

refined parameters 57

GOF 1.046

R indices (F2
o ≥ 2σ(F2

o)) R1 = 0.0277, wR2 = 0.0625

R indices (all data) R1 = 0.0333, wR2 = 0.0645

min/max residual electron density (eÅ
−3

) -1.454/1.327
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Table 8.3: Atomic coordinates, equivalent isotropic displacement parameters, and site
occupancy factors (sof’s) of Sr[Be6ON4]. Esd’s are given in parentheses.

atom (Wyck.) x y z Ueq (A2) sof

Sr1 (4e) 0 0.79693(3) 1/4 0.00930(4) 1

Be1 (8f) 0.11175(11) 0.3606(3) 0.2454(5) 0.0080(2) 1

Be2 (8f) 0.19608(14) 0.1090(3) 0.4375(4) 0.0079(3) 1

Be3 (8f) 0.29673(14) 0.1393(3) 0.1050(4) 0.0075(3) 1

O1 (4e) 0 0.3381(2) 1/4 0.0090(2) 1

N1 (8f) 0.33342(8) 0.1126(2) 0.4333(2) 0.0061(2) 1

N2 (8f) 0.16922(9) 0.1342(2) 0.0981(2) 0.0063(2) 1

ing O/N ordering in Sr[Be6ON4]. [246,250] Partial MAPLE values for Be2+, O−2 , and N−3 are

listed in the Supporting Information. The comparison of the MAPLE sum of Sr[Be6ON4]

with total MAPLE values of constituting SrO and Be3N2 shows only minor deviation of

0.33%. [253,261]

Crystal Structure Description

Sr[Be6ON4] crystallizes in the monoclinic space group C2/c (no. 15). Pseudo-orthorhombic

metrics are indicated by the Sr1 and O1 positions, but are disrupted by the arrangement of

the BeN4 tetrahedra. This leads to a monoclinic symmetry withβ = 90.195(1)◦. This angle is

supported by PXRD Rietveld refinement (Figure 8.2) showing split reflections that confirm

the monoclinic space group C2/c.

The crystal structure, displayed in Figure 3, can be described as a highly condensed

3D network. Sr[Be6ON4] is built from layers of edge-sharing BeN4 tetrahedra resulting in an

exceptionally high degree of condensation [i.e., atomic ratio Be:(O,N)] of κ = 1.2 that exceeds

possible values in nitridosilicate and -aluminate structures (κ ≤ 0.75; 1.0). The maximum

κ value in Be-containing oxonitride compounds can reach values between 1 (BeO) and 1.5

(Be3N2).

Decisive for the compound’s high degree of condensation is the reduced formal charge of

100



Figure 8.3: Crystal structure of Sr[Be6ON4]; BeN4 tetrahedra (violet), BeON3 tetra-
hedra (cyan), Sr atoms (orange), O atoms (red), N atoms (blue).

Be2+, when compared to Si4, while the ion size is nearly identical. [262] As a result, each BeN4

tetrahedron is capable of sharing common edges with three other BeN4 tetrahedra resulting in

highly condensed layers. Beyond that, the layers are interconnected by pairs of edge-sharing

tetrahedra with stoichiometry Be2ON6 that are further connected to the layers by common

edges. As a result of this high connectivity of vertex-sharing BeN4 and BeON3 tetrahedra

each N atom is bound to five Be atoms, which does not seem to be possible in nitridosilicate

related structures. The crystal structure of Sr[Be6ON4] can be derived from structurally

related compounds, such as β-Be3N2, as well as SrBe3O4 or SrBe[Si2N4]. [249, 250, 263, 264]

All these compounds exhibit highly condensed 3D networks that can be interpreted as be-

ing built from layered frameworks of trigonal planar or tetrahedral units, interconnected

by either edge- or vertex-sharing (Be,Si)(O,N)4 tetrahedra. Additionally, analogous highly

condensed types of tetrahedra layers found in Sr[Be6ON4] were previously described in the

nitridoberyllate MgBe2N2 and the nitride Mg3GaN3. Both compounds crystallize in trigonal

space groups, P3m̄1 (no. 164) and R3m̄ (no. 166), respectively. [265, 266] In SrBe6ON4

hexagonal symmetry is disrupted by the Sr and O atoms with its pseudo-orthorhombic met-

rics. A difference between the structures of Sr[Be6ON4],β-Be3N2, Mg3GaN3, and MgBe2N2

is the interconnection of the highly condensed tetrahedra layers. While in MgBe2N2 layers
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Figure 8.4: Starting from left: structural relations between β-Be3N2, SrBe3O4, and
SrBeSi2N4 (isotypic, Be in trigonal planar, Si in tetrahedral coordination), Sr[Be6ON4],
Mg3GaN3, and MgBe2N2.

are separated by Mg atoms, layers in β-Be3N2 and Mg3GaN3 are connected by the same

arrangement of edge-sharing tetrahedra that are connected to the layers by common vertices.

A comparison of all discussed crystal structures is displayed in Figure 4.

Bond lengths of Be-O and Be-N in Sr[Be6ON4] are in the range expected for Be-containing

solid-state compounds and are comparable to regular Si-X (X = O, N) distances (Figure

8.5). [249, 266, 267] The Be1-O distance is slightly shorter (1.56 Å) than Be1- and Be2-

N distances (1.66-1.9 Å). The Be2-N1 distance of 1.9 Å is exceptionally long. This can

be explained by the composition of the highly condensed tetrahedra layer deduced from

the planar layers of the SrBe3O4 structure. Therefore, Be2 can be described to be in an

intermediate state between sp3-hybridization as in a tetrahedron and sp2-hybridization as in

trigonal planar coordination. A similar intermediate coordination has been observed for B,

e.g., in M6B22O39·H2O (M = Fe, Co, Ni). [268, 269] The Be3-N distances are in the range

1.72-1.78 Å, and the Be3N4 tetrahedra therefore are close to regular. The additional space

between the layers and between Be2ON6 units is occupied by Sr atoms. The Sr atoms are

coordinated antiprismatically by six N atoms, with distances between 2.7 and 3.1 Å and four

equatorial O atoms in a distance of ≈2.6 Å (3x) and 3.1 Å (1x).

Electronic Properties

The electronic properties of Sr[Be6ON4]:Eu2+ have been investigated applying DFT calcu-

lations and soft-X-ray synchrotron radiation. Measured nonresonant XES and XAS spectra
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Figure 8.5: Coordination spheres of Be1, Be2, and Sr; bond lengths given in Å.

are shown in Figure 8.6, with black lines, together with spectra calculated using the PBEsol

functional. For the absorption spectra, the core hole (c.h.) and ground state (g.s.) spectra

are shown in solid and dashed lines, respectively. It is well-known that GGA exchange-

correlation functionals underestimate the band gap of semiconductors, and so these spectra

have been rigidly shifted to allow comparison of spectral features. Considering the absorp-

tion spectra, good agreement with experiment is obtained by the ground state calculation,

while features in the core hole calculation are pushed closer together. This suggests that

the core hole concentration has been overestimated in the core hole calculation. Similarly

good agreement is also seen between the resonant and nonresonant features in the emission

spectra.

Given that the absorption and emission spectra are proportional to the unoccupied and

occupied PDOS, after accounting for the core hole perturbation, their separation can be used

to determine the electronic band gap. Using the second derivative to determine the onset of

spectral weight yields an XES-XAS separation of 4.2 ± 0.3 eV. [112] After accounting for a

core hole shift of 0.4 eV, this yields an overall band gap of 4.6 ± 0.3 eV. This is in agreement

with the band gap predicted by the mBJ functional, with a predicted value of 4.75 eV.

By performing RIXS measurements, a technique in which emission spectra are collected

at various above-threshold excitation energies, insight into the nature of the band gap can
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Figure 8.6: Top left: experimental and calculated X-ray emission spectra. From
bottom to top, the calculated nonresonant emission spectrum of Sr[Be6ON4] followed
by RIXS spectra collected at the energy indicated by the arrow in the inset. The top
line is the nonresonant emission spectrum. Top right: experimental and calculated XAS
spectra of Sr[Be6ON4]. Black line is an experimental N K PFY XAS spectrum, while
the blue and red lines correspond to calculated absorption spectra in the absence and
presence of a core hole, respectively. Bottom panels: the bottom left and right panels
show the second derivative of the nonresonant X-ray emission and absorption spectra,
respectively.

104



Figure 8.7: Luminescence, UV/vis spectra, and image of cyan-emitting crystal of
Sr[Be6ON4]:Eu2+ (excitation, blue line; emission, cyan line; reflectance, gray line).
Partly resolved 7FJ energy levels of Eu2+ are visible in the excitation spectrum.

be obtained. By comparing observed near-threshold spectra and nonresonant XES spectra,

k-selective enhancements to the RIXS signal can be observed. [48] This allows direct and

indirect band gaps to be distinguished without any further theoretical input. These resonant

spectra are shown for four energies in the left panel of Figure 8.6. At the minimum excitation

energy, shown in cyan, resonant enhancement at 394.0 eV is seen. As the excitation energy

is increased, the relative importance of the peak diminishes, confirming that the band gap

is direct. This is in agreement with the calculated electronic band structure of SrBe6ON4,

shown in Figure S2. The conduction band minimum is at the Γ point, while valence band

maxima occur at the Γ point and between Y2 and Γ. Although the absolute maximum occurs

between Y2 and Γ, the energy at the Γ point is within 20 meV of the Fermi energy level.

The optical band gap, additionally estimated from reflectance data (Figure 8.7, gray

line), is approximately 4.8 eV, and is in the same range as the band gap obtained from DFT

calculations and XAS-XES experiments. The absorption band below 300 nm is attributed

to the host structure absorption; the second, broad absorption band, ranging from 300 to

600 nm, is caused by the 4f7 to 4f65d1 absorption of Eu2+.
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Luminescence

The highly condensed network structure of Sr[Be6ON4]:Eu2+ shows extraordinary effects on

the oxonitridoberyllate luminescence properties. Due to a reduced nephelauxetic effect in

oxonitrides compared to nitride structures, emission is observed in the blue to green spectral

region. Upon excitation with UV to blue light, narrow-band cyan-emission at 495 nm with a

fwhm of only 35 nm (≈1400 cm−1) is detected. The nominal doping level is 1% with respect

to Sr. Figure 8.7 shows excitation and emission spectra of a Sr[Be6ON4]:Eu2+ single crystal.

The narrow-band emission of Sr[Be6ON4]:Eu2+ is a consequence of the crystal structure’s

high degree of condensation as well as the strongly covalent character of the Be-X (X = O,

N) bonds. This results in a highly rigid crystal structure that provides the dopants constant

ligand field.

Additionally, the network structure offers a single dopant site to partially occupy. As

it is discussed in the literature, chemical disorder, multiple dopant sites, and strong lattice

vibrations can lead to a varying crystal field around each activator ion and consequentially

a broadened emission. [84,237] All these effects are therefore reduced in Sr[Be6ON4]:Eu2+.

As a result, the luminescence properties of Sr[Be6ON4]:Eu2+ are comparable to the emis-

sion of the oxonitridosilicate BaSi2O2N2:Eu2+ (Ba222, λem = 494 nm, fwhm ≈35 nm). Due

to its layered structure Ba222 lacks efficiency at elevated temperatures and makes this class

of materials susceptible for thermal degradation. [248] In contrast, Sr[Be6ON4]:Eu2+ shows

superior stability based on the highly covalent and therefore rigid 3D-network structure.

Measurements on as-synthesized powder samples show decent QE values of 20%, which can

be improved upon synthesis optimization.

The excellent thermal behavior of Sr[Be6ON4]:Eu2+ emission is shown in Figure 8.8(a).

The narrow-band cyan-emitting phosphor shows only low thermal quenching at high temper-

atures with a relative emission intensity of ¿90% at 275 ◦C. The observed excellent emission

stability over temperature is corroborated by analysis of the collected RIXS spectra using a

recently developed method by Tolhurst et al. [54] This technique allows directly determining

the energetic separation of the Eu 5d state from the conduction band (CB). The separation

can be evaluated from resonant X-ray emission spectroscopy at the ligand K-edge.
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Figure 8.8: (a) Thermal quenching behavior of Sr[Be6ON4]:Eu2+. (b) RIXS spectrum
(399.0 eV excitation) on an energy loss scale, the peaks from a least-squares fit of two
Gaussians to the RIXS are shown as blue (elastic) and cyan (loss feature) curves.

The RIXS signal appears as subsidiary peaks at energies just below the elastic scattering

peak and represents energy losses of the incident X-rays to low-energy (optical) excitations

(Figure 8.8(b)). This energy loss results from excitations from the lowest rare earth dopant

(here: Eu2+) 5d level to the conduction band. [54] This separation is a key value to obtaining

proficient quantum efficiencies. A small separation allows thermal ionization of excited Eu

electrons to the CB resulting in decreased emission efficiency while a large separation improves

TQ behavior. For Sr[Be6ON4]:Eu2+ a value for the Eu 5d-CB separation of ∆E ≈ 0.26(1)

eV is observed. This value is similar to that found for, e.g., state-of-the-art narrow-band

red luminescent Sr[LiAl3N4]:Eu2+ (∆E = 0.29 eV). SLA also shows comparable thermal

quenching behavior with 90% relative emission intensity at 275 ◦C. [54,86]

8.4 Conclusions

This work describes synthesis as well as investigation of luminescence and electronic prop-

erties of the first oxonitridoberyllate Sr[Be6ON4]:Eu2+. The cyan-emitting phosphor shows

excellent narrow-band emission with λem = 495 nm and fwhm = 35 nm, comparable to

BaSi2O2N2:Eu2+. [244] The phosphor material shows superior thermal quenching behavior

and superior long-time stability with a relative emission intensity of 90% at 275 ◦C even

for nonoptimized samples, making Sr[Be6ON4]:Eu2+ a promising, thermally and chemically
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stable narrow-band emitting phosphor to cover the cyan emission gap typically observed in

blue pumped pcLEDs.

The oxonitridoberyllate’s excellent emission characteristics are strongly related to the

compound’s crystal structure. Highly condensed layers of edge-sharing BeN4 tetrahedra are

connected by vertex-sharing BeON3 tetrahedra forming a rigid 3D-network structure. This

network provides for a regularly coordinated dopant site, resulting in the narrow-band cyan

emission. Safe handling of Be-containing, air-sensitive as well as air-insensitive starting

materials is guaranteed by handling in Ar-filled glove boxes. This method is already state-of-

the-art for highly sensitive Si- and Al-containing starting materials for fabrication of Eu2+-

and Ce3+-doped phosphors. Chemical stability under acidic conditions up to pH 1 which may

be further improved by, e.g., particle coatings ensures safe handling and prevents unwanted

release of Be into the environment.

Sr[Be6ON4]:Eu2+ shows close structural relations to nitridosilicate- and aluminate as well

as oxide structures, and the development of the novel narrow-band cyan phosphor is therefore

the realization of structural evolution, comparable with the mineral-inspired prototype evolu-

tion method. [270,271] A highly condensed network is known from other phosphor materials,

e.g., (BaSr)2Si5N8:Eu2+ and Sr[LiAl3N4]:Eu2+. [86, 239] The structure of Sr[Be6ON4]:Eu2+

can be seen as an intermediate structure betweenβ-Be3N2, Mg3GaN3, as well as SrBe3O4 and

isotypic SrBe[Si2N4]. [249, 265] These findings give deep insights into the structural chem-

istry of beryllium compounds and can help in finding and understanding the formation of

novel, narrow-band emitting beryllate phosphors. Due to its large band gap, excellent QE

is expected upon optimization of the synthesis procedure. Its stability, extraordinary lu-

minescence characteristics, and excellent thermal behavior make Sr[Be6ON4]:Eu2+ a highly

promising phosphor for application in next-generation LEDs with CRI values >90.
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8.5 Supporting Information

Table 8.4: EDS results (atom %) via point and ID on a Sr[Be6ON4] single crystal with
platelet-like morphology (Figure 8.1)

Scan Scan N O

1 19.39 60.98 19.63

2 19.38 61.51 19.1

3 19.41 60.74 19.85

4 19.13 61.4 19.47

5 18.86 61.02 20.12

6 19.31 61.07 19.63

Average 19.25 61.12 19.63

Ratio 1 3.2 1
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Table 8.5: Anisotropic displacement parameters (Å) of Sr[Be6ON4]. Esd’s in paren-
thesis.

Atom U11 U22 U33 U12 U13 U23

Sr 0.00998(7) 0.00950(6) 0.00843(6) 0 0.00106(8) 0

Be1 0.0068(5) 0.0081(5) 0.0091(5) -0.0005(8) -0.0002(7) 0.0003(4)

Be2 0.0098(7) 0.0067(6) 0.0073(6) 0.0000(5) -0.0004(6) -0.0008(5)

Be3 0.0072(6) 0.0083(6) 0.0070(6) -0.0001(5) 0.0004(5) 0.0008(5)

O1 0.0061(4) 0.0119(4) 0.0089(4) 0 0.0005(6) 0

N1 0.0069(4) 0.0058(3) 0.0058(4) -0.0005(3) 0.0001(3) -0.0003(3)

N2 0.0071(4) 0.0058(4) 0.0059(3) -0.0003(3) 0.0009(3) 0.0003(3)

Figure 8.9: Presentation of the anisotropic refinement of the crystallographic positions
in Sr[Be6ON4] with 90 % probability.
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Table 8.6: Selected bond lengths and angles in Sr[Be6ON4].

Bond name Bond length / Å

Sr-O1 (2x) 2.6136(5)

Sr-O1 (1x) 2.6423(14)

Sr-N1 (2x) 2.7105(11)

Sr-N2 (2x) 2.9548(13)

Be1-O1 (1x) 1.5621(16)

Be1-N1 (1x) 1.783(3)

Be1-N2 (1x) 1.697(2)

Be1-N2 (1x) 1.866(2)

Be2-N1 (1x) 1.777(2)

Be2-N1 (1x) 1.913(2)

Be2-N2 (1x) 1.656(2)

Be2-N2 (1x) 1.741(2)

Be3-N1 (1x) 1.723(2)

Be3-N1 (1x) 1.761(2)

Be3-N2 (1x) 1.776(2)

Be3-N2 (1x) 1.718(2)

Angle names Angle / ◦

O1-Sr-O1 72.70(3)

O1-Sr-N1 63.98(3)

O1-Be1-N2 114.36(12)

O1-Be1-N1 114.88(14)

N2-Be1-N1 101.37(12)

N2-Be2-N2 119.54(13)

N2-Be2-N1 122.36(12)

N2-Be2-N1 103.91(11)

N2-Be3-N1 123.15(13)

N2-Be3-N1 104.94(11)

N1-Be3-N1 107.65(11)
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Results of MAPLE calculations [kJ/mol] for Sr[Be6ON4]; ∆= MAPLE sum of constituting

binarynitrides / MAPLE sum compound.

Table 8.7: MAPLE calculations of Sr[Be6ON4].

Sr[Be6ON4]

Sr2+ 1602

Be2+ 2834–2858

O2− 2537

N3− 5533–5536

Total 43371

∆ 0.33%

Total MAPLE: SrO + 2 Be3N2 = 43515 kJ/mol
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Figure 8.10: Band structure of Sr[Be6ON4] calculated using the PBEsol functional.
The horizontal axis of the band structure corresponds to a path through high symmetry
points in the Brillouin zone. [32]

Figure 8.11: Temperature dependence of peak position and fwhm of Sr[Be6ON4]:Eu2+

luminescence.

113



9 Oxygen Vacancy Induced Structural

Distortions in Black Titania - A Unique

Approach using Soft X-Ray EXAFS at the

O K-Edge

Brett Leedahl1, Tristan de Boer1,Xiaotao Yuan2 and Alexander Moewes1

1 Department of Physics and Engineering Physics, University of Saskatchewan, 116 Science

Place, Saskatoon, SK, S7N 5E2, Canada

2 Beijing National Laboratory for Molecular Sciences and State Key, Laboratory of Rare

Earth Materials Chemistry and Applications, College of, Chemistry and Molecular Engi-

neering, Peking University, Beijing, 100871 China

Abstract

Unknown changes in the crystalline order of regular TiO2 result in the formation of black

titania, which has garnered significant interest as a photocatalytic material due to the accom-

panying electronic changes. Herein, we determine the nature of the lattice distortion caused

by an oxygen vacancy that in turn results in the formation of mid-band gap states found in

previous studies of black titania. We introduce an innovative technique using a state-of-the-

art silicon drift detector, which can be used in conjunction with extended x-ray absorption

fine structure (EXAFS) to measure bulk interatomic distances. We illustrate how the energy

dispersive nature of such a detector can allow us an unimpeded signal, indefinitely in energy

space, thereby sidestepping the hurdles of more conventional EXAFS, which is often impeded

114



by other absorption edges.

9.1 Introduction

Structural information regarding the transformation that takes place in regular “white” tita-

nium dioxide as it transitions to black titania is still not fully understood, despite significant

interest. [272] Although we know these crystallographic changes are key in the desirable elec-

tronic properties that arise, how the former causes changes the latter is not entirely clear. [273]

However, it has been shown that new XRD peaks appear as the white to black transformation

occurs, undoubtedly indicating some sort of structural distortion. [274] In addition to this,

while the surface-disordered crystalline state of black titania has been documented via high

resolution electron microscopy, [275–277] the bulk character is far less understood. [278] As

such, the exact nature of the distortion present has been difficult to determine on account of

the complexity and inhomogeneity of the crystal.

Extended x-ray absorption fine structure (EXAFS) is the study of the oscillatory nature of

the absorption coefficient as a function of incident photon energy at energies just beyond that

of an absorption edge. These oscillations arise from the local atomic structure of a material,

and are most frequently used to determine bond distances and vibrational properties of a

given element in a material. [279] However, despite being continuously refined ever since its

discovery in the early 1970s, [280] it still has yet to find commonplace use in the soft x-ray

energy regime (≈50-1500 eV), despite the technique having contributed to many significant

advances. [281–283] Only a small subset of examples exist in the publication record (all

performed by surface sensitive total electron yield, or transmission mode in which extremely

thin samples are required to pass soft x-rays through), and nothing in the last two decades

since the advent of high resolution silicon drift detectors (SDDs). [284–292]

There are a few reasons for this. (1) There is an abundant number of absorption edges

in this energy range. Every element heavier than helium contains electrons with binding

energies in this range. This is generally considered a limitation and large problem for EXAFS

experiments, as one requires a range of several hundred (> 400) electron-volts of unperturbed

absorption data from a single edge to extract meaningful data. (2) Many soft x-ray beamlines
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 Figure 9.1: Color map of the TiO2 anatase spectrum. Each horizontal slice corre-
sponds to a single emission spectrum recorded by the SDD. The Ti emission is clearly
visible pre-O K-edge. Because of this overlap with the O K-edge emission, one must
separate the ≈100 eV wide emission lines by a fitting procedure to isolate the oxygen
emission photons. Note the anomalous emission photons at the Fe, Ni, and Cu L2,3

edges at 707, 858, and 933 eV, respectively. These are unwanted and are neglected from
the data analysis using the procedure described in the text.

at synchrotron facilities do not have a monochromator that can, in a single scan, slew a

necessarily large energy range without some combination of changing the mirror and grating

of that monochromator. (3) The low probability of fluorescence emission in low-Z elements

implies that extremely long count times are required to obtain sufficiently noise-free spectra.

However, using a silicon drift detector, one can achieve very high fluorescence count rates

at sufficiently high resolution in the soft x-ray regime. [293, 294] And because silicon drift

detectors are energy dispersive, the intrusion of absorption edges impeding our energy range

is inconsequential, because we are able to filter out emission photons from other elements and

observe only the fluorescence photons from the element of interest. If, however, the sample

contains a large enough atomic percentage of some absorption edge energetically above our

measured edge (here O), the XAS signal will contain an inverted image of that element as

a new decay pathway emerges; fortunately, steps can be taken to disregard this as well.

Furthermore, since we are observing emitted photons (as opposed to electrons) in the soft

x-ray regime, the technique is bulk sensitive, probing to ≈100 nm in depth.
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9.2 Experiment and Calculation Methods

All absorption spectra were measured at the Resonant Elastic and Inelastic X-Ray Scattering

(REIXS) beamline at the Canadian Light Source. The spectra were recorded in fluorescence

yield mode at room temperature using an SDD, such that the emission lines from the various

elements could be distinguished on an energy scale. The total data set for a spectrum can

be visualized in a two dimensional color map plot as shown in Figure 9.1. The energy

resolution in this energy range is ≈100 eV, and therefore overlapping emission lines need to

be dissociated. [295]

The Fe, Ni, and Cu L2,3 emission photons that are observable in Figure 9.1 arise from

scattered photons in the sample chamber interacting with the chamber itself. The ultra high

vacuum chamber is made of stainless steel, and the arm that holds the sample is largely made

of copper. The high intensity synchrotron light that impinges on the sample is scattered in all

directions, but the SDD detector will detect only a minute solid angle of the overall emitted

and scattered photons. However, these stray photons will excite all constituent materials

of the chamber as well. Since an SDD is not an angle resolved detector, it records these

secondary photons as well.

While these secondary emissions are generally undesirable, for our present purposes it

illuminates our ability to disregard unwanted photons, whether in our sample or otherwise.

We can show that in-sample elements such as Ti can be excluded from the analysis, as well

as out-of-sample materials that cannot be avoided such as Fe, Ni, and Cu.

The separation of these emission lines can be accomplished with a constrained Gaussian

fitting algorithm, wherein the relevant peaks are each fit by a Gaussian curve, and the

integrated Gaussian corresponds to the number of photons emitted by a given element for a

given incident energy. A Gaussian curve contains three relevant parameters: its center, width

(FWHM), and intensity. For the present analysis the Ti and O FWHMs and centers were

constrained to remain in a narrow range as to not allow the fitting to stray from reasonable

values.

The post-experiment analysis was performed with EXAFSPAK software [296] wherein

a spline function was subtracted from the raw spectra (see Supplemental Material for raw
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Figure 9.2: The experimental spectrum shown here corresponds to a single horizontal
slice in Figure 9.1 taken at 975 eV excitation energy. In order to resolve them we used
a fitting algorithm that constrains both the peak energy and FWHM for the Ti and
O emission lines. The integrated intensity of the O peak corresponds to a single data
point in the partial fluorescence yield XAS spectra shown in the Supplemental Material.
Note that unwanted fluorescence from Fe, Ni, and Cu are easily neglected using this
method.

experimental spectra) to obtain the EXAFS signal (red lines in Figure 9.3), which has the

energy axis converted to wavenumber k. The background spline subtraction was optimized

to reduce the spurious peaks that appear in the Fourier transform at low R values (less than

the nearest neighbour bond distances). The displayed EXAFS signals are also weighted by

their k2 value, where k2 = 2meE/h̄
2 and me, E, and h̄ are the electron mass, incident photon

energy, and reduced Planck’s constant, respectively. McKale table theoretical phase-shift

and amplitude functions of the absorber-backscatter interaction were used for rutile, while

full FEFF calculations for the backscattering amplitudes and phases were run to produce

the models for anatase and black titania. [297] To achieve the fits to experiment shown in

Figure 9.3(c-f), only the interatomic distances and Debye-Waller factors were allowed to vary.

Moreover, the Debye-Waller factors—which is a measure of the mean squared deviation of an

atom from its equilibrium position averaged over all atoms—was only allowed to vary within

chemically reasonable values centered around 0.005 Å2.

The synthesis of our black titania sample has been extensively discussed in previous pub-
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lications. [298–300] Oxygen deficient black titania was prepared by an Al-reduction method

in which amorphous TiO2 (prepared by hydrolysis of TiCl4) and Al powder were placed sep-

arately in a two zone tube furnace and then evacuated to a base pressure lower than 0.5

Pa. After that, the aluminum was heated beyond its melting point to 800◦C, and the TiO2

compartment was heated to 500◦C for 4 hours. Thermodynamically, the reaction driving

force enables aluminum oxidation and titania reduction (TiO2 + Al → TiO2−x+AlOx).

9.3 Results and Discussion

9.3.1 Rutile and Anatase TiO2

To demonstrate the reliability of this method, the well-known rutile and anatase TiO2 pow-

ders were measured and compared to the known structures. Generally one wishes to obtain

nearest and perhaps second nearest neighbor distances. However, we show that using the

high count rates of modern SDD detectors, we can obtain interatomic distances well beyond

this threshold in a reasonable amount of time.

Given the relationship that the resolution in real space is ∆R = π/2∆k, [301] we ob-

tained spectra of significant quality to achieve resolutions of 0.19 Å. One should be careful

to distinguish these values from the accuracy with which bond lengths can be determined,

which is generally on the order of a few hundredths of an angstrom. The real space resolution

values only tell us that peaks in the Fourier transform (interatomic distances) that are not

separated by more than this distance cannot be distinguished from one another. On the

other hand, we propose that our experimental error is ±0.02 Å for O–Ti distances. This can

readily be defended on account of the EXAFS analysis in which several dozen combinations

of background subtractions, k-ranges, and smoothing parameters (or lack thereof) were used

to produce the final Fourier transform. The result was that the peaks in the final Fourier

transform analysis would only vary by ±0.02 Å using any reasonable combination parame-

ters. Random errors due to the noise in the experiment result in errors roughly an order of

magnitude less than this, and are thus negligible.

Figure 9.3 shows the k2 weighted EXAFS, and the resulting Fourier transforms. The ver-
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Figure 9.3: (a)(c)(e) EXAFS signal derived from XAS after subtracting a spline curve
from the raw spectra. (b)(d)(f) Fourier transforms of EXAFS signals. For rutile, vertical
lines represent where one would expect peaks to appear given the well established
structure. For anatase, vertical lines were placed at the known Ti-O distances, with
the length of line representing Ti degeneracy at that distance. The fit to the anatase
experimental EXAFS was obtained using the interatomic distances shown in panel (d),
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nominal values shown in Table 9.1). For the unknown black titania structure in (f), the
vertical lines are located at the interatomic distances that were used to obtain to fits.
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tical lines in the Figure 9.3(b) show where the peaks ought to be located in the nominal crystal

structure of rutile. Given that some coordination spheres will contain both Ti and O atoms

at nearly the same distance from the central O atom, and noting our finite energy resolution

(∆R), we would expect some peaks in the Fourier transform to contain a weighted average

of the atoms that are at similar distances from the central oxygen atom. This is reflected by

the vertical lines for rutile, which makes it visually easy to identify our experimental peak

locations in relation to the nominal crystal of rutile, which is well known. The agreement is

easily accurate to within the small discrepancies concerning these distances that exist in the

literature, which vary by about 2%. [302–304]

In both rutile and anatase TiO2 the nearest neighbor Ti atoms can easily be determined

to within 0.01 Å of the nominal value. The accuracy in determining this nearest neighbour

distance is often all that one expects from EXAFS experiments. However, by comparison of

the actual peak locations from our experiment to the nominal values indicated by the vertical

lines in Figure 9.3(b) and the comparison of modelled and the established values in panel

(d), it can be seen that further coordination shells can also be quite reliably determined with

this method. Furthermore, the experiments were repeated and are entirely reproducible,

indicating the consistency and reliability of this method.

9.3.2 Black Titania

While x-ray diffraction has shown there is indeed some disorder induced lattice strain in

antase TiO2 when transitioning to black titania, quantifying it has eluded the scientific

world. [300] We have used a model containing oxygen vacancies, [305, 306] which has many

times in the past been shown to be an energetically favorable defect in TiO2, [307,308] and is

therefore probable to form in the case of black titania. [309] We offer experimental evidence

to supplement the theoretical work of this claim. We propose that the relaxation of atomic

positions in the vicinity of this vacancy will cause deviations of the nominal bond lengths

of anatase. Predictably, this occurs in a quite complex fashion; as one bond angle and/or

distance changes, it has the propensity to alter those in its vicinity, and so on to the next

nearest neighbours throughout the crystal.

We have formulated a defect that is well supported by the experimental data. This defect,
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Figure 9.4: Proposed distorted anatase structure that results in black titania and
its electronic properties. Arrows indicate the direction of the spatial relaxation of the
atoms from their nominal positions. The labeled interatomic distances correspond to
those listed in Table 9.1.

which includes an oxygen vacancy as well as the shift of the nearby atoms, is shown in Figure

9.4. And as there are no inequivalent oxygen sites in anatase, all oxygen atoms are equivalent,

and so removing any oxygen atom from the nominal anatase structure is equivalent. The

advantage of using EXAFS in comparison to other techniques often used as evidence of

oxygen vacancies such as electron paramagnetic resonance, [310] is that we can determine

experimentally the actual crystal distortion on the scale of hundredths of nanometers.

Black titania is generally synthesized under a hydrogen rich environment and is known

to have an enhanced hydrogen mobility thereafter. [275, 300, 311] This is likely to result in

bulk oxygen vacancies which give rise to itinerant H2 molecules and the appearance of OH

bonds in the bulk, both of which play a crucial role in forming the mid-band gap states in

black titania that make it such an attractive material. These weakly bound hydrogen atoms

are able to easily diffuse throughout the crystal via the lattice distortions introduced here.

The proclivity towards oxygen vacancy formation in TiO2, combined with the hydrogenation
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process allow a subtle alteration to crystal structure, which in turn leads to a drastic alteration

of the electronic properties.

Our experimental EXAFS spectrum for black titania, along with its Fourier transform is

displayed in Figure 9.3(e-f). The vertical lines in panel (f) are now experimentally determined

bond lengths found via the best fit algorithm described above. As a distortion is introduced

to the lattice, the degeneracy of oxygen-oxygen distances in anatase is broken, and instead of

six coordination spheres between 2 Å and 4 Å in anatase, many more will occur in the vicinity

of a vacancy (see Table 9.1). In the resulting Fourier transform for black titania, this will

lead to smearing of peaks and the appearance of peaks at roughly the average of several of

these combined distances. While this degeneracy is also broken in the case of Ti-O distances,

it is much more manageable since the resulting Ti-O distances do not stray significantly from

their central value (i.e. all the previously 4.26 Å bonds end up closely bunched around 4.17

Å). This, in addition to the fact that the Ti backscattering amplitude is much larger than

O backscattering as a consequence of Ti’s larger atomic size, implies that the Ti-O derived

distances are more reliable than the O-O distances. For these reasons, the Ti-O distances

were used as the basis for the proposed structural defect found in Figure 9.4. That is, our

proposed black titania distortion was found such that it agrees with the interatomic Ti-O

distances found via experiment and fitting. Table 9.1 lists the bond lengths in nominal

anatase as well as the degeneracy and type of atom that exists for each coordination sphere,

and the equivalent information in the vicinity of a vacancy for our proposed structure. The

labeled bonds A to P correspond to those illustrated in Figure 9.4, the unlabeled ones were

not shown in the figure as they would significantly obstruct clarity.

The first point to note is the significant reduction that occurs in the bond length to the

nearest Ti neighbours: two Ti atoms at 1.94 Å and one at 1.98 Å now become resolved at

1.89 Å in Figure 9.3(f). The next Ti coordination sphere for anatase is at 3.86 Å, which

we found at 3.84 Å in black titania, which is effectively identical within experimental error,

which is ±0.02 Å for O–Ti distances. However, a noticeable reduction happens for the next

Ti coordination sphere at 4.26 Å in anatase, but is found at 4.17 Å in our experiment. Lastly,

the 4.78 Å Ti-O distance remains unchanged in the transition to black titania. While the

trend is not consistent, this is actually encouraging from the perspective of searching for
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Nominal Degeneracy Distorted Multiplicity

1.95 3 Ti 1.92(avg.) 36 Ti

A

2 O

2.45 8 O

B 2.46 2.43 8 O

C 2.50 2 O

D

4 O

2.95 4 O

E 2.75 8 O

F 2.79 2.60 4 O

G 2.76 2 O

H 2.91 4 O

I

4 O

3.21 4 O

J 2.73 4 O

K 3.04 2.88 8 O

L 2.99 4 O

M 3.13 2 O

N 3.71 2 O 3.62 4 O

O

4 O

3.48 2 O

P 3.78 3.78 20 O

4.09 4 O

3.86 4 Ti 3.84(avg.) 16 Ti

4.26 8 TI 4.20(avg.) 46 Ti

4.76 2 Ti 4.76(avg.) 10 Ti

Table 9.1: Interatomic distances (in Å) are as labeled in Fig 9.4, distorted distances
are taken from the theoretically proposed structure of Figure 9.4. The nominal struc-
ture corresponds to that of anatase, black titania’s parent structure. Degeneracy refers
to the number of atoms in the coordination sphere for every oxygen atom in the nom-
inal structure. When a vacancy is introduced, the degeneracy of the distances in the
anatase structure is broken and are split into several different distances in the distorted
structure, which we call multiplicity. Multiplicity refers to the number of oxygen-oxygen
or oxygen-titanium distances per oxygen defect site. The letters correspond to those
shown in Figure 9.4.
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potential defect structures, as it vastly limits the number of possibilities.

Hundreds of millions of defect structures were tested by combing through the symmetry-

reduced parameter space and individually comparing the distances in the model defect struc-

tures with the experimental results and choosing the closest fit, wherein a single vacancy

was introduced and the atoms within 5 Å were allowed to shift around it. That is, the inter-

atomic distances that resulted from simulations were compared to those found via experiment

and fitting. To determine the amount of movement allowed by the lattice, DFT calculated

relaxed structures using WIEN2k [113] with a PBEsol functional [151] (with a 3% oxygen

vacancy density) showed that nearest neighbour Ti-O bond lengths changed by up to 0.125

Å upon the introduction of a vacancy, while farther Ti-O distances were changed by up to

0.25 Å. Therefore, the candidate structures were generated by allowing the atoms around the

defect to move randomly within a reasonable range of less than 0.25 Å such that the symme-

try around the oxygen vacancy remained intact. The conclusion is that while DFT relaxed

structures alone were inconclusive, the only possible solution given the combined knowledge

of DFT and generated candidate structures is the scenario is that shown in Figure 9.4.

The qualitative result is that Ti atoms, on account of their now dangling bonds, shift

slightly away from the vacancy in order to strengthen their bond with the rest of the lattice,

while the nearby O atoms shift slightly inwards toward the vacancy to fill the empty space.

This distortion uniquely maintains the above stated trends displayed by the observed shifts

(and non-shifts) of Ti-O interatomic distances in the experimental data, as well as takes into

account the information gained through DFT calculations.

It is necessary to note that we should only expect near perfect agreement if it were

the case that this distortion were repeated exactly throughout the entire crystal. However,

in real world black titania the defect is not perfectly ordered throughout. And since the

EXAFS results are a bulk average of all O atoms in the material, we should expect some

influence from non-distorted sites. However, given that our result is very accurate—with

the model displaying the correct trends given by the experimental data—it is surely a true

representation of the crystal structure of black titania.
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9.4 Conclusion

Herein, we have shown conclusively that bulk soft x-ray EXAFS at the O K-edge is a valu-

able tool for systematically determining subtle structural distortions. We have presented

very strong evidence that structural changes resulting from vacancies in a crystal can be di-

rectly measured. These changes to a parent material often underpin the emergence of novel

electronic properties, and are often of the utmost importance to understand. This technique

should not be overlooked, and has become feasible with the advent of modern silicon drift

detectors, for which one can sidestep some of the difficulties inherent to EXAFS experiments.
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Figure 9.5: Raw partial fluorescence yield (PFY) absorption spectra taken by a silicon
drift detector (SDD). Each data point corresponds to the integrated gaussian curve
of the oxygen emission as shown in the main text Figure 2. A spline curve is then
subtracted from these to produce the EXAFS signals shown in the main text Figure 3.
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Figure 9.6: Magnified view of the above raw XAS spectra to further clarify the subtle
differences between the TiO2 samples.
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Figure 9.7: Magnified view of the above XAS at the O K-edge to show the differences
between the TiO2 samples. We can see that our bulk sensitive PFY measurements
suggest that the black titania is similar to, but slightly different than anatase.

N σ2 R

Ti 3.0 0.012 1.89

O 1.4 0.0055 2.45

O 0.6 0.0023 2.99

O 2.2 0.0056 3.40

Ti 2.1 0.0090 3.84

Ti 1.1 0.00026 4.17

Ti 1.0 0.0033 4.77

Table 9.2: Free parameters used for the black titania fit shown in Figure 9.8: N is the
coordination number, σ2 is the Debye-Waller factor, and R is the interatomic distance
for the corresponding shell from the central oxygen atom. All were allowed to vary only
within reasonable physical ranges such that the fit with experiment remained good.
Amplitude scaling was done only through the fit with N and the FEFF calculated
amplitude functions.
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Figure 9.8: Black Titania EXAFS and Fourier Transform. Bottom panel: In black
titania EXAFS analysis each scattering path (coordination sphere from the central
oxygen atom) will contribute to the oscillations in the overall signal. Plotted are the
contributions from several coordination spheres, wherein larger frequencies correspond
to shorter interatomic distances after the Fourier transform is performed. One can see
how the constructive and destructive interference in the oscillating EXAFS components
sum to an overall fit of the experimental EXAFS. The Fourier transforms of the indi-
vidual components in the bottom panel are color coded and plotted in the upper panel
(with a FEFF calculated phase-shift), and the total overall fits are shown in green in
both panels.
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10 Bandgap and Electronic Structure

Determination of Oxygen-Containing

Ammonothermal InN: Experiment and

Theory

abstract

The electronic structure and band gap of InN synthesized by the ammonothermal method

are studied by synchrotron-based soft X-ray absorption spectroscopy (XAS), emission spec-

troscopy (XES), X-ray excited optical luminescence (XEOL) spectroscopy, and density func-

tional theory (DFT). The measured N K-edge XAS and XES spectra and the XEOL spectra

are used to estimate the band gap of InN and it is found to be 1.7 ± 0.2 eV for both in-

dependent measurements, which is close to the initially reported values in the range of 1.89

eV - 2.10 eV for polycrystalline InN and about twice of the value recently obtained for sin-

gle crystalline thin films between 0.70 eV and 1.0 eV. The possible origin of the measured

increased band gap is discussed in terms of the presence of oxygen impurities and other im-

purity phases. Oxygen K-edge XES and XAS measurements are performed and reveal the

presence of oxygen impurities. To gain insight in the structure of InN in the presence of

oxygen impurities, we perform DFT calculations for hypothetical Wurtzite-type InO0.5N0.5

and InO0.0625N0.9375 and the known c-In2O3 and find that the measured O K-edge spectra

of the samples agree well with InO0.0625N0.9375. The XEOL measurements also confirm the

presence of oxygen impurities, which are caused by substituting nitrogen atoms with oxygen

atoms, and the impurity phase of In2O3 in the samples.
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10.1 Introduction

Group III nitrides are attractive and widely studied semiconductor materials due to their

potential applications [312–319]. Among them, InN is the least studied material but it

has attracted intense interest due to its distinct physical and optical properties. Because

of the relatively small band gap of InN, it has been used for technological applications in

opto-electronic devices, particularly in high efficiency solar cells [312–316], and in green and

blue light emitting diodes and lasers [317, 318]. Recently, an active debate has arisen about

the optical band gap of InN, when a few groups reported that the band gap of InN is be-

tween 0.70 eV and 1.0 eV [319–327], which is about half of the initially reported value in

the range of 1.89 eV - 2.10 eV [322, 328–336]. It was reported that high-quality InN single

crystalline thin flims grown by molecular-beam epitaxy [319–323] or metalorganic chemical

vapour deposition [325–327] yield the smaller band gap. On the other hand, larger band

gaps have been reported for polycrystalline InN films grown by dc discharge [328–332], reac-

tive cathodic sputtering [333] or RF-sputtering [334–336]. Therefore, the synthesis process

and impurities play a major role affecting the experimental band gap. In this paper, we

have studied InN samples, which were synthesized by the ammonothermal method [337] for

the first time. Possible explanations for a smaller band gap of InN include defects, non-

stoichiometry and non-uniformity films [326] and Mie-resonance [327]. On the other hand,

a strong Moss-Burstein effect due to the residual large carrier concentrations [322, 324, 338],

oxygen inclusion [322,332,335,336,338], and quantum confinement due to spontaneous forma-

tion of needle-like nanocrystals [321] have been proposed as possible reasons for an increased

band gap of InN.

The most prominent explanation for a larger band gap is oxygen inclusion [322,332,335,

336, 338]. Davydov et al. [322] showed that a sample with a band gap in the region of 1.8

- 2.1 eV contained up to 20% of oxygen. Recently, Yoshimoto et al. [335] reported that the

optical band gap of polycrystalline InN increased from 1.55 eV to 2.27 eV with increasing

oxygen contamination from 1% to 6%. More recently, it has been suggested that the larger

band gap of InN upon incorporation of oxygen may be due to the formation of indium oxide
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nitride. Several authors [322,339–341] have studied indium oxide nitride at different oxygen

concentrations and found that for higher oxygen concentrations, the thin film can be consid-

ered a solid solution between InN and In2O3, resulting in an increased band gap due to the

large band gap (3.1 eV) of In2O3 [56,156,160,163]. Still, there is not any clear experimental

and theoretical evidence about the effects of oxygen in InN band gap but oxygen incorpora-

tion is commonly accepted and thus it needs further study.

To understand the band gap of InN and its origin, we have used synchrotron-based soft X-

ray emission (XES) and absorption spectroscopy (XAS), which are sensitive to the occupied

and the unoccupied local partial density of states (pDOS), respectively, X-ray excited optical

luminescence (XEOL) spectroscopy as well as density functional theory (DFT) calculations.

XEOL spectra can be used for understanding the electronic structure, presence of defects, and

luminescence properties of solids [342, 343]. Previous studies have typically used the photo-

luminescence (PL) technique to determine the band gap of InN [333,344,345]. The use of the

XEOL technique is new and it has been used here to estimate the band gap of InN and to

identify the oxygen impurities and other impurity phases in InN. XAS and XES are used to

probe directly the conduction band and valence band of the material, respectively [54,56,346].

The O K-edge XAS and XES measurements and XEOL measurements provide clear evidence

for the presence of oxygen impurities and another impurity phase in InN. Meanwhile, to

interpret the experimental band gap and spectra, we also have performed DFT calculations.

The experimental results agree very well with the calculations. Finally, to understand the

structure of InN in the presence of oxygen impurities, we have performed DFT calculations for

the hypothetical Wurtzite-type InO0.5N0.5 and InO0.0625N0.9375 as well as the known c-In2O3.

10.2 Experimental Section

10.2.1 Synthesis

The ammonothermal synthesis process of the InN samples studied in this work is described

in detail in Ref. [337]. InN has been synthesized from InCl3 and KNH2 in supercritical
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ammonia at around 280 MPa at two temperatures leading to microcrystals with markedly

different morphologies showing differing aspect ratios. In samples synthesized at 663 K

furnace temperature mainly plate-shaped crystals with diameters up to 4 µm are present

according to SEM, while at 773 K rod like crystals with lengths of up to 4 µm can be

found. Figures 10.1(a) and 10.1(b) show typical SEM images of samples from ammonothermal

synthesis. We also have used a high-purity (99.999%) c-In2O3 sample which was obtained

commercially from Sigma-Aldrich.

10.2.2 XAS, XES and XEOL Measurements

XES and XAS spectra at the N K-edge and at the O K-edge were collected at the REIXS [215]

beamline and the XEOL spectra were measured at VLS-PGM [347] beamline at the Canadian

Light Source in Saskatoon, Saskatchewan, Canada. The absorption spectra were measured

in the partial fluorescence yield (PFY) and the total electron yield (TEY) modes. TEY

is very surface sensitive and is thus included to explore surface and PFY is used to probe

the bulk. The resolving power, E/∆E, for the monochromator at REIXS is 8000, which

corresponds to an energy resolution value, ∆E, of 0.06 eV at O-K-edge (500 eV) and of

0.05 eV at N K-edge (400 eV) XAS. All spectra were collected at room temperature with

the incoming beam under 45o angle to the sample surface. The E/∆E for the spectrometer

at the REIXS is 2000, which is equivalent to an energy resolution of 0.25 eV at 500 eV and

0.20 eV at 400 eV for XES. The XEOL data were collected using the Ocean Optics QE 65000

fast CCD spectrophotometer [348]. For all of the X-ray measurements, the powder samples

were pressed into carbon tape, prior to transfer to the ultra-high vacuum chambers. The

measured XAS and XES spectra were calibrated using hexagonal boron nitride (h-BN) for

the N K-edge and bismuth germanium oxide (BGO) for the O K-edge. The XAS spectrum

was calibrated using an initial h-BN (BGO) peak at 402.1 eV (532.7 eV) for N (O) K-edge,

while the XES spectra were calibrated using elastic scattering features as this provides a

common energy axis with the XAS measurements.
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Figure 10.1: (a) SEM image of platelets InN from ammonothermal synthesis at 663 K.
(b) SEM image of rods InN from ammonothermal synthesis at 773 K.

10.3 DFT Calculation Details

Density functional theory (DFT) calculations using the available experimentally determined

crystal structure of InN [349–352] based on the full-potential augmented plane-wave method

with scalar-relativistic corrections were performed using the WIEN2K software package [113].

For the exchange-correlation functional, the Perdew-Burke-Ernzerhof variant of the gener-

alized gradient approximation (PBE-GGA) [23] was used. Calculations using the modified

Becke Johnson (mBJ) exchange potential were conducted to obtain a more accurate estimate

of the band gap [27]. The DFT calculations are used to calculate the band gap, the XAS and

XES spectra and the pDOS. The spectra were calculated by multiplying the pDOS with the

dipole transition matrix and the radial transition matrix [152]. The calculated spectra were

broadened using the combination of a Lorentzian function to mimic the core-hole lifetime

broadening, and a Gaussian function to mimic the instrumentation-related broadening [353].

Since the PBE-GGA underestimates the band gap of semiconductors, the calculated XAS

and XES spectra were rigidly shifted by a constant amount to facilitate comparison with

experiment [353]. In the experimental measurements, the XAS and XES spectra depend on

the final state, but for the K-edge absorption, the final state has a core-hole in the nitrogen

1s energy level [111, 153], which tends to shift spectral weight to lower energies. To account

for this effect, a 2× 2× 2 supercell was created and one core electron (1s) was removed from

one of the nitrogen atoms in the supercell and one background lattice charge was added to

the supercell to preserve charge neutrality.
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Figure 10.2: Measured and calculated N K-edge XES and XAS spectra. (a): Cal-
culated and measured N K-edge XES spectra. Experimental and calculated (orange)
N K-XES spectra of InN are compared with Wurtzite-type InO0.0625N0.9375 (green) and
InO0.5N0.5 (blue). (b): Measured and calculated N K-edge XAS spectra. Experimen-
tal PFY (solid line) and TEY (dotted line) of InN are compared with core hole (solid
line) and ground-state calculations (dash - dotted line) of InN, InO0.0625N0.9375 and
InO0.5N0.5. (c): Second derivatives of the XES spectra of N K-edge of InN, with peaks
corresponding to valence band edges indicated by the arrows. (d): Second derivative of
PFY (TEY) of XAS spectra of N K-edge of platelets InN in red solid line (dotted line)
and rods InN in black solid line (dotted line) with peaks corresponding to conduction
band edges indicated by the arrows.
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10.4 Results and Discussion

10.4.1 N and O K-edge Absorption and Emission spectra

The calculated and measured N Kα XES and 1s XAS spectra are shown in Fig. 10.2. At first,

the experimental and calculated N K-edge XAS spectra of InN samples will be discussed,

which are shown in Fig. 10.2(b). Black and red spectra shown in this panel correspond to the

PFY of the rods and platelets of InN and dotted lines represent the TEY of them. The two

absorption spectra for each sample, which are surface and bulk sensitive, respectively, match

well, indicating that the surface is not differently contaminated and the same as the bulk.

The measured XAS spectra of rods and platelets are identical, which is evidence that the

electronic properties are not dependent on sample morphology, and are uniform throughout

the sample. The measured overall spectral features are similar to those reported elsewhere

for nanorods [331] and films [323, 331]. The experimental XAS spectra of both InN rods

and platelets are compared with the core hole (orange line) and ground state (dash - dotted

orange line) calculations and it is found that both measured spectra agree better with the

core hole calculation with all major features reproduced at approximately the correct energy

position and at the correct peak height and therefore the effect of core hole needs to be

taken into account. This agreement supports the structure and space group determined by

X-ray diffraction [349–352]. This agreement also provides strong experimental support for

the calculated band gap and electronic structure.

As we will discuss later, sufficient oxygen impurities were present to detect O K-edge

XES and XAS spectra. To account for this oxygen impurities, we have performed DFT cal-

culations for hypothetical Wurtzite-type InO0.5N0.5 and InO0.0625N0.9375 and compared them

with measured N K-edge XAS and XES spectra of InN in Fig. 10.2. For the calculations of

the hypothetical Wurtzite-type InO0.5N0.5, half of the nitrogen was substituted by oxygen in

the experimental crystal structure of InN, and for hypothetical Wurtzite-type InO0.0625N0.9375

calculations, a 2x2x2 supercell of InN was created and one nitrogen atom was substituted

by an oxygen atom in the supercell, and the geometry was optimized afterwards for each

136



cases. For force minimization, the crystal structures were allowed to relax for both cases. Y.

Hattori et al. [338] theoretically found that oxygen is energetically favorable to exist mainly

as singly charged isolated defect in InN. The ground state (dash - dotted line) and the core

hole calculated N K-edge XAS spectra for InO0.0625N0.9375 and InO0.5N0.5 are presented in

Fig. 10.2(b). It is clear from Fig. 10.2(b) that there is very little difference between the cal-

culated InO0.0625N0.9375 (green) and the measurements, while the calculated InO0.5N0.5 (blue)

does not agree with the measurements, indicating that oxygen does not affect the N-sites on

a large scale when a small amount of oxygen is present in InN.

The N Kα XES excited at 441.1 eV, well above the N K absorption edge, and calculations

of InN are presented in Fig. 10.2(a). The measured XES spectra of both types of InN samples

show two features which are consistent with our calculations (orange). The calculated pDOS

show that In s and O p hybridization contribute to the peak at 390.3 eV and In p, d and O p

contribute to the peak at 394.0 eV. The authors in [323,331] also reported the same features

for bulk InN systems. The calculated XES spectrum of InO0.0625N0.9375 agrees better with

the calculations of pure InN and measurements than InO0.5N0.5. Since the oxygen impurity

concentration is small and the impurities only weakly affect the nearest N atoms, the N

K-edge spectra are insufficiently sensitive to distinguish between pure InN and InN with a

small amount of oxygen impurities.

We are now turning to the discussion of the measured O K-edge spectra which is presented

in Fig. 10.3. To examine the crystal structure of InN in the presence of oxygen impurities, the

O K-edge XAS and XES spectra of InN have been measured and compared with experimen-

tal and calculated c-In2O3, as well as calculated hypothetical Wurtzite-type InO0.5N0.5 and

InO0.0625N0.9375, shown in Fig. 10.3. For the calculation of In2O3, the experimental crystal

structure of c-In2O3 was used as an input [56]. It is shown in Fig. 10.3(b) that the experimen-

tal O K-edge XAS spectra of rods and platelets of InN are almost identical and the strong

XAS signals confirm that oxygen impurities are present in the InN samples. The calculated

and experimental XAS spectra for the c-In2O3 reference agree very well. It is also observed

that the O K-edge XAS spectra of c-In2O3 bear some similarity to those of the InN samples,
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Figure 10.3: Measured and calculated O K-edge XES and XAS spectra. (a): Calcu-
lated and measured O K-edge XES spectra. Experimental (cyan) and calculated (pur-
ple) XES spectra of c-In2O3 are compared with experimental XES spectra of platelets
(red) and rods (black) of InN as well as the calculated hypothetical Wurtzite-type
InO0.0625N0.9375 (green) and InO0.5N0.5 (blue). (b): Calculated and measured O K-edge
XAS spectra. Measured PFY, core hole and ground state (dash - dotted) calculations
of O K-edge XAS spectra of c-In2O3 are compared with measured O K-edge XAS of
platelets and rods of InN as well as core hole and ground state calculations of hypo-
thetical Wurtzite-type InO0.0625N0.9375 and InO0.5N0.5.
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but there are some additional features and general broadening of features. On the other

hand, comparing the XAS experimental and calculated spectra, we see that the spectrum of

InO0.0625N0.9375 agrees better with InN than InO0.5N0.5. Fig. 10.3(a) describes the O K-edge

XES spectra of calculated and measured c-In2O3, measured InN, calculated InO0.5N0.5, and

InO0.0625N0.9375. The calculated and measured O K-edge XES spectra of c-In2O3 agree well.

It is found that both experimental spectra of rods and platelets of InN are identical. It is

noted that the measured XES spectra of InN show a sharp peak at around 528.5 eV. As for

the XAS, the calculated XES spectrum of InO0.5N0.5 does not match well with these mea-

surements but the calculated InO0.06N0.94 does. However, the spectrum would agree better in

height, width and positions of the peaks if the oxygen concentration is less than 6% but the

required supercell of 2×2×3 instead of the current 2×2 ×2 would render such calculations

computationally prohibitive. Those impurities are caused by substituting nitrogen atoms

with oxygen atoms. Experimental determination of the oxygen content by the hot carrier gas

extraction technique for these bulk samples resulted in 4 wt.% [337], meaning a maximum of

about 3 % oxygen substituting nitrogen in the InN phase.

10.4.2 Band Gap

The N Kα XES and 1s XAS spectra of InN are used to estimate the band gap of InN samples.

The band gap is defined as the energy difference between the top of the valence band and the

bottom of the conduction band. To determine the band edges of our InN samples, the second

derivatives of the XAS and XES spectra are taken [54,56,346]. In this method, the top of the

valence band and bottom of the conduction band are taken to be the first peaks above the

noise at the upper edge of the XES and at the lower edge of the XAS spectra, as indicated

with arrows in Fig. 10.2(c) and Fig. 10.2(d), respectively. This method is less ambiguous

than other methods like linear extrapolation yielding a more reproducible band gap. Note

that, the XAS second-derivative peak is found at the same energy position (396.9 eV) in

both the PFY mode (solid line) and TEY mode (dotted line) for both rods and platelets InN

which is presented in Fig. 10.2(d). However, the authors in Ref. [323] found an 0.6 eV larger

separation for TEY XAS and claimed that this separation is due to the Fermi level being
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Table 10.1: Measured, calculated and previously reported band gaps for InN. The
measured band gap is denoted by ∆expt. and the calculated band gap is denoted by
∆mBJ using mBJ functional. The experimental techniques and calculation methods for
previously reported band gap determination are also included. All numbers are in eV.

∆expt. ∆mBJ Other Other Determination

calc. ∆ expt. ∆ method

1.7 ± 0.2 0.89 0.70 [349] 0.7 [319,320,322,327] Optical absorption [319,320,324–327,329,330,334–336]

0.80 [350] 0.8 [323,324,327] Photoluminescence [319–322,324,325,332,333]

0.85 [351] 0.9 [321] XES and XAS [323,331]

0.89 [338] 1.0 [325,326] GGA -mBJ [338] (calc.)

1.89 [328,333,334] DFT - G0W0 [349] (calc.)

1.90 [326,331,332,335] DFT - LDA [350,351] (calc.)

1.95 [329]

2.0-2.1 [327,330,336]

pinned high above the conduction band minimum at the surface due to the intrinsic electron

accumulation.

As mentioned earlier in the calculations section, XAS probes the conduction band in the

presence of core hole instead of in the ground state. Therefore, the band gap can only be

determined correctly from XES and XAS onsets once the core hole shift has been accounted

for. The core hole shift is calculated by the energy difference between the conduction band

onset in the ground and core hole state calculations. For InN, a negligible core hole shift

(0 eV) is observed so that the experimentally determined band gap corresponds to the XES

and XAS onsets.

The experimentally determined band gap of both rods and platelets of InN samples is

found to be 1.7 ± 0.2 eV for both PFY and TEY modes, which is presented in Table 10.1

along with a summary of the band gap values established in the literature. Piper et al. [323]

have used XAS and XES measurements to estimate the band gap for wurtzite InN (0001̄)

thin films and found to be 0.8 eV and 1.4 eV for TEY and TEY modes, respectively, by the
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linear extrapolation method. The authors in Ref. [331] estimated the band gap for polycrys-

talline nanorods and films of InN using the combination of XES and XAS measurements and

found that it is 1.9 eV using the linear extrapolation method. It should be noted here that

we have also examined our measured band gap using the linear extrapolation method. We

found that our experimentally determined band gap is unchanged at 1.7 ± 0.2 eV, reflecting

that the experimentally determined band gap is insensitive to the specific technique used

to determine the onset of spectral weight. The experimental uncertainty originates from

the monochromator resolution and the energy calibration. This determination of the band

gap is in contrast with the calculated band gap using PBE-GGA which results in a metallic

state for Wurtzite-type InN and a band gap of 0.89 eV using the mBJ exchange-correlation

potential [27]. This underestimation of the band gap is typical of LDA and GGA exchange

- correlation functional and is due to the fundamental limitations of DFT. Specifically, the

formal electronic band gap, ∆g = I - A, where I is the first ionization potential and A is

the electron affinity may not match the Kohn - Sham derived band gap due to a derivative

discontinuity in the exchange - correlation functional [28]. Our experimentally measured

band gap agrees well with determinations made using other experiments [328–336], which

are shown in Table 10.1. All our measurements were performed at room temperature. Prior

work [354] demonstrates that the band gap of InN varies weakly with temperature. Specifi-

cally, the variation of band gap for InN was found to be 0.023 eV between 4.2 K and 300 K.

As such, the band gap measured experimentally is representative of the intrinsic electronic

band gap.

10.4.3 X-ray Excited Optical Luminescence (XEOL) Spectra

Recently, researchers have been using X-ray excited optical luminescence (XEOL) spectra to

explore electronic structure, presence of defects, and luminescence properties of solids [342,

343]. Here, we have performed XEOL measurements on InN for a variety of excitation en-

ergies to probe the depth dependence of luminescence. Figure 10.4 shows XEOL spectra of

InN at three excitation energies at 90 eV (Fig. 10.4(a)), 165 eV (Fig. 10.4(b)), and at 200 eV

(Fig. 10.4(c)). XEOL spectra of rods (not shown) and platelets (in Fig. 10.4) of InN are
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Figure 10.4: XEOL spectra of InN platelets, c-In2O3 and the variation of photon
attenuation length with excitation energy. Experimental XEOL spectra of InN at three
different excitation energies are presented in (a), (b) and (c). The XEOL spectra exhibit
features located at 274 nm, 288 nm, 305 nm, 328 nm, 351 nm, 425 nm, 667 nm, 921 nm
and at 973 nm. To fit the two broad peaks located at 425 nm and at 667 nm, three
Gaussians and the luminescence spectrum of c-In2O3 (green) are used. The variation
of photon attenuation length (logarithmic scale) with excitation energy for InN is pre-
sented in (d) with data from Ref. [43]. The three stars labeled in this graph represent
the three excitation energies in our measurements.

142



identical. Therefore, the XEOL spectra are independent of sample morphology. The lowest

excitation energy for InN was at 90 eV, which corresponds to 20 nm photon attenuation

length and due to the limitation of excitation energy range of the VLS-PGM beamline [347],

the highest excitation was at 200 eV. However, the largest photon attenuation length in this

energy range for InN is 270 nm when the excitation energy is 165 eV. The wide variation

of excitation energy probes the depth from 20 nm to 270 nm of the sample. For InN, the

variation in photon attenuation length with excitation energy is shown in Fig. 10.4(d) [43].

The authors in [355] reported the cathodoluminescence spectra of fluorine-doped c-In2O3,

which matches well with our spectra, but they were not able to measure the spectra lower

than 330 nm and higher than 975 nm due to the instrumental limitations. They observed

two broad peaks at 410 nm and 650 nm and claimed that the origin of the former peak cor-

responds the indirect conduction band to valence band transition of c-In2O3 and the 650 nm

peak originates from oxygen defects.

Figures 10.4(a) - 10.4(c) reveal the individual Gaussians and the c-In2O3 luminescence

spectrum (green) that fit the experimental broad luminescence spectral features located at

425 nm and at 667 nm best for all three cases. We also have used more Gaussians in high and

low wavelength regions to fit the XEOL spectra which are not presented in Fig. 10.4. Note

that, the luminescence feature of c-In2O3 at around 667 nm is due to oxygen defects [355–357].

It is shown that the c-In2O3 luminescence spectrum is present for all excitation energies and

its intensity is almost identical for all excitation energies (for different attenuation lengths),

indicating that c-In2O3 might be present in the InN samples. According to the Gaussian fit-

ting, a small g3 Gaussian feature is observed in the same position (at 651 nm) of luminescence

spectrum of c-In2O3. The g3 is much narrower (FWHM: 100 nm) than the c-In2O3 spectrum

(FWHM: 223 nm) and can thus be uniquely distinguished despite occurring at the same en-

ergy. Interestingly, the peak of Gaussian g3 feature lines up exactly with the N K-edge XES

and XAS separation of 1.7 ± 0.2 eV for InN, therefore, it could be a band-to-band transition

of InN. The authors in Refs. [333, 344, 345] observed band-to-band transition at 1.8 eV of

InN in their PL measurements. The g1 and g2 Gaussian features at 422 nm and at 520 nm

might be due to the oxygen defects for In2O3. This is because the origin of PL spectra of
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In2O3 in the range from violet to green such as at 506 nm in Ref. [358], at 425 nm, 429 nm,

442 nm, and at 466 nm in Ref. [359], and 442 nm, 468 nm, and at 524 nm in Ref. [360] is

due to oxygen impurities. Therefor oxygen impurities and In2O3 impurity phase are present

in InN. The authors in [322] found the band gap of 1.8 - 2.0 eV for InN and claimed the

reason for an increased band gap is to formation of optically transparent solid solution of

InN-In2O3 at an oxygen concentration of about 20%. Several other authors [339–341] also

suggested a solid solution between InN and In2O3 and found increased band gap. Note that,

the positions of all the Gaussians remain at the same position for different excitation energies.

The luminescence features at 274 nm, 288 nm, 305 nm, 328 nm, and 351 nm are due to pres-

ence of N2 gas produced by irradiation-induced decomposition of InN as assigned previously

[361,362]. There are some defects, which are leading to the features at 921 nm and at 970 nm.

10.5 Conclusions

We have studied the electronic structure and the band gap of ammonothermal InN exper-

imentally and theoretically using soft X-ray synchrotron spectroscopy measurements and

DFT calculations, respectively. The measured and calculated band gaps of InN are found

to be 1.7 ± 0.2 eV and 0.89 eV, respectively, which are in excellent agreement with prior

experiments [328–331, 333–336] and calculations [349–351], respectively. The band gap of

InN obtained from the XEOL spectra confirms the measured value from XAS and XES spec-

tra. The origin of the measured band gap is discussed in terms of the presence of oxygen

impurities and impurity phases of InN. The experimental O K-edge XAS and XES spectra

of InN and DFT calculations for hypothetical Wurtzite-type InO0.5N0.5 and InO0.0625N0.9375

and the known c-In2O3 suggest that less than 6% oxygen impurities are present in our InN

samples. Those impurities originate from substituting nitrogen atoms with oxygen atoms.

This oxygen content is an excellent agreement with a previously experimentally determined

value [337]. The XEOL spectra also confirm the presence of oxygen impurities and impurity

phase of In2O3 in InN.
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Abstract

Graphite intercalation compounds continue to be central to technologies for electrochemi-

cal energy storage from anodes in established Li-ion batteries to cathodes in beyond Li-ion
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concepts paired with multivalent anodes. When used as a cathode, graphite intercalates a

variety of anions with PF−6 being among the most common. Paired with Li intercalation at

the anode, the corresponding dual carbon battery yields high energy and power densities.

Given the available choice of anions as intercalants, it is important to elucidate how the

graphite structure accommodates them in order to tailor the molecular species to maximize

charge and reversibility. However, the changes in electronic structure of the host graphite

lattice upon anion intercalation are poorly understood compared to cations, which represent

a fundamentally different reaction. In this work, PF6-intercalated graphite has been studied

using techniques sensitive to electronic structure, namely, X-ray Raman spectroscopy (XRS),

X-ray absorption near-edge spectroscopy (XANES), and X-ray emission spectroscopy (XES).

Complementary full-potential, all-electron density functional theory calculations yielded ex-

cellent agreement with the spectra, thus providing insight into charge compensation in the

graphite lattice. In particular, a pre-π* feature emerged in XRS/XANES, which is direct

evidence of the removal of charge from the host lattice to compensate the intercalated anions,

leading to an overall lowering of the Fermi energy level. This is expected to be character-

istic of many intercalants in anion-intercalated graphite. The unambiguous identification of

the origin of the pre-π* spectral feature, which is frequently seen in graphitic systems, is of

broad interest to the spectroscopy of graphitic systems beyond the practical implications of

anion-induced changes in the electronic properties for real devices.

11.1 Introduction

The electronic properties of graphite [363] can be tuned by perturbing the host lattice, includ-

ing via functionalization, [220] substitutional doping, [57, 364] intercalation, [365, 366] and

changing the dimensions to the nanoscopic regime. [367] Since 1841, graphite-intercalated

compounds (GICs) have been extensively studied leading to their use in thermal and electri-

cal conductors, catalysis, and energy storage. [366] In particular, the Li GIC is extensively

used today as the anode in Li-ion batteries, [368] which have pervasive applications in modern

mobile electronics and are increasingly employed for electric transportation and grid storage.

In the quest for low-cost materials while preserving high energy density and minimizing envi-
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ronmental impact, graphite also emerges as the alternative intercalation host to the current

transition-metal-based cathodes. In such a dual-carbon battery, anions are intercalated into

the graphite cathode during charging, generating a positive charge that can compensate the

intercalation of Li+ into the anode. [369] Anions that have been demonstrated for this pur-

pose include ClO−4 , BF−4 , PF−6 , AlCl−4 , CF3SO−3 , and (CF3SO2)2N− among others. [369–372]

This reactivity is not unique to Li batteries as AlCl4-intercalated graphite has attracted con-

siderable interest in next-generation non-aqueous Al batteries where it is paired with the

deposition of the trivalent metal on the anode. [373, 374] Among all possible anion choices,

PF−6 has been studied extensively [375–384] because it produces a dual carbon battery with

high storage capacity and favorable rate performance [370] with measured chemical diffu-

sivity that compared well with lithium in cathodes such as LiFePO4 or LiCoO2. However,

in comparison with the Li GIC, the fundamental processes underpinning reactivity remain

poorly understood particularly as they refer to the changes in crystal and electronic struc-

ture that graphite undergoes to accommodate the large molecular anion. The perturbation

of the electronic structure and the bonding interactions between host and guest species de-

termine the ability of charge carriers to conduct within the electrode structure, which, in

turn, macroscopically determines energy utilization at high power density.

X-ray spectroscopy provides an established family of tools to probe the electronic struc-

ture of chemical compounds. Both X-ray absorption near-edge spectroscopy (XANES) and

X-ray Raman spectroscopy (XRS) evaluate transitions from the core to unoccupied states

above the Fermi level characteristic of an element of interest, whereas occupied electronic

states can be detected with X-ray emission spectroscopy (XES). [46] However, as it has been

demonstrated for functionalized graphene oxide, the spectral features from XANES in ex-

tended systems cannot be simply decomposed by considering the coincidence of peaks from

spectra in related compounds; rather, the electronic structure of the overall graphitic system

must be considered. [220] Therefore, coupling measurements with computational modeling

of the specific systems provide the highest and most detailed level of insight.

Here, we study PF6-intercalated graphite electrodes using the full suite of XRS, XANES,

and XES. These spectra are subsequently interpreted by employing theoretical spectra cal-

culated with density functional theory (DFT) using structural inputs from X-ray diffraction.
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Taken together, these techniques allow the structural and electronic properties of this mate-

rial to be evaluated and discussed in the context of the expected functionality of the electrode.

The spectra show that new unoccupied states are introduced above the Fermi level in the form

of a pre-π* feature. While similar spectral weights before the π* states have been observed in

several instances, including irradiated graphite, [385] nanographite, [367] FeCl3 intercalated

graphite, [386] nanotubes, [387] and boron-doped graphite, [364] their origin remains elusive.

For the irradiated and nanocarbon cases, it was attributed to sp2 bond breaking and graphite

edge states, emphasizing that the assignment of spectral features in the pre-π* region cannot

simply be done by considering that their energetic positions as spectral features at common

energies may have differing origins. Our work unambiguously clarifies the underpinnings of

this pre-π* feature on the electronic structure upon intercalation and suggests that this is

common to many anion-intercalated systems adding broad interest beyond the implications

that affect the use of this material in real battery devices.

11.2 Experimental Section

Two forms of graphite electrodes were studied for this work. First, highly ordered pyrolytic

graphite (HOPG) crystals (10 mm × 10 mm × 2 mm) from SPI Supplies were cleaved using

a razor blade to approximately 0.2 mm thick. Subsequently, the crystals were made thinner

by repeatedly peeling off single layers of graphite using adhesive tape until the total desired

sample thickness was approximately 125 µm. Crystals of the desired thickness were then

individually weighed to determine the galvanostatic cycling rate, and all crystals weighed

between 10 and 15 mg. HOPG crystals were used for XANES and XRS experiments. Ad-

ditionally, mesocarbon microbead (MCMB)-type G-15 graphite powder was used to make

electrode laminates. The electrode composite was generated using a N-methylpyrrolidine

(NMP)-based slurry. MCMB powder was combined with polyvinylidene fluoride (PVDF)

in NMP solution (6 wt %) and carbon black in 8:1:1 wt % and cast onto an Al foil with a

thickness of 6.0 mm using an adjustable film applicator. Laminates were dried for 30 min

under a heat lamp and then dried overnight in a vacuum oven at 100 ◦ C. The dried laminates

were subsequently punched to a 0.5 in. diameter for use in electrochemical cells.
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For electrochemical cycling, punched MCMB electrodes and cleaved HOPG electrodes

were placed in the center of stainless steel CR2032 electrochemical cells, assembled, and sealed

in an Ar-filled glovebox. Cells containing HOPG had a Pt contact welded to the bottom can

to prevent stainless steel oxidation during electrochemical charging. A lithium metal was

used as the counter and pseudo-reference electrode. The electrolyte solution was 2 M LiPF6

in a 1:1 w/w mixture of fluoroethylene carbonate and ethylmethyl carbonate. A Celgard 2400

separator was placed between the working and counter electrodes. Electrochemical cycling

was performed galvanostatically at a rate of 0.05 C, assuming a full charge capacity of 85

mAh/g, which corresponds to the intercalation of 0.23 PF−6 ions per C6 unit. Cells were

halted at 5.2 V versus Li+/Li0 at the end of the first charge cycle. After cycling, the cells

were opened in a glovebox under argon and washed in anhydrous DMC to remove the excess

electrolyte. The electrodes were shipped to the beamline for measurement in an Ar-filled

case rated for vacuum applications to minimize any contact with air or moisture.

X-ray diffraction measurements were performed on pristine and cycled MCMB electrodes

to confirm the formation of the expected structure and evaluate phase purity. Patterns were

collected between 10 ◦ and 80 ◦, 2θ, utilizing a step size of 0.02 ◦ at a rate of 0.1 ◦/min 2θ

in a custom air-free sample holder using a Bruker D8 Advance diffractometer using Cu K

radiation (λ = 1.5418 Å). Patterns were refined using the Pawley refinement method using

GSAS-II. [388,389]

X-ray absorption near-edge spectroscopy (XANES) and X-ray emission spectroscopy

(XES) are performed by promoting core electrons to the conduction band and monitoring

their subsequent decay. Following excitation, electrons with sufficient energy may be ejected

from the material, which can be monitored by measuring the ground current to the sample,

yielding the total electron yield (TEY). XES measurements are performed by monitoring

the core-hole decay using an energy-dispersive X-ray fluorescence spectrometer. In all cases,

samples were loaded into the UHV sample chamber using an Ar-filled glove bag to avoid con-

tamination due to their sensitivity to the laboratory atmosphere. XANES was performed at

the C K edge at beamline 8-2 at the Stanford Synchrotron Light Source (SSRL, Menlo Park,

CA). Two scans were performed on each sample, and scans were averaged to increase the

signal to noise ratio. Energy references were collected using Fe simultaneously with XANES
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for accurate energy alignment. C K edge XES measurements were performed at beamline

8.0.1.1 of the Advanced Light Source (ALS, Lawrence Berkeley National Laboratory, CA).

Non-resonant emission spectra were collected by exciting the sample at energies well above

the excitation threshold. All measurements were performed with the sample mounted 45 ◦

to the incident beam. XES spectra were collected with the X-ray fluorescence spectrometer

in a Rowland circle geometry oriented at a 90 ◦ angle to the incident radiation. The incident

photon energy was calibrated using HOPG with a C K TEY XANES π* peak value of 285.4

eV, [220] while the spectrometer energy was calibrated using elastic scattering features. The

resolving power of the spectrometer (E/∆E) is 800.

X-ray Raman spectroscopy (XRS) was performed at beamline 20-ID-B at the Advanced

Photon Source. XRS is a technique that utilizes hard X-rays with a photon energy of approx-

imately 10 keV that penetrate approximately 2 mm into the sample. During the interaction

with the sample, a fraction of the incident photons are inelastically scattered by exciting core

electrons to the valence band. The incident photon energy is varied, and the intensity of

inelastically scattered photons at a fixed energy is measured, so the loss spectrum provides

information similar to XANES to be collected. Since the origin of the signal is from inelastic

scattering of hard X-rays, this technique is sensitive to the bulk properties of the material

under observation. For each measurement, four HOPG electrodes, each cleaved to a sample

thickness of 125 microns, were stacked in a glovebox with the H2O and O2 concentrations

maintained at <1 ppm. Four electrodes were measured in order to have a sufficient interac-

tion volume with the X-ray beam. Stacked electrodes were placed in the sample chamber that

was filled with He gas transported to the beamline under an inert atmosphere. A silicon (311)

monochromator was used to scan the incident energy while analyzers near the backscatter

(555) diffraction condition were used to resolve the scattered X-rays. [390] A series of scans

at the elastic energy of 9890.4 eV were performed in order to optimize the signal attained at

each detector prior to scanning the C K edge with a step size of 2 eV in the pre-edge region,

0.1 eV close to the edge, and 3 eV in the fine structure region. A q range of 0.6-8 Å
−1

was

measured, and the resulting spectra were averaged across the different detectors. Five scans

were measured for each sample, calibrated to the energy loss scale, and averaged. Data were

processed by fitting the edges with an arctangent function and Gaussian function, optimized
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using a least squares regression algorithm. The background was subtracted by removing the

resulting Gaussian function.

11.3 Computational Methods

The electronic structure of intercalated graphite was modeled using density functional theory

(DFT) with WIEN2k (version 17.1), an all-electron, full-potential commercially available

software package, which uses linearized plane waves with local orbitals in a Kohn-Sham

scheme. [219] The calculations were performed using the Perdew, Burke, and Ernzerhof

generalized gradient approximation (PBE-GGA) exchange-correlation functional. [391] An

RMTKMAX = 8.0 was used in all calculations, and the k-mesh was selected so that the total

energy per unit cell was stable within 10−5 Ry. For graphite, this corresponds to a 25× 25× 7

k-mesh. For supercells, correspondingly smaller k-meshes were used.

Graphite with and without intercalants was modeled using DFT, and three models were

considered. First, pure graphite with its preferred AB stacking was considered. This was

compared to a second model, an identical structure but with PF6 added between every two

layers of graphite (henceforth referred to as stage 2 intercalated graphite). The graphite

interlayer separation was taken from literature values,(1) and the PF6 gallery height of 4.47

Å was taken from previously reported values in the literature, [375] which were confirmed

by XRD here (Figure 11.5). The PF6 molecule was oriented so that three fluorine atoms

are centered in the carbon rings below the P atom and the other three above the P atom.

To model this, a 4 × 2 × 1 supercell of AB graphite was used, and the c axis of the

crystal was extended to accommodate the PF6 molecules. A packing of 1 PF6 molecule

per 32 atoms was considered, close to the experimental value of 0.23 PF−6 ions per C6 unit

observed from coulometry after galvanostatic charging of the graphite cathode to 5.2 V

versus Li+/Li0 (Figure 11.6). After allowing the structure to relax, a final crystal structure

was obtained. Finally, to distinguish changes to the electronic properties of the system due

to structural changes induced by the intercalant from additional changes from an interaction

between the graphite host lattice and the intercalant, a third system was considered in which

PF6 molecules were removed from the intercalated lattice but the interlayer spacing of the
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charged state was preserved.

The DFT calculations were used to calculate both the density of states as well as the

predicted C K XANES and XES spectra, allowing for a direct detailed comparison with the

experiment. The spectra were calculated by multiplying the partial density of states by a

dipole transition matrix and a radial transition probability. [152] The calculated spectra were

broadened using a combination of Lorentzian and Gaussian line shapes reflecting lifetime and

instrumentation-related broadening, respectively. The XANES and XES spectra depend on

the final state of the system for that measurement. In XANES, it corresponds to a crystal

perturbed by the presence of a core hole, [111, 153] which tends to shift the spectral weight

to lower energies. To account for this perturbation, a XANES spectrum was calculated for

each unique carbon atom by adding half a core hole to that site. For the case of graphite, a

4 × 2 × 1 supercell was used so that adjacent fractional core holes are separated by at least

4.9 Å.

11.4 Results and Discussion

The representative electrochemical response of graphite when used as a cathode for PF6 inter-

calation (Figure 11.6) and the corresponding changes in XRD (Figure 11.5) were consistent

with the literature, indicating that the desired compositions were achieved. The different

plateaus that form during cycling of these compounds have been attributed to the forma-

tion of different stages of graphite as higher concentrations of the intercalant are introduced.

For further details on the structural transformations involved in these steps, the reader is

referred to existing studies in the literature. [375,376] There was no significant difference be-

tween HOPG and MCMB electrodes. To explore the effect of intercalation of PF−6 in the bulk

of graphite without interference from surface species, C K edge XRS spectra were collected

from pristine HOPG and HOPG after charging to 5.2 V versus Li+/Li0 shown in Figure 11.1

(a,c). In these spectra, four features have been labeled 1–4, as shown. The pristine HOPG

showed two principal features, the π* (at 285.4 eV) and σ* peaks (at 292.0 eV), labeled as

2 and 4, respectively. Their positions and relative intensities were consistent with literature

reports. [392] Upon anion intercalation, two significant changes were observed. First, a pre-
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Figure 11.1: XRS and calculated XRS spectra for (a) stage 2 of PF6 intercalated
graphite, (b) stage 2 of intercalated graphite without an intercalant, and (c) AB-stacked
graphite. For (a) and (c), the XRS spectra are shown in a thick red line. For each case,
the overall calculated spectrum is shown, and the out-of-plane (⊥) and in-plane (‖)
contributions are shown using narrow lines as indicated in the legend. Spectra are
vertically offset for visual clarity.

π* feature emerged, labeled as 1. Second, the π* feature shifted to a higher energy by 0.2

eV, labeled as feature 3. The σ* peak remained largely unchanged.

MCMB powders are more relevant to the ultimate application in a battery as HOPG is not

suitable for processing following industry standards. However, MCMB electrodes could not

be measured by XRS because the optimal XRS signal is attained when the sample thickness

is greater than the penetration length of the incident X-rays. For carbon at 10 keV, this

length is approximately 2 mm, 25 times thicker than that of an MCMB electrode, rendering

the measurement unfeasible. Instead, the C K edge XANES of pristine and charged HOPG

was compared to MCMB electrodes in the right panel of Figure 11.2. These spectra were

collected using a TEY detector, which probes 1̃0 nm into the surface of the material [393]

and therefore requires small amounts of the sample but also leads to convolution of species

resulting from interfacial interactions with the environment inside the battery. Comparing

the XANES data in the right panel of Figure 11.2 to the XRS data in Figure 11.1, the same

principal features and changes were observed.

Electrochemical charging resulted in the growth of feature 1, a pre-π* feature, a shift
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Figure 11.2: C K X-ray emission and TEY absorption spectra are shown in the left
and right panels, respectively. Measured spectra are shown for HOPG and MCMB, as
indicated, together with DFT calculated spectra. For each type of graphite, pristine
and maximally intercalated spectra are shown in black and red, respectively. For the
calculated spectra, black, magenta, and red lines correspond to the pristine, stage 2 no
intercalant, and stage 2 intercalated graphite, respectively.

of the π* feature to a higher energy, and a relatively unchanged σ* peak. Therefore, it is

key to note that the redistribution of spectral weight reflects a characteristic change of the

electronic properties throughout this system induced by anion intercalation, irrespective of

crystal morphology or size. Furthermore, the fact that a similar spectral weight redistribution

is present in both HOPG and MCMB suggests that this change is insensitive to changes in

the graphite disorder, the principal difference between these materials. The subtle differences

in relative intensities of these peaks measured in XANES and XRS spectra do not necessarily

reflect intrinsic changes in the material but rather the different sensitivities of the XANES and

XRS spectra in this work to in-plane and out-of-plane C 2p states due to subtle differences in

sample-beam geometry in the measurement combined with the dichroism of graphite. Here,

we used an experimental geometry with an incident radiation of 35 ◦ from the surface for

XANES in order to get a strong contribution from both π* and σ* peaks, but similar control

over XRS geometry is more difficult to attain. In XRS, the incident radiation comes at a low

angle (approximately 10 ◦ from the surface), and the energy-loss spectra are collected from all

19 detectors located at different angles and averaged. A subtle difference between the XANES
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and XRS occurs with the σ* splitting at 292.7 eV. This splitting, which is characteristic of

graphite in TEY XANES spectra, is not reproduced in the XRS measurements. Other studies

suggest that the absence of these features is characteristic of this technique. [394, 395] The

DFT calculations reproduce well the XRS spectra, but the prominence of the splitting in

the XANES spectra is not reproduced. The agreement of the DFT with the XRS spectra

and disagreement of the DFT with the XANES spectra suggests that the prominence of this

feature is exaggerated in the XANES spectra. Examining the calculated in-plane and out-

of-plane contributions to the overall spectral shape suggests that sample orientation effects

cannot explain this discrepancy. Lastly, the only a meaningful difference between XANES

and XRS lied in the region between π* and σ* peaks in which charging induced growth of

a new peak at 288 eV accompanied by a smaller feature at 290 eV. Peaks at this energy

have been associated with carbon species with oxygen functional groups (e.g., –COO−) at

electrode surfaces, which can form due to side reactions with the electrolyte at high redox

potentials. [375] This notion is supported by the presence of these peaks in TEY and not

XRS, given their very different probing depths, and further supported by the fact that DFT

does not predict such a substantial peak intensity between the π* and σ* regions (see below).

To interpret the X-ray spectra, this system was modeled using DFT, shown in Figure 11.1.

The theoretical XANES/XRS spectra of pristine graphite was compared with an artificial

graphite state with an interlayer distance corresponding to stage 2 but with no intercalant

as well as AB-stacked graphite forming stage 2 as a result of the presence of PF−6 . In the

latter case, a composition of (PF6)0.1875C6 (or [PF6]C32) was chosen based on the capacity

measured from the electrochemical cell after charging of the graphite cathode to 5.2 V versus

Li+/Li0, equivalent to 0.18–0.2 mol of PF6 per C6 unit (Figure 11.6). A stage 2 structure

was chosen following its analysis and that of similar anion GICs in the literature, [375, 396]

which assumes that only the anion, without solvent molecules, is present in the interlayer

spacing. The ratio of the out-of-plane and in-plane spectral weights was weighted to reflect

the experimental conditions. These spectra reflect a system perturbed by a core hole as

discussed in the modeling section. Considering the pristine HOPG spectrum, it is clear that

the π* and σ* features are due to core transitions with out-of-plane and in-plane C p states,

respectively. The presence of a core hole has the effect of redistributing spectral weights to
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lower energies (shown in Figure 11.7), resulting in a sharpening of the π* feature but not the

emergence of any pre-π* features.

The important observation is that when comparing the calculated system with the PF−6

intercalant and the corresponding XRS spectrum, the same two principal changes seen in

experiment are reproduced: a new pre-π* feature emerges, and the π* feature shifts upward

by 0.2 eV with all major features appearing at the correct position and with the correct

intensity. After decomposing the in-plane and out-of-plane contributions to the calculated

spectrum (see blue vs green lines in Figure 11.1), it is clear that the pre-π* feature is due to

out-of-plane C 2p states. This finding is supported by the momentum transfer dependence of

the XRS spectra (Figure 11.1) where this feature had similar momentum transfer sensitivity

to that of the π* feature. Considering a system with the same carbon structural arrangement

and spacing as stage 2 but without intercalant molecules (Figure 11.1(b)), there are two

points to note. First, the distortion of the graphite lattice is insufficient to introduce a pre-

π* feature, which requires the electronic effects introduced by the presence of the negatively

charged intercalant. This observation suggests that the co-intercalation of neutral molecules,

such as from the solvent, [397] would not have a strong effect on these electronic signatures

because they would only affect the interlayer spacing. Second, the position of the π* feature

is between the same features in the computed spectra of pristine and intercalated graphite.

To evaluate the changes of the occupied density of states as a function of anion inter-

calation, the XES spectra were collected, shown in the left panel of Figure 11.2. In the

spectra of HOPG, increasing spectral weight is seen at the highest energy features at 279.6

and 281.7 eV, labeled as a and b, respectively, upon charging. Similar changes are seen in

intercalated MCMB, although upon intercalation, this sample appears to become more atom-

ically disordered because the signals (and associated electronic states) became more washed

out than in HOPG.

To better understand the origin of the pre-π* feature as well as the changes in the XES

spectral weight, we consider the DFT calculation in more detail. As described in the calcu-

lation details section, to model stage 2 intercalated graphite, PF6 molecules were introduced

between graphite layers with a spacing corresponding to known experimental values. [375,376]

After an initial structural input, the system was allowed to relax, resulting in the structure
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Figure 11.3: Diagram showing the relaxed structure of stage 2 PF6-intercalated AB-
graphite with carbon, fluorine, and phosphorous atoms shown as brown, gray, and pink
spheres, respectively. A surface of constant charge density of the valence band in this
material is shown in yellow.

shown in Figure 11.3. Owing to the relatively low gallery height of PF6, the spacing between

carbon layers near the PF6 molecule diminishes, resulting in a stretching of the C–C nearest

neighbor distances and a less ordered graphite layer. This effect reduces the crystallographic

order, especially on the ab crystallographic plane, thus being consistent with the loss of

intensity in the XRD patterns upon anion intercalation during charging, as can be seen in

Figure 11.5.

The electronic band structure diagram for AB graphite, expanded (stage 2-like) graphite

without an intercalant, and stage 2 graphite with PF6 anions can be seen in Figure 11.4.

The agreement between computed and experimental spectra supports the changes in the

diagram observed upon intercalation. Comparing the AB graphite and its expanded coun-

terpart without an intercalant, despite the general similarity, a slight redistribution of states

was observed in the latter crystal, reflecting perturbations to the lattice (an example of these

changes can be seen by considering states near the Γ point in the vicinity of –8 eV). In-

troducing the intercalant results in two notable additional changes. First, compared to AB

graphite, the Fermi energy level is lowered by 0.60 eV, as can be seen by considering the

band crossing at the K-point at the Fermi level in the case of AB graphite. Qualitatively,

this lowering of the Fermi level suggests that the charge is removed from the carbon host

lattice upon intercalation, resulting in oxidized carbon layers. Quantitatively, a Bader anal-
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ysis of charge in this system shows that, on average, each carbon atom has a net charge of

0.030|e|, an average fluorine atom has a net charge of –0.811|e|, and a phosphorous atom

has a net charge of 3.933|e|. Taken together, the calculations produce an overall net charge

for each PF6 molecule of –0.932|e|, close to the formal chemical charge state of –1|e|, and

reflect the expected covalence in the P–F bond. The fact that the formal charge of PF−6

is preserved after intercalation is consistent with the similarity between P and F K edge

XANES collected from the charged electrode and a standard of LiPF6, which has a strong

ionic character (Figures 11.8 and 11.9). Further, the net charge in each carbon atom matches

well with the expected charge distribution in (PF−6 )0.2(C6)0.2+, the final state after cathode

charging, according to coulometry (Figure 11.6). Putting this together, the origin of the pre-

π* feature in the XRS and XANES spectra upon anion intercalation is due to the removal

of electronic charge from the graphite host to compensate the intercalation of an anion. The

result is an effective lowering of the Fermi energy level or, putting it differently, an emptying

of previously occupied states. These newly empty states, being unoccupied, can therefore be

detected using XRS and XANES, leading to the pre-π* feature. Although these calculations

were on PF6–intercalated graphite, this effective lowering of the Fermi energy level is a gen-

eral result that is expected to occur for other anions intercalated into graphite, provided that

the host lattice remains graphitic. Since the XRS and XANES measurements are sensitive

to changes in the Fermi energy level, which depend on the degree of transfer of electronic

charge from the host lattice, this result is expected to be independent of the formal stage

index. This effective lowering of the Fermi energy level has been observed in our calculations

involving other anions (BF4− and ClO4−, not shown). The shift of the π* feature by 0.2 eV

upon intercalation can be understood qualitatively from a simple effective nuclear charge

electrostatic model. Since the carbon atoms are oxidized upon intercalation, the effective

nuclear charge increases, increasing the energy required to excite a core electron to the π*

energy level.

The relative sharpness of the pre-π* feature, distinct from the rest of the conduction band,

in the XANES and XRS spectra can also be understood from the band structure diagram

of the intercalated system. For a two-dimensional system with a linear band dispersion and

Fermi energy crossing at a high symmetry point in the Brillouin zone, such as graphene, the
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Figure 11.4: (left) Electronic band structure diagram of AB graphite in a path through
the Brillouin zone. (middle, right) Energy–crystal momentum diagram of the Bloch
spectral weight of the stage 2 intercalated without an intercalant and stage 2 interca-
lated models, respectively, for a path that matches the one shown in the left panel. The
point size corresponds to the Bloch weight.
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density of states has a linear dependence on energy with zero states at the Fermi energy level.

For the intercalated graphite case, we see that, in the vicinity of the band crossing at the

K point at 0.60 eV, the band dispersion is approximately linear. This results in a minimum

in the density of states at this crossing point and a related reduction in the XANES/XRS

spectral weight. Although the XANES and XRS spectra are perturbed by the presence of a

core hole, the pre-π* feature remains clearly distinguishable. A comparison of XANES/XRS

spectra with and without a core hole is shown in Figure 11.7. The minimum in density of

states of the intercalated system is now well above the Fermi energy level, resulting in a

density of occupied states near the Fermi level, which is greater than in AB graphite. This

leads to an increase in spectral weight at the high-energy region of the XES spectra for the

intercalated in this region.

The second change in the electronic band structure of graphite upon intercalation of PF−6

is the appearance of many additional dispersive bands. Their dispersive nature suggests that

these states are relatively localized, consistent with their molecular origin. An isocontour of

the valence band charge is shown in Figure 11.3, which shows that, although the graphite

charge density of the carbon atoms all overlap, the PF6 charge density is localized around the

molecule. Finally, since the Fermi energy level occurs at an energy with continuous bands,

the intercalated graphite remains metallic, a favorable physical property in view of its use as

an electrode where electrons must flow within the bulk of the active material.

The emergence of pre-π* XANES spectral weight in graphite has been previously observed

in FeCl3-intercalated graphite [386] and substitutional boron-doped graphite. [364] What

these cases have in common is that the intercalant or dopant acts as an electron acceptor,

which results in an effective lowering of the Fermi energy level since electrons are removed

from the host lattice. The same phenomenon has been observed in intercalated nanotubes.

[387] In these prior works, the pre-π* feature was interpreted as a lowering of the Fermi

energy level, and this phenomenon has been previously predicted in DFT studies, [398] but

this work unambiguously demonstrates this phenomenon. When graphite is intercalated with

an electron donor, such as Li, a reduction in spectral weight at the onset of the π* feature is

observed. [394]
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11.5 Conclusions

The changes in the electronic structure of graphite upon electrochemical intercalation of PF−6

in a battery have been studied using techniques sensitive to the occupied and unoccupied

partial densities of states, together with complementary DFT calculations. This work reveals

the emergence of a pre-π* feature, experimentally observed by XRS/XANES, due to the gen-

eration of new unoccupied states upon oxidation of the carbon lattice, resulting in a lowering

of the Fermi energy level of 0.60 eV. Similar lowering of the Fermi energy has been calcu-

lated for other intercalant anions (BF−4 and ClO−4 ). The match between experimental and

computational observations reveals important aspects of bonding and electron distribution

after intercalation. The analysis reveals an ionic interaction between the graphite structure

and interlayer PF−6 ions with the charge compensation in the electrode reaction occurring

primarily at C atoms. However, the band structure of the graphite intercalation compound

remains free of a band gap, indicating that it remains metallic. These observations indicate

that the flow of electrons should remain facile along the stacked graphene sheets. The ionic

interaction occurs, and a large negative charge (PF−6 ) and highly delocalized positive charge

are formed in the carbon network, which could lead to weak electrostatic interactions that

favor the mobility of the anion to move within the lattice at room temperature, consistent

with recent measurements of electrochemical reaction kinetics. These aspects have important

implications for the functionality of this reaction as the storage mechanism in the cathode of

a dual carbon battery, and it is likely to translate to other anions of interest in multivalent

electrochemical devices, such as BF−4 and ClO−4 . They broadly increase our understanding

of how the physics of carbonaceous materials can be manipulated by intercalation.
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11.6 Supplemental Information

Figure 11.5: Powder x-ray diffraction spectra of pristine MCMB graphite electrode
(black) and MCMB graphite electrode, galvanostatically charged at C/20 to 5.2 V vs
Li+/Li (red).

Pawley refinements of the powder XRD pattern of pristine MCMB G-15 graphite revealed

the starting material to be phase-pure, with unit cell values of a = 2.456 Å and b = 6.7246 Å,

comprising a unit cell volume of 35.126 Å. The interlayer spacing was calculated to be 3.362

Å. For the charged compound, the two most intense reflections were indexed as (002), at

22.84 ◦, and (003), at 34.47 ◦ in 2θ. This results in a c lattice parameter of 7.8 Å.
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Figure 11.6: (a) Galvanostatic charging data for MCMB electrodes in 2M electrolyte
solution and (b) differential capacity curve for MCMB electrode during the first cycle.

The electrochemical response of an MCMB electrode is shown in Figure 11.6(a), and the

incremental capacity plot with potential is found in Figure 11.6(b). The response of HOPG

electrodes was the same and, thus, it is not shown. During the first charge, two predominant

plateaus were observed at around 4.75 V and 4.94 V, accompanied by a third, smaller and

broader event at 5.08 V, for a total of 72 mAh/g, or 0̃.2 equivalents of PF6− ions per C6 unit.

The two long plateaus amount to 0.06 and 0.1 equivalents of PF6− per C6 unit, respectively,

consistent with previous reports in the literature. [394] On discharge, the profiles were much

more diffuse, with events centered at 4.33 V and 4.78 V, and a total of 63 mAh/g, or 0.17

equivalents of PF6− per C6 unit. The first process was associated with the deintercalation

of 0.05 equivalents of PF6− per C6 unit, followed by a sloping of the potential until 0.12

equivalents of PF6− per C6 unit were extracted.
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Figure 11.7: Calculated XANES spectra for (a) stage 2 intercalated graphite, (b)
stage 2 intercalated graphite without intercalant, and (c) AB graphite. For each case
the core hole spectra are labeled CH, with the black line corresponding to the overall
core hole spectra, with the in- and out-of-plane contributions as indicated. Ground
state spectra are denoted with GS. Spectra are vertically offset for visual clarity.
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Figure 11.8: P K-edge x-ray absorption spectra collected in (a) Total Electron Yield
(TEY) and (b) Total Fluorescent Yield (TFY) detection modes. Black spectra corre-
spond to pristine graphite, blue spectra correspond to intermediately charged species
to 4.5 V vs Li, and red spectra correspond to samples charged to 5.2 V. Corresponding
spectra for pure LiPF6 are included as reference in green.

Figure 11.9: F K-edge x-ray absorption spectra collected in (a) Total Electron Yield
(TEY) and (b) Total Fluorescent Yield (TFY) detection modes. Black spectra corre-
spond to pristine graphite, blue spectra correspond to intermediately charged species
to 4.5 V vs Li, and red spectra correspond to samples charged to 5.2 V. LiPF6 spectra
are included as a reference in green.
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Abstract

We combine quantitative x-ray spectroscopy and crystal field calculations to study Co and

Zn co-doped SnO2 dilute magnetic semiconductor systems, report the location of vacancies,

and the new effect of vacancy transfer resulting in optical luminescence only present after

annealing. We connect this phenomenon to mid gap states using the band structure of the

material obtained via density functional theory. Furthermore, we give a new understanding

of the interaction of transition metals within co-doped systems. Finally, we present new

evidence that the ferromagnetism is mediated by the oxygen vacancies and the particular

local environment of the vacancies can be controlled via the synthesis conditions.
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12.1 Introduction

Spin electronics, or spintronics relies on detecting and manipulating electron spin in addi-

tion to electron charge. [399] The movement and orientation of spin, like the flow of electron

charge, could be used to convey information, creating devices that are smaller, faster, and

consume less energy than current solutions. [400] Attractive candidates for spintronic materi-

als include dilute magnetic semiconductors (DMSs), where transition metal (TM) impurities

are introduced into a semiconductor host lattice to induce magnetic properties in an oth-

erwise non-magnetic semiconductor. [401] For real-world spintronic devices, a DMS should

demonstrate ferromagnetic properties at and far above room temperature (∼ 300 K).

Tin Oxide (SnO2) has garnered a significant amount of interest in these applications as a

semiconductor with a large band gap (∼ 3.6 eV), relatively low cost, and nontoxicity. Some

studies on TM-doped tin oxide have been performed and room temperature ferromagnetism

(RTFM) has been reported with both ferromagnetic and non-ferromagnetic dopants. [402–

404] To move forward with this promising material, it is crucial to understand the effect of

various dopants on the host material. It has been suggested that the RTFM in TM-doped

SnO2 is related to oxygen vacancies. [405] Oxygen vacancies are a specific defect state in

DMS systems, and have been shown to be affected by synthesis conditions; one of the major

contributors to the defect state of these systems can be the annealing temperature which

can improve the crystallinity of a material and the diffusion of dopants within a lattice. [406]

Past investigations of doped SnO2 reveal that at higher concentrations of dopants, materials

can lose their magnetic properties, possibly due to a disordering caused by dopants on the

host structure, or dopant clustering. [407]

Synchrotron-based spectroscopy techniques have been used to investigate TM-doped SnO2

with both ferromagnetic and non-ferromagnetic dopants (Zn, Co, Cr, Fe, Ni) including co-

doped iron and nickel primarily using x-ray absorption near-edge structure (XANES) and

extended x-ray absorption fine structure (EXAFS) techniques. [408–411] In samples with zinc,

cobalt, iron, and nickel dopants, oxygen vacancies are reported adjacent to substitutional

dopant sites where trapped electrons compensate for the charge difference between dopants

and the displaced Sn4+. In the case of chromium substitution, Cr4+ ions cause a decrease in
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inherent oxygen vacancies in nanoscale SnO2. [409]

Investigations of zinc–doped SnO2 show significant changes in ferromagnetic properties

as concentrations increase (∼ 3%). [407] Co-doping can in general be efficient for increasing

the dopant solubility, lowering the ionization energy of acceptors and donors, and increasing

carrier mobility. Given the sensitivity of the overall magnetic properties of DMS systems

to not just the concentration of dopants but also their local environments, it is important

to understand how the the local environment of dopants and corresponding changes in the

magnetic properties are affected by the synthesis conditions. [412]

In this paper, we will examine SnO2 nanoparticles co-doped with varying concentrations

of both zinc and cobalt to investigate distortions to the SnO2 lattice due to the introduction

of two dissimilar dopants. The introduction of these two dopants creates the opportunity

for two distinct dopant sites within the lattice and the investigation of the local distortions

caused by each.

We present direct evidence for successful incorporation of both dopants together into an

SnO2 host using x-ray absorption spectroscopy (XAS), resonant x-ray emission spectroscopy

(RXES), and x-ray excited optical luminescence (XEOL) measurements. Furthermore, via

crystal field modeling we link this luminescence with the oxygen vacancies adjacent to dopant

sites and attribute distinct luminescence values to specific dopants within the material. This

allows a rigorous and complete picture on the effect of two dissimilar dopants on the structural

properties which can then be connected to the magnetic properties of the overall material.

This work does not address the exchange-coupling origin of ferromagnetism. Rather, it de-

termines that ferromagnetism is present for particular local environments around the dopant

atoms, and that this is the structural origin (rather than exchange-coupling origin) of the

ferromagnetism.

12.2 Experiment and Theory

Undoped SnO2, Sn0.95Co0.025Zn0.025O2, Sn0.90Co0.05Zn0.05O2, and Sn0.85Co0.075Zn0.075O2 were

prepared by the hydrothermal method; detailed information regarding the synthesis of these

materials can be found in a previous publication [413]. Following synthesis, a set of samples
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was annealed at 800◦C for two hours in an air atmosphere. These are referred to as the “an-

nealed” samples herein, compared to the “as-synthesized” samples. Both the as-synthesized

and annealed samples exhibited RTFM, with the saturation magnetization for each sample

shown in Table 12.1.

Table 12.1: Saturation magnetization (MS) of the samples studied in this work mea-
sured at 300 K (adapted from Ref. 413.) and comparison with previous reported values
of a similar DMS materials.

Investigated systems in this work Literature reports

Samples

As-synthesized Annealed

Samples References
MS MS MS

10−3 emu/g 10−3 emu/g 10−3 emu/g

Undoped SnO2 Diamagnetic 7.4 SnO2 0.2 [414]

Sn0.95Co0.025Zn0.025O2 7.5 10.2 Sn0.94Co0.03Zn0.02O2 0.7 [415]

Sn0.95Co0.03Zn0.02O2 1.4 [415]

Sn0.90Co0.050Zn0.050O2 33.1 20.9 Sn0.90Co0.05Zn0.05O2 0.9 [416]

Sn0.96Co0.03Zn0.01O2 3 [417]

Sn0.85Co0.075Zn0.075O2 55 49 Sn0.92Co0.03Zn0.05O2 1.9 [416]

Sn0.94Co0.010Zn0.05O2 0.2 [416]

The RXES and XAS measurements probe the occupied and unoccupied density of states of

a material, respectively. RXES records the emission resulting from decay from occupied states

to fill core holes and the XAS monitors the excitation of core electrons into unoccupied states,

thereby directly probing the occupied and unoccupied partial density of states, respectively.

XAS measurements were taken on the REIXS beamline at the Canadian Light Source (CLS),

with a resolving power E/∆E = 5000; this was measured using a silicon drift detector

for partial florescence yield detection. [215] RXES measurements for cobalt were taken on

Beamline 8.0.1 at the Advanced Light Source with a resolving power of 2000. [215,418]

X-ray excited optical luminescence (XEOL), an x-ray photon-in, optical photon-out pro-

cess, monitors the optical transitions resulting from electron-hole recombinations of the ex-

cited core electrons. These measurements were performed at the SGM beamline at the

Canadian Light Source (CLS) using a Ocean Optics QE 65000 spectrophotometer. [214]

The physical and electronic structure of defected and pristine SnO2 was modeled using
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density functional theory (DFT) with WIEN2k, a full-potential, all electron code, which uses

linearized augmented plane waves in a Kohn-Sham scheme [419]. The PBEsol exchange-

correlation functional, a generalized gradient approximation (GGA) functional formulated to

optimize the properties of densely packed solids was used to perform the calculations. [151]

This particular functional was used because it shown to well describe the structural properties

of both semiconductors [21] and 3d transition metals. [420] An RKmax = 8.0 was used with a

k -mesh selected so that the total energy was stable to within 10−5 Ry. This resulted in a k-

mesh of 10×10×14 for the unit cell of SnO2. The lattice parameters for SnO2 are based on the

neutron diffraction determined lattice. [421] For calculations involving dopants and vacancies,

these defects were added to a 2 × 2 × 2 SnO2 supercell, with a correspondingly smaller k -

mesh. For each calculation, the atomic positions are allowed to relax while holding the lattice

parameters constant. The DFT calculations are also used to calculate the electronic band

structure as well as the Zn L-edge XAS spectra, allowing for a detailed comparison with

experiment. These spectra are calculated by multiplying the partial density of states with

a dipole transition matrix and radial transition probability. [152] All of the band structure

diagrams are shown for a path in the Brillouin zone for the single unit cell of SnO2. [32] For

supercell calculations, points in the supercell Brillouin zone have been mapped to the original

unit cell representation using a Bloch spectral density approach. [36]

Due to the strong electron-electron correlation effects of the 3d electrons, cobalt spectra

are modeled more accurately by considering multiplet effects. [422] The Co L2,3 RXES and

XAS spectra are modeled using crystal field multiplet calculations in the approach originally

formulated by Cowan. [423] The Quanty full multiplet code was utilized in two methodolo-

gies. [424] Firstly, crystal field parameters resulting from d orbital energy splitting can be

used to describe the local coordination of the Co atoms and understand the overall lattice

structure surrounding the dopant atom, matching results from experiment. Secondly, su-

percells obtained through relaxing structures with implanted dopants via DFT are used to

generate the Madelung potentials of the crystal structure using an Ewald summation over

point charges and the subsequent potentials are used to model the spectra via the same

multiplet-based crystal field calculations. [425]
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Figure 12.1: Comparison of experimental XAS (right) and RXES (left and center)
spectra for as-synthesized (red) and annealed (black) Sn0.85Co0.075Zn0.075O2 to calcu-
lations. Parameterized models (orange for as-synthesized, magenta for annealed) in-
dicates a distorted tetragonal coordination. Spectra calculated from DFT structural
models including SnO2 doped with Co, SnO2 doped with Co and a Co-adjacent O va-
cancy, and SnO2 doped with Co and Zn and a Co-adjacent O vacancy are shown in
green, dark blue, and light blue, respectively.

12.3 Results and Discussion

12.3.1 Co L2,3 XAS and RXES

As-Synthesized Sn0.85Co0.075Zn0.075O2

We begin by considering the sample with the highest concentration of dopants, as-synthesized

Sn0.85Co0.075Zn0.075O2. Examining first the as-synthesized case and in the following section

after an annealing process, we isolate the effect that annealing has on the properties of the

material.

This as-synthesized sample is first examined via Co L2,3 RXES and XAS (Fig. 12.1),

allowing the investigation of the excitations for the 2p orbitals to the unoccupied conduc-

tion band states. The experimental spectra are displayed on an energy loss scale (red in

Fig. 12.1), along with two theoretical models (green and orange in Fig. 12.1), matching both

the characteristics of the absorption spectra and the emission spectra at two incident en-
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ergies (labeled A and B in Fig. 12.1), providing insight into the d–d transitions resulting

from reordering of electrons within the 3d orbitals. Because of this, the emission spectra

prove vital in understanding the structural defects around the dopants. The as-synthesized

Sn0.85Co0.075Zn0.075O2 spectra are investigated (red in Fig. 12.1) in relation to two theoreti-

cal models produced via multiplet calculations. Firstly, the “parameterized model” (orange

in Fig. 12.1) is found through fitting calculated spectra to experiment by adjusting crystal

field splitting values. The agreement between these calculated and experimental spectra is

prevalent in the RXES spectra (left and centre panels in Fig. 12.1). Firstly in the location of

the two main features in the L2 emission (centre panel) at −1.2 eV and −2.3 eV; secondly, in

the location of the strong peak in the L3 emission (left at −1.6 eV). These calculated spectra

have crystal field parameters 10Dq = −0.360, Ds = −0.380, Dt = −0.429 and Slater integral

scalings of Fdd = 0.324, Fpd = 0.530 and Gpd = 0.675 and the atomic spin-orbit coupling

constant ζ2p was scaled by a factor of 1.052. These parameters deviate from the nominal

values of Ds = 0, Dt = 0, and a positive 10Dq of an octahedral coordination due to the local

environment of the atom and any distortions occurring. This provides a fundamental insight

into the bonding process, which in this case, yields a highly distorted tetrahedral structure,

as indicated by negative 10Dq and relatively large Ds and Dt values.

In addition to this parameterized model, we model the material by the construction of

structural models of Co2+→ Sn4+ substitution (green), Co2+→ Sn4+ substitution with an

adjacent oxygen vacancy to the substitution (dark blue), and Co2+,Zn2+ → Sn4+ substitu-

tion with an oxygen vacancy adjacent to the cobalt site (light blue) were constructed, and

relaxed using DFT (Fig. 12.2). This insertion of an oxygen vacancy follows the results of

SnO2 singly doped with Co, and allows trapped electrons to compensate for the valency

difference between Co2+ and Sn4+. [426] Comparing all three models to the as-synthesized

Sn0.85Co0.075Zn0.075O2 experimental spectra, the Co2+→ Sn4+ substitution with no oxygen

vacancy (green in Fig. 12.1) provides the best agreement with the experimental spectra,

primarily in the location of a low energy-loss feature (labeled 4 in Fig. 12.1) matching the

experimentally found shoulder due to dd-energy losses. This demonstrates the absence of

oxygen vacancies within the as-synthesized Sn0.85Co0.075Zn0.075O2 sample, ruling out oxy-

gen vacancies as the cause behind the structural distortions identified in the parameterized
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Figure 12.2: Relaxed coordination of cobalt substitution into host SnO2 material
without oxygen vacancy (upper-left), with oxygen vacancy (bottom-left), and zinc and
cobalt with a vacancy adjacent to the cobalt relaxed in a 2×2×2 SnO2 crystal structure.
The relaxed structures show warping of the tetragonal coordination around the dopant
atoms substituted into the lattice. Polyhedra are shown around the dopant atoms.

model. In the case of Co2+,Zn2+→ Sn4+ substitution with an oxygen vacancy adjacent to

the cobalt site, various separations of the Co and Zn atoms were considered. It was found

that the lowest energy cell was obtained when the Co and Zn dopant atoms were maximally

separated, and this is the model presented in Fig. 12.2. This suggests that, growth conditions

permitting, these co-dopants prefer to be well separated.

The usage of two theoretical models with distinct methodologies allow the extraction of

key real-world properties. More specifically, the “parameterized model” (orange in Fig. 12.1)

is found through fitting calculated spectra to experiment by adjusting crystal field splitting

values. These parameters describe the relative energies of the d orbitals of the atom and

any distortions occurring, and provide a fundamental insight into the local coordination.

The structural model includes dopant cobalt atoms placed within a host SnO2 lattice with

and without oxygen vacancies adjacent to the cobalt atoms (vacancy sites were seen to be

equivalent around the dopant atoms), and relaxed via DFT. These two methodologies work in

conjunction to both understand the bonding and the role of oxygen vacancies in this bonding.

175



Annealed Sn0.85Co0.075Zn0.075O2

Samples that were annealed at 800◦C for two hours were measured in the same methodology

as the “as-synthesized” samples above. By investigating samples with the same dopant

concentration, this isolates the effects of annealing and the usage of the same theoretical

modelling as above to understand molecular changes resulting from the annealing. Mirroring

our analysis of the as-sythesized case, we consider the experimental Co L-edge emission

and absorption spectra of annealed Sn0.85Co0.075Zn0.075O2 as shown in black in Fig. 12.1

alongside three theoretical models. The crystal field parameters of the annealed spectra are

10Dq = −1.600, Ds = −0.100, Dt = −0.200 and Slater integral scalings of Fdd = 0.700,

Fpd = 0.700 and Gpd = 0.700 and the atomic spin-orbit coupling constant ζ2p was scaled

by a factor of 1.000. In comparison to the as-synthesized case, the strong negative 10Dq

value demonstrates the increase in bond strength of the cobalt ion to the adjacent oxygen

compared to the as-synthesized case. The decrease in magnitude of the Ds value indicates

less distortion in the tetragonal structure, confirming the expected relaxation of the Co2+

substitution into the SnO2 lattice resulting from the annealing process.

In addition to the parameterized model, we compare the experimentally obtained spectra

with the three structural models described above in Section 12.3.1 (Co2+ → Sn4+ substitu-

tion, Co2+ → Sn4+ substitution with an adjacent oxygen vacancy to the substitution, and

Co2+,Zn2+ → Sn4+ substitution with an oxygen vacancy adjacent to the cobalt site).

With as-synthesized samples, the measurement of features at low energy loss values leads

to agreement with a substitutional cobalt model with no vacancy (green in Fig. 12.1). In

contrast, for the annealed samples, good agreement is obtained between experiment and

theory with a substitutional cobalt model with an adjacent oxygen vacancy (dark blue in

Fig. 12.1). Considering a model in which a substitutional Zn atom is included, shown in Fig.

12.2, moderate but worse agreement is obtained. This suggests that, for this level of theory,

the local environment of Co is best modelled without considering the presence of co-dopants.

Once again, two distinct methodologies allow the extraction of not only the local struc-

ture of the dopants, but also the cause of the distortions, in this case the oxygen vacancies

compounding upon the distortions seen with the cobalt dopant substitution. This gives a
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clear picture of the absence of cobalt-adjacent oxygen vacancies in the as-synthesized samples

and the existence of cobalt-adjacent oxygen vacancies in the annealed samples.

We note that, for both the annealed and as-synthesized samples, the differences between

experimentally measured spectra of samples with varying cobalt and zinc concentrations are

less than the difference between the best fitting models in both those yielding crystal field

splitting parameters and those generated using relaxed structural models. This suggests that

for both the annealed and as-synthesized samples, in the range of dopant concentrations

considered in this work, the overall local environment of the Co atoms varies negligibly.

12.3.2 Zn L2,3-edge XAS measurements

Fig. 12.3 displays Zn L2,3 XAS spectra of both annealed and as-grown samples. Also shown

are the second derivative of annealed and as-grown Zn L2,3 XAS spectra, the first inflection

point giving a graphical comparison of the absorption edge onset. [112]

Calculated XAS spectra, generated using the same DFT relaxed structures during cobalt

L-edge modeling, can be compared to experimental results. As-synthesized samples show

good agreement with a Zn2+–Sn4+ model with an oxygen vacancy adjacent to the Zn2+ site.

In addition, the energy shift seen in the onset of the annealed samples shows agreement with a

Co2+,Zn2+–Sn4+ model with a vacancy adjacent to the Co2+ site seen in Fig. 12.3 (magenta).

This displays the positioning of oxygen vacancies adjacent to zinc atoms in as-synthesized

samples and, with conjunction with our cobalt L2,3 XAS and RXES measurements, demon-

strates their movement to positioning adjacent to cobalt atoms after annealing.

Similar to our investigation in the cobalt case, the differences between experimentally

measured spectra of samples with varying cobalt and zinc concentrations are less than the

difference between the best fitting model and the experimental spectra.

12.3.3 The connection of oxygen vacancies positioning to magnetic

properties

With the observation of the oxygen vacancy migration from zinc adjacent sites to cobalt

adjacent sites as a result of an annealing process, we connect this to the magnetic properties
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Figure 12.3: Zn L2,3 XAS spectra of annealed SnO2 samples (black and violet) with
as-synthesized Sn0.85Co0.075Zn0.075O2 (red), second derivative for Sn0.90Co0.05Zn0.05O2

and as-synthesized Sn0.85Co0.075Zn0.075O2 shown at the bottom, and DFT models in
cyan and yellow. In the second derivative, the decrease in onset energy between the
“as-synthesized” and the annealed samples is clear, showing the shift from zinc adjacent
oxygen vacancies to cobalt adjacent oxygen vacancies.

of the material to understand the effects of oxygen vacancies on the magnetic properties of

the material.

Considering Table 12.1, at low concentrations of Co and Zn co-doping, enhanced magne-

tization has been observed in the annealed samples compared to the as-synthesized samples.

We also note that, although the saturation magnetization (MS) increases with increasing

dopant concentration for each set of samples, at high dopant concentrations, the observed

MS decreases with annealing. Prior work suggests this is due to the increasing importance

of antiferromagnetic interactions. [413] While our XAS and RXES techniques do not address

the concentration of oxygen vacancies, the migration of these oxygen vacancies upon anneal-

ing can be linked to this enhanced saturation magnetism. To further investigate the the
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Figure 12.4: XEOL spectra for annealed SnO2 samples. Undoped SnO2 (black) is
seen with a single peak at ∼ 640 nm, and doped SnO2 consistently show a feature
centered at 550 nm. A second feature is visible in the Sn0.95Co0.025Zn0.075O2 (red) at
750 nm. This clearly shows the shift of mid-gap defects from the inherent SnO2 oxygen
vacancies to a defect caused by TM doping. Gaussian fitting for the features is shown
on an energy scale in the inset.

oxygen vacancies, the luminescence for samples with varying dopant concentrations can be

examined.

12.3.4 X-ray excited optical luminescence (XEOL)

X-ray excited optical luminescence (XEOL) measurements, which are complimentary to XAS

in investigating the effect of dopants on the band structure of a material, were performed

on our SnO2 samples and are shown in Fig. 12.4. The as-synthesized samples are not shown

as they display no observable luminescence. The nanoscale undoped annealed SnO2 presents

a strong resolved peak at ∼640 nm (1.93 eV), agreeing with previous results for nanoscale

SnO2. [427] Considering our doped annealed samples, for Sn0.95Co0.025Zn0.025O2, a Gaussian

deconvolution of the XEOL spectra (inset of Fig. 12.4) displays two features at ∼550 nm,

and the emergence of a secondary feature at ∼750 nm. The primary feature at ∼550 nm

has similar intensity in the Sn0.95Co0.025Zn0.025O2 and the Sn0.90Co0.05Zn0.05O2 samples, but

has a decreased intensity in the Sn0.85Co0.075Zn0.075O2 sample. In addition, the ∼750 nm

feature is seen in the Sn0.95Co0.025Zn0.025O2 but is eliminated in the Sn0.90Co0.05Zn0.05O2 and

Sn0.85Co0.075Zn0.075O2 samples.
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The single luminescence feature of undoped annealed SnO2 can be attributed to inherent

defects within the nanoscale material. Considering that the “as-synthesized” samples have

no luminescence, and our Co and Zn L-edge measurements show that oxygen vacancies

migrate from the Zn to the Co atoms, the luminescence in these systems is enabled by the

migration of oxygen vacancies to a position adjacent to the cobalt atoms. Noting that the

saturation magnetization of the of the x=0.05 and x=0.075 samples are two and five times

greater than the x=0.025 sample, respectively, (shown in Table 12.1) we attribute the primary

luminescence feature at 550 nm to cobalt-adjacent vacancies and the secondary feature at

750 nm to zinc-adjacent vacancies. This demonstrates that at low dopant concentrations,

zinc adjacent oxygen vacancies are still present. As dopant concentration increases in the

annealed Sn0.90Co0.05Zn0.05O2 and annealed Sn0.85Co0.075Zn0.075O2 samples, the elimination

of the 750 nm feature suggests that zinc adjacent oxygen vacancies are no longer present,

and only cobalt adjacent oxygen vacancies are contributing to the luminescence spectra.

We note that although there is no change in the nominal stoichiometry of our samples

before and after annealing, in the as-synthesized samples no luminescence was observed,

in contrast to the annealed samples. This can be explained by considering the differences

in how the vacancies are distributed in the as-synthesized and annealed samples. In as-

synthesized samples, the zinc atoms have adjacent vacancies, as seen in the Zn L-edge XAS

experimental spectra and DFT calculations (Fig. 12.3). The agreement between experiment

and a calculation which neglects to include a cobalt atom suggests high separation distance

and low interaction between cobalt and zinc atoms within the host SnO2 as observed in

Section 12.3.1. This is in agreement with the fact that the Co L-edge spectra can be explained

by a DFT calculated structure that does not include Zn atoms. Therefore, the relaxation of

the cobalt cations into the SnO2 during annealing facilitates a low interaction between cobalt

and zinc atoms, and an optimal coordination for magnetic interactions. [428]

Having established the defect distribution for this system, and that the interaction be-

tween Co and Zn is weak, we are now able to explain the absence of luminescence in the

as-synthesized samples by considering the band structure of SnO2 with a Zn atom and an

adjacent oxygen vacancy. An energy momentum diagram of SnO2, a SnO2 with a vacancy

and SnO2 with a Zn ion and an adjacent vacancy is shown in Fig. 12.5. In pure SnO2 no
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Figure 12.5: Band structure diagrams of SnO2, SnO2 calculated for a 2 × 2 × 2 SnO2

unit cell with an oxygen vacancy and a 2 ×2 × 2 SnO2 unit cell with a Zinc atom
with an adjacent oxygen vacancy (labeled “adj. Ov”) for a path in the original unit
cell Brillouin zone are shown in the left, middle and right panels, respectively. For the
supercell band structures, the point size corresponds to the Bloch spectral weight.

mid-gap states are observed. When a vacancy is introduced, the valence band is perturbed

by the addition of a dispersive mid-gap band appearing just above the top of the valence

band and extending deep into the mid-gap region. The Fermi energy level is at the top of

this band. Upon injecting carriers, electrons will reach a quasi-equilibrium in valleys at the

bottom of the conduction band while holes will migrate to local maxima in the mid-gap

band. These carriers can then recombine in momentum conserving transitions such as those

indicated by an arrow in the figure. The energy-momentum diagram for Zn with an adjacent

vacancy is quite different. In this case, an additional band appears at the top of the valence

band, but no new mid-gap states appear, which are required to mediate luminescence in the

optical region.

12.3.5 The connection of oxygen vacancy concentrations to mag-

netic properties

We find that the properties of transition-metal doped oxides are dependent on which sites

transition metal ions occupy, where vacancies are distributed and their relative concentra-

tions. The effect of concentration is demonstrated through the XEOL studies, with the
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presence of a secondary luminescence feature originating from zinc adjacent oxygen vacan-

cies within annealed Sn0.95Co0.025Zn0.025O2. The disappearance of this feature in the annealed

Sn0.90Co0.05Zn0.05O2 and Sn0.85Co0.075Zn0.075O2 samples and the higher saturation magneti-

zation and exchange bias field seen in the higher dopant concentration samples demonstrates

that a threshold concentration necessary for defect homogeneity within the sample.

12.4 Conclusions

We have investigated the local structure of Zn and Co codopants in SnO2 samples with a

variety of spectroscopic x-ray techniques, in addition to DFT and multiplet methodologies.

We find that both Zn and Co atoms substitute for Sn atoms within the bulk of the lattice,

and attribute the ferromagnetic properties to oxygen vacancy mediated substitution of Co

and Zn within the host lattice. Furthermore, we identify a secondary defect state within low

concentration samples only appearing after annealing that disappears with concentrations of

5% Co and 5% Zn or greater. Through this, we provide direct experimental evidence for the

location and behavior of oxygen vacancies within a co-doped DMS system under annealing

and connect this to observed luminescence showing the transfer of oxygen vacancies from Zn

adjacent positioning pre-annealing to Co adjacent positioning post-annealing. In addition to

this, the increased saturation magnetism in samples with increased dopant percentages can

be attributed to the decreasing distance between Co atoms and associated cobalt-adjacent

oxygen vacancies within the lattice.

The combination of synchrotron x-ray based experimental and theoretical techniques al-

lows a link between observed magnetism and dopant–atom interactions within a host crystal.

We display a novel methodology for usage of both density functional and multiplet theories

for the modeling of DMS systems that proves effective in directly linking not only the ex-

istence of oxygen vacancies but the positioning of oxygen vacancies and their host lattice

interactions resulting in observed ferromagnetic properties.
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Figure 12.6: Comparison of experimental XAS (right) and RXES (left and center)
spectra for as-synthesized (red) Sn0.85Co0.075Zn0.075O2 to the best parameterized calcu-
lation (blue, 10Dq=-0.360, Ds= -0.380, Dt=-0.429, Fdd=0.324, Fpd=0.530, Gpd=0.675,
ζ2p=1.052). How the calculated spectra vary with changes in 10Dq are shown in black-
to-grey lines, from 10Dq=-0.16 to 10Dq=-0.56 in 0.10 increments in ascending order,
as indicated.
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Figure 12.7: Comparison of experimental XAS (right) and RXES (left and center)
spectra for as-synthesized (red) Sn0.85Co0.075Zn0.075O2 to the best parameterized calcu-
lation (blue, 10Dq=-0.360, Ds= -0.380, Dt=-0.429, Fdd=0.324, Fpd=0.530, Gpd=0.675,
ζ2p=1.052). How the calculated spectra vary with changes in Dt are shown in black-
to-grey lines, from Dt=-0.229 to Dt=-0.629 in 0.10 increments in ascending order, as
indicated.
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Figure 12.8: Comparison of experimental XAS (right) and RXES (left and center)
spectra for as-synthesized (red) Sn0.85Co0.075Zn0.075O2 to the best parameterized calcu-
lation (blue, 10Dq=-0.360, Ds= -0.380, Dt=-0.429, Fdd=0.324, Fpd=0.530, Gpd=0.675,
ζ2p=1.052). How the calculated spectra vary with changes in Ds are shown in black-
to-grey lines, from Ds=-0.18 to Ds=-0.58 in 0.10 increments in ascending order, as
indicated.
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Abstract

Recent developments in materials synthesis of the Zn-IV-N2 system, including the alloy-free

band gap tuning and syntheis of freestanding single crystals, reveals a system with poten-

tially very broad applications. Characterizing important basic properties of these materials,

such as the electronic band gap and the characterization of defects must be well understood,

is therefore an urgent problem. In this work, X-ray absorption spectrocopy, X-ray emission

spectroscopy and density functional theory (DFT) are utilized to characterize ZnSiN2. Ex-

cellent agreement between theory and experiment is obtained, with the band gap of ZnSiN2

determined to be 4.7 ± 0.3 eV. X-ray excited optical luminescence spectroscopy is used to

determine the presence of two deep level defects, which are identified as due to the presence

of nitrogen vacancies.
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13.1 Introduction

Semiconductor nitride alloys, such as the (Al,Ga,In)N system, have attracted widespread

interest and industrial use, particularly in optoelectronic applications such as lasers and light

emitting diodes, as well as in high frequency and temperature electronic devices, owing to

their widely tunable direct band gap. [429]

The widespread use of these systems has led to a search for related materials with su-

perior properties, particularly the Grimm-Sommerfeld analogous Zn(Si,Ge,Sn)N2 system.

These materials are projected to have a band gap range of 1.7 to 4.5 eV, allowing the deep-

red to ultraviolet range to be addressed with abundant, non-toxic elements, and also provide

additional substitution sites, allowing for further tuning of the electronic structure. [429–437]

They also have the advantage that their spontaneous polarizations that are much closer to

each other than in (Al,Ga,In)N systems, diminishing the significance of spontaneous polar-

ization fields in heterostructures. [438]

Despite the promise of this class of materials, recent developments have made characteriz-

ing this system much more urgent. In particular, it has been demonstrated that, for members

of this system the band gap can be tuned by growing mixtures of the wurtzite and orthorhom-

bic crystal phases. [439] By combining this with stoichiometric alloying, it may be possible

to simultaneously tune multiple material properties, such as the electronic band gap and

effective mass of carriers. Recent developments in the process of ammonothermal synthesis

have lead to freestanding single crystals of these materials being synthesized. [430,431]

As a practical matter, before a material can be used in a device the electronic properties

must be well understood. This includes bulk electronic properties, such as the band gap,

as well as dilute electronic properties, such as the presence and effect of intentional and

unintentional defects. In this work both the bulk and the dilute properties of ZnSiN2 are

probed using synchrotron radiation. To study the bulk electronic properties X-ray absorption

spectroscopy (XAS) [440] and X-ray emission spectroscopy (XES), [441] which are widely

used techniques to study the unoccupied and occupied partial density of states (PDOS), are

utilized to determine the band gap of ZnSiN2. Both of these techniques rely on utilizing a

bright, tunable X-ray source to excite core electrons to the conduction band.
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To interrogate the presence of defects, X-ray excited optical luminescence (XEOL) mea-

surements, [442] in which an optical spectrometer is used to observe radiative transitions in

a sample following X-ray excitation, are performed. This technique is utilized to identify

the presence and origin of multiple mid-gap vacancy defect levels, as well as how they sat-

urate with increasing injected carrier concentration. This demonstrates that the utility of

synchrotron beamlines that are used to perform XAS and XES measurements, techniques

which are not sensitive to the defects identified herein, can be extended to interrogate point

defects.

13.2 Experimental and Calculation Details

13.2.1 Sample synthesis

ZnSiN2 was synthesized from elemental zinc and silicon by the previously published am-

monothermal method using potassium azide as a mineralizer at a pressure of 100 to 150

MPa and a temperature of 1070 K inside a molybdenum-lined Haynes 282 superalloy auto-

clave. [430] After residual mineralizer and inermediaes were removed by washing with water

and 1 M HCl and drying at 350 K in air, ZnSiN2 was obtained as a colorless microcrystalline

powder.

13.2.2 Synchrotron Measurements

X-ray absorption and emission spectroscopy measurements were performed at the N 1s and

N Kα edges of ZnSiN2. These measurements are performed by promoting core electrons to

the conduction band and monitoring their subsequent decay. X-ray absorption spectroscopy

(XAS) measurements were performed in partial fluorescence yield (PFY) mode, in which the

filling of a specific core hole via radiative transitions from the valence band is monitored by an

energy-dispersive silicon drift detector. X-ray emission spectroscopy (XES) measurements are

performed with excitation energies far above the excitation threshold, with the XES spectra

collected using a soft X-ray fluorescence spectrometer in a Rowland circle geometry oriented

at 90 degrees with respect to the incident radiation. These measurements were performed
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with the sample mounted 60 degrees to the incident beam. The XAS spectra were calibrated

using an initial peak of 402.10 eV in graphitic boron nitride as a reference. The XES spectra

were calibrated using elastic scattering features from the incident beam. All measurements

were performed at room temperature at the REIXS beamline of the Canadian Light Source.

X-ray excited optical luminescence (XEOL) measurements, in which optical lumines-

cence spectra are collected from a sample following X-ray excitation, were performed at the

VLS-PGM beamline at the Canadian Light Source. Optical spectra were calibrated using a

semiconductor laser diode. All measurements were performed at room temperature.

13.2.3 Calculation Details

The electronic structure of ZnSiN2 was modelled using density functional theory (DFT).

This modelling was performed in two steps. First Quantum ESPRESSO (QE), an open

source pseudopotential software package, [443, 444] was used to calculate DFT-optimized

parameters of the ZnSiN2 unit cell. Both the atomic positions and unit cell parameters were

allowed to relax, using the experimental structure of ZnSiN2 as a starting point. [430] The

resulting unit cells were used as inputs to WIEN2k, a full-potential, all-electron commercially

available software package which uses linearized augmented plane waves with local orbitals

in a Kohn-Sham scheme. [113] These two codes were used in series because achieving the

overall minimum of the unit cell energy per unit volume is more easily performed using

QE and, being a pseudopotential code, is less resource intensive. Fortunately, modern DFT

codes provide reproducible results despite differences between specific implementations. [14]

In both cases, calculations were performed using a revised generalized gradient approximation

(GGA) of Perdew, Burke and Ernzerhof, PBEsol, which has been optimized to calculate the

equilibrium properties of densely packed solids. [151] For QE a kinetic-energy cutoff of 60 Ry

was used, while for WIEN2k an RKmax=7.5 was used. The k-mesh was selected so that the

total energy per unit cell was stable to within 10−5 Ry, resulting in a 10 × 8 × 10 k-mesh

for a single unit cell of ZnSiN2, with commensurately smaller meshes used for supercells.

Since GGA functionals generally significantly underestimate the band gap of materials, the

modified Becke-Johnson (mBJ) exchange-correlation functional is used for this purpose. [27]

The WIEN2k DFT calculations are used to calculate the density of states as well as to
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Table 13.1: Experimental and relaxed unit cell parameters of ZnSiN2. Experimental
parameters are taken from Ref. 2. Relaxed parameters are calculated using the PBEsol
functional, allowing both the unit cell parameters and atomic positions to relax. In
both cases ZnSiN2 is in the Pna21 space group.

Unit Cell (Å) Site x y z

Experimental a = 5.24637 Zn 0.4170 0.1242 0.0000

unit cell b = 6.28025 Si 0.0724 0.1248 0.5043

c = 5.02228 N1 0.0588 0.0930 0.1513

N2 0.1118 0.6536 0.0877

Relaxed a = 5.2398 Zn 0.4159 0.1242 0.9983

unit cell b = 6.2393 Si 0.0733 0.1254 0.4984

c = 5.0278 N1 0.0566 0.1000 0.1515

N2 0.1065 0.6504 0.0950

directly calculate predicted XES and XAS spectra, allowing for a detailed comparison with

experiment. The spectra are calculated by multiplying the PDOS with a dipole transition

matrix element and radial transition probability. [152] The calculated spectra are broadened

using a combination of Lorentzian and Gaussian line shapes reflecting lifetime and instru-

mentation related broadening, respectively. The XAS and XES spectra depend on the final

state of the system for that measurement, which for XAS spectra corresponds to a crystal

perturbed by the presence of a core hole, [111, 153] which tends to shift spectral weight to

lower energies. To account for this perturbation, a fractional core hole is added to a single

atom in a 2 × 2 × 2 supercell of ZnSiN2 (chosen so that each core hole is separated by at

least 10 Å) with a compensating background charge added to the lattice. Separate core hole

calculations were performed for each nitrogen atomic site.
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Figure 13.1: (left) Calculated and experimental N K XES spectra with excitation
energy far above excitation threshold, with features labelled 1-4. Experimental spectra
are shown in blue, with calculated spectra shown in black. (right) Experimental PFY
N K XAS spectra are shown in blue. Calculated N K XAS spectra are shown in for
ground state (black) and with a core hole present in increments of 0.2 core holes per
nitrogen site ranging from 0.2–1.0 (increasingly pale shades of gray). The best fit core
hole calculation, corresponding to a core hole concentration of 0.6 is shown in red for
clarity.

13.3 Results and Discussion

13.3.1 Bulk Properties

The measured N K XES and XAS spectra for ZnSiN2 are shown in Figure 13.1 together with

spectra calculated using the PBEsol functional for a relaxed unit cell. The calculated spectra

in the absence of a core hole are shown in black, while calculated spectra with factional

core holes of 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0 core holes per supercell are shown in increasingly

pale shades of gray. The best fit XAS spectra is reproduced in red for clarity. Although

the PBEsol functional used in this work is optimized to correctly calculate the structural

properties of densely packed solids, it is well known that the GGA class of functionals tend

to underestimate the band gap of semiconductors. To account for this, the calculated spectra

have been rigidly shifted to align spectral features.

Considering the calculated XAS spectra, it is clear that as the strength of the core hole

increases, spectral weight shifts to lower energies, forming distinct excitonic peaks (labelled A
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and B) that are not present in the ground state of this system, and are sensitively dependent

on the fractional core hole strength. Comparing the calculated spectra with experiment the

best overall agreement between the measured and calculated spectra occurs for a calculated

fractional core hole of 0.6|e|. Excellent agreement with all major features (labelled A-J)

reproduced at approximately the correct energy position and at the correct peak intensity is

obtained, with the exception of feature J which is over-emphasized in the calculation.

These results confirm that the level of theory employed to describe the excited state, the

final-state approximation, which is formally incorrect since DFT is a ground state theory,

can nevertheless be used to describe the perturbations caused by the core-hole. The core hole

fraction in this work is close to the value of 1/2 implied by the Slater transition-state method,

in which excitation energies are calculated using an artificial state between the ground and

excited states, as well as a value of 2/3 implied by a later generalization. [445–448]

Considering the XES spectra, the experimental spectra show four features labelled 1–4.

Corresponding features are observed in the calculated spectra, although the relative intensi-

ties are not in quite as excellent agreement as seen in the XAS spectra. This is likely due to

the fact that in ZnSiN2 the Zn 3d electrons hybridize in the uppermost valence band with

states from the nitrogen atoms. The generalized gradient approximation class of exchange-

correlation functionals, including the PBEsol functional used in this work, performs relatively

poorly at describing on-site Coulomb interactions (otherwise known as self-interaction cor-

rections) of electrons in localized orbitals such 3d. This is in contrast with sp semiconductor

nitrides, [116] although as d electrons are introduced, a corresponding introduction of mis-

placed calculated features can be observed. [56]

XAS and XES, which probe the occupied and unoccupied PDOS of a material, respec-

tively, can be utilized to determine the band gap of a material. The onset of spectral weight in

the XES and XAS spectra are determined using peaks in the second derivative of the spectra,

a technique which allows the spectral weight onset to be reproducibly determined. [112] In

this case, the spectral weight onsets occur at 395.33 ± 0.20 eV and 399.79 ± 0.10 eV, yielding

an overall separation of 4.46 ± 0.3 eV. Other techniques, such as linear extrapolation, yield

similar results. Given that the XAS spectra are perturbed by the presence of a core hole the

overall band gap can only be determined from the XES-XAS separation once this perturba-
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tion has been accounted for. The aforementioned shifting of spectral weight to lower energies

in the presence of the N 1s core hole leads to to a clear exitonic peak, the overall strength of

which depends on the effective core hole strength. In this case the onset of spectral weight is

red-shifted by 0.20 eV. This yields an overall band gap of 4.7 ± 0.3 eV. This is in agreement

with a calculated value of 4.5 eV calculated using the mBJ exchange-correlation functional.

Comparing the measured band gap with values reported in the literature, this value tends

to exceed prior reports, which ranges from 3.6-3.7 eV determined via diffuse reflectance

measurements [430, 449] to 4.2 eV determined via optical absorption measurements. [450]

Comparing the measured band gap with theory, the mBJ exchange-correlation functional

(designed to calculate the band gap of semiconductors) yields a band gap of 4.5 eV, in

agreement with experiment while the PBEsol functional yields a band gap of 3.4 eV, which

underestimates the band gap. This underestimation is characteristic of local and GGA-

based exchange-correlation functionals, and is similar to values reported elsewhere. [432,

451] More sophisticated theoretical approaches, such as the quasiparticle self-consistent GW

approximation predict a band gap of 5.44 eV, overestimating the experimental value. [451]

13.3.2 Defect Properties

To interrogate the defects present in ZnSiN2, XEOL spectra were collected by exciting the

sample with incident X-rays with a photon energy of 255 eV and monitoring the subsequent

luminescence of the sample with an optical spectrometer. Representative data are shown

in Figure 13.2. The XEOL spectrum is shown in black, and can be decomposed into three

constituent Gaussian features centered at 2.11 eV, 2.56 eV and 3.06 eV, respectively. Notably,

while the energy of the observed radiative transitions are all less than the band gap, the lowest

two transition energies, 2.11 eV and 2.56 eV, together add up to 4.67 eV, which is consistent

with the band gap determined by the XES-XAS measurements. This suggests that these two

features may correspond to a mid-gap trap state with radiative recombination from both the

conduction and valence bands.

To understand the origin of the observed transitions these measurements were repeated

with experimental conditions held constant except that the incident flux, or effective pump

fluence, was varied by detuning the beamline undulator. The resulting spectra showed no
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Figure 13.2: Optical luminescence of ZnSiN2 under excitation of X-rays with a photon
energy of 255 eV. The raw spectra are shown in black together with an overall fit
composed of three Gaussian features G1 to G3.

new features and could be decomposed with Gaussian features centered at the same energies.

The intensity of each of the observed features, defined as the amplitude being equal to the

integrated area of each feature, was calculated for each incident flux fluence. The normalized

intensities of each feature as a function of incident flux is shown in Figure 13.3. Within the

margin of error, the relative intensities of the 2.11 eV and 2.56 eV features overlap regardless

of the normalized incident flux, suggesting that these radiative transitions are associated

with transitions to a common mid-gap state, formally known as Shockley-Read-Hall (SRH)

recombination. [452,453]

The intensity of the 2.11 eV and 2.56 eV features shows a response that is less than linear

with respect to the incident pump fluence. Given that the number of carriers injected by

each incident X-ray is constant, this saturated response suggests that the mid-gap trap state

responsible for these transitions is becoming saturated as the concentration of injected carriers

is increased. The intensity of the 3.06 eV feature increases more rapidly with increasing pump

fluence than the other two features, suggesting that with increasing carrier concentration the

lifetime of the carriers in the states responsible for this transition increases, allowing for more

recombination via this pathway to occur.

The discussion until now has only focused on insights that can be drawn from the exper-
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Figure 13.3: Relative intensity of luminescence of features at 2.11 eV, 2.56 eV and
3.06 eV in the XEOL spectra of ZnSiN2, as indicated, are shown as a function of the
normalized incident flux.

imental data alone, but greater insight into the origin of these features can be obtained by

considering a model of ZnSiN2 with defects. Models of ZnSiN2 with N1v, N2v, Siv, Znv as

well as Zn and Si antisite defects were considered. Only models with nitrogen vacancies led

to mid-gap states compatible with the observed XEOL data (for details see the supplemental

material). The total density of states (DOS) for pristine ZnSiN2 and ZnSiN2 with a nitrogen

vacancy at each nitrogen site in a 2×2×2 unit cell are shown as a function of energy in Figure

13.4 together with a schematic version of the diagram. The energy axis is set to zero at the

highest occupied energy level of pristine ZnSiN2, while the energy axes for the defected cases

have been defined so that the tops of the valence band are aligned. The Fermi energy level

for these cases are shown with a colored dashed line. Comparing the pristine and defected

cases, for each Nv case there is a mid-gap energy level, which are shown schematically with

dashed lines in the diagram. Crucially, these energy levels are well separated from each other.

Using this model it is possible to better understand the physical origins of the observed

luminescence features. Following excitation a population of excited electrons and holes reside

in the conduction and valence bands, respectively, which rapidly cool to their respective band

edges. The excited carriers then recombine, including via transitions to the mid-gap trap

states. In this case, the lowest energy trap states will get filled first. Pump-probe studies of
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Figure 13.4: (left) Schematic representation of the band diagram of ZnSiN2 with the
presence of mid-gap trap states caused by the presence of nitrogen vacancies. Possible
radiative transitions by excited carriers to these states are shown with arrows. (right)
Total DOS of pristine ZnSiN2 and ZnSiN2 perturbed by the presence of nitrogen vacan-
cies, with one calculation for each crystallographically unique nitrogen site. The energy
axis is aligned to the highest occupied state of the pristine calculation, with the energy
axes of the Nv sites shifted to align with the valence band. For these cases the Fermi
energy level is indicated by a dashed line corresponding to the color of the underlying
curve.
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semiconductors with mid-gap trap states reveal that the trap emptying time depends sensi-

tively on the excited carrier density, with longer trap emptying times associated with greater

carrier densities. [454, 455] These recombinations occur with characteristic trap emptying

times that depend on the excited carrier density. The coincidence of the intensities of the

2.11 eV and 2.56 eV features, which together correspond to the band gap can be explained by

electrons and holes radiatively recombining to the lowest mid-gap trap state. As the excited

carrier concentration is increased, the effective trap emptying time increases, which results

in higher concentrations of transient excited carriers in the higher midgap states. These

carriers in the higher midgap states can then recombine with states at the top of the valence

band, leading to the observed higher energy 3.06 eV feature. These transitions are shown

schematically in Figure 13.4. The general increase in the trap emptying time as a function of

carrier concentration also explains why the time-integrated intensity of the 3.06 eV feature

increases more rapidly (on a normalized basis) than the 2.11 eV and 2.56 eV features. The

observation of the 3.06 eV feature is evidence that nitrogen vacancies are present on both

crystallographically unique site.

13.4 Conclusion

The electronic properties of ammonothermally synthesized ZnSiN2 have been studied exper-

imentally and theoretically. Considering the bulk properties of this material, good overall

agreement between the measured and calculated XES and XAS spectra is obtained, yielding

an overall band gap of 4.7 ± 0.3 eV. This is in agreement with a theoretical value of 4.5 eV cal-

culated using the modified Becke-Johnson exchange-correlation functional and which exceeds

prior measurements of this parameter using optical techniques.

Fluence-dependent XEOL measurements reveal the presence of multiple mid-gap defect

energy levels which are due to nitrogen vacancies which occur at each crystallographically

unique site in ZnSiN2. Shockley-Read-Hall recombination at the lowest mid-gap nitrogen

vacancy energy level was observed, with transitions associated with higher energy nitrogen

vacancy defect levels as the pump fluence was increased.
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Abstract

As the known allotropes of carbon have expanded, increasing interest has been shown in one-

dimensional carbyne. One approach to studying carbyne has been to synthesize linear chains

of carbon (LCC) within a crystal via ion-assisted plasma condensation. With this technique,

although the interchain separation can be elucidated via diffraction data much less is known

about the intrachain structural properties. In this work LCC samples deposited on substrates

including intrinsic Si, n- and p-doped Si, Cu metal and SiO2 were studied using x-ray absorp-

tion spectroscopy. The resulting spectra show broad features which are incompatible with a

highly ordered structure, and suggest that the sample is composed of LCC chains of vary-

ing lengths and orientations, yielding an overall amorphous XAS spectrum. No significant

changes were observed by varying film thickness or orientation. Density functional theory

was used to model hydrogen terminated and un-terminated LCCs of various lengths. For
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pure carbon chains the interatomic distance converges to an interatomic distance of 1.279 Å

for non-negligible chain lengths. For hydrogen terminated chains the interatomic distances

vary considerably with chain length. There are conflicting reports regarding the interchain

separation distance, but this work suggests the reported experimental value of 2.97 Å is most

plausible.

14.1 Introduction

In recent decades, the known allotropes of carbon have been greatly expanded from diamond

and graphite to include fullerene, fullerite, ionsdaleite, numerous varieties of carbon nan-

otubes and graphene. Having dissimilar types of atomic ordering from the very beginning,

all these allotropes as a result exhibit a wide range of physical and electronic properties,

which is due in part to the diversity of hybridization in the electronic structure of these

materials. In particular, sp3 and sp2 hybridization is observed for the most common and

well-studied diamond and graphene, respectively. Another form of hybridization – sp1, is a

main feature of the one dimensional carbyne, a form of carbon that was first predicted in

the 1960s. [456] Carbyne has been predicted to have several notable properties, including a

specific strength exceeding that of diamond, extreme tensile stiffness, a band gap that in-

creases under tension and functionally tunable mechanical properties. [457] It has also been

predicted to be promising as a hydrogen storage material, with a gravimetric storage capacity

that exceeds 8 weight percent (exceeding a U.S. Department of Energy target of 6.5 weight

percent for industrial usage). [458] Theoretical work suggests that carbyne chains coupled to

graphene nanoribbon electrodes function as spin valves, while simultaneously exhibiting bias-

dependent magnetoresistance (independent of chain length), potentially enabling all-carbon

spintronic devices. [459]

Despite these promising features, carbyne has been the subject of relatively few experi-

mental reports in large part due to the instability of sp1 linear carbon chains. Progress in

studying isolated linear carbon chains (LCC) is being made, including the recent achieve-

ment of encapsulating a 6000 atom-long carbon chain in a nanotube, [460] although such

an approach is impractical for making real devices. With this limitation in mind, linear
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carbon chains ordered in a crystalline supercell are considered as an alternative approach

to synthesize carbyne. This type of ‘bulk’ sample has recently been synthesized using tech-

niques such as ion sputtering [461] and laser ablation in a liquid. [462] Electron diffraction

experiments demonstrate that it is possible to synthesize a hexagonal supercell structure

of carbon chains. [461] At the same time, although bulk LCC samples have recently been

studied using techniques such as Raman spectroscopy, [463, 464] detailed information with

respect to carbon chain length, bond ordering, how these chains are terminated and the role

that unintentionally introduced hydrogen may play in stabilizing the carbon chains is cur-

rently unavailable. To the best of the authors knowledge, no studies which directly probe

the electronic density of states have been performed on bulk LCC samples.

This study seeks to address this gap in two respects. First, to interrogate the structural

properties along the chains, density functional theory is used to model carbyne chains of

various length, with and without hydrogen termination. This is analyzed in a pair-correlation

framework to understand how the physical structure and bonding vary with chain length and

the presence of a stabilizing termination. This is combined with x-ray absorption spectroscopy

(XAS), which directly probes the partial density of states of a material, measurements of bulk

LCC samples to gain insight into the physical and electronic structure of these materials.

14.2 Experiment and Theory

Linear-chained carbon films of carbon were grown on substrates by ion-stimulated conden-

sation from a carbon plasma, described in detail elsewhere. [461,463] The substrates studied

include SiO2 glass, copper metal and intrinsic, n-doped and p-doped silicon. Our samples

were synthesized using UVNIPA-1-001 system (Lab of Physics of Functional Materials for

Carbon Micro- and Optoelectronics, Ural Federal University). This system employs the prin-

ciple of vacuum ion-plasma deposition of particles onto the target substrate. Carbon films

were deposited from carbon plasma onto polycrystalline copper and single crystal silicon

substrates simultaneously with argon-ion treatments. Initially, the vacuum chamber was

pumped up to 2× 10−3 Pa, then the gas-inlet has been linked and opened in order to inject

argon-ions so the final working underpressure in this chamber was 5× 10−2 Pa. The energy
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of treating argon-ions was limited in the range of 300–600 eV. The thickness of the deposited

films was indirectly controlled via the time of deposition under the same working conditions.

All substrates had been ion-sputtered before carbon deposition procedures in order to remove

trace oxygen and other contaminants from the sample surface.

Although these LCC films can be reproducibly synthesized, there is considerable ambi-

guity about the structural properties of these films. Electron diffraction experiments suggest

that carbon chains form in a bulk crystalline structure in which the carbon chains are sep-

arated from each other with a hexagonal structural spacing between the chains. There are

differing reports, with reports varying from 2.97 Å, [461,465] to 4.00–5.03Å, [466] but much

less information is known about the chains themselves. In particular, information such as

chain length, average inter-atomic distance along a chain, and whether or not the chains are

hydrogen terminated etc. are unknown.

WIEN2k, a full-potential all-electron commercially available software package, which

uses linearized augmented plane waves with local-orbitals in a Kohn-Sham scheme was

used to perform the DFT calculations. [113] Calculations were performed using the revised

Perdew-Burke-Ernzerhof generalized gradient approximation exchange-correlation functional

(PBEsol), which is designed to reflect the equilibrium properties of solids. [151] In all cal-

culations RKmax=7.0 was used for the pure carbon phase, with an equivalent value used for

calculations involving hydrogen atoms, reflecting the differing muffin tin sphere sizes. For

each chain length, the k-mesh was selected so that the total energy was stable to within

10−5 Ry for a non-hydrogen unrelaxed LCC structure. Following this, the atomic positions

were relaxed.

Carbyne was modelled as a series of LCCs separated from each other in a hexagonal lat-

tice, as suggested by electron diffraction data, [461] using an interchain distance of 2.97 Å. To

model these materials, these chains were modeled as cumulated double-bond chains (cumu-

lene) terminated with a kinked single bond. The initial structural parameters were adapted

from the approach proposed by Heimann et al. [467, 468]. Chain lengths from 4 atoms in

length to 20 atoms in length were considered. Chains with and without hydrogen termina-

tion were also considered. An ansatz for a hydrogen terminated LCC with a chain length of

five is shown in Figure 14.1. Given that experimental reports of the interchain distance vary
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Figure 14.1: A view showing the initial structure of a hydrogen-terminated LCC with
a chain length of 5 carbon atoms.

between 2.97 Å and 5.03 Å, a test set of calculations was performed each ansatz for chains

of length 4,5,6 and 11, in which both the lattice parameters and the atomic positions were

allowed to relax. This resulted in interchain separations of 3.4 Å and 3.6 Å for the terminated

and un-terminated models, respectively. Since these values strongly deviate from the reports

of interchain separations of 4.00–5.03 Å, the experimental value of 2.97 Å was used.

The DFT calculations are used to calculated XAS spectra, allowing for a comparison

between theory and experiment. The spectra are calculated by multiplying the partial density

of states with a dipole transition matrix and radial transition probability. [152] The calculated

spectra are broadened using a combination of Lorentzian and Gaussian line shapes reflecting

lifetime and instrumentation related broadening, respectively.

X-ray absorption spectroscopy (XAS) measurements were performed on the C K edge

at the SGM beamline at the Canadian Light Source. These measurements are performed

by promoting core electrons to the conduction band and monitoring their subsequent decay.
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Figure 14.2: Experimental C K XAS spectra are shown for LCCs on Si substrates,
as indicated, on top with thick lines. Calculated C K XAS spectra are shown for
LCC chains with the number of C-atoms in the chain length as indicated. Hydrogen-
terminated and un-terminated chains are shown in red and black, respectively.

Linearly polarized light at an angle 45 ◦ to the surface normal was used. The samples were

mounted on carbon tape and XAS measurements were performed in partial fluorescence

yield (PFY) mode. In a PFY measurement, the x-ray fluorescence is observed using an

energy-dispersive detector, in this case as silicon drift detector, to measure only fluorescence

associated with transitions to the carbon 1s core level. The resolving power (E/∆E) of these

measurements was 4000 (or 70 meV at the C K edge). These spectra were calibrated by

aligning the π∗ feature of highly oriented pyrolytic graphite to 285.4 eV.

14.3 Results and Discussion

The measured XAS spectra for the LCC carbyne samples on i-Si, p-Si, n-Si, Cu and SiO2

glass substrates are shown in Figure 14.2, in thick lines, as indicated. The XAS spectra (C K
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1s −→ p absorption transition) exhibit an easily observable main wide band, having spectral

features a and b at 284.3 eV and 285.1 eV, respectively, and an extended tail structure with

features c and d located at 286.5 eV and 288.5 eV, respectively. Depending on the subtrate

type, the XAS spectra exhibit relative suppression or enhancement of feature a with respect

to b, which is lowest for the silicon substrate and highest for Cu and SiO2. As for the extended

absorption tail-structure, no significant transformations were found. The spectra of the LCC

carbyne samples on Si substrates allow for perturbations to the unoccupied density of states

to be probed as a function of substrate carrier concentration. Considering the spectra of the

LCC carbyne samples on i-Si, p-Si and n-Si substrates, which have carrier concentrations of

1.5×1010cm−3, 6.2×1015cm−3 and 5.0×1015cm−3, respectively, it is clear that the unoccupied

density of states of the LCC chains are, within the experimental resolving power of the XAS

measurements, unperturbed by carriers in the host substrate. Comparing Si with the Cu

and SiO2 glass substrates, the principal changes observed are changes to the relative spectral

weight of features a and b, but, at the same time, no new features are introduced.

In an effort to ensure that these spectra are representative of carbyne synthesized with

this technique, two additional degrees of freedom were tested. First, XAS spectra were

collected under conditions where the measurements are relatively sensitive to the in- and

out-of-plane density of states. This was performed by changing the angle of the sample

surface relative to the polarization of the incident light, and negligible changes were observed.

These spectra are shown in Figure S1. Second, samples of varying thicknesses were measured,

with film thicknesses varying between 20 nm and 60 nm (shown in Figure S2). Negligible

differences were observed. Accordingly, the experimental spectra presented here appear to be

representative of LCCs synthesized using ion-stimulated condensation from a carbon plasma.

There are many open questions about the carbon chains in these materials, including

what the chain length within these materials are, how uniform the distribution of chain

lengths are within a material, and how (or whether) these chains are stabilized or terminated

with atoms such as hydrogen. For example, vibrational modes in LCC materials observed

using optical Raman spectroscopy [463, 464, 469, 470] have been interpreted as vibrational

modes of LCCs. Although these models provide a means to interpret Raman spectra, many

of the input parameters of these chains remain formally unknown, such as the chain length
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or termination limits the explanatory power of these measurements to date.

To interpret the experimental data, LCC chains with chain lengths of four, five, six, 11

and 20 atoms were considered, with and without hydrogen atoms to stabilize kinks in the

chains, as described above. The calculated spectra are shown in Figure 14.2 with narrow

black and red lines, representing non-hydrogen terminated and hydrogen terminated chains,

respectively. This large set of chain lengths, and stabilizing terminations has been chosen

because, although parameters such as the interchain distance are able to be resolved, [461]

much less in known about the intrachain structure. Low frequency modes in Raman spectra

have been attributed to the presence of stabilized linear chains, [464, 471] but important

questions, such as the length of the chains, uniformity of the chain length and how these chains

are stabilized are currently unknown. Considering the calculated XAS spectra, it is clear that

the spectral features, particularly in the vicinity of features a and b, are sensitive to the chain

length and termination. In this region, the experimental spectra are best reproduced by a

LCC length of 11 (LCC-11). Considering the energy range above 285 eV, the experimental

spectrum is relatively broad and featureless, making it impossible to determine if, for example,

the hydrogen-terminated or un-terminated LCC-11 structure better agrees with experiment.

We consider in greater detail the relaxed LCC structures. The carbon-carbon radial

distribution function (RDF), which represents the probability of finding a carbon atom within

a shell a given distance from another carbon atom, is shown for the region corresponding

to nearest-neighbor distances in Figure 14.3(a). Hydrogen terminated and un-terminated

chains shown with solid and dashed lines, respectively. As mentioned above, following an

initial ansatz, each LCC model was allowed to relax. An example of the relaxed structures

of terminated and un-terminated LCCs of length 10 are shown in Figure 14.3(b).

Considering the un-terminated LCCs, for all of the chain lengths considered these unit

cells formed linear chains which oscillate with a periodicity that matches the out-of-plane axis

of the host unit cell. Considering the RDF of the un-terminated chains in Figure 14.3, there

are two notable observations. First, in each un-terminated LCC, the interatomic distace along

the chain is uniform. Second, for very short chains of length four carbon atoms the interatomic

distance is 1.265 Å, while for chains longer than this the carbon-carbon interatomic distance

converges to 1.279 Å. Despite this short range structural similarity, the calculated XAS
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Figure 14.3: (a) Carbon-carbon radial distribution functions of hydrogen terminated
and un-terminated LCCs with the length as indicated. (b) Relaxed structure of un-
terminated and hydrogen terminated LCC with a chain length of 11.
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spectra vary considerably.

For the hydrogen-terminated LCCs, several characteristic changes are observed. First,

the hydrogen atom stabilizes the linear chain (shown in Figure 14.3(b)). As a result of this

stabilization, the carbon atoms which together form the stabilizing kink are separated by a

relatively large distance. With the exception of LCCs of length 5, the kinked C-C separation

converges to 1.414 Å. Considering the interatomic distance of the kink carbon atoms with

their nearest intra-chain neighbour, this value varies by chain length but remains between

1.36 and 1.38 Å. Second, considerable variation of nearest-neighbour distances within a chain

are observed, and this variation is sensitive to the overall chain length. Considering the intra-

chain nearest neighbour distance of an LCC with a chain length greater than four, a bi-modal

distribution of nearest neighbour distances is observed, reflecting a so-called bond-length

alternation (BLA). [469] This is in sharp contrast with un-terminated LCCs, for which a single

nearest-neighbour distance is observed, which converges to 1.28 Å for chain lengths greater

than four. Thus, for un-terminated carbon, the nearest neighbour distances correspond to

cumulated double-bond chains (cumulene), while for hydrogen-terminated LCCs the BLA

implies a polyyne structure. The degree of BLA in the terminated chains is sensitive to the

chain length between the terminating kinks, with the degree of alternation decreasing with

increasing chain length. This alternating character is retained for chain lengths even up to

twenty, although this is obscured in the RDF as the overall RDF forms a broad distribution

centered around 1.285 Å. For the terminated chains it is clear that the intrachain structural

properties are sensitively dependent on the chain length used.

Having considered the structural properties, we now consider the calculated C K XAS

spectra, which are shown in Figure 14.2. Calculated spectra for relaxed chains of length four,

five, six, 11 and 20 atoms are shown with and without hydrogen termination, with narrow

red and black lines, respectively, as indicated. First, considering only the un-terminated

calculated LCC spectra, it is clear that the spectral shape and (correspondingly) the electronic

partial density of states are very sensitive to the overall chain length even though the short-

range order in these samples are very similar. Similar differences for different chain lengths

are seen for the hydrogen-terminated spectra.

Comparing the experimental spectra to the theoretical spectra, it is clear that the cal-
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culated features (which have been broadened to reflect experimental conditions) are much

sharper than the experimental spectra. Comparing the position and relative strength of the

experimental features a-d to the calculated spectra, the best agreement is observed for LCCs

of length 11, but the experimental spectra are sufficiently broad that extracting more de-

tailed information, such as information about whether or not the samples have terminated or

un-terminated chains, is impossible. We emphasize that the breadth of the features observed

in the experimental spectra is not due to limits in the experimental resolving power, and is

rather due to the sample itself.

As mentioned above, since the XAS spectra are sensitive to the partial density of states,

XAS spectra were collected at several experimental geometries to probe in- and out-of-plane

character. Negligible differences were observed, suggesting that the sample is relatively

isotropic, even in samples with thicknesses of as little as 20 nm, which is perhaps surprising

for a sample thought to be composed of linear chains of carbon. One possible explanation of

the relatively isotropic XAS spectra may explained by considering that (i) sp1 carbon chains

greater than 44 atoms have been found to be unstable, [472] and (ii) that experimental

Raman spectra have been attributed to samples composed of distributions of chain lengths

which are at most 20 atoms long. [463, 464] If the linear chains are present, given that even

the thinnest of the films studied would be composed of chains with local anisotropy but with

disorder along the chains, such that the LCCs maintain their short-range linear character,

but become relatively disordered over longer ranges (due to, for example, a chain having

a large radius of curvature). This long-range disorder in the samples is also supported by

the overall breadth of the observed spectral features, which is characteristic of disordered

materials. In this interpretation, the spectra are measured from many LCC domains of vary-

ing chain length and varying orientation, leading to an overall broadened spectrum and the

sample could overall be considered amorphous in average. Given the relative lack of features

in the experimental XAS spectra compared to the calculated spectra, it appears that this

experimental technique can provide limited insight into the short range ordering of these

materials.

As an aside, part of the motivation for studying the film thickness dependence is that

transmission electron diffraction data show a 0.425 nm feature, which is attributed to the
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linear chain structure, the relative intensity of which is sensitively dependent on the film

thickness. Our experimental measurements suggest that the carbon p states are relatively

insensitive to changes in the film thickness, however.

Finally, we note that simultaneous with the collection of the XAS spectra, x-ray excited

optical luminescence measurements, in which optical spectra are collected following x-ray

excitation with a detector sensitive to 200 nm-1000 nm, were performed. No observable

luminescence was detected. This is in agreement with the DFT calculations for both the

hydrogen terminated and un-terminated chains, which suggest that regardless of chain length,

the LCCs modelled here are conducting. This is, however, in contrast with results by Pan

et al., [462] where visible luminescence was observed following UV excitation. In this work

the sample was synthesized using a different technique, laser ablation in liquid, but the

interpretation of the separation between chain from x-ray diffraction is 3.34 Å, similar to the

value used in this work.

14.4 Conclusion

Linear-chained films of carbon deposited via ion-stimulated condensation from a carbon

plasma were studied using x-ray absorption spectroscopy, and modelled with density func-

tional theory. The resulting experimental spectra are insensitive to the film thickness or

orientation, and contain features much broader than what is suggested by model calculations

of linear chains. This suggests that the resulting film is disordered, and may be composed of

chains of varying lengths and orientations. As an experimental technique, XAS can provide

limited insight about the structural details of this sample.

The DFT calculations show that for pure carbon chains, the carbon atoms relax to a

homogeneous spacing of 1.279 Å, with a structure that oscillates with a period of the length

of the unit cell. For hydrogen terminated chains, large variations in the short-range order are

observed, which is sensitively dependent on the overall chain length. These models suggest

that these chains are conducting. There are conflicting reports in the literature about the

interchain distance of deposited carbon films, with reports varying between 2.97 Å and 5.03 Å.

Ab intitio calculations yield interchain separations of approximately 3.4 Å and 3.6 Å for the
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terminated and un-terminated models, respectively, suggesting that that 2.97 Å report is

most plausible.
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15 Conclusions

In the work presented herein, the characterization of material properties via synchrotron

radiation is advanced in two respects. First, new analytical approaches are developed to inter-

pret experimental data, allowing additional insight to be gained from existing experimental

techniques. Second, the development of a new characterization technique allows an existing

experimental technique to elucidate information about material systems that was previously

inaccessible. These two approaches are linked in their creativity to solving the problem of ob-

taining as much useful information as material system as possible (which might be otherwise

impossible to obtain). Taken together, this work has enabled the characterization of defects

(such as in ZnSiN2 and InN), dopants (such as in SnO2:Co,Zn and N-doped graphene) and

intercalants (such as anion-intercalated graphite). The key findings and significance of each

paper is described below.

In Band gap and electronic structure of MgSiN2 determined using soft X-ray spectroscopy

and density functional theory the band gap of MgSiN2 is determined to be 5.6 ± 0.2 eV,

with the calculated density of states well described by experiment. This work represents the

first experimental measurement of this important basic material property, the measurement

of which enables the use of this material in optoelectronic applications.

In Band gap and electronic structure of cubic, rhombohedral and orthorhombic In2O3

polymorphs: Experiment and theory the band gaps of Ia3, R3c and Pbcn In2O3 are determined

to be 3.2 ± 0.3, 3.1 ± 0.3 and 2.9 ± 0.3 eV, respectively. This work represents the first

experimental study of the electronic properties of the novel Pbcn In2O3 polymorph, which is

difficult to recover at ambient conditions. This manuscript also addresses whether it is more

appropriate to use experimental or ab initio lattice parameters to model a semiconductor

crystal.

In Tuning the electronic structure of graphene through nitrogen doping: experiment and
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theory the overall electronic doping of nitrogen-doped graphene is linked to particular defect

species and synthesis conditions. This work clarifies how the overall carrier concentration of

graphene is perturbed by various nitrogen dopants.

The manuscript Luminescence of an Oxonitridoberyllate: A Study of Narrow-Band Cyan-

Emitting Sr[Be6ON4]:Eu2+ is the first report of this material, and the first report of an oxoni-

tridoberyllate phosphor which emits in the cyan region. This material exhibits a moderate

quantum efficiency of 20%, potentially enabling pc-LEDs with an improved color rendering

index. The band gap is determined to be 4.6 ± 0.3 eV, with the 5d-CB separation determined

to be 0.26 eV.

In Oxygen Vacancy Induced Structural Distortions in Black Titania - A Unique Approach

using Soft X-Ray EXAFS at the O K-Edge, EXAFS measurements were performed at the

O K edge, yielding significant information about the nature of the lattice distortions present

in black titania, providing new insight into a topic of controversy within the literature.

The significance of this work extends beyond the insight gained into the specific system

studied in this manuscript. This work also demonstrates the feasibility of performing EXAFS

measurements in the soft X-ray regime with the advent of high count-rate energy dispersive

silicon drift detectors, providing another means to obtain detailed structural information

about entire classes of materials.

In Bandgap and Electronic Structure Determination of Oxygen-Containing Ammonother-

mal InN: Experiment and Theory, the band gap of InN was determined to be 1.7 ± 0.2 eV.

The significance of this work is that it represents the first band gap measurement of free-

standing InN grown via ammonothermal synthesis. Several defects, including substitutional

oxygen atoms as well as a trapped gas, were observed.

The manuscript Direct Evidence of Charge Transfer upon Anion Intercalation in Graphite

Cathodes through New Electronic States: An Experimental and Theoretical Study of Hexaflu-

orophosphate is the first study to directly observe the charge transfer between an intercalant

anion in graphite and the host lattice both experimentally and theoretically. This charge

transfer is observable in the XAS/XRS spectra as changes in the distribution of spectral

weight in the pre-π* region. Spectral changes in this region are characteristic of charge

transfer between an intercalant anion species and the graphite host lattice, and this finding
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is applicable to intercalants beyond those considered in this work.

In Origin and Control of Room Temperature Ferromagnetism in Co,Zn-doped SnO2: Oxy-

gen Vacancies and their Local Environment the local environment of Co and Zn dopants is

studied using several spectroscopic techniques. In this work, the transfer of oxygen vacancies

from being Zn-adjacent to Co-adjacent upon annealing is observed. This structural change

is linked to changes in the observed magnetic properties. One novel aspect of this work is

that in addition to using a standard crystal field model to interpret the data, which pro-

vides parameterized information about local distortions, DFT is utilized in combination with

a crystal field model to provide more detailed information about the local environment of

dopants.

In Deep level defects and band gap of ZnSiN2 important material properties, including

the electronic band gap and the characterization of mid-gap defects, are studied both ex-

perimentally and theoretically. A standard approach is taken to determine the electronic

band gap, which is 4.7 ± 0.3 eV. A novel experimental approach is taken to determine the

presence of mid-gap defects, in which optical luminescence spectra are collected while varying

the incident pump fluence. Combined with theoretical calculations, this allows a hierarchy of

mid-gap states due to the presence of nitrogen vacancies to be identified, while also yielding

qualitiative information about the excited carrier dynamics. This approach is generalizable

to semiconductors at large. Given that the overall properties of materials are sensitively de-

pendent on any defects that are present, providing a new means of detecting and identifying

them represents a significant advance of interest to the broader material science community.

The electronic properties of linear bulk chains of carbyne are studied in Electronic proper-

ties of crystalline ordered carbyne chains: Experiment and theory. For this class of materials,

although the intrachain spacing is well characterized, basic material properties of the chains,

such as the chain length and bond ordering, are unknown. This study addresses this gap

by probing the partial electronic density of states experimentally, while performing extensive

modelling to interpret the experimental spectra. The conclusion of this work is that, from

a theoretical perspective, the overall electronic properties of these materials are sensitively

dependent on their short-range ordering. However, the actual samples studied are disor-

dered, composed of domains with varying chain length and orientation. This disorder leads
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to samples which could, on average, be considered amorphous.
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[87] Z. Lenčéš, K. Hirao, P. Šajgaĺık, and M. J. Hoffmann, “Thermodynamic and Dielectric
Properties of MgSiN2 Ceramics,” Key Engineering Materials, vol. 317-318, pp. 857–860,
2006.

[88] R. Bruls, H. Hintzen, and R. Metselaar, “A new estimation method for the intrinsic
thermal conductivity of nonmetallic compounds,” Journal of the European Ceramic
Society, vol. 25, no. 6, pp. 767–779, 2005.
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[202] H. Sevinçli, M. Topsakal, E. Durgun, and S. Ciraci, “Electronic and magnetic properties
of 3d transition-metal atom adsorbed graphene and graphene nanoribbons,” Physical
Review B, vol. 77, no. 19, p. 195434, 2008.
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