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ABSTRACT

The structural-property relationship of any novel materials, whether nanoscaled or in the bulk form must be

understood for their successful applications. Soft X-ray spectroscopy is used to probe the electronic struc-

tures of materials. Furthermore, density functional theory calculations are used to interpret the experimental

observations, which allows linking the electronic properties to the underlying atomic arrangements and lumi-

nescence parameters. In this thesis, InN and phosphor-converted light emitting diodes (pc-LEDs) are studied

using these experimental techniques and theoretical methods.

InN is a key material for technological applications in opto-electronic devices because of its relatively small

band gap; however there is a persistent and active debate about its varying band gap values and their origin.

The electronic structure and the band gap of ammonothermal InN powder samples are studied as a first part

of this thesis. Further the origin of the measured band gap is discussed in terms of the presence of oxygen

impurities and the impurity phases of InN.

pc-LEDs can significantly reduce global energy consumption and are expected to dominate the lighting

market. In pc-LEDs, the energetic position of activator ions with respect to the conduction band (CB)

and valence band (VB) of the host lattice determines the electronic and luminescence properties includ-

ing multicolor emission, adjustable bandwidth, and thermal quenching under application conditions. The

second part of my study involves the direct measurements of the energy levels of activator Eu2+ ions for

three highly efficient color-sensitive Eu2+-doped phosphors such as ultranarrow band blue-emitting oxoberyl-

lates AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr), red-luminescence SrLi2Al2O2N2:Eu

2+, and blue-luminescence nitri-

doberyllates MBe20N14:Eu
2+ (M = Ba, Sr). New characterization methods with existence techniques such as

soft X-ray resonant inelastic X-ray scattering (RIXS) and X-ray excited optical luminescence (XEOL) mea-

surements are used for directly determining the energy level of Eu2+ ions. Modern phosphors use the 4f65d1

to 4f7 transition of Eu2+, where 4f65d1 is an excited state. We directly determine the energetic separation

between the Eu2+ 4f65d1 state and the CB of host lattice using RIXS measurements. Thus, the location

of the Eu2+ 4f65d1 states is below the CB of the corresponding energy separation. The 4f7 energy level is

determined from the 4f65d1 → 4f7 transition of Eu2+ ions with respect to the 4f65d1 states using XEOL

techniques. Therefore, we determine all participating energy levels of Eu2+ ions (4f65d1 and 4f7 states) of

the studied phosphors. Thus, we identify all radiative processes involved in the design of next generation

pc-LEDs. These experimental techniques allow direct access to the intragap states of the Eu2+-dopants,

which are the source of the luminescence of Eu2+-doped phosphors.

ii



ACKNOWLEDGEMENTS

I firstly express all of my admiration and devotion to the almighty Allah, the most beneficial who has enabled

me to perform this research work and to submit this thesis.

I would like to thank all the people who contributed in some way to the work described in this thesis. Most

importantly, I express my profound gratitude to my honourable supervisor, Dr. Alex Moewes, Professor

in the department of Physics and Engineering Physics at University of Saskatchewan and Canada Research

Chair for Materials Science with Synchrotron Radiation, for believing in me and giving me the opportunity

to study in this great country. During my five years in his group, he generously provided me with support,

inspiration, guidance, encouragement, and the freedom to pursue this research. I am grateful for the oppor-

tunity he has given me by taking on the role of my supervisor. As a foreign student, I am extremely happy

to get very collaborative and supportive environment he has cultivated in his entire group.

I am grateful to the other members in the beamteam who were not just my colleagues during the last five

years, but also my teammates and friends. Firstly, I am very thankful to Dr. Tristan de Boer and Dr.

Amir Qamar, who worked on the same types of projects. They trained me on the calculation methods on a

day-to-day basis, and shared their research ideas and thoughts with me. I also would like to thank Patrick

Braun and Josha Ho with whom I had less overlap but who were nonetheless wonderful friends and colleagues.

I am thankful to Professor Dr. Gerhard Herzberg’s family for considering me for the Gerhard Herzberg

Memorial Scholarship for 2019-2020. I am grateful to the Government of Saskatchewan for financial sup-

port by Saskatchewan Innovation and the Opportunity Scholarship 2017-2018. I acknowledge support from

NSERC and the Canada Research Chair program. I also acknowledge Compute Canada. The calculations

presented in this paper were performed on the Cedar high-performance computing cluster, which is part of

the WestGrid (www.westgrid.ca) and Compute Canada Calcul Canada (www.computecanada.ca).

Finally, I would like to thank my family, my parents for their endless support, unconditional love and constant

encouragement. A very special thank goes to eternal love Nazia Arifa, my wife who came in Canada from

eleven thousand kilometres away to accompany me. She is taking care of me and our two kids (Muhammad

Rafsan Amin and Muhammad Raizan Amin), who are my main inspiration to work hard. Their smiling face

always helped me to erase any hard times and encouraged me to look forward. Thank you all.

iii



Dedicated to my lovely wife, Nazia Arifa and two wonderful kids, Muhammad Rafsan Amin and Muham-

mad Raizan Amin

iv



CONTENTS

1 Introduction 1

1.1 Motivation for Studying Luminescent Materials . . . . . . . . . . . . 2

1.2 Luminescent Materials . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Configurational Coordinate Model . . . . . . . . . . . . . . . . . . . . 11

1.4 Objective of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Experimental Techniques 22

2.1 X-ray Interactions with Matter . . . . . . . . . . . . . . . . . . . . . 23

2.2 Synchrotron Radiation and Insertion Devices . . . . . . . . . . . . . . 27

2.3 X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . 30

2.3.1 X-ray Absorption Near-Edge Spectroscopy . . . . . . . . . . . 34

2.3.2 Extended X-ray Absorption Fine Structure Spectroscopy . . . 37

2.4 X-ray Emission Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 38

2.4.1 Nonresonant X-ray Emission Spectroscopy . . . . . . . . . . . 40

2.4.2 Resonant X-ray Emission Spectroscopy . . . . . . . . . . . . . 41

2.4.3 Resonant Inelastic X-ray Scattering . . . . . . . . . . . . . . . 41

2.5 X-ray Excited Optical Luminescence (XEOL) Spectroscopy . . . . . . 43

2.6 Soft X-ray Endstations . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.6.1 Resonant Elastic and Inelastic X-ray Scattering Beamline . . . 45

2.6.2 Beamline 8.0.1.1 . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.6.3 Variable Line Spacing - Plane Grating Monochromator Beamline 46

v



3 Calculation Methods 47

3.1 Wave Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Schrödinger’s Equation . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Electron Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4 Many-Body Hamiltonian . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4.1 Born-Oppenheimer Approximation . . . . . . . . . . . . . . . 52

3.5 Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . . . 53

3.5.1 Hohenberg and Kohn Theorems . . . . . . . . . . . . . . . . . 54

3.5.2 Kohn-Sham Equations . . . . . . . . . . . . . . . . . . . . . . 58

3.6 Exchange Correlation Energy Functionals . . . . . . . . . . . . . . . . 62

3.6.1 Local Density Approximation . . . . . . . . . . . . . . . . . . 62

3.6.2 Generalized Gradient Appproximation . . . . . . . . . . . . . 63

3.6.3 Tran–Blaha modified Becke–Johnson potential . . . . . . . . . 63

3.7 Choice of Basis Set . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.8 Calculation Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4 Bandgap and Electronic Structure Determination of Oxygen - Con-

taining Ammonothermal InN: Experiment and Theory 70

4.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2 EXPERIMENTAL SECTION . . . . . . . . . . . . . . . . . . . . . . 74

4.2.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.2.2 XAS, XES and XEOL Measurements . . . . . . . . . . . . . . 74

4.3 DFT CALCULATION DETAILS . . . . . . . . . . . . . . . . . . . . 75

4.4 RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . 76

4.4.1 N and O K-edge Absorption and Emission spectra . . . . . . . 76

4.4.2 Band Gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.3 X-ray Excited Optical Luminescence (XEOL) Spectra . . . . . 84

4.5 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

vi



5 Understanding of Luminescence Properties Using Direct Measure-

ments on Eu2+-doped Wide Band Gap Phosphors 89

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2 Experimental Sections . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2.1 Preparation of the Samples . . . . . . . . . . . . . . . . . . . 93

5.2.2 XAS, XES and XEOL Measurements . . . . . . . . . . . . . . 94

5.2.3 Thermal Quenching Measurements . . . . . . . . . . . . . . . 94

5.3 Density Functional Theory (DFT) Calculations . . . . . . . . . . . . 95

5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4.1 Oxygen K-edge Spectra . . . . . . . . . . . . . . . . . . . . . 97

5.4.2 Band Gap Determination . . . . . . . . . . . . . . . . . . . . 99

5.4.3 Density of States (DOS) . . . . . . . . . . . . . . . . . . . . . 102

5.4.4 Band Structure and RIXS Spectra . . . . . . . . . . . . . . . 102

5.4.5 Position of the Eu2+ 5d States in the Band Gap . . . . . . . . 104

5.4.6 Optical Transition Provided by XEOL . . . . . . . . . . . . . 107

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6 Unraveling the Energy Levels of Eu2+-ions in MBe20N14:Eu
2+ (M =

Sr, Ba) Phosphors 111

6.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.2 METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2.2 XAS, XES, and XEOL Measurements . . . . . . . . . . . . . . 116

6.2.3 Density Functional Theory Calculations Details . . . . . . . . 117

6.3 RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . 120

6.3.1 N K-edge Spectra . . . . . . . . . . . . . . . . . . . . . . . . 120

6.3.2 Band Gap Determination . . . . . . . . . . . . . . . . . . . . 121

6.3.3 Partial Density of States . . . . . . . . . . . . . . . . . . . . . 122

vii



6.3.4 Band Structure and RIXS Spectra . . . . . . . . . . . . . . . 124

6.3.5 Determination of Eu2+ 4f65d1 Energy Levels . . . . . . . . . . 125

6.3.6 Determination of Eu2+ 4f7 Energy Levels from Luminescence

Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.4 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7 Energy Levels of Eu2+ States in the Next-Generation LED-Phosphor

SrLi2Al2O2N2:Eu
2+ 136

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.2 Experimental Techniques and Calculations Method . . . . . . . . . . 141

7.2.1 XAS, XES and XEOL Measurements . . . . . . . . . . . . . 141

7.2.2 Density Functional Theory Calculations Details . . . . . . . . 142

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7.3.1 N K-edge XAS and XES spectra . . . . . . . . . . . . . . . . . 143

7.3.2 O K-edge XAS and XES spectra . . . . . . . . . . . . . . . . 145

7.3.3 Band Gap Determination . . . . . . . . . . . . . . . . . . . . 146

7.3.4 Partial Density of States . . . . . . . . . . . . . . . . . . . . . 147

7.3.5 Band Structure and RIXS Spectra . . . . . . . . . . . . . . . 149

7.3.6 Energetic Position of the Eu2+ 5d1 States in the Band Gap . . 150

7.3.7 Energetic Position of the Eu2+ 4f7 States from Luminescence

Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.3.8 Energy Levels of Eu2+ States in the SrLi2Al2O2N2:Eu
2+ Phosphor156

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

8 Conclusion 161

Appendix A: Copyright Information 184

A.1 Copyright Agreements for Reproduced Articles . . . . . . . . . . . . . 184

A.1.1 Journal of Physical Chemistry C . . . . . . . . . . . . . . . . 184

viii



A.1.2 Journal of Material Chemistry C . . . . . . . . . . . . . . . . 184

A.1.3 Advanced Optical Materials . . . . . . . . . . . . . . . . . . . 184

A.2 Permissions to Reproduce Figures . . . . . . . . . . . . . . . . . . . . 185

ix



LIST OF TABLES

2.1 Correspondence between X-ray absorption edges and their electronic

configurations. Table is taken from Ref. [91]. . . . . . . . . . . . . . 25

4.1 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 determina-

tion are also included. All numbers are in eV. . . . . . . . . . . . . . 82

5.1 Measured and calculated band gaps. The measured band gap is de-

noted by ∆expt. and the calculated band gap is denoted by ∆GGA and

∆mBJ for PBE-GGA and mBJ functional, respectively. The one avail-

able literature band gap value is also included. All units are in eV.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2 Comparison of the Standard Deviation (σ1, for elastic peak; σ2, for

inelastic peak) and the Eu2+ 5d to conduction band energy separations

∆ERIXS from RIXS measurements; ∆ETQ from TQ measurements)

from the fits shown in Fig. 5.5. Fitting parameter (Γ0

Γν
) of Eq. 5.1 is

also included in this table. . . . . . . . . . . . . . . . . . . . . . . . 105

x



6.1 Measured, calculated, and previously reported band gap values for

MBe20N14:Eu
2+ (M = Sr, Ba). The measured band gap is denoted

by ∆expt. and the calculated band gap is denoted by ∆GGA and ∆mBJ

for PBE-GGA functional and mBJ functional, respectively. The avail-

able literature band gap values are also denoted in the same way. All

units are in eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2 Standard deviation for elastic peak (σ1) and inelastic peak (σ2) from

the fits shown in Figure 6.5(a), and the Eu2+ 5d to CB energy separa-

tions from RIXS measurements (∆ERIXS) and from TQ measurements

(∆ETQ). Fitting parameter (Γ0

Γν
) of Eq. 6.1 is also included in this table. 128

6.3 The available literature values of the bottom of the CB and the lowest

4f65d1 states of Eu2+-ions from the RIXS measurements (∆ERIXS) and

from TQ measurements (∆ETQ). . . . . . . . . . . . . . . . . . . . . 129

7.1 Measured, calculated, and previously reported band gap values for

SrLi2Al2O2N2:Eu
2+. The measured band gap is denoted by ∆expt. and

the calculated band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA

and mBJ functional, respectively. The available literature band gap

value is also denoted in the same way. All units are in eV. . . . . . . 147

7.2 Standard deviation for elastic peak (σ1) and inelastic peak (σ2) from

the fits shown in Fig. 7.5(b), and the Eu2+ 5d1 to conduction band

energy separations from RIXS measurements (∆ERIXS) and from TQ

measurements (∆ETQ). Fitting parameter (Γ0

Γν
) of Eq. 7.1 is also in-

cluded in this table. . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

7.3 The available literature values of the energy separation between bottom

of the CB and the lowest 4f65d1 states of Eu2+-ions from the RIXS

measurements (∆ERIXS) and from TQ measurements (∆ETQ). . . . . 153

xi



8.1 Measured, calculated, and previously reported band gap values of the

studied phosphors. The measured band gap is denoted by ∆expt. and

the calculated band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA

functional and mBJ functional, respectively. The available literature

band gap values are also denoted in the same way. All units are in eV. 163

8.2 Determined energy separation between the bottom of the conduction

band of host material and the lowest 4f65d1 states from the RIXS

(∆ERIXS) and TQ measurements (∆ETQ). . . . . . . . . . . . . . . . 164

xii



LIST OF FIGURES

1.1 Evolution of luminous efficacy performance of white light sources. Com-

mercially available high-power LED performance is indicated by points

along the solid blue curve. The diagram is taken from Ref. [23]. . . . 3

1.2 Schematic setup of a flip-chip pc-LED. Yellow-green, orange-red and/or

blue phosphors cover a nUV or blue emitting primary LED and white

light is obtained by energy down conversion. The diagram is taken

from Ref. [26]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Schematic luminescence process from activator ions in a host crystal.

The Figure is taken from Ref. [34]. . . . . . . . . . . . . . . . . . . . 8

1.4 Schematics of 5d energy levels of a free Eu2+ ion and Eu2+ ions in

nitride compounds. Both the nephelauxetic effect and crystal-field

splitting affect the Eu2+ emission. The Figure is taken from Ref. [34]. 9

1.5 A schematic of a configurational coordinate model. The two curves

represent the total energies of the ground-state and the excited-state

of the Eu2+ ions. The vertical blue and red dotted-lines indicate the

excitation and emission processes, respectively. Thermal quenching

results from the promotion of excited electrons from point C to the

conduction band minimum if the temperature is high sufficiently to

overcome the activation energy ∆E [59]. The diagram is adapted from

Ref. [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

xiii



1.6 A schematic comparison of RIXS spectra between Eu2+-doped sample

(a) and undoped sample (b) both excited at the conduction band onset.

Two Gaussians, blue (elastic feature) and green (loss feature) are used

to fit the the experimental spectrum (red). In the case of (a), the black

spectrum (fit) is identical with the red spectrum and therefore only the

black spectrum is visible. In the case of (b), the black spectrum, the

red spectrum, and blue spectrum are identical and thus only the blue

spectrum is visible. . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.7 A schematic diagram of energy levels of Eu2+-doped phosphor. The

band gap is added from XAS and NXES measurements. The energy

separation between bottom of the CB and lowest level of 4f65d1-states

(vertical pink line, ∆E) is determined from RIXS measurements. The

energy level of 4f7 with respect to 4f65d1-states is determined from the

4f65d1 → 4f7 transition (blue luminescence in this case, λem) measured

by XEOL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1 A schematic diagram of an insertion device. Diagram is taken from

Ref. [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2 Schematic representation of the X-ray absorption process. . . . . . . 30

2.3 Schematic representation of the the Beer-Lambert law. . . . . . . . . 31

2.4 Measurement of TEY. The ejected Auger electrons leave behind a pos-

itively charged sample. If connected to the ground, the neutralizing

current flowing into the sample is proportional to the time-averaged

Auger electron creation rate, which is proportional to the core hole

creation rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5 Measurement method of TFY. . . . . . . . . . . . . . . . . . . . . . 33

2.6 X-ray absorption spectrum of FeO with XANES and EXAFS regions.

The figure is taken from Ref. [91]. . . . . . . . . . . . . . . . . . . . 36

xiv



2.7 Schematic representation of the X-ray emission process. . . . . . . . 39

2.8 Initial (| ψi >), intermediate (| ψj >), and final (| ψf >) state wave-

functions for a Kramers-Heisenberg X-ray transition in a single-particle

band structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1 Schematic flowchart of the iterative procedure used in self-consistent

calculations. The diagram is taken from Ref. [107]. . . . . . . . . . . 61

4.1 (a) SEM image of platelets InN from ammonothermal synthesis at

663 K. (b) SEM image of rods InN from ammonothermal synthesis at

773 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Measured and calculated N K-edge XES and XAS spectra. (a): Calcu-

lated and measured N K-edge XES spectra. Experimental and calcu-

lated (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. Experimental 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. . . . . . . . . . . . . . . . . . . . 77

xv



4.3 Measured and calculated O K-edge XES and XAS spectra. (a): Cal-

culated and measured O K-edge XES spectra. Experimental (cyan)

and calculated (purple) 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 hypothetical Wurtzite-type

InO0.0625N0.9375 and InO0.5N0.5. . . . . . . . . . . . . . . . . . . . . . 80

4.4 XEOL spectra of InN platelets, c-In2O3 and the variation of photon

attenuation length with excitation energy. Experimental XEOL spec-

tra 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 presented in (d) with data from Ref. [181].

The three stars labeled in this graph represent the three excitation

energies in our measurements. . . . . . . . . . . . . . . . . . . . . . . 84

xvi



5.1 Measured and calculated O K-edge XES and XAS spectra of BaLi2Be4O6:Eu
2+

(solid lines) and undoped BaLi2Be4O6 (dotted lines). (a): NXES spec-

trum (blue) excited at 561.0 eV and RIXS spectra (black, red and

green) collected at various excitation energies for BaLi2Be4O6:Eu
2+

and BaLi2Be4O6 are compared with ground state (G.S.) calculations

(orange). The vertical dotted magenta line indicates that the high-

est emission energy is observed at the highest excitation energy in the

RIXS spectra. (b): Measured PFY, core hole (C.H.) and G.S. calcula-

tions of O K-edge XAS spectra of BaLi2Be4O6:Eu
2+ and BaLi2Be4O6

are compared. The colour-coded arrows indicate where in the conduc-

tion band the O 1s electron was excited to obtain the corresponding

color-coded emission spectra. Second derivatives of the NXES (c) and

XAS (s) spectra, with peaks corresponding to valence band edges and

conduction band edges are indicated by the arrow, respectively. . . . 96

5.2 XAS and XES spectra of SrLi2Be4O6:Eu
2+. The XES (a) and XAS

(b) spectra are shown alongside DFT calculations. The calculated

ground state (G.S.) and excited state (core hole, C.H.) XAS spectra

are shown as solid orange and dash-dotted orange, respectively. The

vertical dotted magenta line in (a) is used to guide the eye in finding

the highest emission energy among the RIXS spectra. The second

derivatives of the experimental NXES spectrum excited at 561.0 eV

and the XAS spectrum are shown in panel (c) and (d), respectively. 98

5.3 Calculated density of states for AELi2[Be4O6] (AE = Ba, Sr) based

on ground state GGA-PBE calculations. Calculated partial and total

DOS of Ba, Be, Li and two inequivalent O atoms for BaLi2[Be4O6] in

(a) and Sr, Be, Li and two inequivalent O atoms for SrLi2Be4O6 in (b)

are compared. The energy zero is at the Fermi level. . . . . . . . . . 101

xvii



5.4 Calculated band structure of BaLi2[Be4O6] in (a) and SrLi2Be4O6 in (b)

based on ground state GGA-PBE calculations. For both samples, the

conduction minimum is at the Z point and the VB maximum between

the M and A points. The energy scales are set with respect to the

Fermi energy, EF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.5 (a) Measured luminescence intensity as a function of temperature for

BaLi2Be4O6:Eu
2+ (black) and SrLi2Be4O6:Eu

2+ (blue), along with the

fit (solid line) of Equation 5.1 to the measured data. (b) RIXS spectra

(red) for BaLi2Be4O6:Eu
2+ and BaLi2Be4O6 excited at 533.0 eV (at

the CB onset) and for SrLi2Be4O6:Eu
2+ excited at 533.4 eV (at the CB

onset). Two Gaussian black (elastic feature) and blue (loss feature) are

used to fit the spectrum (green). . . . . . . . . . . . . . . . . . . . . 104

5.6 XEOL spectra of BaLi2Be4O6:Eu
2+ and SrLi2Be4O6:Eu

2+ excited at

140 eV. Both Eu2+-doped samples show a strong ultra-narrow band

luminescence feature at 455-457 nm, which is due to the Eu2+ 5d1 4f6

→ 4f7 optical transition. Both spectra were accumulated for the same

time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.7 Energy level diagram of BaLi2Be4O6:Eu
2+ and SrLi2Be4O6:Eu

2+. Band

gaps are determined from our measurements and calculations. DOS

calculations show that the upper edge of the VB is dominated by O p-

states for both compounds and the lower edge of the CB is dominated

by d-states of Ba and Sr for BaLi2Be4O6:Eu
2+ and SrLi2Be4O6:Eu

2+,

respectively. The Eu2+ 5d1-states are added to the diagram from RIXS

measurements and XEOL measurements show the 5d14f6 → 4f7 optical

transitions. Both compounds emit blue luminescence at 455 nm. . . 108

xviii



6.1 Crystal structure of the isotypic compounds MBe20N14 (M = Sr, Ba).

BeN4 tetrahedra are presented in green, MN12 (M = Sr, Ba) cuboc-

tahedra in cyan, and N atoms in blue. The figure is adapted from

ref. [209]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2 (a) NXES spectrum (blue for M = Sr and black for M = Ba) was

excited at 435.0 eV and RIXS spectra were collected at excitation en-

ergies of 398.1 eV (green) and 399.0 eV (red), which are compared to

the ground state (GS, dotted-dash orange) calculations. The vertical

dotted-dash black line indicates the higher emission energy observed at

higher excitation energy in the RIXS spectra. (b) Experimental PFY

is compared to the CH (solid orange) and the GS (dotted-dash orange)

calculations. Two colored downward arrows on the absorption spectra

indicate the corresponding excitation energies at which the RXIS spec-

tra were taken. (c) and (d) Second derivative of experimental NXES

and XAS spectra with the corresponding valence band and conduction

band onsets indicated by black arrows. . . . . . . . . . . . . . . . . . 119

6.3 The partial density of states for BaBe20N14 in (a) and for SrBe20N14 in

(b) using GGA-PBE functional. The energy of zero is the Fermi level. 123

6.4 Calculated band structure of BaBe20N14 in (a) and SrBe20N14 in (b)

based on ground state mBJ functional calculations. For both samples,

the conduction minimum and valence band maximum are at the Z

point and Γ point, respectively. The energy scales are set with respect

to the Fermi energy, EF . . . . . . . . . . . . . . . . . . . . . . . . . 125

xix



6.5 (a) RIXS spectra for MBe20N14:Eu
2+ (M = Sr, Ba) excited at the CB

onset (398.1 eV). Two Gaussians (blue: elastic scattering at 0 eV and

black: inelastic scattering at −0.30 eV for M = Ba and at −0.31 eV

for M = Sr) are used to fit the experimental spectrum (red). (b)

Measured luminescence of 4f65d1 → 4f7 transition of Eu2+ as a func-

tion of temperature for MBe20N14:Eu
2+ (M = Sr (blue), Ba (black))

along with the fit (solid line) using Equation 6.1 to the measured data.

Temperature-dependent data are published in ref. [209]. . . . . . . . 127

6.6 X-ray excited optical luminescence spectra of MBe20N14:Eu
2+ (M =

Ba (black), Sr (blue)) excited at 100 eV. Both compounds exhibit a

remarkably narrow emission in the blue spectral region and a broader

red-shifted emission band in the green spectral region. . . . . . . . . 131

6.7 Energy levels of MBe20N14:Eu
2+ (M = Sr, Ba). The band gap is added

from our XAS and NXES measurements. Our DFT calculations show

that the CB minimum is dominated by d-states of Ba/Sr and the VB

maximum originates from N p-states, which are added accordingly. The

energy separation (0.30 eV forM= Ba and 0.31 eV forM= Sr) between

bottom of the CB and lowest level of 4f65d1-states (vertical pink line)

is determined from RIXS measurements. The energy level of 4f7 is

obtained from the 4f65d1 → 4f7 transition (origin of blue luminescence)

measured by XEOL. . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.1 Crystal structure of SrLi2Al2O2N2:Eu
2+. The [LiO3N]

8− tetrahedra

are presented in green, [AlON3]
8− tetrahedra in yellow and brown the

highly symmetrical cuboid-like polyhedron coordination represents the

environment of Sr2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

xx



7.2 (a) Experimental and calculated N K-edge XES spectra of SrLi2Al2O2N2:Eu
2+

for different excitation energies. NXES spectrum excited at 440.0 eV

(blue) and RIXS spectra collected at excitation energies of 399.1 eV

(black) and 400.5 eV (green), which are compared to the ground state

(GS) calculations. The vertical dotted black line indicates the highest

emission energy observed at the highest excitation energy in the RIXS

spectra. (b) Experimental PFY is compared to the core hole (CH) and

the ground state (GS) calculations. Two colored downward arrows on

the absorption spectrum indicate the corresponding excitation energies

for the RXIS spectra. (c and d) Second derivative of experimental XES

and XAS spectra with the corresponding peaks of valence band and

conduction band onsets, respectively indicated by black arrows. . . . 144

7.3 O K-edge XAS and XES spectra of SrLi2Al2O2N2:Eu
2+. The XES

(a) and XAS (b) spectra are shown alongside DFT calculations. The

calculated ground state (GS) and excited state (CH) XAS spectra are

shown as solid gold and solid magenta, respectively. The vertical dotted

magenta line in (a) is used to guide the eye in finding the highest

emission energy among the RIXS spectra. The second derivatives of

the experimental NXES spectrum excited at 550.0 eV and the XAS

spectrum are shown in panel (c) and (d), respectively. . . . . . . . . . 145

7.4 (a) The partial density of states for SrLi2Al2O2N2:Eu
2+ using the

GGA-PBE functional. The energy zero is at the Fermi level. (b) Cal-

culated band structure of SrLi2Al2O2N2:Eu
2+ based on ground state

mBJ functional calculations. The energy scale is set with respect to

the Fermi energy, EF . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

xxi



7.5 (a) Measured intensity of 5d1 → 4f7 transition of Eu2+ ions as a function

of temperature for SrLi2Al2O2N2:Eu
2+ along with the fit (solid line)

of Equation 7.1 to the measured data. (b) Comparison of N K-edge

and O K-edge RIXS spectra for SrLi2Al2O2N2:Eu
2+ excited at the CB

onset. Two Gaussian green (elastic feature) and blue (loss feature) are

used to fit the spectrum (black). . . . . . . . . . . . . . . . . . . . . . 151

7.6 X-ray excited optical luminescence spectrum of SrLi2Al2O2N2:Eu
2+ ex-

cited at 160 eV, which exhibits red luminescence at 610 nm with 51 nm

full width at half-maximum. . . . . . . . . . . . . . . . . . . . . . . . 155

7.7 Influences of coordination environments of SrLi2Al2O2N2:Eu
2+ on the

5d1 energy levels of Eu2+. Band gap is taken from N K-edge measure-

ments. Energy separation between the conduction band and lowest

level of 5d1-states is included from RIXS N K-edge measurements and

red emission band energy of 2.03 eV is observed from the XEOL mea-

surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

xxii



LIST OF ABBREVIATIONS

XES X-ray emission spectroscopy

XAS X-ray absorption spectroscopy

NXES Non-resonant x-ray emission spectroscopy

RXES Resonant x-ray absorption spectroscopy

RIXS Resonant inelastic x-ray scattering

XEOL X-ray excited optical luminescence

TFY Total fluorescence yield

TEY Total electron yield

PFY Partial fluorescence yield

IPFY Inverse partial fluorescence yield

DFT Density functional theory

pc-LED Phosphor-converted light emitting diode

UV Ultraviolet

CRI Color rendering index

LAPW Linearized augmented plane wave

LO Local orbital

VB Valence band

CB Conduction band

LCAO Linear combination of atomic orbitals

RE Rare earth

REIXS Resonant elastic and inelastic x-ray scattering

SGM Spherical grating monochromator

FWHM Full width at half maximum

SDD Silicon drift detector

ALS Advanced light source

BGO Bismuth germanium oxide

h-BN Hexagonal boron nitride

CLS Canadian light source

DOS Density of states

EXAFS Extended X-ray absorption fine structure

GGA Generalized gradient approximation

LDA Local density approximation

mBJ Modified Becke-Johnson exchange correlation functional

xxiii



PBE Perdew-Berke-Ernzerhof GGA exchange correlation functional

PL Photoluminescence

PDOS Partial density of states

UHV Ultra-high vacuum

VBM Valance band maximum

CBM Conduction band minimum

VLS-PGM Variable line spacing plane grating monochromator

XANES X-ray absorption near-edge structure

xxiv



Chapter 1

Introduction

This dissertation involves studying the electronic and optical properties of nitride ma-

terials (InN and highly efficient color-sensitive Eu2+-doped phosphor materials) using

several synchrotron-based soft X-ray experimental techniques and density functional

theory (DFT) calculations. This introductory chapter presents a brief overview of

the motivation behind these particular materials that were investigated.

White phosphor-converted light emitting diodes (pc-LEDs) consist of a blue or a near

ultra-violet (nUV) LED chip with a combination of red, green, and blue phosphors

to generate white light. A prerequisite for the development of white pc-LEDs was

the development of highly efficient blue semiconductor LEDs or nUV LEDs. The

emission color of a semiconductor LED depends on the band gap of the materials.

Approximately 3.4 eV direct band gap is needed to produce blue emission [1]. GaN

is a suitable candidate to produce blue emission. Isamu Akasaki and Hiroshi Amano

synthesized GaN crystals by Metal-organic Vapor Phase Epitaxy (MOVPE) tech-

nique in 1986 [1]. The technical advance was made by Nakamura, who synthesized an

InGaN/AlGaN double heterojunction that emits blue light and has a 2.7% quantum

efficiency [2]. This made it possible to generate white pc-LEDs by coating blue semi-

conductor primary LEDs with energy-convertible phosphors [2]. So the first goal in

this study was to investigate the electronic structure and band gap of InN. InN is a
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key material for technological applications because of its tunable band gap; however,

there is a persistent and active debate about its varying band gap values and their ori-

gin. As we know, the synthesis process and impurities play a major role affecting the

experimental band gap. For the first time, InN samples were grown by ammonother-

mal method by P. Becker, J. Hertrampf and R. Niewa. Since the band gap of InN

is tunable and the band gap depends on the synthesis process, thus I would expect

the large band gap of this InN powder even in the blue emission. For this reason, I

have chosen ammonothermal InN powder samples as a first project of my PhD study.

After finishing my first project, I turned to the main topic of my PhD. Here, I stud-

ied highly efficient color-sensitive phosphors such as ultranarrow band blue-emitting

oxoberyllates AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr), blue-luminescence MBe20N14:Eu

2+

(M = Ba, Sr), and red-luminescence SrLi2Al2O2N2:Eu
2+.

1.1 Motivation for Studying Luminescent Materi-

als

A phosphor is a solid that can absorb energy from incident radiation and emit light

after a series of energy transfer processes. A phosphor is composed of a host lattice

and a luminescent center, usually called the activator. In most cases, the activator ab-

sorbs the excitation energy, rises to an excited state, and then returns to the ground

state by emitting radiation. The nature of both the activator ion and host lattice

determines the absorption and emission characteristics. Phosphor emissions are in

the visible and in the invisible ranges, such as in the ultraviolet [3, 4] or infrared [5,

6]. However, the most commercially important phosphors are those with visible emis-

sions. Phosphors have generally the form of powders. The particle size, distribution,

and morphology of these powder samples determine the applications of phosphors in

various demanding areas [7]. Large crystals (4 to 5 µm in size) of high-quality phos-

phors are required [8] for most commercial applications because quantum efficiencies
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Figure 1.1: Evolution of luminous efficacy performance of white light sources. Com-
mercially available high-power LED performance is indicated by points along the solid
blue curve. The diagram is taken from Ref. [23].

(Quantum efficiency is the number of emitted photons per hole in the orbital the

luminescence decays to [9]) are higher in crystals than in amorphous hosts [10]. Cur-

rently, luminescent materials are used in several applications across different fields.

The traditional applications include lighting and emissive display devices [7, 11, 12],

amplifiers in optical communication [13], and lasers [3, 14]. In addition, phosphors

are also utilized in X-ray detector systems [15, 16] and scintillators [15, 17]. Develop-

ments on phosphors for these novel applications are well documented in many reviews

and books [11, 17, 18]. Most recently, phosphors have found applications in new areas

such as solar cells [19, 20] and white-light-emitting diodes (WLEDs) [12, 21] because

of the increasing benefits related to energy efficiency [22].

Currently, conventional white light sources dominate illumination in everyday use;

however they have almost reached their physical limit of efficiency. Figure 1.1 shows

the progress of white LED efficiency over time compared to conventional light source

development. For conventional incandescent lamps and fluorescent lamps, a large
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amount of energy is consumed as heat radiation for high-temperature tungsten fil-

ament lamps and mercury vapor discharge lamps. Most traditional lighting users

are considering alternative lighting options because of its high cost, low efficiency,

and environmental concerns [9]. The luminescence efficiency of semiconductor-based

WLEDs can be greatly improved by reducing the nonradiative recombination of

electron-hole pairs in the p-n junctions and by designing a new structure to enhance

external quantum efficiency. To ensure high external quantum efficiency, the phos-

phor should also have a high absorbance of the incident light.

In 2014, the Nobel Prize in Physics was awarded jointly to Isamu Akasaki, Hiroshi

Amano, and Shuji Nakamura “for the invention of efficient blue LEDs”, who devel-

oped these bright and energy-saving blue light sources [24]. Therefore, InGaN-based

WLEDs were debuted and appeared as a new generation and alternative of solid

state lighting (SSL) after highly efficient InGaN-based blue LEDs were invented in

1993 [25]. Further, these lights consume significantly less power and provide higher

light quality, better preservation of color point stability (Color point stability de-

scribes the ability of a light source to maintain its color properties over time [9]),

and longer lifetime than incandescent and fluorescence lamps [26, 27]. LED-based

lighting is expected to replace incandescent and fluorescent lamps in general lighting

applications with better color rendering index (CRI) (CRI is a quantitative property

that measures the ability of a light source to reveal the colors of objects in comparison

to that observed under an ideal or natural light source [9]), less energy consumption,

and longer bulb lifetime. LEDs are utilised in a variety of ways to produce white

light [28]. The first method involves using three different blue, yellow-green, and red

LEDs; however the disadvantage of this strategy is that each color of the LED has

varied operating lifetimes and driving currents and it requires complex electronics.

Other disadvantages include the lack of high external quantum efficiency in green-

yellow LEDs, and the temperature sensitivity of emission wavelengths in other LEDs.
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Special circumstances still allow for the use of such devices. Phosphor-converted

LEDs (pc-LEDs) employ a single LED in conjunction with one or more phosphor ma-

terials to convert the LED output [29, 30]. In 1996, the first commercially available

white light was created using 1 pc-LED that combined a blue LED with a broad-

band yellow phosphor such as Y3Al5O12:Ce
3+ (YAG:Ce) [31, 32], however the red

spectral parts are not contained in the emission of YAG:Ce, which causes poor CRI

(usually smaller than 75) and highly correlated color temperature (Correlated color

temperature describes the color appearance of a light source by correlating it with the

temperature of an ideal blackbody radiator [33]) (mostly higher than 4500 K) [34].

However, for household use, a CRI of around 80 is required. Furthermore, higher

CRIs are needed for some special circumstances. Using blue, red, and green multi-

phosphors with a blue LED (RGB pc-LED) can change the emission spectra. The

efficiency and light quality of this approach are limited because of the lost energy of

the powerful primary blue LED and insufficient color point stability. To solve these

problems, nUV-LED can be used in combination with blue, red, and green multi-

phosphors, where the multiphosphors absorb nUV-light from the primary nUV-LED

and emit the combined corresponding colors generated by phosphors to obtain white

light. Here, the generated white light depends only on the phosphors as human eyes

are not sensitive to nUV. This approach allows to produce higher CRI (greater than

90), high chromatic stability, and luminous efficacy (Luminous efficacy estimates the

number of lumens generated at the cost of an electric power drawn. It is the ratio

of luminous flux to input power [33]) because of the larger emission band of blue

phosphor than primary blue LED and fills the spectral gap between the blue (from

LED) and green (from phosphors) regions when selecting appropriate phosphors [34,

35].

Figure 1.2 demonstrates the schematic setup of the different combination of phosphors

with a n-UV or a blue LED to generate white light [26]. Therefore, when trying to
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Figure 1.2: Schematic setup of a flip-chip pc-LED. Yellow-green, orange-red and/or
blue phosphors cover a nUV or blue emitting primary LED and white light is obtained
by energy down conversion. The diagram is taken from Ref. [26].

design a new phosphor for use in a pc-LED, some caution is required. There is a

requirement for overlap between pump emissions and the phosphor’s excitation spec-

trum as well as the necessity to optimize particle sizes for the reduction of scattering

losses [9]. Furthermore, it is important to obtain emissions in the desired region of the

visible spectrum, and the emission being thermally stable [9]. Luminescent materials

with similar crystal structures have been investigated; however they do not exhibit

the same properties in terms of emission band width and thermal quenching [26, 27,

36–41]. Therefore a deeper understanding of the structure-property relationships is

required to design new luminescent materials with improved properties and enhance

the luminescence properties of existing phosphors. This ultimately allows control

of the luminescence properties of modern phosphors by varying chemical and struc-

tural composition of their host lattices. At present, synchrotron-based soft X-ray

experimental techniques and DFT calculations are excellent tools to understand the

structure-property relationships of luminescent materials [36, 37, 42, 43]. In this the-

sis, luminescent materials are studied using the synchrotron-based soft X-ray facilities

and DFT calculations. This study will broaden and deepen the understanding of the

electronic and optical properties of luminescent materials and contribute in the ongo-
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ing investigation into efficient narrow-band emitting phosphors. Furthermore, it will

play an important role in the advancement of light emitting diodes by introducing

new phosphors to the lighting market.

1.2 Luminescent Materials

As stated above, luminescent materials consist of a host material and activators [44].

Most common host materials are aluminates, silicates, nitride, and (oxo)nitrido(silicates).

The host lattice affects the luminescence properties and performance of the activa-

tor and activator ions determine the luminescence properties. Activator ions doped

into a solid host lattice experience a local crystalline environment that has immense

influence on the luminescence properties of that activator ion. A transition metal

ion or a rare earth ion typically serves as an activator. Activators are coordinated

by ligands in a host lattice. The attraction between positively charged activator ion

and negatively charged non-bonding electrons of ligands give rise to a crystal field

interaction between the activator ion and ligand. This interaction leads to the split-

ting of d-orbitals of the luminescent centre. Figure 1.3 shows that the activator in

phosphors converts nUV or blue emission to visible light. The elemental composition

of the host lattice affects the energy of the 5d states of the activator ions, which lie

energetically in the band gap. The visible luminescence of interest is caused by the 5d

→ 4f transition in the activator ions (typically Eu2+ or Ce3+). The energetic spacing

of the 4f and 5d states of the activator ions depends on several factors.

Transition metal ions experience considerably stronger crystal field effects than the

rare-earth ion because the perturbation in the crystal environment is bound to af-

fect the spectroscopically active d orbitals of the transition metals more than that of

the rare-earths. Lanthanides form the most significant class of luminescent dopants

introduced in inorganic solids for LEDs. The rare-earth elements include lanthanide

elements from La (Z=57) to Lu (Z=71). The extreme end elements of the series such

as La and Lu do not possess electronic levels to initiate any f-f or f-d transitions that
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Figure 1.3: Schematic luminescence process from activator ions in a host crystal. The
Figure is taken from Ref. [34].

can produce luminescence because 4f orbitals are empty for La and the 4f orbitals

are completely filled for Lu. All other elements of the lanthanide series are charac-

terized by incompletely filled 4f orbitals. The 4f orbitals have a high probability of

being relatively close to the nucleus and they are shielded by the completely filled

5s and 5p orbitals. Therefore, the host lattice shows a very small influence on the

optical transitions occurring within the 4f orbitals. The 4f orbitals are very localized

and atomic-like, which gives rise to narrow atomic-like transitions that are relatively

independent of any surrounding host matrix. Most trivalent states of lanthanides

show sharp line spectra because of these transitions; however these transitions are

spectroscopically forbidden, and hence, they appear with weak intensity most of the

time. However, the admixture of forbidden 4f-4f transitions with the allowed tran-

sitions, for example 4f-5d transitions, make it possible for the former to occur. The

symmetry of the crystal environment can affect the selection rules controlling the

transitions. A transition may be either of magnetic dipole nature, electric dipole

nature, or a combination of both. A magnetic dipole transition does not depend on

the symmetry, and its strength does not change with the site-symmetry. The electric

dipole transition can be forbidden by symmetry. For this reason, the electric dipole
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Figure 1.4: Schematics of 5d energy levels of a free Eu2+ ion and Eu2+ ions in nitride
compounds. Both the nephelauxetic effect and crystal-field splitting affect the Eu2+

emission. The Figure is taken from Ref. [34].

transition is influenced by the crystal site-symmetry, and its strength increases when

the lanthanide ion occupies a site with non-inversion symmetry [33]. Electrons in the

4f orbitals are arranged in discrete energy levels relatively unaffected by the crystal

field because of the strong shielding of the outer orbitals. This remains the reason for

the trivalent lanthanides exhibiting similar energy level diagrams in its free-ion state

and when doped into a certain host matrix.

Figure 1.4 depicts the nephelauxetic effect (centroid shift) and crystal field splitting

for the nitride compound, and the impact of the host crystal on the luminescence

of Eu2+ ions. These effects lead to an increase or decrease in the energy difference

between the 5d and 4f level known as the blue shift or red shift respectively. With

the exception of Ce3+, all other trivalent lanthanides show their narrowband exci-

tation and emission peak positions with a variation of ± 500 cm−1 from that of a

free ion. Although all lanthanides from Ce3+ to Yb3+ can show luminescence, not

all are favorable for LED phosphors. Trivalent ions like Yb3+, Tm3+, Er3+, Ho3+,
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and Nd3+ are more inclined to exhibit upconversion luminescence and are totally out

of the frame of LED phosphors [45, 46]. The most prominently used lanthanides

for LED applications are Ce3+, Sm3+, Eu3+, Eu2+, Tb3+, and Dy3+. In this study,

Eu2+-doped phosphors are studied. Eu2+-doped phosphors involve the substitution

of the Sr2+, Ca2+, or Ba2+ cations with Eu2+ because of the similarity of their ionic

radii [Eu2+:1.25, Ca2+:1.06, Sr2+:1.26, Ba2+:1.35 Å] [47]. Eu2+ ion has a 4f7 electron

configuration, and it is the most commonly used activator in luminescent materials

for pc-LEDs because of its unique 5d-4f transition. Eu2+-doped phosphors exhibit

outstanding luminescence properties, which include multicolor emission, adjustable

bandwidth, excellent thermal stability, and high luminescence efficiency. In addition,

Eu2+-doped phosphors have a strong, broad excitation band covering the emissions

from n-UV LED chips, and an intense emission ranging from the UV to the red re-

gion [48–50]. Eu2+ exhibits broad excitation and emission bands corresponding to

the parity-allowed 4fn−15d → 4fn electronic transitions. The spectroscopic features of

the 5d-4f transitions are strongly influenced by the crystal environment. This implies

that the intensity and energy of the transition is strongly affected by the crystal field

strength, crystal lattice symmetry, nature of bonds (covalence/ionic), atomic coordi-

nation, bond strength, etc.

The energy difference between the 4f ground state and 5d excited state of the free

Eu2+ ion is 34,000 cm−1 (4.22 eV) [51]. The energy difference between the two levels

is significantly decreased because of the centroid shift and the crystal field splitting

when Eu2+ ion is doped into a certain host matrix [52]. The 5d orbitals experience a

centroid downshift depending on the host in which the ion is doped. Furthermore, it

can be associated with the covalency of the host. As covalency increases, the interac-

tion between electrons is reduced because they are spread over wider ranging orbitals;

this is the well-known nephelauxetic effect, which involves anion polarizability, ion

electronegativity, and cation-anions bonding characteristics [53, 54]. Transition ener-
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gies are dependent on the electron-electron interactions, which leads to a reduction

of the energy required to transition between states. This is attributed to the centroid

experiencing downshift because of the reduction of the interelectron repulsion, which

is ascribed to the sharing of electrons between the activator ions and surrounding

ligand anions. Thus, the degree of the centroid downshift determines the covalency

of the host. Since the anion polarizability, symmetry, covalency, and crystal field

of the host lattice significantly influences the 5d orbitals of Eu2+, its excitation and

emission spectra can be tuned by introducing a structural change or variation in the

chemical composition of the host. The structural change in the host compound can be

achieved by performing crystal-site engineering, anionic-substitution, cationic substi-

tution, cationic-anionic substitution, control of doping concentration, or by mixing of

multiple phases [55]. In the crystal-site engineering approach, the Eu2+ activator ion

is introduced into different cationic sites available in the host [56]. This cationic site

bears a different coordination environment, and hence, the emission properties of the

activator ions also experience spectral tuning. Thus, the emission of the luminescent

materials depends on the energetic position of Eu2+ 5d state.

1.3 Configurational Coordinate Model

The configurational coordinate model was proposed to explain the luminescence pro-

cess of an activator and the thermal quenching of the luminescence material [57].

Seitz and Mott have introduced this model known as Mott-Seitz Model [58]. Ther-

mal quenching is one of the most difficult problems of phosphors where the efficiency

of the phosphor varies with temperature. Thermal quenching is attributed to the ex-

citation of excited state (5d) electrons to the conduction band (CB) for Eu2+-doped

phosphors. Thus, these electrons are not available anymore for the luminescence pro-

cess, and therefore, reduce the light output. This process occurs at high temperatures

when the thermal vibrations of atoms surrounding the luminescent center transfer en-
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Figure 1.5: A schematic of a configurational coordinate model. The two curves
represent the total energies of the ground-state and the excited-state of the Eu2+

ions. The vertical blue and red dotted-lines indicate the excitation and emission
processes, respectively. Thermal quenching results from the promotion of excited
electrons from point C to the conduction band minimum if the temperature is high
sufficiently to overcome the activation energy ∆E [59]. The diagram is adapted from
Ref. [59].

ergy away from the center leading to a nonradiative recombination and a subsequent

dissipation of excess energy as phonons in the host lattice. The thermal quenching of

phosphors has a significant impact on their practical applications. Some phosphors

have promising photoluminescence properties; however the photoluminescence begins

at low temperature, and sometimes, there is no luminescence at room temperature,

when luminescence is quenching rapidly, it prevents these materials from meeting the

requirements for practical use. The thermal quenching and luminescence process can

be explained based on potential energy curves, which represents the total energy of

the atom in its ground state 4f7 and excited states as a function of nuclear coordinate.

Here, total energy implies the sum of the electron and ion energies. The curves in Fig-

ure 1.5 represents the total energy of the ground and excited states of the luminescent

center.

The ground and excited states are shown in the form of parabolic potential wells.
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This parabolic shape is due to the vibration motion and it can be expressed with

Hooke’s law, which can be explained using the harmonic oscillator [60]. The elec-

trons is promoted from ground-state of activator to its excited-state after absorbing

energy. The x-axis represents the interatomic distance between the activator ion and

its nearest neighbour anions. R0 and R∗
0 represent the equilibrium distances of the

ground-state and excited-state of activators, respectively. The equilibrium positions

of the two states are different from each other because of the spatial distribution of

the electron orbitals. An expansion of the lattice occurs near the activator ion and

activator is raised to the excited-state when the activator absorbs some radiation

light [61]. Frank-Condon principle states that in any optical transition, the atomic

nuclei remain at rest.

The excitation (EX) and emission (EM) processes are illustrated by vertical blue and

red arrows, respectively in Fig. 1.5. Figure 1.5 describes the luminescence process,

which starts through energy absorption from A → B. Undesirable nonradiative re-

laxation (phonons) takes place from B → C with emission occurring from C → D

followed by the nonradiative relaxation from D → A. Thermal activation can take

place when the localized 5d electron of the Eu2+ (from C) has an increasing probabil-

ity to be promoted to the CB of the host upon increasing temperature. This reduces

the probability of radiative transition. The probability of the photoexcitation process

depends on the energy gap (∆E) between the 5d level and CB minimum. ∆E is re-

lated to ∆R, which is the difference between the equilibrium distances of the excited

and ground states [62]. If ∆R is large, ∆E is lower. For lower ∆R, the ∆E is large

resulting to improve the thermal stability of phosphors [63]. Stronger activator-ligand

bonds in a structurally rigid host lattice are expected to reduce ∆R, improving the

thermal stability of phosphors. When the temperature is raised, 5d electrons will be

thermally activated to CB, delocalized, and its energy is dissipated through nonradia-

tive energy transfer to traps or killer centers. Therefore, the smaller ∆E gap results
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in larger thermal quenching. Dorenbos proposed a simplified relationship between

∆E and quenching temperature T0.5 as [64]

∆E =
T0.5
680

, (1.1)

where T0.5 represents the temperature at which the intensity of the luminescence falls

to exactly one-half of its maximum value. Thus, thermal quenching and nature of

emission band of of luminescence materials depend on the energetic position of the

activator ions (here, Eu2+).

1.4 Objective of the Thesis

As mentioned above, the most important properties of luminescence materials such as

thermal quenching and nature of emission band under application conditions depend

on the energetic position of Eu2+ 5d levels. However, direct measurements of Eu2+

state energies are completely lacking, as only few are accessible through standard opti-

cal spectroscopy experiments. This is complicated by the fact that the Eu2+ 5d1 state

is an excited state, and therefore, it is not accessible by standard methods. We will

show that X-ray spectroscopy techniques allow the measurement of these states ener-

gies, and therefore, provide a powerful complement to optical studies. Previously, the

energetic position of the Eu2+ 5d1 state was determined indirectly by fitting thermal

quenching data [37, 64–67]. Thermal quenching measurements of phosphors measure

the intensity reduction of emission occuring high temperatures. In this approach, the

position of the Eu2+ 5d1 state can be determined from the fitting of intensity as a

function of temperature data. The simplest description of thermal quenching in a

material can be derived from a description of the decay rate of the Eu2+ 5d1 state [64]

Γ(T ) = Γν + Γ0e
−

∆ETQ
kBT , (1.2)

where Γν represents the radiative decay rate, Γ0 represents the attempt rate for TQ

process, kB represents the Boltzmann’s constant, and ∆ETQ represents the energy
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barrier for thermal quenching between the lowest 5d level and the bottom of the

CB. This gives the following form to the luminescence intensity as a function of

temperature [64]

I(T ) =
I0

1 + Γ0

Γν
e
−

∆ETQ
kBT

, (1.3)

where I0 denotes the initial luminescence intensity at room temperature (25 oC). The

pre-exponential factor Γ0/Γν and the energy barrier for photoionization ∆ETQ are

called Arrhenius parameters, which are the variables in Equation 1.3 when fitting

the experimental data. The Arrhenius equation (Equation 1.3) is commonly used to

describe the temperature dependence of processes like chemical reactions or electron

transitions. Parameter Γ0/Γν determines how rapidly the decay occurs with temper-

ature and the parameter ∆ETQ determines at what temperature TQ starts to become

significant [64]. Thermal quenching data are often unreliable to determine the ener-

getic position of Eu2+ 5d states because thermal quenching is strongly influenced by

the concentration of dopants and the presence of defects [68, 69]; however the Arrhe-

nius equation (Equation 1.3) does not consider these defects and impurities, which

tend to reduce the luminescence output.

On the other hand, calculating absolute energies of Eu2+ ions is difficult and always

requires careful calibration with experimental data. In general, DFT codes have

trouble to calculate absolute energies. However, if the calculation of the energies

are possible, it would still be necessary to calibrate with the experimental data.

Therefore calculating absolute 5d energies is currently not possible with sufficient

accuracy. In addition, transitions between the localized 4f states are easy to calculate

with multiplet codes like Quanty [70, 71]. As for the calculations of the 5d to 4f

transitions, the first problem is that the luminescence wavelength depends strongly

on the host material because the Eu2+ 5d energy levels are very sensitive to the
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surrounding host lattice. The problem is therefore entirely with the calculation of the

Eu2+ 5d energy levels. The specific problem is that the Eu2+ has two open Eu2+ shells

(4f7 and 4f65d1), which require very large matrices (with well over 30000 elements)

that are computationally very costly [72].

This study determines the energetic position of Eu2+ states with respect to the CB

and VB of the host lattice directly using soft X-ray spectroscopy. We utilize the

resonant inelastic X-ray scattering (RIXS) [37, 65, 66, 73] and X-ray excited opti-

cal luminescence (XEOL) [74, 75] to directly measure the energetic position of Eu2+

states; in particular the Eu2+ 5d1 state with respect to the CB and 4f7 ground state

of Eu2+ with respect to the Eu2+ 5d1 state for phosphors. In the RIXS measure-

ments, we determine the energetic position of the 5d1 state with respect to the CB of

the host material by monitoring the energy losses in the RIXS experiments for these

phosphors [37, 65, 66, 73]. For the energy loss feature of our RIXS measurements,

the CB onset energy is selected for excitation energy. This is because the authors

in Ref. [76] reported that the defect associated with energy loss was the strongest

for WO3 from the O K-edge RIXS, when the excitation energy is at the band onset.

The energy loss feature is determined by plotting the graph in the energy loss scale,

which is obtained by subtracting the excitation energy from the emission energy. A

schematic presentation of the RIXS spectra of a Eu2+-doped sample and an updoped

sample on the energy loss scale is presented in Fig. 1.6. Thus, the elastically scattered

radiation (blue in Fig. 1.6) occurs at 0 eV and any other energy loss features located

at lower energies. Then, two spectral features are observed for the Eu2+-doped sam-

ples. The additional feature (green feature in Fig. 1.6(a)) observed below the elastic

scattering peak represents an energy loss in the incident X-rays attributed to the

low-energy excitations [77]. The cross section for the 5d1 to CB inelastic scattering

is extremely low and the Eu2+ concentration is diluted ( ≈ 1 - 2%), which makes

these measurements extremely photon hungry and difficult causing a large error bar

in the X-ray measurements. Therefore, due to the low cross section for the 4f65d1
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Figure 1.6: A schematic comparison of RIXS spectra between Eu2+-doped sample (a)
and undoped sample (b) both excited at the conduction band onset. Two Gaussians,
blue (elastic feature) and green (loss feature) are used to fit the the experimental
spectrum (red). In the case of (a), the black spectrum (fit) is identical with the red
spectrum and therefore only the black spectrum is visible. In the case of (b), the
black spectrum, the red spectrum, and blue spectrum are identical and thus only the
blue spectrum is visible.

to CB inelastic scattering and low Eu2+ concentration, the loss feature is weak and

only revealed when the elastic peak is fitted with two Gaussians. The Eu2+ 4f65d1

to the CB separation is determined from the fitting Gaussians using the expression

∆ERIXS = Ee - Ei, where Ee denotes the elastic scattering peak position (here 0 eV

in the energy loss scale) and Ei denotes the inelastic scattering peak position shown

in Fig. 1.6(a).

We attribute this energy loss to the promotion of Eu2+ 5d1 electrons to the CB [37,

65, 66, 73], and hence, we can determine the energetic position of the Eu2+ 5d1 state

relative to the lower CB edge shown in Fig. 1.7. The undoped samples are measured

(Fig. 1.6(b)) to confirm the existence of the energy loss feature and it is found that

undoped samples show no energy loss feature (the peak at 0 eV in the energy loss

scale is perfectly gaussian) and an elastic peak of undoped sample with a width that

corresponds to that determined from the fits for the doped samples. The only dif-
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ference between the Eu2+-doped and undoped samples is correlating the energy loss

feature for low energy excitations to the doping with Eu2+. Further, we determine

the energy loss feature at higher excitation energy with respect to the CB onset for

three samples and find that the spectra are identical for all samples at this higher

excitation energy. Thus these phenomena lead to energy loss features when exciting

further above the CB onset have the same source in the samples and should be seen as

being because of phonons. However, different energy loss is observed for all samples

when excitation occurs at the CB onset. The energy loss exciting at the CB onset

varies sample to sample, as expected for the 5d-CB separation. This is because the

5d-CB separation is different for different samples. The phonon density rises rapidly

over the first few tenths of an electronvolt above the CB minimum, and it quickly

dominates the RIXS spectrum at ligand edges [78]. This explains the quenching of

the 5d-CB energy loss peak with higher excitation energy and differences between the

doped and undoped samples, as well as the differences between Eu2+-doped samples

with different host lattice.

XEOL spectroscopy is an X-ray photon-in optical photon-out process. XEOL is used

to monitor the optical luminescence using a selected X-ray photon energy, which

can excite a core-level electron of a given element of interest to bound, quasi-bound,

and continuum states, providing elemental, and in some cases site-specific informa-

tion [79–81]. In this thesis, XEOL measurements are used to determine the Eu2+ 4f7

energy level with respect to the 4f65d1 states from the 4f65d1 → 4f7 transition of Eu2+

ions, which is shown in Fig. 1.7. XEOL measurements provide the wavelength of the

Eu2+ transition 4f65d1 → 4f7 of the luminescence materials and yield a luminescence

wavelength (energy). Thus, the Eu2+ 4f7 states reside below the 4f65d1 levels of the

corresponding energy of the luminescence wavelength shown in Fig. 1.7. Therefore,

RIXS measurements and XEOL techniques allow direct access to the intragap states

that are the source of the luminescence of Eu2+-doped phosphors. The band gaps
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Figure 1.7: A schematic diagram of energy levels of Eu2+-doped phosphor. The band
gap is added from XAS and NXES measurements. The energy separation between
bottom of the CB and lowest level of 4f65d1-states (vertical pink line, ∆E) is deter-
mined from RIXS measurements. The energy level of 4f7 with respect to 4f65d1-states
is determined from the 4f65d1 → 4f7 transition (blue luminescence in this case, λem)
measured by XEOL.

of the material are determined by combining the measured occupied and unoccupied

density of states on a common energy scale. The band gap is determined from the

energy difference between the top of the VB, probed by non-resonant X-ray emission

spectroscopy (NXES), and the bottom of the CB, probed by X-ray absorption spec-

troscopy (XAS). The top of the VB and the bottom of the CB are determined from

the first peaks above the noise in the second derivative at the upper edge of the NXES

and lower edge of the XAS spectra, respectively [37, 82]. Thus, we determine all par-

ticipating energy levels of Eu2+ ions (4f65d1 and 4f7 states), the VB, the CB, and

band gaps of phosphors. Figure 1.7 shows a schematic diagram of all participating

energy levels of a Eu2+-doped sample. Therefore, we identify all radiative processes

involved, and therefore, we inform the design of the next generation pc-LEDs. In ad-

dition, we perform DFT calculations to interpret the experimental band gap, density

of states (DOS), band structure, and XAS and X-ray emission spectroscopy (XES)
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spectra. With these measurements and calculations, we gain complete insight into

all key properties such as emission, band gap, thermal quenching behaviour, and all

pertinent energy levels of the Eu2+-doped phosphors studied here.

1.5 Outline of the thesis

In this thesis, the electronic and optical properties of InN thin films and highly efficient

color-sensitive Eu2+-doped phosphors material systems have been studied using sev-

eral synchrotron-based experimental techniques. Techniques employed include XAS,

XES, XEOL spectroscopy, and RIXS spectroscopy. Each of these techniques provide

distinct information about the electronic and optical properties of the material being

studied. These experimental techniques are described in Chapter 2.

Complementary theoretical calculations were performed to gain insight into the ma-

terial properties from the measured spectra. These calculations are used to generate

calculated spectra used to interpret measured spectra. Furthermore, various theoret-

ical approaches are used to interpret the measured results. The calculation methods

are described in Chapter 3.

My starting project focused on the electronic structure of InN [82], which is presented

in Chapter 4. The goal of this work is to study the electronic structure and band gap

of ammonothermal InN experimentally 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.

The origin of the measured band gap is discussed in terms of the presence of oxygen

impurities and impurity phases of InN.

After finishing my first project, I turned to the main topic of my PhD. Here, I stud-
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ied highly efficient color-sensitive phosphors such as ultranarrow band blue-emitting

oxoberyllates AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr), blue-luminescence MBe20N14:Eu

2+

(M = Ba, Sr), and red-luminescence SrLi2Al2O2N2:Eu
2+. The ultranarrow band

blue-emitting oxoberyllates AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr) is presented in Chap-

ter 5 [65], blue-luminescence MBe20N14:Eu
2+ (M = Ba, Sr) in Chapter 6 [66], and

finally, the red-luminescence SrLi2Al2O2N2:Eu
2+ is presented in Chapter 7 [83]. Our

collaborator in the Department of Chemistry at University of Munich, Germany, syn-

thesized the oxoberyllates AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr) and nitridoberyllates

MBe20N14:Eu
2+ (M = Ba, Sr) samples using a solid state reaction method [84]. The

red luminescence SrLi2Al2O2N2:Eu
2+ was synthesized by our collaborator, Lumileds

Phosphor Center Aachen, Germany, according to the powder sample synthesis pub-

lished by Hoerder et al. upon optimization to obtain a phase pure powder sample [85].

These phosphor materials are of interest for use in lighting applications as part of pc-

LEDs. In this case, the 4f65d1 → 4f7 transition of Eu2+ is responsible for the visible

emission band. A key issue when building a pc-LED is the choice of the phosphor

host as the choice of host will affect the color of the light output as well as the overall

device efficiency.

The concluding remarks for the exciting area of research presented in this thesis are

provided in Chapter 8.
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Chapter 2

Experimental Techniques

The interaction of soft X-rays with matter is the primary mechanism for studying

the properties of materials. X-rays have a wavelength comparable to the size of an

atom, and they have energies in the range of most binding energies of core electrons.

Thus, X-rays spectroscopy techniques are a powerful tool for probing the properties

of matter. A specific set of core electrons can be excited by tuning a monochromatic

X-ray beam to the corresponding energy. Coupled with the fact that X-ray pene-

tration depths range from nanometers to micrometers, X-ray spectroscopy provides

a bulk-sensitive, element-specific probe of the properties of matter and can be used

to obtain in situ nondestructive measurements. This study is entirely based on soft

X-ray spectroscopy and density functional theory calculations. The soft X-ray energy

range lies between 50 eV and 2000 eV [86], and it is important for materials research

because the core energy levels of many elements are within this range. For example,

all 1s electrons (K-shell) for the lighter elements (3 ≤ Z ≤ 14) and higher lying elec-

tron shells for all heavier elements are found within the soft X-ray energy range.

Soft X-rays are generated inside the synchrotron ring by bending magnets or insertion

devices, then guided by mirrors, monochromatized by diffraction gratings, and finally

delivered to the sample in the experimental station; this configuration is known as

a “beamline”. All spectra reported in this thesis were obtained at the Resonant
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Elastic and Inelastic X-ray Scattering (REIXS) beamline [87] and at the Variable

Line Spacing-Plane Grating Monochromator (VLS-PGM) beamline [88] at Canadian

Light Source (CLS) as well as at the Bl.8.0.1 beamline at the Advanced Light Source

(ALS) at Lawrence Berkeley National laboratory [89]. In this thesis, X-ray absorption

spectroscopy (XAS), X-ray emission spectroscopy (XES), resonant inelastic X-ray

scattering (RIXS), and X-ray excited optical luminescence (XEOL) spectroscopy are

utilized to analyze the InN powder samples and the highly efficient color-sensitive

Eu2+-doped phosphors. This chapter involves describing how X-rays interact with

matter, and how each of the techniques provides structural, electronic, and optical

properties of these materials.

2.1 X-ray Interactions with Matter

When an X-ray interacts with matter, the phenomena of reflection, refraction, diffrac-

tion, and absorption are all taking place with different degrees of strength. The main

phenomena of the interaction of X-ray and matter relevant to our energy range are as

follows. First, the X-ray may be transmitted with no change in energy or momentum

and no influence on the substance. Second, the X-ray may reradiate at exactly the

same energy (elastic scattering) or undergo a reduction in energy (inelastic scatter-

ing). Finally, the X-ray may be absorbed by the substance. The latter effect provides

information about the electronic and optical properties of material and it is relevant

for the research carried out in this thesis. Thus, the X-ray absorption mechanism is

considered here first.

The X-ray absorption mechanism follows Fermi’s Golden rule, where the interaction

Hamiltonian is the appropriate operator for an electromagnetic wave. The X-ray

absorption coefficient µ is given by [90]
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µ(E) ∝
∑︂
i,f

|< ψf | (ê · p̂) e(ik⃗·r⃗) | ψi >|2 ρf , (2.1)

where ê, p̂, k⃗, r⃗, ψi, and ψf represent the electromagnetic field of the incident X-ray,

electron momentum vector, X-ray wavevector, position vector in the appropriate co-

ordinate system for the material, the initial state wave function, and the final state

wave function, respectively. The summation is conducted over all possible initial and

final states.

The argument of the exponent is less than 1 because the X-ray energies are less than

2000 eV, and the distance r is less than 1 Å. Therefore, we can expand the exponent

in a McLauren series as

e(ik⃗·r⃗) = 1 + ik⃗ · r⃗ − (k⃗ · r⃗)2 + · · · · · · (2.2)

The first order approximation of the exponential is sufficient to describe most exper-

imental spectra. In this case, Equation 2.1 reduces to the dipole approximation

µ(E) ∝
∑︂
i,f

|< ψf | (ê · p̂) | ψi >|2 ρf . (2.3)

This approximation implies that the oscillating electric field of the X-ray induces

all X-ray induced electron transitions | ψi >→| ψf >. The electric field of the X-

ray is constant across the orbital because of the small effective radius of the core

electrons. The electronic state of an electron in an atom is defined by the principal,

orbital angular momentum and spin quantum numbers n, l, and s, respectively. The

principal quantum number can have positive integer values 1, 2, 3 and so on. The

angular quantum number determines the shape of the orbitals and the values of l

depend on the principal quantum number. For a given value of n, l has possible

integer values from 0 to (n-1). The total angular momentum is the vector sum of

the orbital and spin momenta, that is j = l + s, where s = 1/2. For both the core
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Table 2.1: Correspondence between X-ray absorption edges and their electronic con-
figurations. Table is taken from Ref. [91].

n l j Configuration Edges

1 0 1
2

1s1/2 K

2 0 1
2

2s1/2 L1

2 1 1
2

2p1/2 L2

2 1 3
2

2p3/2 L3

3 0 1
2

3s1/2 M1

3 1 1
2

3p1/2 M2

3 1 3
2

3p3/2 M3

3 2 3
2

3d3/2 M4

3 2 5
2

3d5/2 M5

4 0 1
2

4s1/2 N1

4 1 1
2

4p1/2 N2

4 1 3
2

4p3/2 N3

4 2 3
2

4d3/2 N4

4 2 5
2

4d5/2 N5

4 3 5
2

4f5/2 N6

4 3 7
2

4f7/2 N7
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and bound final states, the total angular momentum must be conserved. Photons

have an angular momentum of 1. Thus, dipole transition can only have a final state

angular momentum of l ± 1, where l represents the angular momentum of the initial

state. In a radiative process, the change in the primary quantum number △n is

not confined in terms of the bound state quantum number. The change in angular

momentum △l is ±1. The change in the total angular momentum is △j = 0,±1 [91].

However, a transition between two states both with j = 0 is not permitted [92]. For

example, dipole transitions from the 2s to the 1s, or from the 3p to the 2p level are

forbidden [91]. For historical reasons, labels denoting X-ray transitions to or from

a core state are in a different set of symbols than typically used to describe atomic

orbitals. Table 2.1 describes the electronic configurations and their corresponding

edges. Traditionally, the symbol for the lowest energy level in an X-ray transition is

used to denote the process.

For example, a 2p → 1s transition is denoted by the symbol Kα, and a 3p → 1s

transition is denoted by the symbol Kβ, and so on [92].

The effect of the second-order term in the power series expansion of Equation 2.2

can be found as low energy and low intensity characteristics in the X-ray absorption

measurement. These properties are related to the quadrupole transition, and they

must be included as an additional component in Equation 2.3

µ(E) ∝
∑︂
i,f

|< ψf | (ê · p̂)(1 + ik⃗ · r⃗) | ψi >|2 ρf . (2.4)

The final-state of a quadrupole transition has an angular momentum l±2. Quadrupole

transitions occur when the 1s electrons in transition metals are excited. Quadrupole

features are sometimes visible because many transition metals have a large number

of partially occupied d states near the Fermi level.
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2.2 Synchrotron Radiation and Insertion Devices

When a moving charged particle is accelerated in a direction perpendicular to its

trajectory, usually by a magnetic field, synchrotron radiation and cyclotron radiation

are produced. The difference between the two methods is that cyclotron radiation

is emitted by nonrelativistic particles, whereas synchrotron radiation is emitted by

highly relativistic particles. The relativistic particles’ frame is spatially compressed

relative to the laboratory frame in synchrotron radiation; this results in the emitting

of most radiation power into a narrow lobe in the direction of the particle’s travel,

with a small fraction of the radiation emitted into a wider trailing lobe (when viewed

in the lab frame). The forward radiation cone has an opening angle of about 2γ−1

radians [93], and the average power radiated by a relativistic charged particle varies

with γ2 [93]; γ represents the particle’s Lorentz factor. Therefore, the resultant

radiation is highly collimated and bright from highly relativistic electrons.

Synchrotron radiation experiments of the first generation were parasitic. The storage

ring parameters were far from optimal for yielding the best beam characteristics

because the primary focus of these facilities were the particle collisions. Second-

generation synchrotron radiation facilities, which comprise storage rings dedicated to

the production of synchrotron radiation. The bending magnet and a region of strong

uniform magnetic field normal to the plane of the ring were key to these facilities.

The spectrum of synchrotron radiation produced by this uniform magnetic field is

broad, and it culminates around a critical energy defined by [91]

Ec =
3ℏcγ3

2ρ
=

3ℏeBγ2

2m0

, (2.5)

where ρ, B, and m0 represent the radius of the curvature of the particle as it travels

through the region of uniform magnetic field, the magnetic field, and rest mass of the

charged particle, which is typically an electron, respectively. The critical energy is

tuned by varying B in an attempt to maximize the flux in the desired energy range

because the particle energy (and therefore γ) is a fixed parameter of the storage
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Figure 2.1: A schematic diagram of an insertion device. Diagram is taken from
Ref. [91].

ring. In most core-level X-ray spectroscopy experiments, only a small portion of the

bandwidth corresponding to a particular core-level transition is desired. Thus, the

majority of the bend magnet’s emission profile would be discarded, and this is ineffi-

cient and might cause thermal loading concerns.

Insertion devices are placed in the straight sections of storage rings. They produce

significantly higher fluxes compared to the bending magnets. A schematic diagram

of an insertion device is presented in Fig. 2.1. Figure 2.1 shows that insertion device

operates by forcing the electrons to produce an oscillatory path in the plane of the

storage ring, employing a set of magnets that produce magnetic fields [91]. There are

two types of insertion devices, which are the wiggler and undulator. These insertion

devices are used to increase the usable flux of the beam. The average magnetic field

experienced by the particle is therefore B0 = B/
√
2; however, the field strengths

achievable in wigglers and undulators are higher than those of the standard bend

magnets because of the use of powerful permanent magnets [94].

The distinction between wigglers and undulators lies in their dimensionless deflection
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parameter K, which is defined as [91]

K =
eB0

2πm0c
λID . (2.6)

where λID denotes the period of the insertion device. The value of K acts as a ratio

of the maximum angular deflection δ of the electrons to the opening half-angle of the

synchrotron radiation γ−1 [91]

δ = Kγ−1 . (2.7)

For a wiggler, the period of the magnetic array is sufficiently large that K >> 1.

Figure 2.1 shows that electrons only emit radiation in the forward direction during a

small portion of their sinusoidal trajectory, which is twice per λID. Therefore, they

behave like 2N bend magnets linked up end-to-end, with a similar emission profile

and critical energy [95].

In undulators, the period is substantially shorter (so that K ≤ 1), which implies that

the maximum angular deflection of the insertion device is less than the opening an-

gle of the synchrotron radiation. This allows for coherent interference between the

electrons and radiation field, and it has a variety of implications on the properties of

the beams. First, the angular spread of an undulator beam is reduced by a factor

of
√
N [93], which when combined with the enhancement factor of N from having

multiple bend sections, implies that the undulator will have a factor of about N2 the

emitted power of a single bend magnet [93]. Further the coherent interference narrows

the (in-plane) spectrum into sharp peaks located at the odd harmonics of a single

wavelength because the even harmonics are subject to destructive interference [96].

Stronger magnetic fields in undulators must be tempered by shorter magnet periods,

which limits their range to below 10 keV even in their higher harmonics because K
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Figure 2.2: Schematic representation of the X-ray absorption process.

is proportional to B. Wigglers and superconducting superbend magnets can produce

photons exceeding 100 keV. An undulator-based soft X-ray beamline is ideal for their

experiments considering its characteristic high flux and the atomically thin nature

of the samples because all 1s electrons (K-shell) for the lighter elements (3 ≤ Z ≤

14) and Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn 2p core level reside below 2 keV

binding energy.

2.3 X-ray Absorption Spectroscopy

Figure 2.2 is a schematic representation of the process of X-ray absorption. Figure 2.2

depicts that the transition occurs from a core electron to the unoccupied density of

states (conduction band) by the incoming synchrotron radiation. The left panel

in Fig. 2.2 shows the calculated band structure and the right panel describes the

corresponding projected density of states. There is a possibility that a core electron

will absorb an X-ray and be promoted to an excited state when an incident X-ray has

an energy around the binding energy of a core electron of a material. Most transitions

are not interesting because the X-ray absorption cross-section of a given edge varies

slowly and smoothly over a broad energy range [97] when the incident X-ray is outside
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Figure 2.3: Schematic representation of the the Beer-Lambert law.

of the absorption edge. The exception to this is when the incident X-ray energy is

resonant, or close to resonant, to the binding energy of a core electron. In this case,

the electron can be promoted to a bound state within the conduction band of the

material, in this regime, the X-ray absorption cross-section varies considerably over

a small energy range.

The X-ray absorption spectroscopy is concerned with the change in the absorption

coefficient µ(E) of the system described by the Beer-Lambert law

N(E) = No exp
−µ(E)d , (2.8)

where, d represents the thickness of the sample; and N(E) and No represent the

number of incoming and transmitted photons, respectively, under investigation as a

function of incident photon energy. Furthermore µ(E) is called the linear attenuation

coefficient because physically, it describes the logarithmic fraction of the photons

absorbed per unit length where

µ(E) =
1

d
log

No

N(E)
, (2.9)

when the X-rays travel through the sample. µ(E) depends on several factors includ-

ing the density of the material and the type of atoms in the sample. Figure 2.3
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Figure 2.4: Measurement of TEY. The ejected Auger electrons leave behind a posi-
tively charged sample. If connected to the ground, the neutralizing current flowing
into the sample is proportional to the time-averaged Auger electron creation rate,
which is proportional to the core hole creation rate.

represents the X-ray absorption process of the material by Beer-Lambert law. X-ray

absorption techniques measure this coefficient either directly or indirectly. During

the X-ray absorption transition, a core electron is excited to a conduction band state,

and a vacant core level (a core hole) is left behind. This core hole is filled almost

immediately with an electron from a state higher in energy (either another core level

or valence state), and the resulting released energy can be absorbed by Auger elec-

trons or be emitted as photon. An absorption spectrum displays either the number of

absorbed photons or the linear absorption coefficient µ(E) as a function of incoming

photon energy. Experimentally, there are several methods used to measure the XAS

spectrum. However, for this study, mostly the surface sensitive total electron yield

(TEY) mode and the bulk sensitive either total fluorescence yield (TFY) mode or

partial fluorescence yield (PFY) mode are used to record the XAS spectra.

The TEY method relies on the detection of Auger electrons. This method is used be-

cause the number of total electrons leaving the sample is proportional to the number

of core holes created, which is proportional to the number of photons absorbed. The
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Figure 2.5: Measurement method of TFY.

Auger effect occurs when a core electron is removed, which leaves an unstable core

hole behind, and a higher shell electron decays to fill the core hole by transferring its

energy to another outer shell electron; this is removed from the sample and called the

Auger electron. This process is more likely for shallow core holes in low Z elements

(Z < 15). Furthermore, the mean free path of the escaping electrons is very small,

and electrons are detected at only less than 10 nm of the sample surface [98]. Thus,

this method only probes the surface of the material of interest. The main problem

for TEY is sample charging, which occurs when the electrical conductivity of the

sample is sufficiently low and the incoming photon flux is sufficiently high so that

photoelectrons cannot be replenished at the rate necessary to maintain an electrically

neutral sample; the electron emission in this case will be reduced. The surface sensi-

tive TEY XAS spectrum may not be representative of the true XAS spectrum of the

bulk sample if the surface of the sample is oxidized or contaminated.

The TFY method relies on the detection of emitted photons. The reason behind

using this method is very similar to that for the TEY method. It is assumed that the

total number of emitted photons detected is proportional to the number of core holes

created. This method is more bulk sensitive because it is governed by the attenuation
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length of the emitted photons, which is considerably larger (100 nm to µm) than that

of emitted electrons [98]. When the observed TEY or TFY is not proportional to the

total linear absorption coefficient, the recorded spectra might become distorted [98].

The energy-dependent penetration depth of the incoming photons and the escape

depth of the electrons in the TEY or the photons in the TFY are the only factors

that need typically be taken into account. Sometimes charging of the sample can be a

problem when the large number of electrons removed by the bright synchrotron beam

cannot be sufficiently replenished. Saturation can arise when the escape depth of the

electrons becomes comparable to the penetration depth of the incoming X-rays. When

saturation arises, the measured spectra will not increase further upon increasing the

number of incoming photons. Self-absorption is a problem of TFY measurements.

After emission, the emitted photons travel through the bulk of the sample and may

be reabsorbed by the sample before reaching the detector. This is referred to as self-

absorption. The probability with which a photon will be reabsorbed depends strongly

upon its energy. The self-absorption of X-ray fluorescence photons can suppress the

peak height in the measured fluorescence yield spectra of the dense systems and the

fluorescence yield is not proportional to the linear absorption coefficient anymore [98].

PFY is based on a similar method of TFY; however only emitted photon within a

certain energy window are detected. In principle, this method is superior to the

TFY method because elastically scattered photons and photons from other unwanted

atomic sites and edges can be filtered out. Only photons emitted from the sample

within the desired energy range are detected.

2.3.1 X-ray Absorption Near-Edge Spectroscopy

In an absorption spectrum, different excitation energy ranges provide different infor-

mation about the structure of the material. The XAS spectrum is divided into two

energy regions: the X-ray absorption near-edge structure (XANES) region, and the
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extended X-ray absorption fine structure (EXAFS) region, which are shown schemat-

ically in Fig. 2.6. The features in the immediate vicinity of an absorption edge are

referred to as XANES. A photoelectron is generated after an X-ray photon absorbed

by a core level. This photoelectron may not be ejected into the vacuum continuum

above the ionization threshold, but instead may only have sufficient energy to be

promoted to an unoccupied states but bound level. The core hole resulting from the

absorption process can be filled either via an Auger process or capture of an elec-

tron from another shell followed by emission of a fluorescent photon. The XANES

differs from traditional photoemission experiments. In the traditional photoemission

experiments, the initial photoelectron itself is measured, however in the XANES the

fluorescent photon, Auger electron or inelastically scattered photoelectron is recorded.

The XANES provides information about the electronic structure of the sample. An

example, a transition between K state (1s, l = 0, symmetric) and a bound excited

state of mostly (symmetric) d-character is observed for a material with high intensity.

According to the dipole approximation, only p-states (antisymmetric) are accessible

from the s-states. Therefore the upper upper bound state must have both p-type

(antisymmetric) and d-type character. The environment around the absorbing atom

cannot be inversion symmetric because of the partial p-character. Thus, the presence

of bound-state resonant absorption peaks provides information on the local symme-

try of the system. The features of the XANES spectrum depend on the transition

probability rate Ti→f between an initial state | ψi > to a set of final state | ψf > [99],

which is described by Fermi’s Golden Rule [90]

Ti→f =
2π

ℏ
|< ψf | Ĥ | ψi >|2 ρf . (2.10)

where |< ψf | Ĥ | ψi >| represents the transition matrix element. Ĥ denotes the

perturbation Hamiltonian, which is responsible for the transition and ρf denotes the

density of states in which the final state is embedded. Ĥ for X-ray absorption is the

electric dipole operator. The use of a dipole transition operator is a simplification,
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Figure 2.6: X-ray absorption spectrum of FeO with XANES and EXAFS regions.
The figure is taken from Ref. [91].

because the expansion of the field description of a photon has higher components such

as the electric quadrupole and magnetic dipole. However, the contribution of these

higher order terms to the overall electronic transition probability are smaller than

the dipole contribution, and in any event, all terms higher than dipole symmetry are

completely irrelevant in light atoms.

The intensity of transitions to bound-state unoccupied orbitals depends on their den-

sity and selection rules. Suppose, five 5d-metals Re, Os, Ir, Pt and Au have XANES

spectra. The ground state electronic configuration of Re is [Xe]6s24f 145d5. There

are only 5 electrons left until the 5d shell is completely filled. As one moves to the

right in the periodic table from Re, the five available 5d-states are filled. In Au, these

states are all occupied. In the elements Re to Pt, the intensive XANES feature is

seen because of available bound but unoccupied 5d-states [91]. As Au has no such

unoccupied states, the XANES feature is not seen and only excitation directly into

the unbound continuum is observed [91].
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The unoccupied descriptor is obtained because of Fermi’s Golden Rule [90]. Equa-

tion 2.10 indicates that the transition rate for an electron to be promoted into an

unoccupied state (which is proportional to the absorption spectrum) should be the

DOS in the final state ρf accessible by the transition and modified by the transition

probability from the initial state | ψi > to a set of final state | ψf >. The final DOS

in resonant absorption differs from the ground state only in that there is an electron

in the conduction band; therefore unoccupied states are probed.

2.3.2 Extended X-ray Absorption Fine Structure Spectroscopy

The EXAFS measurement is monitored by increasing the incident X-ray energies at

approximately 50 eV above an absorption edge and extending up to several hun-

dred [91]. The energies above the XANES region create photo-excited electrons,

which are essentially free electrons moving in a wave-like manner through the crys-

tal. The free electrons created by photon absorption can scatter off of neighbouring

atoms, and the amount of scatter depends on the electron momentum and distance to

the neighbouring atom. This scatter introduces fluctuations in the EXAFS spectra,

which can be used to deduce local structure information. The mean-free paths of

the photoelectrons associated with EXAFS is the order of a few Angstroms. Thus

EXAFS probes only the immediate neighbouring of the absorbing atom. For this

reason, EXAFS is an important technique in nanocrystalline solids and liquids, as it

yields information of the short-range structure of materials [91].

For EXAFS, we approximate the final state as | ψf >=| ψ0 > + | ψs >, where | ψ0 >

represents the free electron state and | ψs > represents the scattered state. For the

first-order approximation, Equation 2.3 can be modified as
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µ ∝ |< ψf | (e⃗ . p⃗) | ψi >|2

∝ |< ψ0 | (e⃗ . p⃗) | ψi >|2 + < ψ0 | (e⃗ . p⃗) | ψi >< ψs | (e⃗ . p⃗) | ψi >

∝ µ0 + µ0χ (2.11)

where µ0 represents the background absorption for an isolated atom and the EXAFS

oscillations, χ represents the effect of scattering.

The standard expression for χ can be written as [91]

χ(k) =
∑︂
j

Njfj(k)e
−2k2σ2

j

kR2
j

sin[2kRj + δj(k)] (2.12)

The summation is over all the j considered shells, each shell containing Nj atoms. Rj

denotes the distance between the absorbing atom and backscattering atom of species

j. Ni represents the number of scattering species j atoms. fj denotes the scattering

factor for the scatters in the j-th shell and it depends on the backscattering atom and

is so small for the first four or five elements. Thus these atoms cannot be detected

by EXAFS. fj increases significantly and exhibits progressively complex oscillatory

behaviour as a function of k with increasing atomic number Z [100, 101]. sin[2kRj +

δj(k)] represents the oscillatory term. The denominator of R2
j takes into account the

inverse-square decrease in the electron density of the spherically expanding electron

wave from the absorbing atom. The exponential term in Equation 2.12 accounts for

the fact that the neighbouring atoms are not stationary but vibrating with amplitude

σj parallel to k [91].

2.4 X-ray Emission Spectroscopy

The XAS process creates a core hole that is filled quickly by an electron from a higher

energy state. Sometimes the energy gained from this transition is released as a pho-

ton, and when the X-ray fluorescence intensity is integrated as a function of incident
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Figure 2.7: Schematic representation of the X-ray emission process.

X-ray energy, a TFY mode XAS spectrum is acquired. An XES spectrum can be ac-

quired when a high-resolution spectrometer is available: the incident X-ray energy is

fixed and the intensity of the X-ray fluorescence is measured as a function of emission

energy. An XES spectrum can be acquired from the decay of another core state to

fill the deeper core hole; however the most interesting spectra (and the spectra most

relevant to material properties) are when a weakly bound valence electron decays to

fill the core hole. Figure 2.7 is a schematic representation of the XES process.

XES relies on emitted X-rays, and therefore, it is bulk sensitive in the same manner

as the TFY or PFY mode of XAS. An XES spectrum is acquired nonresonantly

when the incident X-ray energy is well above resonance (NXES), which effectively

decouples the absorption transition from the emission transition. However, the XES

spectra can be acquired when the incident X-ray energy is resonant with a particular

absorption feature (RIXS), and this can reveal many interesting properties, such as

charge transfer d–d, or magnetic transitions [77], or momentum preserving transitions

within the band structure [78].
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2.4.1 Nonresonant X-ray Emission Spectroscopy

Nonresonant X-ray emission spectroscopy (NRXES) is performed by exciting the

sample significantly above the resonant threshold, on the order of at least 15 to

20 eV. The core electron is ionized into vacuum continuum states and there is no

longer bound when excitation is performed in this energy range. If the atom originally

had N electrons before emission, the final state is an N - 1 electrons with a hole in the

valence band after a valence electron has refilled the core. Like placing an electron in

the unoccupied states in the final state of an X-ray absorption event allows probing

the unoccupied states, so does placing a hole in the occupied states allows one to

probe them. The intensity of emitted photon can be described by the Fermi’s Golden

rule [90]

I(ℏω) ∝
∑︂

|< ψf | (ê · p̂) | ψi >|2 ρf , (2.13)

where the initial state | ψi > corresponds to a system with a hole in the core level and

a delocalized electron and the final state | ψf > corresponds to a system with the core

level filled, a hole in the valence band and a delocalized electron. ρf is the density of

state of the final state. Since the final quantum state during XES measurements has

a hole present in the valence band, the final state rule states that the emission spectra

should be calculated with a hole in the valence band. When doing simulations this

hole in the valence band is generally ignored, because the hole is delocalized and is

assumed not to have a significant effect on band energies. This is unlike absorption

spectroscopy where the core hole is highly localized, and the core hole effect must be

accounted for in the calculations. There is no preferential absorption by any particular

nonequivalent site of the atom being excited, because the excitation energy is above

threshold; however photons will still be preferentially absorbed by the core level of

the atom with binding energy closest to the excitation energy.
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2.4.2 Resonant X-ray Emission Spectroscopy

Resonant X-ray emission spectroscopy (RXES) measurements are performed by mea-

suring emission spectra while resonantly exciting electrons into bound conduction

band states. For RXES, the incident X-ray is tuned to the features in XAS. By tun-

ing the incident energy during the RXES measurements, one can selectively excite

the nonequivalent sites of the same element and orbital.

The difference between NRXES and RXES is site selectivity. One measurement ap-

proach resonantly excites the sample, and therefore, it is possible to selectively excite,

within the same crystal, sites of the same atomic species that have different local sym-

metry (called nonequivalent sites). Core holes will be preferentially created on only

one nonequivalent site, and therefore, RXES probes only the local occupied pDOS of

the resonantly excited site, instead of the sum of the pDOS from all nonequivalent

sites as in NRXES. RXES spectra can provide detailed information to the occupied

electronic environment surrounding each site. Indeed, taking the time to measure the

occupied pDOS of each different site is only useful if there are different nonequivalent

sites to probe. There is no difference between RXES spectrum and NRXES spectrum

for highly homogeneous material.

2.4.3 Resonant Inelastic X-ray Scattering

Resonant inelastic X-ray scattering (RIXS) occurs when incident X-rays resonantly

excite a core level electron to a higher energy unoccupied intermediate state in the

vicinity of the absorption threshold. The intermediate state corresponds to a system

with a hole in the core level and a locally bound electron in the conduction band.

The final state of the system is achieved when the core hole is filled quickly by an

electron from the valence band and energy is released as a photon. Thus, the final

state corresponds to a system with the core level filled, a hole in the valence band,

and a locally bound electron in the conduction band. A schematic representation of
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RIXS is presented in Fig. 2.8. The excitation and decay steps in RIXS process can

be described by using the Kramers-Heisenberg formula. According to the Kramers-

Heisenberg formula, the intensity I(ℏωin, ℏωout) of the emitted photons as a function

of the emission energy is given by [90, 102, 103]

I(ℏωin, ℏωout) ∝
∑︂
f

∑︂
j

| < ψf | T̂ f | ψj >< ψj | T̂ i | ψi >

Ei + ℏωin − Ej + iΓm

2

|2 δ(Ei+ℏωin−ℏωout−Ef ),

(2.14)

where ψi, ψj, and ψf denote the initial, intermediate, and final states, respectively,

Ei, Ej, and Ej represent the energies of the initial, intermediate, and final states,

respectively. The energy of the incident and emitted photons is given by ℏωin and

ℏωout, respectively, while T̂ i and T̂ f represent dipole radiative transition operators

that govern transitions from the initial to the intermediate states and the intermedi-

ate to the final states, respectively. The intermediate state lifetime broadening Γm

reflects the lifetime of the core hole. As the energy difference between the initial and

intermediate states approaches the excitation energy, the denominator becomes very

small, which allows for resonant excitation to occur. The intermediate lifetime broad-

ening Γm functions to maintain the denominator from going to zero on resonance. Its

physical interpretation is that there is some uncertainty as to exactly what energy

the system is at in the intermediate state.

The incident X-rays (ℏωin) and outgoing photons (ℏωout) have different energy. The

reduction in energy of the incident photon compared to the outgoing photon (ℏωin −

ℏωout) is the energy loss in the inelastic scattering process. This amount of energy

provides RIXS peaks as shown in Fig. 2.8. In the special case of ℏωin = ℏωout, there is

no net energy loss and it is called resonant elastic X-ray scattering. One mechanism

for generating a RIXS feature is to promote an electron to an unoccupied conduction

band-state followed by relaxation of a lower-lying state to the core, resulting in the

42



Figure 2.8: Initial (| ψi >), intermediate (| ψj >), and final (| ψf >) state wavefunc-
tions for a Kramers-Heisenberg X-ray transition in a single-particle band structure.

formation of an electron-hole pair. RIXS is a one-step process and it involves two

dipole allowed transitions. Due to the double dipole transition, the selection rules

modify. In RIXS ∆l = 0,±2 becomes a selection rule [91]. The powerful implication

of this is that it allows to study the forbidden d to d, or f to f transitions [91]. The

RIXS mechanism is a second-order process. For the phosphors materials, we get weak

RIXS feature because we tune the exciting radiation to energies where the absorption

is small.

2.5 X-ray Excited Optical Luminescence (XEOL)

Spectroscopy

XEOL spectroscopy is an X-ray photon-in optical photon-out process. XEOL is

used to monitor the optical luminescence using a selected X-ray photon energy for

excitation, which can excite a particular core-level electron of a given element of

interest to bound, quasi-bound, and continuum states, this provides elemental and in

some cases site specific information [79–81]. Owing to the high energy of the incident
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X-rays and the core-level photoelectrons, XEOL process is a complex phenomenon;

this phenomenon can be described as follows [104]:

• A core hole is created within femtoseconds by the annihilation of an X-ray.

• The core hole is immediately filled by electrons from shallower levels creating

Auger and X-ray fluorescence processes.

• The new shallower core holes left behind are filled by even shallower core or

valence electrons, which creates a cascade process.

• The energetic photoelectrons and Auger electrons create more electrons and

holes on their paths as they travel through the absorbing medium and lose

energy through inelastic scattering.

• Electrons and holes thermalize at the bottom of the conduction band (CB) and

the top of the valence band (VB), respectively.

• Electrons and holes in the CB and VB, respectively, radiatively recombine to

produce luminescence with small photon energy.

Furthermore, defects can produce intense or suppress optical emissions with photon

energy significantly lower than the bandgap of material. Thus, XEOL is different

from conventional UV-visible photoluminescence. It can be site specific because the

core level is specific to a given element and it involves energy transfer via secondary

processes to the optical channel.

2.6 Soft X-ray Endstations

A soft X-ray endstation contains the following elements: a diffraction grating to dis-

perse the radiation from the insertion device or bend magnet by energy, a moveable

aperture to select a small energy range from the grating’s output, and highly reflective

mirrors to focus the beam and direct it to the target, all these elements work within a
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ultra high vacuum (UHV) environment so that the soft X-ray beam is not attenuated

by air. At the end of the beamline is the experimental endstation and a chamber

that contains a number of instruments to monitor the experimental endstation, a

chamber that contains a number of instruments to monitor the sample’s electronic,

optical, and X-ray output as it is exposed to the soft X-ray beam. These chambers

commonly contain equipment for controlling the orientation and temperature of the

sample. Three “beamlines” are used for the experiments of this study.

2.6.1 Resonant Elastic and Inelastic X-ray Scattering Beam-
line

The resonant elastic and inelastic X-ray scattering (REIXS) beamline uses an ellip-

tically polarizing undulator (EPU, insertion device 10ID-2 of the CLS) to produce

soft X-rays ranging from 95 - 2000 eV [87]. Two separate gold-coated sagittal cylin-

drical mirrors are used to collect and collimate the X-rays from the EPU. These

mirrors have three different interchangeable gratings corresponding to low, medium,

and high energy [87]. The beamline delivers 1012 photons/s of flux on the low energy

grating at 100 eV with 25 µm exit slits. Depending on the desired energy range,

four selectable mirror coatings on the plane mirrors (Ni, Si, C, and Au) are used to

suppress high-order harmonics. REIXS has a large spherical grating spectrometer,

which uses Rowland circle geometry to measure high-resolution XES spectra. The

monochromator’s energy resolving power (E/∆E) varies across this range, from about

105 near 100 eV to 104 near 1000 eV. The spectra were normalized to the incident

flux impinging on the sample monitored by a highly transparent gold mesh.

2.6.2 Beamline 8.0.1.1

The soft X-ray fluorescence endstation of beamline 8.0.1.1 (BL8) at the ALS was used

in this research as well. BL8 is an undulator-based beamline with a 50 mm undulator

45



period [89]; its energy range is from 80 to 1250 eV. The appropriate energy is selected

by a spherical grating monochromator. There are three different interchangeable

gratings that correspond to low, medium, and high energy ranges with rulings of

150, 380, and 925 lines/mm, respectively [89]. At the maximum flux, BL8 delivers

on the order of 1015 photons per second per mm2 with E/∆E of roughly 104 [89].

BL8 allows for the measurements of both the TFY and TEY modes and the spectra

were normalized to the incident flux impinging on the sample monitored by a highly

transparent gold mesh. The spectrometer is a grating incidence detector in Rowland

circle geometry [89]. There are four spherical gratings that correspond to different

energy ranges; the low and mid-low energy gratings have a 5 m radius and have 600

and 1500 lines/mm, respectively; the mid-high and high energy gratings have a 10 m

radius and have 600 and 1500 lines/mm, respectively. The incident X-ray intensity

is measured with a highly transparent gold mesh.

2.6.3 Variable Line Spacing - Plane Grating Monochromator
Beamline

In this study, the variable line spacing - plane grating monochromator (VLS-PGM)

beamline at the CLS was used to monitor optical luminescence using a selected X-

ray photon energy for excitation. The VLS-PGM uses X-rays in the energy range

of 5 - 250 eV. The source for the X-rays is a permanent magnet undulator with a

185 mm undulator period [88]. The appropriate energy is selected by a planar grat-

ing monochromator with variable spacing. There are three different interchangeable

gratings that correspond to low, medium, and high energy ranges with central lines

of 500, 1000, and 600 lines/mm, respectively [105]. VLS-PGM delivers on the order

of 9×1011 photon/s of flux per 100 mA ring current on all three gratings with 50 µm

slits. The E/∆E of VLS-PGM is better than 104 [88]. The measurements on all

three beamlines are conducted in UHV.
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Chapter 3

Calculation Methods

All materials are made of atoms, which consist electrons and nuclei that interact with

each other according to Coulomb’s law. When a solid is formed, the valence electrons

become delocalized and arrange in bands and subsequently can move in the solid.

On the other hand, core electrons do not play much of a role in solid-state proper-

ties. Studying the electronic structure of materials is an important part of research

in material science. The main principle behind the electronic structure theory is to

fix the ions at specified locations within the framework of the Born-Oppenheimer

approximation. Next step is to construct the Hamiltonian of the electronic motions

and determine all of its eigenfunctions. Thus, the energy of the corresponding eigen-

states is obtained as eigenvalues. This chapter focuses on the theories, methods, and

applications of electronic structure theory that are relevant to this study. To write

this chapter, I have followed the references [90, 106, 107]. Density functional theory

(DFT) is widely acknowledged as the most significant technique for studying the elec-

tronic structure of a many-body system. DFT provides an approximation for solving

the Schrödinger equation for many-body systems.

DFT is an efficient and powerful method for calculating the band structure and elec-

tronic properties of materials. A typical material contains approximately 1023 parti-

cles. However, the Schrödinger equation cannot be used to compute the eigenfunctions

as well as eigenvalues for such materials. DFT ensures that the Schrödinger equation
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does not need to be used to solve wave functions to compute all the parameters of

a many-body interacting system. DFT is an exact theory, however, it still requires

various approximations to determine electronic properties.

3.1 Wave Function

The wave function in quantum mechanics contains all the information of a particular

system. The time-independent wave function is the most usable form because of its

simplicity. The wave function itself is physically meaningless and it is not a physi-

cally observable quantity; that implies that the wavefunction is purely a mathematical

term. The probability interpretation of the wave function provides the physical mean-

ing of the wave function. The probability of finding the particle within the volume

element dr1dr2 . . . drN at a time t is obtained by multiplying the square of the wave

function by the volume elements [90, 108] as

P (dr1dr2 . . . drN , t)dr1dr2 . . . drN = | Ψ(r1, r2, . . . , rN , t) |2dr1dr2 . . . drN . (3.1)

where

P (dr1dr2 . . . drN , t) =| Ψ(r1, r2, . . . , rN , t) |2= Ψ(r1, r2, . . . , rN , t)
∗Ψ(r1, r2, . . . , rN , t)

(3.2)

Equation (3.1) describes the probability that particles 1,2,. . . ,N are located simulta-

neously in the corresponding volume element dr1dr2 . . . drN [109].

Since the probability of finding the particles somewhere in space must be unity and,

therefore, it can be written as∫︂
dr1

∫︂
dr2 . . .

∫︂
drN | Ψ(r1, r2, . . . , rN , t) |2 = 1, (3.3)

which is known as the normalization condition for the wave function. Equation (3.3)

provides insight regarding the requirement that a wave function must fulfill to be
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physically acceptable. The wave function must be continuous over the full spatial

range and square integrable [110]. The wave function is used to calculate the expec-

tation values of operators that provides the expectation value of the corresponding

observable for that wave function [111]. For an observable A(r1, r2, . . . , rN), the ex-

pectation value is then,

A =
⟨︁
Â
⟩︁
=

∫︂
dr1

∫︂
dr2 . . .

∫︂
drNΨ

∗(r1, r2, . . . , rN , t)ÂΨ(r1, r2, . . . , rN , t). (3.4)

3.2 Schrödinger’s Equation

The Schrödinger wave equation is a fundamental equation of quantum mechanics that

describes the dynamics of quantum mechanical systems. It cannot be proved to be

true like Newton’s equation. It is a partial differential equation that describes the

evolution of a quantum state of a physical system. In 1926, E. Schrödinger proposed

an equation for describing the so-called wave behavior of matter, for example, the

electron based on the de Broglie hypothesis. This equation was later named the

Schrödinger equation. The time dependent Schrödinger equation for N particles can

be written as [112]

iℏ
∂

∂t
Ψ(ri, t) = ĤΨ(ri, t) , (3.5)

where ri denotes the position coordinate of the i-th particle, ℏ = h
2π

denotes the

reduced Planck constant, t denotes the time, and Ĥ denotes the Hamiltonian, which

is defined as [112]

Ĥ = −ℏ2

2

N∑︂
i=1

1

mi

∇2
i + V (r1, r2, . . . , rN , t). (3.6)

The first term in Eq. 3.6 represents the kinetic energy of the system and the second

term represents the potential energy of the system. If the Hamiltonian is independent

of time, the Schrödinger equation can be written as
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ĤΨ(r1, r2, . . . , rN) = EΨ(r1, r2, . . . , rN) , (3.7)

where Ĥ can be written as

Ĥ = −ℏ2

2

N∑︂
i=1

∇i
2

mi

+ V (r1, r2, . . . , rN) , (3.8)

and E stands for the system’s total energy.

3.3 Electron Density

The electron density or electronic density describes the probability of finding an

electron in a particular position near an atom or molecule and it is defined as the

number of electrons per unit volume in an electronic system. Neglecting the spin

coordinates, electron density ρ(r) can be stated as a measurable observable

ρ(r) = N

∫︂
dr2 . . .

∫︂
drNΨ

∗(r1, r2, . . . , rN)Ψ(r1, r2, . . . , rN), (3.9)

which depends on spatial coordinates [113, 114]. Usually X-ray diffraction can be used

to determine density ρ(r) [115]. When quantum-mechanical effects are significant,

ρ(r) provides the probability to find any electron within volume element dr from

total number of electrons N . The following are some fundamental properties of ρ(r):

(i.) ρ(r) → 0 as r → ∞.

(ii.) Integration of the density gives the total number of electrons,
∫︁
ρ(r)dr=N .

ρ(r) is a function of three degrees of freedom. To use the electron density as a variable

in an approach, it must be ensured that it truly contains all necessary information

about the system. This implies that it must include information on the total number

of electrons N as well as the external potential characterized by Vext [115]. The total

number of electrons can be obtained by the integration of the electron density over

the spatial coordinates [115]
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N =

∫︂
ρ(r)dr. (3.10)

The external potential is characterized uniquely by the ground-state electron density.

The term uniquely indicates an additive constant as proved by the first Hohenberg

and Kohn (HK) theorem.

3.4 Many-Body Hamiltonian

A solid is composed of positively charged heavy particles (nuclei) and negatively

charged lighter particles (electron). Suppose a system has N nuclei, then it is a prob-

lem of N + ZN electromagnetically interacting particles. Therefore, it becomes a

many body problem. Quantum mechanics is required since the particles are so light.

The Hamiltonian of the many-body system is the starting point for the quantum

theory of materials. For a system composed of atomic nuclei and electrons, such as a

crystalline solid, the many-body Hamiltonian Ĥne contains [106]

Ĥne = T̂ e + T̂ n + V̂ ee + V̂ nn + V̂ en , (3.11)

where the electronic kinetic energy

T̂ e = −ℏ2

2

N∑︂
j=1

∇2
j

me

, (3.12)

nuclear kinetic energy

T̂ n = −ℏ2

2

M∑︂
i=1

∇2
i

Mi

, (3.13)

electron-electron Coulomb repulsion

V̂ ee =
1

2

1

4πϵo

N∑︂
i ̸=j

e2

| ri − rj |
, (3.14)
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nuclei-nuclei Coulomb repulsion

V̂ nn =
1

2

1

4πϵo

M∑︂
I ̸=J

e2ZIZJ

| RI −RJ |
, (3.15)

and electron-nuclei Columbic potential

V̂ en = − 1

4πϵo

M∑︂
I

ZIe
N∑︂
i

e

| ri −RI |
, (3.16)

where Z, N , and M represent the atomic number, total number of electrons, and

total number of nuclei, respectively. The factor of 1/2 is for avoiding double counting

in the sum.

The time-independent Schrödinger equation for this Hamiltonian can be written as

Hne
ˆ Ψ = EΨ . (3.17)

This equation can only be solved analytically for few-body system and all other cases

require numerical techniques and approximations.

3.4.1 Born-Oppenheimer Approximation

The Born-Oppenheimer (BO) approximation allows to decouple the electronic and

ionic motion. Max Born and J. Robert Oppenheimer proposed this approximation

in 1927 [116]. The BO approximation represents the assumption that the motion

of atomic nuclei and electrons in a system can be separated. The very essential

ingredient of the BO appproximation originates from the fact that the mass of an

atomic nucleus in a system is much larger than the mass of an electron; this implies

that there must be a large difference in speed between them. Thus, the nuclei are

nearly fixed with respect to the electron motion. As a result, the kinetic energy of

the nuclei becomes zero, and the potential energy remains constant. After applying

this approximation, the system becomes NZ interacting negative particles, moving in

the potential of the nuclei. Thus, the complete Hamiltonian Ĥne is replaced by the

so-called electronic Hamiltonian [116]
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Ĥ( r ;R ) = T̂ e + V̂ ee + V̂ ext, (3.18)

where V̂ ext denotes the potential energy of the electrons in the potential of the nuclei.

The terms T̂ e and V̂ ee deals with a many-electron system and they are independent of

the particular kind of many-electron system. This part is universal. System-specific

information (which nuclei, and on which positions) is given entirely by V̂ ext. The

solution of the Schrödinger equation for this electronic system can be written as

ĤΨ = EeΨ. (3.19)

with the electronic Hamiltonian Ĥ, the electronic wave function Ψ = Ψ(r1, r2, . . . , rN ;R),

and the electronic energy Ee, where R represents the ionic coordinates.

The most difficult part to solve Equation (3.19) is the interaction between elec-

trons, where all many-body quantum effects are hidden. Many approximate methods

have been developed to solve the Schrödinger equation by mapping the N -electron

Schrödinger equation into effective one-electron Schrödinger-like equations, which are

easier to tackle computationally. In the present work, DFT is used to approximate

the ground-state energy of Equation (3.19), where the electron density is the essential

quantity.

3.5 Density Functional Theory

DFT is a successful theory to calculate electronic structure. The name DFT can arise

because of the use of functionals (i.e. function of another function) of the electron

density. Instead of using the many-body wave function Ψ(r), the DFT approach uses

electron density functionals (for N electrons) described by Equation (3.9). Thus, the

electron density is the fundamental variable in DFT to explain the quantum many-

electrons system. DFT is a method for calculating the ground-state electronic density

and energy of a many-electron system by solving the Schrödinger equation. Thus,
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DFT is referred to as the ground-state theory. DFT is a variational method that

is currently the most promising and successful method for calculating the electronic

properties of the material. It works with a wide range of systems including atoms,

molecules, and solids as well as nuclei and quantum and classical fluids. DFT is

computationally simple and can be applied to large systems such as those containing

hundreds or even thosands of atoms because the density depends only on R3. This

is why DFT has become one of the most effective tools for doing calculations on

molecular and condensed matter systems for describing their properties [117]. Kohn

and Sham (KS) DFT and Hohenberg and Kohn (HK) DFT are the most used density

functional theories. DFT describes the ground-state energy of each system as a

functional of its electron desity ρ(r) as Eg = E[ρ(r)]. From the theoretical point

of view, the HK’s DFT [113] has achieved significant progress in material science

research. They demonstrated that the total energy of a system can be described as a

functional of the electron charge density. Kohn and Sham developed an expression for

a system’s total energy based on the HK theory, which is referred to as KS-DFT [118].

3.5.1 Hohenberg and Kohn Theorems

There are two HK theorems, which are named as the first and second HK theorems.

These HK theorems are the starting point for any study of DFT and thus, they are

the foundation of the DFT. The first and second HK theorems were stated and proved

by P. Hohenberg and W. Kohn [113]. The statement and proof of the HK theorems

are described below [106].

• First theorem: The external potential Vext(r) is a unique functional of the

electron density ρ(r). As a result, the total ground-state energy E of any many-

electron system is also a unique functional of ρ(r), that is E = E[ρ].

• Second theorem: The functional E[ρ] for the total energy has a minimum equal
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to the ground-state energy at the ground-state density.

Let us consider that Ĥ is an electronic Hamiltonian for a system of N electrons.

When a system is in the state Ψ, it satisfies ĤΨ = EΨ. Thus, the average energy

can be written as [106]

E[Ψ] =

⟨︁
Ψ | Ĥ | Ψ

⟩︁⟨︁
Ψ | Ψ

⟩︁ , (3.20)

where

⟨︁
Ψ | Ĥ | Ψ

⟩︁
=

∫︂
Ψ∗ĤΨdr (3.21)

and

E[Ψ] ≥ Eg. (3.22)

According to the variational principle, the energy calculated from a guessed Ψ is an

upper bound to the true ground-state energy, Eg [90]. Completely minimizing the

functional E[Ψ] with respect to all allowed N -electrons wave functions yields the true

ground-state Ψg and energy E[Ψg]=Eg; that is,

Eg = min
Ψ
E[Ψ] =

⟨︁
Ψmin | T̂ + V̂ ext + V̂ ee | Ψmin

⟩︁
. (3.23)

Therefore, the variational principle states a process to determine the ground-state

wave function Ψg, the ground-state energy, and other properties of interest for a

system of N electrons with a certain nuclear potential Vext. This implies, the ground-

state energy is a functional of the number of electrons N and the nuclear potential

Vext

Eg = Eg[N, Vext]. (3.24)

It is well known that the external potential determines all properties of the sys-

tem [117]. The first HK theorem states that the ground state density ρ(r) uniquely
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determines the external potential up to an arbitrary constant. The energy of the

system can be expressed as

E =
⟨︁
Ψ | Ĥ | Ψ

⟩︁
=

⟨︁
Ψ | T̂ + V̂ ext + V̂ ee | Ψ

⟩︁
=

∫︂
Vext(r)ρ(r)dr+

⟨︁
Ψ | T̂ + V̂ ee | Ψ

⟩︁
, (3.25)

which is used for the proof of the first HK theorem.

Assume two potentials Vext(r) and V
′
ext(r) differ by more than a constant, and yield the

same charge density ρ(r). Thus, the related Hamiltonians, Ĥ1 and Ĥ
′
2 have different

ground wavefunctions, Ψ1 and Ψ′
2, but each yields the same charge density, ρ(r).

Consider Eg and E ′
g as the two ground-state energies for Ĥ1 and Ĥ

′
2, respectively.

Using Ψ′
2 as a trial function of Ĥ1, the Raleigh-Ritz minimal principle states that [106]

Eg <
⟨︁
Ψ′

2 | Ĥ1 | Ψ′
2

⟩︁
=

⟨︁
Ψ′

2 | Ĥ
′
2 | Ψ′

2

⟩︁
+
⟨︁
Ψ′

2 | Ĥ1 − Ĥ
′
2 | Ψ′

2

⟩︁
= E ′

g +

∫︂
[Vext(r)− V ′

ext(r)]ρ(r)dr. (3.26)

Likewise, it can be written as

E ′
g <

⟨︁
Ψ1 | Ĥ

′
2 | Ψ1

⟩︁
=

⟨︁
Ψ1 | Ĥ1 | Ψ1

⟩︁
+
⟨︁
Ψ1 | Ĥ

′
2 − Ĥ1 | Ψ1

⟩︁
= Eg −

∫︂
[Vext(r)− V ′

ext(r)]ρ(r)dr. (3.27)

After adding Equations (3.26) and (3.27), an inequality is obtained, which is

Eg + E ′
g < Eg + E ′

g . (3.28)

The inequality in Equation 3.28 represents an obvious contradiction. Therefore, two

different Vext(r) cannot have the same ρ(r) for their ground states. As a result, ρ(r)
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determines the total number of electrons N in the atom and the external potential

Vext(r), and thus, all the properties related to the ground state. Thus, the total energy

can be expressed as a functional of the electron density

E[ρ] = T [ρ] + Ene[ρ] + Eee[ρ]

=

∫︂
Vext(r)ρ(r)dr+ FHK [ρ], (3.29)

here

FHK [ρ] = T [ρ] + Eee[ρ]. (3.30)

The functional FHK [ρ] is independent on potential Vext and it contains the functional

for the kinetic energy, T [ρ], and electron-electron interaction, Eee[ρ]. The big chal-

lenge in DFT is to obtain the explicit form of the functional FHK .

According to the second HK theorem, the energy functional is variational. The sec-

ond HK theorem describes that for any r, the trial electron density ρ̃(r) satisfies the

conditions, ρ̃(r) ≥ 0 and
∫︁
ρ̃(r)dr = N , as well as the inequality Eg ≤ E[ρ̃] holds,

where E[ρ̃] = T [ρ̃] + Ene[ρ̃] + Eee[ρ̃].

Based on the first HK theorem, assume that the ground-state wave function is Ψg

and its corresponding electron density is ρ(r). Thus, the ground-state density ρ(r)

uniquely determines the external potential, Vext(r). Consider a trial density ρ̃ that

determines its corresponding wave function Ψ̃ with a arbitrary variation from Ψg;

then, it can be written as

⟨︁
Ψ̃ | Ĥ | Ψ̃

⟩︁
=

∫︂
ρ̃Vextdr+ T [ρ̃] + Eee[ρ̃]

= E[ρ̃] ≥ Eg[ρ]. (3.31)
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Thus, the energy will be at its lowest value when the electron density equals the

electron density in the ground-state. The above two theorems lead to the fundamental

statement of the DFT, i.e.,

δ
{︁
E[ρ]− µ

(︁ ∫︂
ρ(r)dr−N

)︁}︁
= 0. (3.32)

The ground-state energy and density are the minimum of some functional E[ρ] sub-

ject to constraint
∫︁
ρ(r)dr = N , which gives the correct number of electrons. Elec-

tronic chemical potential µ is the Lagrange multiplier of this constraint. Suppose,

µ(r)= δE[ρ]
δρ(r)

= Vext(r) +
δFHK [ρ]
δρ(r)

. Then, Equation (3.32) provides the Euler-Lagrange

equation

µ(r)− µ = 0. (3.33)

The ground-state properties can be determined using the density as the variational

variable and a universal functional FHK [ρ] according to the HK theorems. The func-

tional FHK [ρ] exists; however, its explicit form completely remains unknown.

3.5.2 Kohn-Sham Equations

The KS equations established the relationship between the ground-state density of

a system and its ground-state wave function. Walter Kohn has received the Nobel

Prize in chemistry in 1998 to calculate electronic properties of solids based on DFT.

The key step is to rewrite the functional FHK [ρ] as [107]
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FHK [ρ] = T [ρ] + Eee[ρ]

= T [ρ] + Eee + Ts − Ts

= Ts + Eee + T [ρ]− Ts⏞ ⏟⏟ ⏞
Vc

= Ts + Eee + Vc

= Ts + Eee + Vc + VH − VH

= Ts + VH + Vc + Eee − VH⏞ ⏟⏟ ⏞
Vx

= Ts + VH + Vc + Vx⏞ ⏟⏟ ⏞
Vxc

= Ts + VH + Vxc

(3.34)

where T [ρ] and Eee[ρ] denote the kinetic energy and self-interaction Coulomb poten-

tials of the many-electron systems. Ts[ρ(r)] represents the kinetic energy functional

of a system of noninteracting electrons with density ρ(r). VH denotes the Hartree

potential, defined by VH = 1
2

∫︁ ∫︁ ρ(r1)ρ(r2)
|r1−r2| dr1dr2. Now, Vx denotes the exchange po-

tential functional, given by the difference between the exact many-electron Coulomb

potential functional and the Hartree potential functional. Vc denotes the correlation

potential functional, given by the difference between the exact many-electron kinetic

energy functional and the kinetic energy functional of a system of noninteracting

electrons gas. Exc[ρ] represents the exchange correlation energy functional defined as

Vxc = Vc + Vx [106].

Except for the exchange correlation energy, the KS equations can accurately express

all the above terms in terms of the electronic density. According to Kohn and Sham,

the Hamiltonian-called the Kohn-Sham Hamiltonian is [106]
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ĤKS = T̂ s + V̂ H + V̂ ext + V̂ xc

= −ℏ2

2

∇2
i

me

+

∫︂
ρ(r1)

| r− r1 |
dr1 + Vext(r) + Vxc[ρ(r)] . (3.35)

The exact ground-state density ρ(r) of an N-electron system is

ρ(r) =
N∑︂
i

| ψi |2, (3.36)

which is the sum of the density of a set of N noninteracting single-particle wave

functions (orbitals), ψi. The single-particle wave functions ψi are the N lowest-energy

solutions of the KS equation [106]

[︁
− ℏ2

2me

∇i
2 + VKS(r)

]︁
ψi = εiψi , (3.37)

where ψi represents KS orbitals, εi represent KS orbital energies, and VKS represents

the one-body effective fictitious external potential, which is defined as [106]

VKS(r) = Vext(r) +

∫︂
ρ(r1)

| r− r1 |
dr1 + Vxc[ρ(r)], (3.38)

and it depends on ρ(r). In Equation (3.38), Vxc =
δExc

δρ
represents the exchange corre-

lation potential. The KS equations are Equations (3.36), (3.37), and (3.38), in which

Exc is the only unknown term. The KS equations are well-known for determining the

exact total energy of a system. Equation (3.37) needs to be solved iteratively until

the self-consistent orbitals are determined based on the density dependence of the

one-electron KS effective potential, VKS(r). Figure 3.1 depicts the flowchart of the

iterative procedure of the solution of Equation (3.37). In this process, a trail electron

density is considered, and then, this trail electron density is used to construct the

KS Hamiltonian. Then, the KS Schrödinger equation (3.37) is solved, which yield

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

This procedure is repeated until the newly obtained electron density has to within
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Figure 3.1: Schematic flowchart of the iterative procedure used in self-consistent
calculations. The diagram is taken from Ref. [107].

some tolerance, converged with the electron density from the previous cycle. Once

this condition is satisfied, ρ(r) is consistent, and a solution has been obtained and

the calculation is finished.

Finally, the total energy can be determined from the KS eigenenergies and the ground-

state density ρ(r) as

E =
N∑︂
i=1

εi −
∫︂
d3r

[︁1
2
VH(r) + Vxc(r)

]︁
ρ(r) + Exc[ρ(r)].

The ground-state density and total energy can be determined if each term in the

KS energy functional is known. However, the exact form of the exchange correlation

energy functional, Exc is not known, and it is impossible to find an exact expression

for Exc except for a free electron gas. Currently, the biggest challenge faced in the

modern DFT is to find the approximate form for the exchange correlation energy

functional with a sufficient accuracy. Kohn and Sham [117, 118] developed a form

for the exchange-correlation (XC) energy functional that was exact for the uniform
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electron gas system; this is known as local density approximation (LDA).

3.6 Exchange Correlation Energy Functionals

The success of a DFT calculation method depends on the quality of the XC. The ex-

change arises from antisymmetry caused by the Pauli exclusion principle. The most

difficult challenge in DFT is to find the exact form of Exc. It will be extremely diffi-

cult to express Exc mathematically in a closed form. It would be a great achievement

to find such a mathematical form in DFT. It is necessary to apply an approxima-

tion for Exc because the general form of the XC energy in terms of the density is

unknown. There are two common approximations for Exc widely used by scientists:

local density approximation (LDA) and generalized gradient appproximation (GGA).

In this work, LDA and GGA-based functionals were utilized mostly. In addition,

modified Becke-Johnson potential (TB-mBJ) is used to calculate the band gap of the

studied materials. Higher-order functionals include the meta-GGA functionals, which

include the KS energy densities of occupied molecules, and the hyper-GGA function-

als (HGGA), which incorporate the HF exchange energies or some other functionals;

they are not further discussed.

3.6.1 Local Density Approximation

LDA is the widely used approximation for XC functional Exc[ρ]. According to LDA,

the density can be considered locally as an uniform electron gas with the same ex-

change and correlation energy at each point in the system as uniform electron gas

of the same density. Kohn and Sham first proposed this approximation [118]. By

construction, LDA is expected to perform well when the density ρ(r) of a system

varies extremely slow with r. However, LDA approximation works well in many

other systems. In LDA, Exc[ρ] functional has the following form [106]

ELDA
xc [ρ(r)] =

∫︂
ρ(r)εLDA

xc [ρ(r)]dr, (3.39)
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where εLDA
xc represents the XC energy per particle in an uniform electron gas, which

is a function of only density ρ(r). The uniform electron gas is a hypotherical solid in

which all nuclear charge is uniformly distributed across the space. This material is

totally isotropic and identical on any length scale.

3.6.2 Generalized Gradient Appproximation

The logical step toward improving LDA is that the XC energy not only depends

on the local density but also on the density in the neighbour, which allows us to

consider the variations of the electron density in very inhomogeneous systems. The

LDA is suitable for smooth ρ(r), i.e., for solids that close to the uniform electron gas.

However, LDA is not accurate in non-uniform systems such as molecules, clusters, and

layers. The GGA improves on this estimation by taking into account the gradient of

electron density [106].

The Exc[ρ] for GGA can be written as

EGGA
xc [ρ] =

∫︂
ρ(r)εGGA

xc

[︁
ρ(r), | ∇ρ(r) |

]︁
dr (3.40)

and the general procedure for constructing the GGA functional is to express the

correlation energy as [106]

EGGA
xc [ρ(r)] =

∫︂
ρ εLDA

xc [ρ(r)]dr+

∫︂
Fxc[ρ(r), | ∇ρ(r) |]dr, (3.41)

where Fxc[ρ(r), | ∇ρ(r) |] represents the XC enhancement factor. The GGA does

not have a single form, and can take many different forms [119–121], each of which

corresponds to a different enhancement factor. The GGA succeeds in reducing the

effects of LDA overbinding [122], and it works better when applied to molecules. The

most popular GGA functional is the Perdew-Burke-Ernzerhof (PBE) [119].

3.6.3 Tran–Blaha modified Becke–Johnson potential

DFT can be used to investigate the electronic structure of solids [113]. The most

common exchange correlation functional for calculating the electronic structure of
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solids in DFT is GGA functional [119]. However, the GGA functional underestimates

the band gap of the materials. The GGA functional does not show a derivative dis-

continuity, which results in the difference between the KS band gap, that is defined

as the difference between the eigenvalues of the conduction-band minimum and the

valence-band maximum, and the experimental band gap, that is defined as the differ-

ence between the ionization potential and the electron affinity. By utilizing semi-local

values, the Tran and Blaha proposed modified Becke-Johnson potential (TB-mBJ) to

reproduce derivative discontinuities accurately. Thus the semi-local TB-mBJ poten-

tial determines the band gaps of solids with better agreement of experiments. For

this reason, I have used TB-mBJ potential for calculating band gap of my studied

materials.

The TB-mBJ potential [123] consists of a modified version of the BJ potential [124]

for exchange and LDA [118] for correlation. The TB-mBJ potential is given by [123]

vTB−mBJ
x (r) = cvBR

x (r) + (3c− 2)
1

π

√︃
5

6

√︄
t(r)

ρ(r)
(3.42)

where ρ(r) represents the electron density, t(r) represents the kinetic energy density,

and vBR
x (r) represents the Beeke-Roussel (BR) exchange potential suggested to model

the Coulomb potential created by the exchange hole. The parameter in Eq 3.42 is

given by

c = α + βgp (3.43)

where

g =
1

Vcell

∫︂
cell

| ∇ρ(r) |
ρ(r)

dr (3.44)

represents the average of |∇ρ(r)|
ρ(r)

in the unit cell of volume Vcell. The parameters in

Eq 3.43 are α = −0.012, β = 1.023 Bohrs
1
2 , and p = 1

2
, which were determined ac-

cording to a fit to the experimental band gap of solids [123]. The c values greater than
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1 represent the less negative (i.e. less attractive) potential, particularly in low-density

regions. Currently, the most reliable semi-local technique for band gap prediction is

the TB-mBJ potential [125].

3.7 Choice of Basis Set

One electron KS equation for an infinite set can be written as [107]

Ĥspϕm(r) = εmϕm(r) (3.45)

where Ĥsp = −ℏ2
2

∇2
m

me
+

∫︁ ρ(r1)
|r−r1|dr1 + Vext(r) + Vxc[ρ(r)] denotes the single-particle

Hamiltonian. For DFT, Vxc[ρ(r)] represents the exchange-correlation operator in the

LDA, GGA or another approximation.

To solve 3.45, a basis set has to be chosen in the following form [107]

ϕm(r) =
P∑︂

p=1

cmp ϕ
b
p (3.46)

If the complete basis set is chosen (P = ∞), an exact solution of Eq. 3.46 can be

obtained, which is not practical. Therefore it needs to select finite basis set that can

generate a very good solution of Eq. 3.46.

For a given m, substituting Eq. 3.46 in Eq. 3.45 and multiplying by < ϕb
i | (i = 1, 2,

·· ,P) from the left-side, it can be written as [107]

P∑︂
i=1

P∑︂
p=1

[< ϕb
i | Hsp | ϕb

p > − εm < ϕb
i | ϕb

p >]c
m
p = 0 (3.47)

The nontrivial solutions to Eq. 3.47 exist only if the determinant of the matrix of

Eq. 3.47 is zero, i.e.

det
P∑︂
i=1

P∑︂
p=1

[< ϕb
i | Hsp | ϕb

p > − εm < ϕb
i | ϕb

p >] = 0 (3.48)

Diagonalization of the Hamiltonian matrix will lead to P eigenvalues and P sets of

coefficients that express each of the P eigenfunctions in the given basis.
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Variety of basis sets are available for instance, linear combination of atomic orbitals,

numerical basis sets, pseudopotential schemes, or space partitioning methods. How-

ever each set has its own advantages and drawbacks. For a periodic Hamiltonian, the

eigenfunction can be expressed in terms of plane wave basis set as [107]

ψn
k⃗
=

∑︂
K

cn,k⃗K ei(k⃗+K⃗)·r⃗ (3.49)

where index m and p of Eq. 3.46 correspond to (n,k⃗) and k⃗ + K⃗, respectively. Finite

basis set can be done by limiting the set to all K⃗ withK ≤ Kmax, whereKmax denotes

the radius of reciprocal space. Therefore, all reciprocal lattice vectors that are inside

this sphere are taken into the basis set. The corresponding free electron energy of

Kmax is called cut-off energy, which is as follows [107]

Ecut =
ℏ2K2

max

2me

(3.50)

The main problem with a plan wave basis is that of describing the rapid changes in the

wavefunctions close to the nucleus of an atom. To solve this problem, the potential

in the inner regions (close to the nucleus) can be replaced by a pseudopotential, that

is described to yield very smooth tails of the wavefunctions inside the atoms. More

to the outer regions of the atoms, the pseudopotential continuously evolves into the

true potential. However, this approximation does not allow to calculate properties

involving the core states of a material.

A more efficient basis set close to the nucleus is required to avoid the use of pseu-

dopotentials. The first attempt of this will be the augmented plane wave (APW)

basis set. The electrons are free in the region far away from the nucleus. Plane waves

are used to explain free electron. Close to the nuclei, the electrons describe efficiently

by atomic like functions. In the APW basis set, space is split into two regions. A

sphere of radius RMT is drawn around each atom and this sphere is called a muffin

tin sphere. The part of space occupied by spheres is the muffin tin region. The space
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outside the spheres is called the interstitial region. A linear combination of radial

functions times spherical harmonics is used to describe the basis sets in the muffin tin

region and a plane wave expansion is used to describe the basis sets in the interstitial

region. Thus, one APW can be expressed as [107]

ϕk⃗
K⃗
(r⃗, E) =

{︄
1√
V
exp(i(k⃗+K⃗).r⃗) r⃗ /∈ Ri

MT∑︁
l,mA

i,k⃗+K⃗
l,m uil(r, E)Y

l
m(r̂) r⃗ ∈ Ri

MT

(3.51)

In Eq. 3.51, V represents the volume of unit cell, uil denotes the radial portion of

the spherical wave, Yl
m represents the spherical harmonic, and Ri

MT denotes the used

as a short-hand for indicating when r⃗ is within the “muffin-tin” radius of nuclei i or

in the interstitial region. Both Ai,k⃗+K⃗
l,m and energy E are undetermined parameters.

Boundary condition (Wave functions must be continuous at the interface between

the muffin tin and the interstitial region) can be used to determine the coefficients

Ai,k⃗+K⃗
l,m . An infinite sum over provides the perfect match between the plane waves

and spherical harmonics. In practice, a truncation must occur at some value lmax. If

the number of nodes per unit of length is identical within and outside of muffin thin

region, the cut-off for the plane waves (Kmax) and for the angular functions (lmax)

are comparable quantity. This yields the condition Ri
MTKmax = lmax. This allows to

determine a good lmax for a given Kmax. The presence of unknown energy E in the

radial portion uil makes these equation fairly difficult to solve.

The linearized augmented plane wave (LAPW) method enables to solve the radial

potion. Taylor series expansion of uil about a known energy E0 can be written as [107]

uil(r, E) = uil(r, E0) + (Eo − E)
∂

∂E
uil(r, E) |E=E0 +O(Eo − E)2 (3.52)

Considering only the first two terms of Equation 3.52, APW becomes linear equation

in energy E as shown in Equation 3.53 [107].
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ϕk⃗
K⃗
(r⃗, E) =

{︄
1√
V
exp(i(k⃗+K⃗).r⃗) r⃗ /∈ Ri

MT∑︁
l,m(A

i,k⃗+K⃗
l,m uil(r, E0) +Bi,k⃗+K⃗

l,m
∂
∂E
uil(r, E) |E=E0)Y

l
m(r̂) r⃗ ∈ Ri

MT

(3.53)

The E0 is not universal and it would be different for different states (s-, p-, d- and

f-states). If valence and/or semi-core states (not fully confined within the muffin-tin

sphere) correspond the different values of l (such as the p- and d- states), an improved

basis set is used to include terms corresponding to uil for different values and with

different energies, denoted by Ei
1,l. Then, the final LAPW is [107]

ϕk⃗
K⃗
(r⃗, E) =

{︄
1√
V
exp(i(k⃗+K⃗).r⃗) r⃗ /∈ Ri

MT∑︁
l,m(A

i,k⃗+K⃗
l,m uil(r, E

i
1,l) +Bi,k⃗+K⃗

l,m
∂
∂E
uil(r, E

i
1,l) |E=Ei

1,l
)Y l

m(r̂) r⃗ ∈ Ri
MT

(3.54)

All electrons can be treated with a (L)APW basis; however it is usually for the valance

states. The core electrons are very tightly bound to the nuclei, which are always indise

RMT , and they are nearly identical to those in a free atom (although they may have

a slightly different binding energy than the free atom case). To save time, the free

atom orbitals are often used for these states. To treat “semi-core” states that are not

valence level but still extend quite close to RMT (such as, for example, Se 3d states),

the LAPW basis set can be further modified by adding local orbitals (LOs) to it. The

LAPW + LO basis set is defined as [107]

ϕk⃗
K⃗
(r⃗, E) =

{︄
0 r⃗ /∈ Ri

MT

(Ai,LO
l,m uil(r, E

i
1,l) +Bi,LO

l,m
∂
∂E
uil(r, E

i
1,l) |E=Ei

1,l
+Ci,LO

l,m uil(r, E
i
2,l))Y

l
m(r̂) r⃗ ∈ Ri

MT

(3.55)

The local orbital implies for a particular atom i, l, and m. The same uil(r, E
i
1,l) and

∂
∂E
uil(r, E

i
1,l) |E=Ei

1,l
as in the LAPW basis set are used for the highest of the two

valence states. The lower valence state is sharply peaked at an energy Ei
2,l. A single

radial function uil(r, E
i
2,l) at that same energy will be sufficient to describe it. Thus,
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LOs represent semi-core states very accurately, and they are considerably quicker to

compute than the large number of regular LAPW functions it would take to describe

such a state [107].

3.8 Calculation Details

The WIEN2k program was developed by Karlheinz Schwarz and Peter Blaha at the

Technische Universität Wien. It is based on the LAPW + LO method to solve KS

equations of DFT [126, 127]. WIEN2k is developed for crystalline materials, and

it utilizes the crystalline symmetry and periodic boundary conditions to reduce the

complexity of the problem.

Most of the calculations in this study were conducted utilizing the GGA XC func-

tional. However, band gap of the studied materials was calculated using TB-mBJ

potential. Crystal structures of the materials and space groups are the only input

of our calculations. Our collaborator determined the experimental crystal structure

of our samples by XRD method; which we used in our calculations. All calculations

involved discretizing the first Brillouin zone into a k-point mesh of 1000 points per

fundamental unit cell, and a cut-off of -6.0 Ryd (measured with respect to the average

interstitial potential) was used to discriminate between the core and valence states.

All calculations were extended to the outer Brillouin zones such that Rmin
MT Kmax = 7;

i.e., the product of the smallest atomic sphere and largest reciprocal lattice vector

was 7. All ground-state electron densities were calculated self-consistently from initial

guesses until the calculated electron density converged within margins of less than

0.0001 Ryd in energy and 0.001 e− in charge (both per unit cell).
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and Alexander Moewes, Journal of Physical Chemistry C 2019, 123, 8943-8950 [82].

Summary and Author Contributions

InN is a key material for technological applications in opto-electronic devices due

to its relatively small band gap, but there is a persistent and active debate about

its varying band gap values and the origin of this. Initially reported band gap val-

ues for polycrystalline InN were in the range of 1.8 eV - 2.10 eV, which is about
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twice the value of the one recently obtained for single crystalline thin films between

0.7 eV and 1.0 eV. In this manuscript [82], the goal of this work was to characterize

the electronic properties of InN samples synthesized using ammonothermal synthe-

sis. 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 under the supervision of A. Moewes. The

manuscript preparation was performed by M. R. Amin. With recent advancements

in ammonothermal synthesis, there has been a renewed interest in utilizing this tech-

nique 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. This work has been published in The Journal of Physical Chemistry C [82].

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 spectroscopy (XES), X-ray excited optical luminescence (XEOL) spectroscopy,

and density functional 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 independent measurements, which is close to the initially re-

ported values in the range of 1.89 eV - 2.10 eV for polycrystalline InN and about twice

of the value recently obtained for single 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 impurity 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 per-
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form 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.

4.1 INTRODUCTION

Group III nitrides are attractive and widely studied semiconductor materials due to

their potential applications [128–135]. Among them, InN is the least studied ma-

terial 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 [128–132], and in green and blue light emitting diodes and lasers [133, 134].

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 between 0.70 eV and 1.0 eV [135–

143], which is about half of the initially reported value in the range of 1.89 eV -

2.10 eV [138, 144–152]. It was reported that high-quality InN single crystalline thin

flims grown by molecular-beam epitaxy [135–139] or metalorganic chemical vapour

deposition [141–143] yield the smaller band gap. On the other hand, larger band

gaps have been reported for polycrystalline InN films grown by dc discharge [144–

148], reactive cathodic sputtering [149] or RF-sputtering [150–152]. 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 [153] for the first time. Possible explanations for a smaller

band gap of InN include defects, non-stoichiometry and non-uniformity films [142]

and Mie-resonance [143]. On the other hand, a strong Moss-Burstein effect due to

the residual large carrier concentrations [138, 140, 154], oxygen inclusion [138, 148,

151, 152, 154], and quantum confinement due to spontaneous formation of needle-like
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nanocrystals [137] 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 [138, 148,

151, 152, 154]. Davydov et al. [138] 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. [151]

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 nitride. Several authors [138, 155–157] have

studied indium oxide nitride at different oxygen concentrations and found that for

higher oxygen concentrations, the thin film can be considered a solid solution between

InN and In2O3, resulting in an increased band gap due to the large band gap (3.1 eV)

of In2O3 [158–161]. Still, there is not any clear experimental and theoretical evidence

about the effects of oxygen in InN band gap but oxygen incorporation 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 elec-

tronic structure, presence of defects, and luminescence properties of solids [162, 163].

Previous studies have typically used the photo-luminescence (PL) technique to de-

termine the band gap of InN [149, 164, 165]. 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 [158,
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166, 167]. 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.

4.2 EXPERIMENTAL SECTION

4.2.1 Synthesis

The ammonothermal synthesis process of the InN samples studied in this work is

described in detail in Ref. [153]. InN has been synthesized from InCl3 and KNH2 in

supercritical ammonia at around 280 MPa at two temperatures leading to microcrys-

tals with markedly different morphologies showing differing aspect ratios. In samples

synthesized at 663 K furnace temperature mainly plate-shaped crystals with diame-

ters 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 4.1(a) and 4.1(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.

4.2.2 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 [87] beamline and the XEOL spectra were measured at VLS-PGM [88] beam-

line at the Canadian Light Source in Saskatoon, Saskatchewan, Canada. The absorp-

tion 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
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Figure 4.1: (a) SEM image of platelets InN from ammonothermal synthesis at 663 K.
(b) SEM image of rods InN from ammonothermal synthesis at 773 K.

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. 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 Op-

tics QE 65000 fast CCD spectrophotometer [168]. 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 hexag-

onal 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.

4.3 DFT CALCULATION DETAILS

Density functional theory (DFT) calculations using the available experimentally de-

termined crystal structure of InN [169–172] based on the full-potential augmented

plane-wave method with scalar-relativistic corrections were performed using theWIEN2K

software package [173]. For the exchange-correlation functional, the Perdew-Burke-

Ernzerhof variant of the generalized gradient approximation (PBE-GGA) [174] was
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used. Calculations using the modified Becke Johnson (mBJ) exchange potential were

conducted to obtain a more accurate estimate of the band gap [123]. The DFT cal-

culations 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 tran-

sition matrix and the radial transition matrix [175]. 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 [176]. Since the PBE-GGA underestimates the band gap of semiconduc-

tors, the calculated XAS and XES spectra were rigidly shifted by a constant amount

to facilitate comparison with experiment [176]. 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 [177, 178], which tends

to shift spectral weight to lower energies. To account for this effect, a 2 × 2 × 2 su-

percell 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.

4.4 RESULTS AND DISCUSSION

4.4.1 N and O K-edge Absorption and Emission spectra

The calculated and measured N Kα XES and 1s XAS spectra are shown in Fig. 4.2.

At first, the experimental and calculated N K-edge XAS spectra of InN samples will

be discussed, which are shown in Fig. 4.2(b). Black and red spectra shown in this

panel correspond to the PFY of the rods and platelets of InN and dotted lines rep-

resent 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
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Figure 4.2: Measured and calculated N K-edge XES and XAS spectra. (a): Calcu-
lated 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 (dot-
ted 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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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 [147] and films [139, 147]. 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 bet-

ter 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 [169–172]. 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 calculations 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. 4.2.

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 hy-

pothetical 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 cases. For force minimization,

the crystal structures were allowed to relax for both cases. Y. Hattori et al. [154] theo-

retically 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 cal-

culated N K-edge XAS spectra for InO0.0625N0.9375 and InO0.5N0.5 are presented in

Fig. 4.2(b). It is clear from Fig. 4.2(b) that there is very little difference between

the calculated 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.
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The N Kα XES excited at 441.1 eV, well above the N K absorption edge, and calcula-

tions of InN are presented in Fig. 4.2(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 [139, 147] 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 in-

sufficiently 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. 4.3. 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 experimental and calculated c-In2O3, as well as calculated hy-

pothetical Wurtzite-type InO0.5N0.5 and InO0.0625N0.9375, shown in Fig. 4.3. For the

calculation of In2O3, the experimental crystal structure of c-In2O3 was used as an in-

put [158]. It is shown in Fig. 4.3(b) that the experimental 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,

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. 4.3(a)

describes the O K-edge XES spectra of calculated and measured c-In2O3, measured
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Figure 4.3: Measured and calculated O K-edge XES and XAS spectra. (a): Cal-
culated and measured O K-edge XES spectra. Experimental (cyan) and calculated
(purple) 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) cal-
culations 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 hypothetical Wurtzite-type InO0.0625N0.9375 and InO0.5N0.5.
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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 spec-

trum of InO0.5N0.5 does not match well with these measurements 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.% [153],

meaning a maximum of about 3 % oxygen substituting nitrogen in the InN phase.

4.4.2 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 [158,

166, 167]. 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. 4.2(c)

and Fig. 4.2(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. 4.2(d). However, the authors in Ref. [139] found an 0.6 eV

larger separation for TEY XAS and claimed that this separation is due to the Fermi
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Table 4.1: 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 0.89 0.70 [169] 0.70 Optical absorption

± 0.2 0.80 [170] [135, 136, 138, 143] [135, 136, 140–143, 145, 146, 150–152]

0.85 [171] 0.80 Photoluminescence

0.89 [154] [139, 140, 143] [135–138, 140, 141, 148, 149]

0.9 [137] XES and XAS [139, 147]

1.0 [141, 142] GGA -mBJ [154] (calc.)

1.89 [144, 149, 150] DFT - G0W0 [169] (calc.)

1.90 [142, 147, 148, 151] DFT - LDA [170, 171] (calc.)

1.95 [145]

2.0-2.1 [143, 146, 152]

level being 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.
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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 6.1 along with a summary of the band gap values established in the litera-

ture. Piper et al. [139] 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 linear extrapolation method. The authors in

Ref. [147] estimated the band gap for polycrystalline 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 (0.05 eV at the N K-edge) and spectrometer (0.2 eV at

the N K-edge) 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 [123]. 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 [179]. Our experimentally measured band gap agrees well with determina-

tions made using other experiments [144–152], which are shown in Table 6.1. All our

measurements were performed at room temperature. Prior work [180] demonstrates

that the band gap of InN varies weakly with temperature. Specifically, 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
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Figure 4.4: 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 presented in (d) with data from Ref. [181]. The three stars labeled in this
graph represent the three excitation energies in our measurements.

gap.

4.4.3 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 proper-

ties of solids [162, 163]. Here, we have performed XEOL measurements on InN for

a variety of excitation energies to probe the depth dependence of luminescence. Fig-

ure 4.4 shows XEOL spectra of InN at three excitation energies at 90 eV (Fig. 4.4(a)),
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165 eV (Fig. 4.4(b)), and at 200 eV (Fig. 4.4(c)). XEOL spectra of rods (not shown)

and platelets (in Fig. 4.4) of InN are identical. Therefore, the XEOL spectra are in-

dependent 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 [88], 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. 4.4(d) [181]. The

authors in [182] 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 corresponds the indirect conduction band to valence band transition of

c-In2O3 and the 650 nm peak originates from oxygen defects.

Figures 4.4(a) - 4.4(c) reveal the individual Gaussians and the c-In2O3 luminescence

spectrum (green) that fit the experimental broad luminescence spectral features lo-

cated 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. 4.4. Note that, the luminescence feature of c-In2O3 at around

667 nm is due to oxygen defects [182–184]. 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 fitting, 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
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at the same energy. 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. [149, 164, 165]

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 In2O3 in the range

from violet to green such as at 506 nm in Ref. [185], at 425 nm, 429 nm, 442 nm,

and at 466 nm in Ref. [186], and 442 nm, 468 nm, and at 524 nm in Ref. [187] is

due to oxygen impurities. Therefor oxygen impurities and In2O3 impurity phase are

present in InN. The authors in [138] 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 transpar-

ent solid solution of InN-In2O3 at an oxygen concentration of about 20%. Several

other authors [155–157] 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 presence of N2 gas produced by

irradiation-induced decomposition of InN as assigned previously [188, 189]. There are

some defects, which are leading to the features at 921 nm and at 970 nm.

4.5 CONCLUSIONS

We have studied the electronic structure and the band gap of ammonothermal InN

experimentally and theoretically using soft X-ray synchrotron spectroscopy measure-

ments 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 excel-

lent agreement with prior experiments [144–147, 149–152] and calculations [169–171],

respectively. The band gap of InN obtained from the XEOL spectra confirms the

measured value from XAS and XES spectra. The origin of the measured band gap
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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 oxy-

gen content is an excellent agreement with a previously experimentally determined

value [153]. The XEOL spectra also confirm the presence of oxygen impurities and

impurity phase of In2O3 in InN.
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Summary and Author Contributions

The authors in Ref. [84] have reported the synthesis process and a few optical prop-

89



erties of AELi2Be4O6:Eu
2+ (AE = Ba, Sr) phosphor and found an extremely small

Stokes-shift and unprecedented ultra-narrow blue emission band with FWHM = 25

at 454-456 nm for both compositions, which is very promising for an application in

violet-pumped white RGB phosphor LEDs. The highly promising nature of these

materials suggests further exploring electronic and optical properties for commercial-

ization. To gain insight into the transition processes, we use resonant inelastic X-ray

scattering (RIXS) and X-ray excited optical luminescence (XEOL) to directly mea-

sure the Eu2+ 5d-conduction band (CB) separation and the positions of Eu2+ levels for

these phosphors. These experimental techniques allow direct access to the intragap

states that are the source of the luminescence properties of Eu2+ -doped phosphors. In

addition, to interpret the experimental band gap, density of states (DOS), band struc-

ture, and X-ray absorption (XAS) and emission (XES) spectra are calculated using

Density functional theory (DFT) calculations. With these measurements and calcu-

lations, deep insights are gained into key properties of AELi2Be4O6:Eu
2+ (AE = Ba,

Sr) phosphor, such as emission colour, efficiency and thermal quenching behaviour.

XES, XAS, and XEOL measurements as well as DFT calculations were performed

by M. R. Amin under the supervision of A. Moewes. XAS and non-resonant XES

measurements were performed to determine the band gap. Manuscript preparation

was performed by M. R. Amin. The energy separation between the conduction band

and the 5d Eu2+ energy level was measured by performing resonant excitations at the

onset of the O K XAS spectrum. The thermal quenching behavior was determined to

be similar to other efficient phosphors [37]. This work has been published in Advanced

Optical Materials [65].

Abstract

Recent developments in solid-state lighting lead to a demand for new phosphors with

excellent thermal stability, exhibiting large band gaps for highly efficient emission

and excellent thermal stability. We present a detailed characterization of the lumi-
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nescent material AELi2Be4O6:Eu
2+ (AE = Ba, Sr) using soft X-ray absorption spec-

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

cence (XEOL) spectroscopy, and density functional theory (DFT) calculations. The

experimental band gap for both BaLi2Be4O6:Eu
2+ (BLBO:Eu) and SrLi2Be4O6:Eu

2+

(SLBO:Eu) is found to be 6.5 ± 0.3 eV, which agrees well with our DFT calculations

(6.8 eV for BLBO:Eu and 7.4 eV for SLBO:Eu). The DFT calculations and the mea-

surements show that both compounds have an indirect band gap. The crucial Eu2+

5d to conduction band energy separation is determined to be 0.21 ± 0.10 eV and 0.25

± 0.10 eV for BLBO:Eu and SLBO:Eu, respectively, using resonant inelastic X-ray

scattering. These measured values are in good agreement with our thermal quench-

ing measurements (0.20 ± 0.03 eV for BLBO:Eu and 0.26 ± 0.03 eV for SLBO:Eu).

Finally, the XEOL measurement confirms the Eu2+ 5d14f6 → 4f7 transition, which is

responsible for the ultra-narrow band (Full width at half maximum: 25 nm) blue op-

tical luminescence at 455-457 nm for both compounds. With these measurements and

calculations, deep insights are gained into the key properties of those two phosphors.

5.1 Introduction

Solid state lighting, particularly phosphor converted light-emitting diodes (pc-LEDs)

have the potential to reduce global energy consumption in the lighting sector by

40% within the next two decades due to the dramatically increased energy efficiency

compared to the conventional incandescent [26, 27, 36, 190]. The key advantage

of pc-LEDs resides in the combination of the lower energy consumption, high light

quality, preservation of colour point stability, and long lifetime. At present, there

are several proposed pc-LEDs designs available for various LED application fields like

illumination, consumer electronics, and display backlighting [26] with each design hav-

ing its own advantages and drawbacks [191]. The discovery of the high efficient red

emitting (Ba,Sr)2Si5N8:Eu
2+ and (Sr,Ca)AlSiN3:Eu

2+, and narrow band red emitting

Sr[LiAl3N4]:Eu
2+ (SLA) and Sr[Li2Al2O2N2]:Eu

2+ (SALON) were the significant re-
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cent developments in the pc-LEDs field [27, 85, 192–195]. These phosphors are used

in highly efficient pc-LEDs processing with very good colour rendition and colour

rendering index (CRI) values around 90 [27, 194, 195]. Particularly, pc-LEDs with

SALON show an increase of 16% in luminous efficacy when compared to currently

available commercial high colour-rendering pc-LEDs, while retaining excellent high

colour rendition [85].

The emission colour of a phosphor depends on the type of incorporated activator, the

host material and its electronic configuration [37]. A highly condensed network of the

host material is a pre-requisite for narrow band-emission of a wide band gap phos-

phor, required for improving optical performance of pc-LEDs [84]. Mostly, transition

metal elements (Mn4+) [196] and rare earth elements (Ce3+, Eu2+) [197] are used as

an activator. Among them, the Eu2+ luminescence centre is often introduced in these

highly condensed host materials to obtain a blue LED due to the Eu2+ 5d14f6 → 4f7

transition, which is narrow and tunable by the properties of the host material [37,

197]. The energetic separation between 5d1 state and 4f7 state of the Eu2+ ion in

the band gap determines the colour emitted by the Eu2+-doped phosphor [37]. The

energetic position of the Eu2+ 5d levels in each host material depends on three main

factors [37, 53, 54]. The first factor is the nephelauxetic effect, which influences the

bonding character of the activator Eu2+ ion and its ligands. This factor refers to a

decrease in energy separation between the 5d14f6 state and 4f7 state with increasing

covalent character of the band. The influence of the crystal field on the splitting of the

energy of the 5d states is the second factor, which depends on the ligand field strength

around the activator site and the coordination geometry of the activator. Finally, the

third factor is the Stokes-shift, which is the energetic difference between absorption

and emission maximum that depends on the vibration rigidity of the host materi-

als [37, 53, 54]. The small Stokes-shift allows shifting the emission of a near ultraviolet

primary pump LED in the blue spectral range [84]. Recently, the Schnick group has
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reported the synthesis process and a few optical properties of AELi2[Be4O6]:Eu
2+ (AE

= Ba, Sr) and found an extremely small Stokes-shift and unprecedented ultra-narrow

blue emission band with full width at half maximum (FWHM) = 25 at λem = 454-

456 nm for both compositions, which would be very promising for an application in

violet-pumped white RGB phosphor LEDs [84]. The highly promising nature of these

materials suggests further exploring electronic and optical properties for commercial-

ization, particularly the locations of the Eu2+ energy levels within the band gaps,

which leads to a complete and comprehensive understanding of all involved radiative

processes. Moreover, a powerful theoretical approach like Density functional theory

(DFT) needs to be performed for studying electronic properties. To gain insight into

the transition processes, we utilized resonant inelastic X-ray scattering (RIXS) [27,

37, 73] and X-ray excited optical luminescence (XEOL) [75, 162] to directly measure

the Eu2+ 5d -conduction band (CB) separation and the positions of Eu2+ levels in

these phosphors. These experimental techniques allow direct access to the intragap

states that are the source of the luminescence properties of Eu2+-doped phosphors.

To interpret the experimental band gap, density of states (DOS), band structure,

and X-ray absorption (XAS) and emission (XES) spectra, DFT calculations were

performed. With these measurements and calculations deep insights are gained into

the key properties of AELi2[Be4O6]:Eu
2+ (AE = Ba, Sr) phosphor, such as emission

colour, efficiency and thermal quenching behaviour.

5.2 Experimental Sections

5.2.1 Preparation of the Samples

The powder samples of AELi2[Be4O6]:Eu
2+ (AE = Sr, Ba) were synthesized in tan-

talum ampules through a solid-state reaction technique by heating a stoichiometric

mixture of AEO (SrO: Sigma Aldrich, 99.9%; BaO: Sigma Aldrich, 99.99%), Li2O

(Schuchardt, 98%), BeO (Alfa Aesar, 99.95%) and Eu2O3 (ABCR, 99.99%) for 2 h
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to 1100 oC in Ar gas atmosphere. Detailed synthesis processes including the crys-

tal structure characterization for AELi2[Be4O6]:Eu
2+ (AE = Sr, Ba) are described

elsewhere [84]. The experimental crystal structures derived in Ref. [84] using single

crystal X-ray diffraction are the only input to our density functional theory (DFT)

calculations.

5.2.2 XAS, XES and XEOL Measurements

Two different beamlines, REIXS [87] for XES and XAS measurements and VLS-

PGM [88] for the XEOL measurements at the Canadian Light Source in Saskatoon

were used. The absorption was measured in the partial fluorescence yield mode

(PFY), determined by postprocessing the emission spectra collected by silicon drift

detectors. The resolving power, E/∆ E, for the monochromator at REIXS was 8000,

which corresponds to an energy resolution, ∆ E, of 0.06 eV at the O K-edge (500 eV)

XAS. The E/∆ E for the emission spectrometer at REIXS is 2000, which is equiv-

alent to an energy resolution of 0.25 eV at 500 eV for XES. The XEOL data were

collected using an Ocean Optics QE 65000 fast CCD spectrophotometer [168]. For

all X-ray measurements, the powder samples were pressed into indium foil, prior to

transfer to the ultra-high vacuum chambers. The measured XAS and XES spectra

were calibrated using bismuth germanium oxide (BGO). The XAS spectrum was cal-

ibrated using an initial BGO peak at 532.7 eV, while the XES spectra were initially

calibrated using elastic scattering peaks and then they further were shifted to get

final calibration by the same amount as the absorption spectrum was shifted with

respect to the BGO peak at 532.7 eV [82].

5.2.3 Thermal Quenching Measurements

Thermal quenching data were collected using an AvaSpec2048 Spectrometer. For

excitation, an LED light source (450 nm) was used. Both samples were heated using

an IR lamp and the measurements were taken in the temperature range from 323 K
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to 548 K with a step size of 25 K. The thermal quenching data were published in

Ref. [84].

5.3 Density Functional Theory (DFT) Calculations

The DFT calculations were employed based on the full-potential augmented plane-

wave method with scalar-relativistic corrections using the WIEN2k software pack-

age [126, 127]. To perform the calculations, experimentally determined crystal struc-

tures for AELi2Be4O6 (AE = Ba, Sr) were used as the input [84]. Note that the incor-

porated activator Eu2+ was not included in the experimental crystal structures for the

calculations. For the exchange-correlation functional, the Perdew-Burke-Ernzerhof

variant of the generalized gradient approximation (PBE-GGA) [119] was used. Cal-

culations using the modified Becke Johnson (mBJ) exchange potential were conducted

to obtain a more accurate estimate of the band gap [123]. The DFT calculations are

used to calculate the bandgap, band structure, the XAS and XES spectra, and the

partial density of states (pDOS). The spectra were calculated by multiplying the

pDOS with the dipole transition matrix and the radial transition matrix [175]. The

calculated spectra were broadened using the combination of a Lorentzian function to

mimic the core-hole lifetime broadening and a Gaussian function to account for the

instrumentation-related broadening [176]. Since the PBE-GGA functionals typically

underestimate the band gap of materials, the calculated XAS-XES spectra were pre-

cisely shifted by a constant amount to facilitate comparison with experiment [176]. In

the experimental measurements, the XAS and XES spectra depend on the final state,

but for the O K-edge absorption, the final state has a core-hole in the 1s level[177,

178], which tends to shift spectral weight to lower energies. To account for this effect,

a 2 × 1 × 1 supercell was created and one core electron (1s) was removed from one

of the oxygen atoms in the supercell and a background lattice charge was added to

the supercell to preserve charge neutrality.
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Figure 5.1: Measured and calculated O K-edge XES and XAS spectra of
BaLi2Be4O6:Eu

2+ (solid lines) and undoped BaLi2Be4O6 (dotted lines). (a): NXES
spectrum (blue) excited at 561.0 eV and RIXS spectra (black, red and green) collected
at various excitation energies for BaLi2Be4O6:Eu

2+ and BaLi2Be4O6 are compared
with ground state (G.S.) calculations (orange). The vertical dotted magenta line in-
dicates that the highest emission energy is observed at the highest excitation energy
in the RIXS spectra. (b): Measured PFY, core hole (C.H.) and G.S. calculations
of O K-edge XAS spectra of BaLi2Be4O6:Eu

2+ and BaLi2Be4O6 are compared. The
colour-coded arrows indicate where in the conduction band the O 1s electron was
excited to obtain the corresponding color-coded emission spectra. Second derivatives
of the NXES (c) and XAS (s) spectra, with peaks corresponding to valence band
edges and conduction band edges are indicated by the arrow, respectively.
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5.4 Results and Discussion

5.4.1 Oxygen K-edge Spectra

Alongside our DFT calculated spectra, soft X-ray emission and absorption spectra

for AELi2[Be4O6]:Eu
2+ (AE = Sr, Ba) (1% Eu2+) were collected at the Oxygen K-

edge as shown in Fig. 5.1 for BaLi2[Be4O6]:Eu
2+ (BLBO:Eu) and in Fig. 5.22 for

SrLi2[Be4O6]:Eu
2+ (SLBO:Eu). The absorption measurements were collected in par-

tial fluorescence yield mode and the emission measurements are displayed for different

excitation energies. When the excitation energies are near the threshold (here O 1s)

of XAS, spectra are referred to as resonant inelastic X-ray scattering (RIXS) spectra.

On the other hand, when the excitation energy is well above the threshold of XAS,

the spectrum is referred to as non-resonant X-ray emission (NXES) spectrum. The

experimental and calculated XAS spectra of BaLi2[Be4O6]:Eu
2+ will be discussed first

and are shown in Fig. 5.1(b). The solid blue line shown in this panel corresponds

to the experimental PFY for BLBO:Eu. As a reference sample, we used undoped

BaLi2Be4O6 (BLBO). The dotted blue line in this panel represents the experimental

XAS spectrum of this reference sample. From the comparison, they are identical

leaving the O spectra unaffected, which is expected due to the low concentration of

Eu2+ (1%). There are three distinct features located at 536.3 eV, 541.5 eV, and at

544.4 eV in both of BLBO and BLBO:Eu O K-edge XAS spectra. Our DOS calcula-

tions show that the peaks at 536.3 eV and 541.5 eV are mostly due to Ba d-states and

Ba f-states, respectively, and the peak at 544.4 eV is due to the admixture of p-states

of Li, Be and O. The experimental XAS spectra of both BLBO:Eu and BLBO are

compared with the core hole (solid orange line) and ground state (dash-dotted orange

line) calculations and it is found that both measured spectra agree well with the core

hole calculation, with all major features reproduced at the correct energy position

and approximately at the correct peak height. This agreement supports the structure

and space group determined by single crystal and power diffraction methods. This
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Figure 5.2: XAS and XES spectra of SrLi2Be4O6:Eu
2+. The XES (a) and XAS (b)

spectra are shown alongside DFT calculations. The calculated ground state (G.S.)
and excited state (core hole, C.H.) XAS spectra are shown as solid orange and dash-
dotted orange, respectively. The vertical dotted magenta line in (a) is used to guide
the eye in finding the highest emission energy among the RIXS spectra. The second
derivatives of the experimental NXES spectrum excited at 561.0 eV and the XAS
spectrum are shown in panel (c) and (d), respectively.

agreement also provides strong experimental support for our calculated band gap,

density of states, and band structure.

Turning to the X-ray emission spectra now, these are compared to our calculations as

well and are presented in Fig. 5.1 (a). The XES spectra for BLBO and BLBO:Eu are

again almost identical and show two features. The calculated pDOS, which is shown

in Fig. 6.3(a), show that O p-states contribute to the peak at 525.6 eV and O p-states,

Be s-states, and p-states contribute to the broad peak at 521.5 eV. The measured

XES spectra are also in good agreement with our calculations. The measured and

the calculated XAS and XES spectra for SrLi2[Be4O6]:Eu
2+ are presented in Fig. 5.2.
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The comparison shows that there is again an excellent agreement between measure-

ments and calculations. Comparing Fig. 5.1 and Fig. 5.2, it is found that the XES

spectra for BLBO:Eu are nearly identical with SLBO:Eu but in the XAS spectrum,

an additional peak at 547.5 eV appears for BLBO:Eu. The DOS calculations show

that the additional XAS peak located at 547.5 eV for BLBO:Eu appears due to the

contribution of the Ba f-states.

5.4.2 Band Gap Determination

After analysing the XAS and XES spectra, we can now use them to estimate the band

gap. The band gap is the energy difference between the top of the valence band and

the bottom of the conduction band. Since XAS and XES probe the unoccupied density

of states (CB) and the occupied density of states (VB), respectively, both spectra are

placed on a common energy scale and are used to determine the conduction band

and valence band edges, respectively. The top of the valence band and the bottom

of the conduction band are determined by taking the second derivatives of the XES

and XAS spectra, respectively [37, 82]. In this method, the top of the valance band

and bottom of the conduction band are taken to be the first peaks in the second

derivative above the noise at the upper edge of the NXES and lower edge of the XAS

spectra, respectively, as indicated by vertical arrows in the bottom panels of Fig. 5.1

and Fig. 5.2. This method yields band gap values, which are often more reproducible

than the conventional linear extrapolation method. From the band edges of Fig. 5.1

and Fig. 5.2, the initial estimated band gap for both BLBO:Eu and SLBO:Eu is found

to be 6.4 ± 0.3 eV. It should be noted here that we have also estimated the band gap

of the reference undoped BLBO sample and it is found to be the same value of the

Eu2+-doped sample, which is presented in the lower panel (dotted line) in Fig. 5.1.

We have mentioned earlier in the DFT calculations section that the final quantum

state during the XAS measurement has an O 1s core-hole. This core-hole interacts

with the excited electron via coulomb interaction effectively shifting in most cases
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Table 5.1: Measured and calculated band gaps. The measured band gap is denoted
by ∆expt. and the calculated band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA
and mBJ functional, respectively. The one available literature band gap value is also
included. All units are in eV.

Samples ∆expt. ∆GGA ∆mBJ literature ∆expt.

BLBO:Eu 6.5 ± 0.3

BLBO 6.5 ± 0.3 5.1 6.8 3.8 [84]

SLBO:Eu 6.5 ± 0.3

SLBO 5.6 7.4

the conduction band onset to lower energy. To accurately determine the bottom

of the conduction band, it is necessary to correct for this energy shift due to the

distortion by the core-hole. Therefore, the band gap is determined from XES-XAS

onsets once the core hole shift has been accounted for. The core hole shift can be

estimated by calculating XAS spectrum for the excited state modelled by a super-cell

(2 × 1 × 1 supercell) where a core electron from an O atom is removed and added

as a crystal background charge. The conduction band onset for this excited state is

then compared to the calculation for the unperturbed ground state. The core hole

shift is found to be 0.1 eV for both materials. Therefore, the final experimental band

gap is found to be 6.5 ± 0.3 eV for both BLBO:Eu and SLBO:Eu samples, which is

presented in Table 5.1.

The experimental uncertainty in energy originates from the monochromator (0.05 eV

at the O K-edge) and spectrometer (0.2 eV at the O-Kedge ) resolution as well as the

energy calibration. The calculated band gap using PBE-GGA is found to be 5.1 eV for

BLBO and 5.6 eV for SLBO. This underestimation is typical for DFT calculations and

can be improved upon by using the mBJ exchange-correlation potential [123]. In this

case, the calculated band gap is found to be 6.8 eV and 7.4 eV for BLBO and SLBO,

respectively, which both are in good agreement with our measurements. However,
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Figure 5.3: Calculated density of states for AELi2[Be4O6] (AE = Ba, Sr) based on
ground state GGA-PBE calculations. Calculated partial and total DOS of Ba, Be,
Li and two inequivalent O atoms for BaLi2[Be4O6] in (a) and Sr, Be, Li and two
inequivalent O atoms for SrLi2Be4O6 in (b) are compared. The energy zero is at the
Fermi level.

the calculated band gap for SLBO is about 0.6 eV higher than the calculated value

of BLBO and the measured value of SLBO:Eu. The DOS calculations show that the

effect of Ba d-states at the lower CB contributes to the band gap of BLBO being

about 0.6 eV smaller than that of SLBO. The authors in Ref. [84] estimated the band

gap of 3.8 eV for BLBO using diffuse reflectance spectra and analysing corresponding

to the Tauc method [198–201]. The method is based on absorption data relative to the

wavelength and is ideal for films or single crystals because, either the surface needs to

be very smooth providing an ideal reflection measurements or a film deposit on quartz

whose band gap is very large allowing for transmission measurements [202]. However,

due to the poly-crystalline nature and small quantity of materials, this technique is

not usually an ideal method and is often subject to high uncertainty for electronic

band gap measurements [202].
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5.4.3 Density of States (DOS)

Above, we found excellent agreement between the calculated and experimental XAS

and XES spectra. The origin of the XAS and XES features is explained herein by

examining the calculated total and partial density of states. In particular why these

compounds have similar band gaps despite having different elements (Ba vs Sr). The

calculated partial and total DOS for valence band (VB) and conduction band (CB)

for BLBO and SLBO, determined by the ground state GGA-PBE functionals calcu-

lations, are shown in Fig. 6.3. At first, the DOS for BLBO will be discussed, which is

presented in Fig. 6.3(a). The O p-states dominate the valence band (VB), while the

Ba f-states dominate the conduction band (CB). There is strong mixing of Be s-states

and p-states in the lower VB and little contribution of Li s-states and p-states in the

upper VB. The lower CB is due to the Ba d-states and the middle CB is due to the

Ba f-states. It is well known for the alkaline earth ion d-states to contribute heavily

to the lower CB [42, 43].

On the other hand, overall, the DOS for SLBO in Fig. 6.3(b) are nearly the same

as for BLBO. The O p-states dominate the valence band (VB), and the Sr d-states

dominate the conduction band (CB). Likewise, the admixture of Be s-states and p-

states contribute to the lower VB and Li s-states and p-states contribute slightly in

the upper VB. The Ba states show different behaviour than the Sr states, particularly

at the lower and middle CB. The contribution of d-states for BLBO in the lower CB

affects the band gap of this material. In our DOS calculations, we do not include

the Eu2+ atoms, however the properties in the presence of Eu2+ atoms are of great

interest and are discussed in the sections below.

5.4.4 Band Structure and RIXS Spectra

The calculated band structures using GGA-PBE calculations for BLBO and SLBO

are shown in Fig. 5.4. The band structures of BLBO and SLBO are nearly identical.
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Figure 5.4: Calculated band structure of BaLi2[Be4O6] in (a) and SrLi2Be4O6 in (b)
based on ground state GGA-PBE calculations. For both samples, the conduction
minimum is at the Z point and the VB maximum between the M and A points. The
energy scales are set with respect to the Fermi energy, EF .

It should be noted that the conduction band minimum is located at the Z point,

while the valence band maximum is located between the M and A points for both

compounds. Therefore, the band gap is indirect, which agrees with the prediction

of authors in Ref. [84]. We already have mentioned in the Oxygen K-edge spectra

section that during RIXS measurements, the incident energy is selected to be near

one of the absorption edges. Therefore, the changes in emission spectra are observed

as the excitation energy is varied. This RIXS technique can measure whether a

system has a direct or an indirect band gap. As shown in Ref. [78, 203], for direct

band gap materials, the RIXS spectrum containing the highest emission energy is

obtained by threshold excitation (excitation on the CB onset) while for an indirect

band gap material, the highest emission energy is obtained for excitation at some

higher excitation energy with respect to the threshold excitation. Figure 5.1(a) and

Fig. 5.2(a) show the RIXS spectra excited at threshold excitation (black solid line)

and some eV above the threshold excitation (red and green solid line) for BLBO:Eu
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Figure 5.5: (a) Measured luminescence intensity as a function of temperature for
BaLi2Be4O6:Eu

2+ (black) and SrLi2Be4O6:Eu
2+ (blue), along with the fit (solid line)

of Equation 5.1 to the measured data. (b) RIXS spectra (red) for BaLi2Be4O6:Eu
2+

and BaLi2Be4O6 excited at 533.0 eV (at the CB onset) and for SrLi2Be4O6:Eu
2+

excited at 533.4 eV (at the CB onset). Two Gaussian black (elastic feature) and blue
(loss feature) are used to fit the spectrum (green).

and SLBO:Eu, respectively. The vertical dotted magenta line in Fig. 5.1(a) and

Fig. 5.2(a) indicates that the highest emission energy (green solid line) is observed

for higher excitation energy with respect to the threshold excitation, which confirms

that the band gap is indirect [78, 203]. Again, this agrees with our calculated band

structures discussed above.

5.4.5 Position of the Eu2+ 5d States in the Band Gap

Eu2+-doped phosphors with a single activator site usually show one emission maxi-

mum. The Eu2+ 5d14f6 to 4f7 transitions are responsible for the optical luminescence.

The thermal stability and colour of the luminescence produced by the phosphor de-

pends on the energetic position of Eu2+, which is very sensitive to the host matrix

and the Eu2+ 5d energy depends strongly on the surrounding ligands. Recently, we

have developed a method [37], which allows to measure directly the energy position

of the Eu2+ 5d levels from RIXS at the ligand K-edge. Figure 5.5(b) shows the RIXS

spectra excited at the CB onset for both doped compositions. For comparison, we

have also measured the RIXS spectrum at the CB onset for the sample without the
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Table 5.2: Comparison of the Standard Deviation (σ1, for elastic peak; σ2, for inelastic
peak) and the Eu2+ 5d to conduction band energy separations ∆ERIXS from RIXS
measurements; ∆ETQ from TQ measurements) from the fits shown in Fig. 5.5. Fitting
parameter (Γ0

Γν
) of Eq. 5.1 is also included in this table.

Samples σ1 (eV) σ2 (eV) ∆ERIXS (eV) ∆ETQ (eV) Γ0

Γν

BLBO 0.254 0 n.a.

BLBO:Eu 0.253 0.334 0.21 ± 0.1 0.20 ± 0.03 153

SLBO:Eu 0.257 0.339 0.25 ± 0.1 0.26 ± 0.03 195

Eu2+ dopant. The spectra are displayed on the energy loss scale, which is obtained

by subtracting the excitation energy from the emission energy. This will place the

elastically scattered radiation at 0 eV and any energy loss features at lower energies.

It is observed that two spectral energy loss features appear for each doped composi-

tion, but one spectral feature appears for the undoped composition. The additional

feature observed in doped samples just below the elastic scattering peak represents

energy losses of the incident X-rays to low-energy excitations. This energy loss is due

to the excitation of Eu2+ 5d electrons to the conduction band [37]. For BLBO:Eu

and SLBO:Eu, the Eu2+ 5d to conduction band separations are found to be 0.21 ±

0.10 eV and 0.25 ± 0.10 eV, respectively, which are also presented in Table 5.2.

The fit parameters and uncertainties obtained from fitting are shown as well in Ta-

ble 5.2. These values are similar to those found for Sr[LiAl3N4]:Eu
2+ ( ∆ E = 0.2 eV)

[37] and Sr[Be6ON4]:Eu
2+ ( ∆ E = 0.26 eV) [73]. We note that the cross section for

the 5d to CB inelastic scattering is extremely low and the Eu2+ concentration is di-

luted (≈ 1%) making these measurements are extremely photon hungry and difficult

and giving rise to the large error bar in the X-ray measurements.

Thermal stability at a high temperature is an important parameter for pc-LEDs, par-
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ticularly in high power pc-LEDs, where the phosphor temperature can increase up to

550 K. With increasing temperature, the 5d electrons can be promoted to the conduc-

tion band leading to a decrease in luminescence. This decrease in luminescence with

increasing temperature is termed thermal quenching (TQ). We are turning to discuss

the TQ behaviour of these compounds. The luminescence intensities for BLBO:Eu

and SLBO:Eu as a function of sample temperature are shown in Fig. 5.5(a), along with

fitted data. Experimental data are adapted from Ref. [84]. To fit the experimental

data, the following Fermi-Dirac-like equation, which can describe the luminescence

intensity I(T) at different experimental temperatures with the subsequent thermal

depopulation of the Eu2+ 5d levels, is used: [37, 64]

I(T ) =
I0

1 + Γ0

Γν
e
− ∆E

kBT

(5.1)

where I0 is the initial luminescence intensity at T = 0 K, Γν is the radiative decay

transition rate of 5d state of Eu2+, Γ0 is the attempt rate for TQ process, kB is the

Boltzmann’s constant and ∆ E is the energy separation of the 5d state from the next-

higher-lying level, here assumed to be the CB. In Equation 5.1, the parameters Γ0/Γν

and ∆ E are varied to obtain the least squares fit of the data. Γ0/Γν determines how

rapidly the decay occurs with temperature and ∆ E determines at what temperature

TQ starts to become significant [37, 64]. From the fit of the measurements to Eq. 5.1,

the ∆ E values for BLBO:Eu and SLBO:Eu are found to be 0.20 ± 0.03 eV and 0.26

± 0.03 eV, respectively, which are also listed in Table 5.2. The Eu2+ 5d to CB band

separations measured from the energy loss of the low excitation energy spectra and

from the TQ data for both compounds are in strong agreement. The narrow-band

blue emitting phosphors of BLBO:Eu and SLBO:Eu show low TQ at high temperature

with the relative emission intensity of 71% and 60% at 546 K, respectively.
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Figure 5.6: XEOL spectra of BaLi2Be4O6:Eu
2+ and SrLi2Be4O6:Eu

2+ excited at
140 eV. Both Eu2+-doped samples show a strong ultra-narrow band luminescence
feature at 455-457 nm, which is due to the Eu2+ 5d1 4f6 → 4f7 optical transition.
Both spectra were accumulated for the same time.

5.4.6 Optical Transition Provided by XEOL

X-ray Excited Optical Luminescence (XEOL) spectroscopy is employed to explore op-

tical transitions, electronic structure, presence of defects, and luminescence properties

of solids [37, 75, 162]. Here we have performed XEOL measurements for BLBO:Eu

and SLBO:Eu to understand the optical transition and luminescence properties and

the luminescence spectra, which are presented in Fig. 5.6. The excitation energy for

all samples was 140 eV. It is observed in Fig. 5.6 that there is a strong ultra-narrow

band with 25 nm full width at half maximum (FWHM) XEOL feature for BLBO:Eu

compound at 455 nm and for SLBO:Eu compound at 457 nm. To the best of our

knowledge, this is the narrowest emission band to date from an Eu2+-doped blue

phosphor. This strong luminescence feature is due to the transition of Eu2+ 5d14f6 →

4f7 in agreement with the literature [27, 37, 204]. Therefore, the observed emission

bands are located in the blue region due to the 5d14f6 → 4f7 transitions of Eu2+ ions.

The results strongly indicate that BLBO:Eu and SLBO:Eu would be very efficient
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Figure 5.7: Energy level diagram of BaLi2Be4O6:Eu
2+ and SrLi2Be4O6:Eu

2+. Band
gaps are determined from our measurements and calculations. DOS calculations show
that the upper edge of the VB is dominated by O p-states for both compounds and
the lower edge of the CB is dominated by d-states of Ba and Sr for BaLi2Be4O6:Eu

2+

and SrLi2Be4O6:Eu
2+, respectively. The Eu2+ 5d1-states are added to the diagram

from RIXS measurements and XEOL measurements show the 5d14f6 → 4f7 optical
transitions. Both compounds emit blue luminescence at 455 nm.

phosphors, and only traces of activator ions are required to obtain emission upon high

energy excitation by synchrotron radiation.

5.5 Conclusions

In this study, we explored several key properties of the novel pc-LED phosphor

AELi2[Be4O6]:Eu
2+(AE = Sr, Ba) (1% Eu2+). The band gaps for both BLBO:Eu

and SLBO:Eu have been measured to be 6.5 ± 0.3 eV. This large band gap is the

prime prerequisite for efficient luminescence of the Eu2+-doped samples. The band

gap is found to be indirect for each compound by our GGA-PBE calculations and

our RIXS measurements. The DOS for the promising phosphors BLBO and SLBO

have been calculated and used to analyse the XAS and XES spectra in a more in-

forming way. The O p-states dominate the valence band (VB) for each composition,

while the Ba f-states dominate the conduction band (CB) for BLBO and Sr d-states

dominate for SLBO. The Eu2+ 5d14f6 → 4f7 transitions are responsible for the opti-

cal luminescence of the Eu2+-doped materials. The wavelength and efficiency of the
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luminescence of the phosphor depend crucially on the energy position of the Eu2+

5d. For BLBO:Eu and SLBO:Eu compounds, the key parameter for the performance

as an LED material, the Eu2+ 5d to conduction band energy separations are found

to be 0.21 ± 0.10 eV and 0.25 ± 0.10 eV, respectively from RIXS measurements,

which both are excellent agreement with our thermal quenching measurements. Fi-

nally, we perform XEOL measurements confirming the Eu2+ 5d1 4f6 → 4f7 transition,

that is responsible for the blue ultra-narrow optical luminescence at 455-457 nm for

both compounds. Based on our calculations and measurements, a schematic illustra-

tion summarizing all pertinent energy levels and involved all transition processes of

these compounds is given in Fig. 5.7. Narrow-band emitting phosphors are crucial for

colour tuning of pc-LEDs. Expanded understanding of the electronical properties of

these compounds can lead to target-oriented research of new materials. The detailed

determination of band gaps and energetic position of activator Eu2+ states can be

central steps of phosphor design. Our study of these materials serves an important

role in the advancement of light emitting diodes and introducing Eu2+-doped diodes

to illumination market. In conclusion, AELi2[Be4O6]:Eu
2+(AE = Sr, Ba) demon-

strates highly promising materials in the ongoing investigations for highly efficient

narrow-band phosphors.
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Summary and Author Contributions

In this manuscript [66], we study two new exotic blue emitting phosphorsMBe20N14:Eu
2+

(M = Sr, Ba) and determine all participating energy levels of Eu2+ ions (4f65d1 and

4f7 states), valence band, conduction band, and band gaps. We identify all radiative

processes involved therefore ultimately informing the improvement of next generation

pc-LEDs. To gain insight into the radiative processes, we use resonant inelastic X-

ray scattering and X-ray excited optical luminescence to directly determine the Eu2+

111



4f65d1 to conduction band separation and the positions of Eu2+ levels for Eu2+-doped

phosphors. These experimental techniques allow direct access to the intragap states

that are the source of the luminescence of Eu2+-doped phosphors. In order to inter-

pret the experimental band gap, density of states (DOS), band structure, and X-ray

absorption (XAS) and emission (XES) spectra, we performed density functional the-

ory calculations. With these measurements and calculations, deep insights are gained

into key properties of MBe20N14:Eu
2+ (M = Sr, Ba) phosphor, such as blue emission,

efficiency, and thermal quenching behaviour. XES, XAS, and XEOL measurements

as well as DFT calculations were performed by M. R. Amin under the supervision of

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

the band gap. Manuscript preparation was performed by M. R. Amin. 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. The ther-

mal quenching behavior was determined to be similar to other efficient phosphors [37].

This work has been published in Journal of Physical Chemistry C [66].

Abstract

Band gap, electronic structure, optical properties, and energy levels of the incorpo-

rated activator Eu2+ ions of the recently synthesized luminescent nitridoberyllates,

MBe20N14:Eu
2+ (M = Sr, Ba) are studied with a combination of soft X-ray spec-

troscopy and density functional theory (DFT) calculations. X-ray absorption and

X-ray emission spectroscopy at the N K-edge are used to determine the band gap,

which is found to be 4.4 ± 0.3 eV for both compounds. The measured value agrees

well with the DFT-calculated band gaps of 4.6 eV for M = Sr and 4.4 eV for M = Ba,

employing the modified Becke-Johnson exchange potential. The 4f65d1 energy level of

the Eu2+-ions is determined directly from the separation between the bottom of the

conduction band and the lowest 4f65d1 states of Eu2+-ions and, is found to be 0.31
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± 0.04 eV for M = Sr and 0.30 ± 0.04 eV for M = Ba from resonant inelastic X-ray

scattering measurements. X-ray excited optical luminescence (XEOL) measurements

show luminescence in the blue spectral region at 430 nm for M = Sr and 427 nm for

M = Ba, which are due to the 4f65d1 → 4f7 transition. Therefore, XEOL enables the

determination of the 4f7 energy levels and thus provides a deep understanding of the

energy levels and radiative processes involved in MBe20N14:Eu
2+ (M = Sr, Ba).

6.1 INTRODUCTION

InGaN-based light emitting diodes (LEDs) are widely used in solid state lighting [26],

as they provide higher light quality, better color point stability, and longer bulbs life-

time, while using significantly less energy, compared to incandescent and fluorescent

lamps [205]. Several strategies can be used to create white light LEDs (wLEDs) [206].

The simplest way for a phosphor-converted LED is the combination of a blue LED

with a broad-band yellow phosphor like Y3Al5O12:Ce
3+ [34]. Lacking a red com-

ponent, this LED-design suffers from small color rendering index (CRI) values (<

75) and correlated color temperatures above 4500 K [34]. To overcome these obsta-

cles, a blend of green and red or green, yellow, and red phosphors can be excited

with a blue LED. Alternatively, wLEDs with even higher CRI values (> 90) can

be realized with a near ultra-violet (nUV)-LED covered with red, green, and blue

phosphors [34]. Blue phosphors are more flexible than the blue LED, regarding the

tunability of the emission maxima and widths, which is crucial for lumen equiva-

lence and color rendering purposes [207]. In terms of phosphor selection, most of the

green, yellow, and red phosphors can be efficiently excited with a nUV-LED [34]. As

the emission of the nUV-LED is close to the excitation of the blue phosphor, it is

important to find an efficient blue phosphor with high quantum efficiency [208]. In

literature, several blue-emitting phosphors have been described but only few of them

show efficient luminescence, which is required for applications in combination with

nUV-LED, including Ba3MgSi2O8:Eu
2+ [207], (Ca, Sr, Ba)10(PO4)6Cl2:Eu

2+ [207],
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BaMgAl10O17:Eu
2+ [207], and AELi2[Be4O6]:Eu

2+ (AE = Sr, Ba) [84]. Therefore,

the search for efficient blue narrow-band emitting phosphors remains highly impor-

tant.

It is obvious that selection and development of appropriate phosphors is key in im-

proving the optical properties of the LEDs (e.g. luminous efficacy, CRI). Generally,

modern phosphors consist of a suitable host material doped with activator ions, mostly

rare-earth (RE) ions like Eu2+, Yb2+, or Ce3+ [34, 206]. The luminescence emerges

from the 4f65d1 → 4f7 optical transition in Eu2+ doped phosphors is strongly affected

by the host lattice, especially the local environment of the activator ion [53]. The

energetic position of the 5d orbitals depends on the nephelauxetic effect, which is re-

lated to anion polarizability, electronegativity of the ions, and dopant-bond distances,

and the crystal field splitting (CFS), which is influenced by the nature and the coor-

dination number of the dopant ion, as well as the arrangement and the nature of the

ligands [34]. Usually nitrides, in contrast to oxides, feature often a higher nephelaux-

etic effect and a higher CFS, which reduces the energy of the 5d orbitals and often

results in red-shifted excitation and emission energies compared to oxides [53]. Even

though the search for new luminescent substances in the (oxo)nitride class has been

ongoing for some time, this substance class is still good for a surprise [27, 34, 73].

Recently, in the search for new suitable host lattices, the element beryllium was intro-

duced into the anionic networks and, in the process, the Eu2+ doped highly condensed

nitridoberyllates MBe20N14:Eu
2+ (M = Sr, Ba) were studied for the first time [209].

The compounds are promising candidates in the ongoing investigation for efficient

phosphors, as they feature thermal and chemical stability, a wide band gap, and a

narrow band emission in the blue spectral region. In this contribution, we used X-ray

spectroscopy techniques to investigate the novel nitridoberyllates MBe20N14:Eu
2+ (M

= Sr, Ba). Thereby, we were able to directly determine the energy of the Eu2+ states.

Resonant inelastic X-ray scattering (RIXS) was used to experimentally determine

114



Figure 6.1: Crystal structure of the isotypic compounds MBe20N14 (M = Sr, Ba).
BeN4 tetrahedra are presented in green, MN12 (M = Sr, Ba) cuboctahedra in cyan,
and N atoms in blue. The figure is adapted from ref. [209].

the energetic positions of the Eu2+ 4f65d1 states with respect to the conduction band

(CB) onset and X-ray excited optical luminescence spectroscopy (XEOL) was used to

identify the energetic position of the 4f7 states of the Eu2+. The combination of these

methods lead to a complete and comprehensive understanding of all energy levels and

radiative processes involved for MBe20N14:Eu
2+ (M = Sr, Ba), which is key in the

development of highly efficient phosphors.

6.2 METHODS

6.2.1 Synthesis

The powder samples of MBe20N14:Eu
2+ (M = Sr, Ba) were synthesized following the

synthesis instruction in the literature [209]. The starting materials M(NH2)2 (M =

Sr, Ba), and Be3N2, and small amount of EuF3 as dopant (resulting in a nominal

doping concentration of 2% referred to M) were heated in a radio frequency furnace

under N2 atmosphere at 1400 oC. The crystal structure of MBe20N14 (M = Sr, Ba) is

displayed in Figure 6.1, which consists of edge- and vertex-sharing BeN4 tetrahedra

forming a highly condensed anionic network. The charge compensation is achieved
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by incorporating Sr2+ or Ba2+ ions. A detailed description of the synthesis and the

crystal structure characterization of MBe20N14:Eu
2+ (M = Sr, Ba) can be found in

ref. [209].

6.2.2 XAS, XES, and XEOL Measurements

Soft X-ray spectroscopy is an excellent tool for probing the electronic properties of ma-

terials. Here X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy

(XES) techniques are employed to directly probe the unoccupied and occupied partial

density of states, respectively. XEOL measurements are used to characterize the opti-

cal transitions. The REIXS beamline [87] was used to collect XAS and XES spectra

and the VLS-PGM beamline [88] for recording XEOL spectra at the Canadian Light

Source in Saskatoon, Canada. In the REIXS beamline, the X-rays are generated with

elliptically polarized undulators (EPUs) made of permanent magnets with 1.6 m long

and 75 mm of periodicity, and a spherical grating monochromator is used to select the

X-ray energy. The REIXS beamline uses two separate gold-coated sagittal cylindrical

mirrors to collect and collimate the X-rays from the EPUs. It uses three different

interchangeable grating corresponding to low, medium, and high to cover an energy

range of 95 eV–2000 eV. On the low energy grating at 100 eV with 25 µm exit slits,

the beamline delivers 1012 photons/s of flux. Depending on the desired energy range,

four selectable mirrors coatings on the plane mirrors (Ni, Si, C, and Au) are used

to suppress the high-order harmonics. REIXS has a large spherical grating spec-

trometer, using a Rowland circle geometry to measure high-resolution XES spectra.

For all X-ray measurements, the powder samples were prepared by affixing them to

a metallic sample holder with clean indium foil. All measurements were conducted

in the ultrahigh vacuum chambers in the order of 10−9 Torr at room temperature

thus there is no contribution to the signal from the atmospheric nitrogen. During

the measurements, the sample is electrically grounded so that the photoelectrons re-

moved can be replenished. The absorption was measured in the bulk sensitive partial
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fluorescence yield (PFY) mode, determined with silicon drift fluorescence detectors.

It is known that the size of the nitrogen molecule is about 0.368 nm [210]. If the

nitrogen molecules would form 3 layers on the surface of the sample, the thickness of

the absorbed layers would be around 1 nm. However, the attenuation length of our

samples is about 200 nm at N K-edge [97], making any adsorbant layer practically

too dilute to alter the measurements. Nearly all the emitted photons therefore orig-

inate from bulk of the sample. 8000 and 2000 are the resolving powers, E/∆E, for

the monochromator and for the emission spectrometer at REIXS, respectively, which

corresponds to an energy resolution, ∆E, of 0.05 eV and 0.2 eV at the N K-edge for

XAS and XES, respectively. An ocean optics QE 65000 fast CCD spectrophotometer

is used to collect the XEOL spectra [168]. For the energy calibration of the XAS and

XES spectra at the N K-edge, hexagonal boron nitride (h-BN) is used as a reference

compound. The prominent h-BN spectral feature at 402.1 eV was used to calibrate

the XAS spectra, while the XES spectra were initially calibrated using elastic scat-

tering peaks, and then further shifted with respect to the h-BN peak at 402.1 eV to

obtain the final calibration relative to the absorption spectra [82].

6.2.3 Density Functional Theory Calculations Details

Density functional theory (DFT) is a quantum mechanical modelling method to in-

vestigate material properties. The commercially available WIEN2k software package

was employed for the DFT calculations [126, 173]. This software code uses Kohn-

Sham methodology with spherical wave functions to model core orbitals [126, 173].

The crystal structure for MBe20N14 (M = Sr, Ba) from ref. [209] was used as input

for the calculations. Note that the incorporated activator Eu2+ was not included in

the experimental crystal structures for the calculations for several reasons. Firstly,

the calculation of 4f electrons requires a different multiplet code resulting that the

calculation of the Eu2+ 5d electrons is currently not possible [211]. Secondly, DFT is a

ground-state theory, and properly describing the radiative transition of Eu2+ requires
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a non-ground state approach. Finally, the optimized doping concentration of Eu2+

in MBe20N14:Eu
2+ (M = Sr, Ba) is 2% because of the balancing between the thermal

quenching and the intrinsic luminescence efficiency. In a crystallographic unit cell

the MBe20N14 (M = Sr, Ba) compounds have 2 Sr/Ba atoms, 40 Be atoms and 28 N

atoms. For a single unit cell of MBe20N14 (M = Sr, Ba) with one Eu2+ ion instead

of Sr2+/Ba2+, the cluster would correspond to a heavily Eu2+-doped MBe20N14 (M =

Sr, Ba) (with 50% of Eu2+). To perform the calculations for 2% Eu2+ concentration

in MBe20N14 (M = Sr, Ba), it would require a very large supercell, which is computa-

tionally not feasible. We used the Perdew-Burke-Ernzerhof variant of the generalized

gradient approximation (PBE-GGA) for the exchange-correlation functional [174].

The PBE-GGA functional significantly underestimates the band gap but can cal-

culate soft X-ray spectra well. To obtain a more accurate band gap, the modified

Becke-Johnson (mBJ) exchange potential was employed [123]. The calculated XAS

and XES spectra were determined from the multiplication of the calculated partial

density of states (pDOS), the dipole transition matrix, and the radial transition ma-

trix [175]. Spectra are broadened using a Voigt profile to account for instrumental and

lifetime broadening [176]. The experimental N K-edge XAS and XES spectra depend

on the final state and the XAS final state has a core-hole (CH) in the N 1s [177, 178].

To account for the distortion by the CH, a CH calculation was performed for each

nonequivalent N site by including a single CH at the corresponding N-atom inside a

2 × 1 × 1 supercell of the unit cell of MBe20N14. A background lattice charge was

added to the supercell to preserve charge neutrality. The resulting core hole XAS

spectrum was obtained by combining all nonequivalent N sites.
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Figure 6.2: (a) NXES spectrum (blue for M = Sr and black for M = Ba) was excited
at 435.0 eV and RIXS spectra were collected at excitation energies of 398.1 eV (green)
and 399.0 eV (red), which are compared to the ground state (GS, dotted-dash orange)
calculations. The vertical dotted-dash black line indicates the higher emission energy
observed at higher excitation energy in the RIXS spectra. (b) Experimental PFY is
compared to the CH (solid orange) and the GS (dotted-dash orange) calculations.
Two colored downward arrows on the absorption spectra indicate the corresponding
excitation energies at which the RXIS spectra were taken. (c) and (d) Second deriva-
tive of experimental NXES and XAS spectra with the corresponding valence band
and conduction band onsets indicated by black arrows.
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6.3 RESULTS AND DISCUSSION

6.3.1 N K-edge Spectra

The experimental XAS and XES spectra and the DFT calculations forMBe20N14:Eu
2+

(M = Sr, Ba) are compared in this section. The experimental absorption spectra are

shown in Figure 6.2(b). Comparing the experimental XAS spectra for both com-

pounds, it is found that the XAS spectra differ indicating that the alkaline earth

metal affects the nitrogen pDOS. There are five main peaks in the measured XAS

spectrum for BaBe20N14:Eu
2+, which are labeled I to V, and four main peaks for

SrBe20N14:Eu
2+. Two colored downward arrows (green and red) in the measured XAS

spectra indicate the excitation energies at which the RIXS spectra (Figure 6.2(a)) were

collected. The origin of the peaks is assigned using our calculated pDOS (Figure 6.3)

of the coordinating atoms. Our calculations show that feature I is the result of Ba

d-states, whereas peak II mainly stems from the contribution of Ba f-states, peaks

III to IV are due to Ba d- and f-states with small contributions from N p-states,

and peak V stems predominantly from the Ba d- and f-states for BaBe20N14:Eu
2+.

For SrBe20N14:Eu
2+, the Sr d-states contribute to the features I-IV and N p-states

contribute to the peaks III and IV and Sr f-states contribute to IV. The experimental

XAS spectra of both compounds are compared with CH and GS calculations. Com-

paring the experimental and calculated XAS spectra, we conclude that the overall

agreement with the CH spectrum is excellent. This agreement provides strong justi-

fication for the one electron picture employed in the calculations and the absence of

electron correlation effects.

Having discussed the features of the XAS spectra of MBe20N14:Eu
2+ (M = Sr, Ba),

we now turn to the XES spectra in Figure 6.2(a). The XES spectra are displayed for

three different excitation energies. The excitation energy at 435.0 eV is well above

the N K-edge and the recorded spectrum is typically labelled as nonresonant X-ray
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emission spectrum (NXES). The XES spectra of both compounds are nearly identical.

All XES spectra have four main peaks labelled ‘a’, ‘b’, ‘c’, and ‘d’. All four features

mainly originate from the contribution of the N states of p-symmetry in the valence

band (VB) when the VB electrons of p-symmetry transition to the N core s-orbitals

under the emission of soft X-ray photons. For this reason, we chose N K-edge emission

spectroscopy to study the valence band. As before, the calculated GS XES spectra

for both compounds agree very well with the experiment.

6.3.2 Band Gap Determination

The band gaps of MBe20N14:Eu
2+ (M = Sr, Ba) were determined by combining the

measured occupied and unoccupied N p-states on the common energy scale, as shown

in Figure 6.2(a) and Figure 6.2(b), respectively. The band gap is determined from the

energy difference between the top of the VB, probed by NXES, and the bottom of the

CB, probed by XAS. The top of the VB and the bottom of the CB are determined

from the first peaks above the noise in the second derivative at the upper edge of the

NXES and lower edge of the XAS spectra, respectively [37, 82]. The VB and the CB

onsets are denoted with the vertical black arrows in Figure 6.2(c) and Figure 6.2(d).

From the band onsets, the estimated band gap for both compounds is found to be

4.3 ± 0.3 eV. The CH shift was determined to be 0.1 eV by subtracting the CB onset

energy calculated including CH from the calculated CB energy location for the ground

state. Taking the CH shift into account, the final measured band gap is found to be

4.4 ± 0.3 eV for both compounds, which is displayed in Table 6.1. The experimental

uncertainty associated with this band gap originates from the monochromator and

spectrometer resolution and the uncertainty in the energy calibration when bringing

emission and absorption energies to a common scale [65, 82]. The experimentally

determined band gap is compared to the values obtained from DFT calculations.

The calculated values are 3.2 eV for M = Ba and 3.3 eV for M = Sr, using the

PBE-GGA functional and 4.4 eV (M = Ba) and 4.6 eV (M = Sr), applying the mBJ
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Table 6.1: Measured, calculated, and previously reported band gap values for
MBe20N14:Eu

2+ (M = Sr, Ba). The measured band gap is denoted by ∆expt. and
the calculated band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA functional
and mBJ functional, respectively. The available literature band gap values are also
denoted in the same way. All units are in eV.

System ∆expt. ∆GGA ∆mBJ Literature ∆expt. Literature ∆mBJ

BaBe20N14:Eu
2+ 4.4 ± 0.3 3.2 4.4 4.2 [209] -

SrBe20N14:Eu
2+ 4.4 ± 0.3 3.3 4.6 4.1 [209] 4.6 [209]

exchange-correlation potential [123].

The band gap underestimation for PBE-GGA functional arises from the constant

exchange-correlation potential that is applied to all electrons orbitals, leading to an

underestimation of the electron-electron interaction. The mBJ exchange-correlation

potential is an orbital independent exchange-correlation potential, which depends

solely on semilocal quantities [123]. For this reason, the mBJ exchange-correlation

potential reproduces band gaps more accurately [123]. In the literature the electrical

band gap for M = Sr was calculated using DFT calculations (mBJ functional), while

the optical band gap for M = Sr and Ba was determined from reflectance spectra,

using the Tauc method [209]. All measured, calculated, and literature band gap

values are included in Table 6.1.

6.3.3 Partial Density of States

The pDOS allow a more detailed analysis of the electronic structure of materials.

Particularly, the origin of the XAS and XES features and band gap can be explained

by the calculated pDOS. Figure 6.3(a) for M = Ba and Figure 6.3(b) for M = Sr

show calculated pDOS for the VB and the CB, using the ground state GGA-PBE

functional calculations. The calculated pDOS show three non-equivalent N sites (N1,

N2, and N3), three non-equivalent Be sites (Be1, Be2, and Be3), and one Ba/Sr site.

N p-states contribute mainly to the VB with weak admixture of Be s- and p-states
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Figure 6.3: The partial density of states for BaBe20N14 in (a) and for SrBe20N14 in
(b) using GGA-PBE functional. The energy of zero is the Fermi level.

in the lower VB and Ba/Sr d-states in the upper VB. The contribution from the

two non-equivalent N1 and N2 p-states are almost identical in the VB but the non-

equivalent p-states for N3 are different, particularly in the lower VB. This indicates

that not only covalent bonding with the N sites is present, but also some degree of sp-

hybridization in Be, as well as pd-hybridization in Ba/Sr. The Ba d-states contribute

to the lower CB and Ba f-states contribute to the middle and upper CB for M =

Ba. In addition there is a weak mixing of all three non-equivalent Be p-states and N

p-states in the middle of the CB for both compounds. The Sr d-states dominate the

lower and middle CB, and the Sr f-states contribute to the middle and upper CB for

M = Sr. It is common that the alkaline earth ion d-states contribute heavily to the

lower CB due to their empty d-states [42, 43].

The contributions of all elements in the VB and the CB suggest a rigid lattice

with covalent bonding. Strongly covalent bonded materials are favourable for visible

emissions but also should feature a smaller Eu-N distance and consequently higher

crystal field splitting, when doped with Eu2+ ions [34]. In general, the M-N (M =

Sr, Ba) distances increase with increasing ionic radius, therefore, the expected Sr-N

separation would be smaller than the Ba-N separation. A reduction of the bond length

will increase the bond-antibond splitting, which in general varies proportionally to

the square of the bond length [212]. The increasing covalency of the Sr-N bond drives

the hybridization between Sr d-states and N p-states, increasing the energy of the
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unoccupied Sr d-states [36]. The authors in ref. [209] reported that the bond length

of Ba-N is larger by about 0.02% than the bond length of Sr-N. Due to the small

increase in covalency of the Sr-N bond, the calculated band gap is found to be 0.2 eV

larger.

6.3.4 Band Structure and RIXS Spectra

Figure 6.4 shows the band structures of MBe20N14 (M = Sr, Ba) calculated using

the mBJ exchange-correlation potential. The band structures of both compounds are

almost identical. The upper valence bands are mainly derived from the N p-states,

while the lower conduction bands are dominated by the d-states of Sr/Ba. The VB

maximum is located at Γ of the Brillouin zone, while the CB minimum is located at

the Z-point. As the two points are not at the same crystal momentum, an indirect

band gap of 4.4 eV for M = Ba and 4.6 eV for M = Sr is realized. The energy scale

is set with respect to the Fermi energy, EF . The authors in ref. [209] also predict an

indirect band gap for these compounds. It is also noted that the lower lying CB has a

large curvature and therefore should have relatively high electron mobility [212]. Sr,

Ba and Be all have valence electron configurations of s2, and N has an s2p3 electron

configuration. In a crystallographic unit cell bothMBe20N14 (M = Sr, Ba) compounds

contain two formula units [209]. Therefore, the total number of valence electrons in

a unit cell is 224 for each compound. Due to the spin degeneracy, the total number

of energy bands within VB would be 112 for each material. However, only 42 avail-

able bands are found in Figure 6.4 for each compound, which is fewer than expected,

due to the energy degeneracy of the bands and some bands appearing well below the

Fermi level.

RIXS spectra can also be used to experimentally determine the type of band gap [78,

203]. Previous reports indicate that for direct band gap materials, the RIXS spectrum

containing higher emission energy is obtained at lower excitation energy, while for an
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Figure 6.4: Calculated band structure of BaBe20N14 in (a) and SrBe20N14 in (b)
based on ground state mBJ functional calculations. For both samples, the conduction
minimum and valence band maximum are at the Z point and Γ point, respectively.
The energy scales are set with respect to the Fermi energy, EF .

indirect band gap material, slightly higher emission energy is obtained at higher

excitation energy [78, 203]. This is due to the negligible momentum that soft X-ray

photons carry. The conservation of momentum requires that transitions into the CB

and from the VB due to the same initial exciting photon occur at the same k-vector

or momentum in the band diagram. Here RIXS spectra excited at 398.1 eV and

399.0 eV are used to determine the type of the band gap. The vertical dotted-dashed

line in the XES spectra of Figure 6.2(a) indicates that the maximum emission energy

increases slightly as the excitation energy is increased from 398.1 eV to 399.0 eV,

which is indicative of an indirect band gap.

6.3.5 Determination of Eu2+ 4f65d1 Energy Levels

The determination of the Eu2+ energy levels of phosphors provide the needed exper-

imental basis for a deeper understanding of all the radiative processes involved, that

are critical for tailoring the luminescence properties of phosphors. The nephelaux-
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etic effect and CFS influence the position of the 4f65d1 states, as described in the

introduction section. Very recently Tolhurst et al. [37] connected the position of the

4f65d1 states with respect to the CB onset of the host material by acquisition of RIXS

data for several phosphors. Here, we use the RIXS technique to determine the 4f65d1

energy levels of Eu2+ for MBe20N14:Eu
2+ (M = Sr, Ba) compounds. Figure 6.5(a)

shows the RIXS spectra of MBe20N14:Eu
2+ (M = Sr, Ba) excited at the CB onset

(398.1 eV). The authors in ref. [76] reported that the defect associated energy loss

was the strongest for WO3 from the O K-edge RIXS, when the excitation energy

is at the CB band onset. Figure 6.5(a) shows that the relative peak intensity for

SrBe20N14:Eu
2+ compound is higher than BaBe20N14:Eu

2+. This peak intensity de-

pends on the N-Eu2+ orbital overlap and thus the distances between the Eu2+ ions

and the ligand N atoms. As we mentioned earlier, the Sr-N distance is smaller than

the Ba-N, resulting in more N-Eu2+ orbitals overlap for SrBe20N14:Eu
2+ [37]. The

spectra are shown in Figure 6.5(a) on an energy loss scale, which is obtained by

subtracting the excitation energy of 398.1 eV from the emission energy. As a result

the elastically scattered radiation appears at 0 eV and other energy loss features are

located at lower energies. Due to the low cross section for the 4f65d1 to CB inelastic

scattering and the low Eu2+ concentration (2%), the loss feature is weak and only

revealed when the elastic peak is fitted with two Gaussians. Figure 6.5(a) shows that

two Gaussians are needed to fit the experimental feature for MBe20N14:Eu
2+ (M =

Sr, Ba) phosphors. The blue Gaussian corresponds to the elastic peak and the addi-

tional black Gaussian just below the elastic scattering peak represents energy losses

of the incident X-rays to low-energy excitations [77]. This energy loss is due to the

excitation of Eu2+ 4f65d1 electrons to the CB [37, 65, 73]. As we discussed in the

partial density of state section, the CB minimum originates from the Ba/Sr d states.

Thus the Eu2+ 4f65d1 to CB transition is effectively a Eu2+ 4f65d1 → nd (n = 4 for

Sr and n = 5 for Ba) transition. The Eu2+ 4f65d1 to the CB separation is determined

using ∆ERIXS = Ee − Ei, where Ee is the elastic scattering peak position and Ei is
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Figure 6.5: (a) RIXS spectra for MBe20N14:Eu
2+ (M = Sr, Ba) excited at the CB

onset (398.1 eV). Two Gaussians (blue: elastic scattering at 0 eV and black: inelastic
scattering at −0.30 eV for M = Ba and at −0.31 eV for M = Sr) are used to fit the
experimental spectrum (red). (b) Measured luminescence of 4f65d1 → 4f7 transition
of Eu2+ as a function of temperature for MBe20N14:Eu

2+ (M = Sr (blue), Ba (black))
along with the fit (solid line) using Equation 6.1 to the measured data. Temperature-
dependent data are published in ref. [209].

the inelastic scattering peak position. For BaBe20N14:Eu
2+ and SrBe20N14:Eu

2+, the

Eu2+ 5d to the CB separation is found to be 0.30 ± 0.04 eV and 0.31 ± 0.04 eV,

respectively and both can be found in Table 6.2. The fit parameters and uncertainties

obtained from fitting are shown in Table 6.2 as well. These ∆ERIXS values are similar

to those found in literature, which can be found in Table 6.3.

Thermally stable luminescence materials are important for high power device appli-

cations. The luminescence of a phosphor generally decreases as a phosphor heats

up since the increased thermal excitation of Eu2+ 4f65d1 electrons states to the CB

reduces the available 4f65d1 electrons, and hence the 4f65d1 → 4f7 luminescence.

The decrease in luminescence with increasing temperature is referred to as thermal

quenching. A relatively large energy separation between the lowest Eu2+ 4f65d1 level

and the bottom of the CB leads to better thermal stability of the luminescence. The
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Table 6.2: Standard deviation for elastic peak (σ1) and inelastic peak (σ2) from the
fits shown in Figure 6.5(a), and the Eu2+ 5d to CB energy separations from RIXS
measurements (∆ERIXS) and from TQ measurements (∆ETQ). Fitting parameter
(Γ0

Γν
) of Eq. 6.1 is also included in this table.

Samples σ1 (eV) σ2 (eV ) ∆ERIXS (eV) ∆ETQ (eV) Γo

Γv

BaBe20N14:Eu
2+ 0.214 0.312 0.30 ± 0.04 0.32 ± 0.03 2600

SrBe20N14:Eu
2+ 0.217 0.327 0.31 ± 0.04 0.35 ± 0.03 3200

luminescence intensity of the 4f65d1 → 4f7 transition of Eu2+ ions for SrBe20N14:Eu
2+

and BaBe20N14:Eu
2+ as a function of temperature is shown in Figure 6.5(b), along

with a fitted curve. The experimental temperature-dependent luminescence data are

fitted using the following equation to describe thermal quenching of the luminescence

intensity I(T) with temperature T [64, 65]:

I(T ) =
Io

1 + Γo

Γv
e
− ∆E

kBT

, (6.1)

where Io is the initial luminescence intensity at room temperature (25 oC), Γv is

the radiative decay rate of the 5d state of Eu2+, Γo is the attempt rate for TQ

process at T = ∞, kB is the Boltzmann’s constant, and ∆E is the energy barrier

for thermal quenching between the lowest 5d level and the bottom of the CB. The

pre-exponential factor, Γo

Γv
, and the energy barrier for photoionization, ∆E, are called

Arrhenius parameters, which are the variables in Equation 6.1 to fit the data. The

Arrhenius equation (Equation 6.1) is commonly used to describe the temperature

dependence of processes like chemical reactions or electron transitions. The parameter

Γo

Γv
determines how rapidly the decay occurs with temperature and the parameter ∆E

determines at what temperature TQ starts to become significant [37]. From the fit,

the calculated energy difference between the lowest 4f65d1 excited state of Eu2+ ion

and the bottom of CB (here, ∆E = ∆ETQ) for M = Ba is found to be 0.32 ± 0.03 eV

and 0.35 ± 0.03 eV for M = Sr, which are included in Table 6.2. The MBe20N14:Eu
2+
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Table 6.3: The available literature values of the bottom of the CB and the lowest
4f65d1 states of Eu2+-ions from the RIXS measurements (∆ERIXS) and from TQ
measurements (∆ETQ).

Samples ∆ERIXS (eV) ∆ETQ (eV)

CaAlSiN3:Eu
2+ - 0.56 [67]

Sr[LiAl3N4]:Eu
2+ 0.2 ± 0.1 [37] 0.291 ± 0.009 [37]

Li2Ca2[Mg2Si2N6]:Eu
2+ 0.46 ± 0.03 [37] 0.49 ± 0.03 [37]

Ba[Li2(Al2Si2)N6]:Eu
2+ 0.37 ± 0.03 [37] 0.253 ± 0.008 [37]

BaLi2[Be4O6]:Eu
2+ 0.21 ± 0.1 [65] 0.20 ± 0.03 [65]

SrLi2[Be4O6]:Eu
2+ 0.25 ± 0.1 [65] 0.26 ± 0.03 [65]

Sr[Be6ON4]:Eu
2+ 0.26 ± 0.001 [73] -

(M = Sr, Ba) exhibit relatively large values of ∆ETQ, indicating similar or even greater

thermal stability of the nitridoberyllates MBe20N14:Eu
2+ (M = Sr, Ba) in comparison

to available values from literature (Table 6.3)

6.3.6 Determination of Eu2+ 4f7 Energy Levels from Lumi-
nescence Spectra

The Eu2+ 5d are basically band-like states and as such are strongly affected by the

electronic structure of the host lattice. This is advantageous since it allows the Eu2+

luminescence to be tuned to the desired wavelength. The width of the emission band

is influenced by different factors such as the symmetry of the activator site, the homo-

geneity of activator coordination site, the ordering and the rigidity of the host lattice,

the degree of condensation, and the distance of activator sites [206]. Eu2+ sites, which

are surrounded by ligands with different activator-ligand distances lead to an inhomo-

geneous broadening. The same effect applies for structure disordering, for example if

the tetrahedra centers are mixed occupied by two different metals. This effect can be

reduced by providing only one (or multiple, but very similar) highly symmetrical co-
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ordination site and an ordered network for the activator atom, which would result in

narrow-band emission for example Sr[LiAl3N4]:Eu
2+ [27] or Sr[Li2Al2O2N2]:Eu

2+ [85].

Further band broadening can be caused by geometrical relaxation of the network, as

the distances between the activator and ligand can change throughout the activation

process. Also the coordination site can be slightly larger or smaller than the Eu2+

ion, for example, when Eu2+ is doped on a site, which is usually occupied by a Sr2+

or a Ba2+. Structural relaxation can be expected when such a site will be occupied

by an activator ion, which has a different ionic size than the initial ion. A highly con-

densed and rigid framework can limit such geometrical relaxations [206]. In addition,

energy transfer can take place between multiple activators, if the activator sites have

a small distance to the next neighbor and the activator concentration is high, leading

to further band broadening [206]. In contrast to Eu2+, the luminescence in Eu3+

doped phosphors arise from an f-f transition. Sharp line emission is usually observed

for these phosphors, since the 4f electrons are effectively shielded by the surrounding

completely filled 5s and 5p orbitals. Therefore f-f transitions are very localized and

atomic-like giving rise to narrow atomic-like transitions that are relatively indepen-

dent of any surrounding host matrix [213].

The XEOL is an X-ray photon-in optical photon-out process. This technique probes

optical transitions, electronic structure, presence of defects, and overall luminescence

properties of phosphors[37, 162, 163]. Here we use XEOL spectra to understand the

luminescence processes for MBe20N14:Eu
2+ (M = Sr, Ba) and identify the energetic

position of the 4f7 ground state of Eu2+ ion in MBe20N14:Eu
2+. Figure 6.6 shows the

luminescence of the investigated phosphors excited at 100 eV. TheMBe20N14:Eu
2+ (M

= Sr, Ba) shows two emission bands, located at 427 nm (full width at half maximum

(fwhm) = 22 nm) and at 532 nm for Ba and 430 nm (fwhm = 22 nm) and 548 nm for

Sr. The remarkably narrow emission band in the blue region of the visible spectrum

can be assigned to the 4f65d1 → 4f7 transition of Eu2+ and makes MBe20N14:Eu
2+
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Figure 6.6: X-ray excited optical luminescence spectra of MBe20N14:Eu
2+ (M = Ba

(black), Sr (blue)) excited at 100 eV. Both compounds exhibit a remarkably narrow
emission in the blue spectral region and a broader red-shifted emission band in the
green spectral region.

(M = Sr, Ba) a promising narrow-band blue-emitting phosphor. The small fwhm

is due to the symmetrical coordination of the Sr/Ba-site and the highly condensed

network of MBe20N14. When Eu2+ ions are doped into the MBe20N14 (M = Sr,

Ba), the energy gap between the 4f65d1 level and the 4f7 level decreased due to the

nephelauxetic effect and the crystal field splitting. Due to the nephelauxetic effect

the 4f65d1 energy level of Eu2+ shifts toward the 4f7 energy level relative to the

free Eu2+ and the shift is larger for more covalent bonds. This is because of the

reduction of the interelectron repulsion, which in turn is ascribed to the sharing of

electrons between the Eu2+ and the surrounded N3−. The outermost electrons of

Eu2+ lies in the 5d state, their energies are strongly influenced by the coordination

environment of the MBe20N14 (M = Sr, Ba) leading to the crystal field splitting of the

Eu2+ d-orbitals. The blue emitting color of these phosphors originates from the weak

crystal field splitting and a small nephelauxetic effect, which arises from the large

coordination number, the highly condensed host (reducing the covalency between Eu

and N) and weak interaction between the N3− and Eu2+ ions (large Eu-N distances),
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which stems from the high degree of condensation of the BeN4 tetrahedra as shown

in Figure 6.1. The broader red-shifted emission band in the green spectral region

is due to the anomalous Eu2+ trapped exciton, which is observed when the Eu2+

ion is incorporated at sites with large coordination number and large Eu2+- ligand

bond lengths [54]. The anomalous Eu2+ trapped exciton is described as a state in

which the Eu2+ ion is ionized to Eu3+ and the electron is stabilized in the vicinity by

delocalization over the neighboring cations [54, 214, 215]. If the crystal field splitting

for the 4f65d1 state is small (e.g., due to a high coordination number) the anomalous

Eu2+ trapped exciton state can be situated below the 4f65d1 state and anomalous

Eu2+ trapped exciton emission occurs. The autoionization of the 4f65d1 state leads

to the formation of trapped excitons at the Eu2+ sites, and the anomalous emission is

due to the annihilation of the trapped exciton [54, 216]. It is also observed that the

probability of anomalous Eu2+ trapped excitons is higher for the M = Ba compound

than the M = Sr, which is expected due to the larger cation sizes of Ba than Sr [54,

212]. The authors in ref. [209] also reported the same luminescence behaviour for

MBe20N14:Eu
2+ using photoluminescence measurements.

6.4 CONCLUSIONS

We study two new exotic phosphors MBe20N14:Eu
2+ (M = Sr, Ba) and determine all

participating energy levels of Eu2+ ions (4f65d1 and 4f7 states), VB, CB, and band

gaps. The calculated pDOS for MBe20N14 (M = Ba, Sr) show contributions of all

elements in the VB and the CB, suggesting a rigid lattice. The doped Eu2+ ions are

assumed to occupy the Sr/Ba sites due to the same charge and similar ionic radii.

For that reason the interaction between the Eu2+ ions and its surrounding would be

through covalent bonding. The indirect band gap is experimentally determined to be

4.4 ± 0.3 eV for both compounds, which is in good agreement with our calculations,

applying the mBJ exchange-correlation potential (4.4 eV for M = Ba and 4.6 eV for

M = Sr). A large band gap is a prerequisite for the Eu2+ 4f65d1 → 4f7 luminescence
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Figure 6.7: Energy levels of MBe20N14:Eu
2+ (M = Sr, Ba). The band gap is added

from our XAS and NXES measurements. Our DFT calculations show that the CB
minimum is dominated by d-states of Ba/Sr and the VB maximum originates from
N p-states, which are added accordingly. The energy separation (0.30 eV for M = Ba
and 0.31 eV for M = Sr) between bottom of the CB and lowest level of 4f65d1-states
(vertical pink line) is determined from RIXS measurements. The energy level of 4f7

is obtained from the 4f65d1 → 4f7 transition (origin of blue luminescence) measured
by XEOL.
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radiation to leave the crystal. The crucial energetic position of the excited 4f65d1

states of Eu2+ with respect to the CB onset of the host lattice is determined directly

from RIXS measurements. The energy separation between the lowest 4f65d1 states

of Eu2+ ions and the bottom of the CB is found to be 0.30 ± 0.04 eV and 0.31 ±

0.04 eV for BaBe20N14:Eu
2+ and SrBe20N14:Eu

2+, respectively, which agree well with

the values obtained from complimentary thermal quenching measurements. These

relatively large energy separation values give rise to the excellent thermal stability

of luminescence. The XEOL measurements show two luminescence peaks. The first

peak is located at 427 nm for M = Ba (430 nm for M = Sa) and the second peak is at

534 nm forM = Ba (550 nm forM = Sr). The narrow blue emission band is due to the

Eu2+ 4f65d1 → 4f7 transition, and the broader and less intense red-shifted emission

band in the green region is due to the anomalous Eu2+ trapped exciton emission. The

blue color of these nitrides originate from the highly condensed host lattice (reducing

the covalency between Eu and N), long Eu-N distances and a weak CFS. From the

calculations and the measurements, a schematic illustration summarizing all pertinent

energy levels and all involved transition processes of MBe20N14:Eu
2+ (M = Sr, Ba) is

presented in Figure 6.7. The energy separation between the lowest 4f65d1 states of

Eu2+ ions and the bottom of the CB gives the 4f65d1 energy level with respect to Sr/Ba

d states of the CB. The 4f7 energy level is determined from the 4f65d1 → 4f7 transition

of Eu2+ ions with respect to the 4f65d1 states. Thus our study shows the applicability

and power of RIXS and XEOL techniques for understanding and measuring impor-

tant properties of phosphors. Recently, the search for efficient narrow-band emitting

phosphors has extended research to compounds containing the element beryllium as

a network builder. The highly condensed nitridoberyllates MBe20N14:Eu
2+ (M = Sr,

Ba), recently discovered in this context, not only show high thermal stability but also

promising narrow-band blue emission. Our study of these phosphors should broaden

and deepen the understanding of the electronic properties of this new compound

class and contribute in the ongoing investigation for efficient narrow-band emitting
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phosphors.
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Summary and Author Contributions

The authors in this manuscript present a study of the red-emitting phosphor

SrLi2Al2O2N2:Eu
2+ and determine all pertinent energy levels such as the energetic

position of Eu2+ ions (4f65d1 state and 4f7 state), valence band, conduction band, and
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band gap. We utilize RIXS method and XEOL technique to directly determine the

Eu2+ 4f65d1 to conduction band energy separation, which is the key parameter for

any Eu-doped luminescence material. Here, both the N K- and the O K-edges RIXS

measurements are applied and the energy separation between the Eu2+ 4f65d1 and

CB is found to be 0.53 ± 0.04 eV and 0.48 ± 0.10 eV, respectively. The 4f7 energy

level is determined from the 4f65d1 → 4f7 transition of Eu2+ ions with respect to the

4f65d1 states using XEOL techniques. The 4f65d1 → 4f7 reveals the red emission band

with FWHM of 51 at 610 nm, which is very promising for an application in white

RGB phosphor LEDs [84]. Therefore, these experimental techniques allow direct

access to the intragap states that are the source of the luminescence in Eu2+-doped

phosphors. To interpret the experimental data, we performed full density functional

theory calculations. All measurements and calculations were performed by M. R.

Amin under the supervision of A. Moewes. Manuscript preparation was performed by

M. R. Amin. This manuscript has been published in Journal of Materials Chemistry

C [83].

Abstract

Understanding electronic structure properties of narrow-band emitting phosphor ma-

terials is important for finding and tailoring novel materials for fabrication of phosphor

converted (pc)-LEDs. Thereby, illumination quality can be improved while further

reduction in worldwide energy consumption is achieved. In pc-LEDs, the energetic

position of the Eu2+ 5d1 states with respect to conduction band and valence band of

the host lattice determines the electronic structure and the optical properties, such

as thermal quenching and quantum efficiency under application conditions. Here, we

experimentally determine the energetic position of Eu2+ 5d1 state for the narrow-band

red emitting phosphor SrLi2Al2O2N2:Eu
2+ (SALON) employing resonant inelastic X-

ray scattering (RIXS) measurements. The position of the 5d1 energy level of the

dopant Eu2+ is determined directly from RIXS measurements at the N K- and O
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K-edges and is found to be 0.53 ± 0.04 eV (N K-edge) and 0.48 ± 0.10 eV (O K-

edge) below the conduction band. We further use X-ray excited optical luminescence

measurements to provide a deeper understanding of the energy levels and radiative

processes involved in SALON, as the method allows to determine the 4f7 energy levels

thus confirming the narrow-band luminescence in the red spectral region at 610 nm

due to the 4f65d1 → 4f7 transition.

7.1 Introduction

Phosphor-converted white light emitting diodes (pc-WLEDs) are efficient light sources

for applications in lighting, backlight sources for liquid crystal displays and electronic

devices. The discovery of the nitridolithoaluminate Sr[LiAl3N4]:Eu
2+ (SLA) stirred

unprecedented interest in the pc-LEDs community [27, 42]. Due to its efficient and

narrow emission band in the red spectral region, it quickly became a benchmark

phosphor in solid-state lighting. Meanwhile, other luminescent materials have been

investigated, some of which show related crystal structures to SLA, but these do not

exhibit the same exceptional properties in terms of emission band width and thermal

quenching [36, 38–42, 217]. Therefore, in order to design new luminescent materials

with outstanding properties and to enhance the luminescence properties of existing

phosphors, a deeper understanding of the structure-property relationships is required.

This ultimately allows to control the luminescence properties of modern phosphors

by varying chemical and structural composition of their host lattices.

We previously developed a new method applying synchrotron radiation on lumines-

cent materials to determine specific materials’ properties of interest [37, 65, 66, 73].

Note that the initial luminescence state for Eu2+ is of 5d1 configuration and therefore

an excited state. For this reason, determining the absolute energy levels position

of the luminescence state relative to the host conduction band and valence band in

phosphors has proven difficult [218, 219]. The intragap 4fn−15d1 → 4fn luminescence
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transition of the activator ions is responsible for the visible emission bands of these

Eu2+-doped phosphors. Unlike the highly localized 4f electrons, the energetic position

of 5d1 of the activator ions strongly depends on the host material. It is governed by

the nephelauxetic effect and the crystal field splitting (CFS) [34, 37]. The nephelaux-

etic effect influences the bonding characteristics between the central dopant ion and

the anion ligands in the host lattice. This effect leads to a decrease in energy sepa-

ration between ground state and excited state of the dopant with increasing covalent

characteristic of the bond. The influence of the host lattice crystal field on the split-

ting of the energy of the d-orbitals depends on the nature of dopant ion (here Eu2+),

the arrangement, and the nature of the ligands around the dopant ion, as well as the

coordination number of the dopant [34, 37]. Therefore, more covalent bonding inter-

action between dopant Eu2+ ion and the ligands, and a strong crystal field splitting of

5d1 configuration decreases the energy separation between the ground state (5d04f7)

and the excited state (5d14f6), resulting in a red shift of the luminescence [34, 37]. For

these reasons, highly polarizable anion host lattices, for instance nitrides and sulfides,

reveal green-to-red emission shift [34, 37]. Dorenbos showed that thermal quenching

of the luminescence materials also depends on the energy separation between the 5d1

level and the conduction band minimum of the host material [64]. With increasing

temperature, the 5d1 electrons can be thermally promoted to the conduction band

and these electrons are lost for the luminescence process hence reducing the light

output [64]. Therefore, the large energy separation between Eu2+ 5d1 levels and the

conduction band onset results in less luminescence quenching.

In the case of SLA, the Eu2+ ion is surrounded by a network of condensed AlN4

and LiN4 tetrahedra [27, 42]. Due to the highly polarizable nitridic environment, a

large crystal field splitting and a strong nephelauxetic effect are present in this mate-

rial. As a result, the energy difference between the ground 4f7 state and the excited

5d14f6 state is small, leading to the red emission band at 650 nm with full width at
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Figure 7.1: Crystal structure of SrLi2Al2O2N2:Eu
2+. The [LiO3N]

8− tetrahedra are
presented in green, [AlON3]

8− tetrahedra in yellow and brown the highly symmetrical
cuboid-like polyhedron coordination represents the environment of Sr2+.

half-maximum (FWHM) of 50 nm [27, 42]. However, the wavelength range of the

most demanding narrow band emission for a high-performance red phosphor is at

shorter wavelength, shifted toward 620 to 630 nm. To achieve a narrow red emission

band, the SrLi2Al2O2N2:Eu
2+ (SALON) compound was synthesized according to the

powder sample synthesis published by Hoerder et al., upon optimization to obtain

a phase pure powder sample [85]. The latter is based on the crystal structure of

SLA, with an adjusted ratio of oxygen (blue spheres) and nitrogen (green spheres)

of 1:1, shown in Fig. 7.1. Contrary, only nitrogen atoms are present in the case of

SLA [85]. As nitride N3− has a smaller electronegativity, larger formal charge, and

higher polarizability than oxide O2−, the metal-N bonds in nitride compounds are

usually more covalent than the corresponding metal-O ones. This differing behavior

gives rise to larger nephelauxetic effect and stronger CFS acting on rare earth acti-

vators (i.e. Eu2+) [85]. This finally results in the lowering of the 5d1 energy levels

and thus of excitation and emission energies. Since SALON shows some of the nitride

structural behavior and some of the oxide structural behavior, SALON exhibits a red

140



emission band at 610 nm with FWHM of 51 nm because of a smaller nephelauxetic

effect and a lower CFS compared to SLA due to the presence of oxygen atoms in the

Eu2+ coordination [85].

Most of the important properties of luminescence materials such as thermal quenching

and quantum efficiency under application conditions depend on the energetic position

of Eu2+ ions. However, direct measurements of the Eu2+ state energies are completely

lacking, as only few are accessible through standard optical spectroscopy experiments.

As stressed above, this is complicated by the fact that the Eu2+ 5d1 state is an

excited state and therefore is not accessible by standard methods. X-ray spectroscopy

techniques allow the measurement of these states energies and therefore are a powerful

complement to optical studies. Here, we utilize resonant inelastic X-ray scattering

(RIXS) [37, 65, 66, 73] and X-ray excited optical luminescence (XEOL) [74, 75]

to directly measure the energetic position of Eu2+ states particularly the Eu2+ 5d1

state with respect to the conduction band (CB) and 4f7 ground state of Eu2+ with

respect to the Eu2+ 5d1 state for SALON. These experimental techniques allow direct

access to the intragap states that are the source of the luminescence of Eu2+-doped

phosphors. These measurements lead to a complete and comprehensive understanding

of radiative processes and result in a full energy diagram of all energy levels involved

in the luminescence of SALON.

7.2 Experimental Techniques and Calculations Method

7.2.1 XAS, XES and XEOL Measurements

Soft X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES)

techniques are employed to probe the unoccupied and occupied partial density of

states respectively, and X-ray excited optical luminescence (XEOL) measurements

are used to characterize the optical transitions. The REIXS beamline [87] was used
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to explore XAS and XES measurements and the VLS-PGM beamline [88] was used

to record XEOL measurements, both at the Canadian Light Source. The absorption

was measured in the bulk sensitive partial fluorescence yield mode (PFY), using

silicon drift X-ray fluorescence detectors. 8000 and 2000 are the resolving powers,

E/∆E, for the monochromator and the emission spectrometer at REIXS, respectively,

corresponding to an energy resolution ∆E of 0.05 eV (0.06 eV) and 0.2 eV (0.25 eV)

at the N (O) K-edge for XAS and XES, respectively. An ocean optics QE 65000 fast

CCD spectrophotometer is used to collect the XEOL data [168]. The measured XAS

spectra were calibrated using reference samples (the hexagonal boron nitride peak at

402.1 eV for the N K-edge and the bismuth germanium oxide peak at 532.7 eV for the

O K-edge). The XES spectra were calibrated using elastic scattering features [82].

7.2.2 Density Functional Theory Calculations Details

Density functional theory (DFT) is a quantum mechanical modelling method to inves-

tigate many material properties. The commercially available WIEN2k software pack-

age was employed for the DFT calculations [126, 173]. This software code uses Kohn-

Sham methodology with spherical wave functions to model core orbitals [126, 173].

The input for the calculations is the crystal structure (and space group). We used

the experimentally determined crystal structures for SrLi2Al2O2N2 as determined by

X-ray diffraction method. We employed the Perdew-Burke-Ernzerhof variant of the

generalized gradient approximation (PBE-GGA) for the exchange-correlation func-

tional [174]. The PBE-GGA functional often underestimates the band gap signifi-

cantly but can compute soft X-ray spectra well. To obtain accurate band gaps, we

relied on the PBE-GGA functional in the conjunction of the modified Becke-Johnson

(mBJ) exchange potential [123]. The calculated XAS and XES spectra were computed

by multiplying the calculated partial density of states (pDOS), the dipole transition

matrix and the radial transition matrix [175] and were broadened using the Voigt

profile to resemble the experimental spectra accounting for instrumental and lifetime
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broadening [176]. The experimental N/O K-edge XAS and XES spectra depend on

the final state, and the absorption final state has a core-hole in the N/O 1s level [177,

178]. To account for this core hole effect, a calculation was performed by including

a single core hole at the N/O-atom inside a 2 × 1 × 1 supercell of the unit cell

of SrLi2Al2O2N2, where a background charge was added to the supercell lattice to

preserve charge neutrality.

7.3 Results and Discussion

7.3.1 N K-edge XAS and XES spectra

We discuss the comparison of experimental and calculated XAS and XES spectra

for SALON (0.7 % Eu2+) first. Figure 7.2 shows the N Kα XES and 1s XAS spec-

tra for SALON alongside the DFT-calculated spectra. The experimental absorption

spectrum was collected in the bulk sensitive partial fluorescence yield (PFY) mode,

shown in Fig. 7.2(b). There are five main peaks in the measured XAS spectrum,

which are labeled I to V, and two-colored downward arrows (black and green) in the

measured XAS spectrum indicating the excitation energies at which the XES spectra

(Fig. 7.2(a)) were collected. The origin of the peaks is assigned using our calcu-

lated pDOS of the coordinating atoms, which is shown in Fig. 7.4(a). Our pDOS

calculations show that the shoulders are due to excitations to the bands – I is the

result of Sr states of d-symmetry (in atomic notation), peaks II to IV are due to Sr

d-symmetry as well with small contributions from N p-states, O p-states and peak V

stems predominantly from the Sr f-states. The experimental XAS spectrum is com-

pared with the core hole (CH, solid magenta) and ground state (GS, solid orange)

calculations. Comparing the experimental and calculated XAS spectra, we conclude

that the overall agreement with the core hole spectrum is excellent. This agreement

provides strong justification for the one electron picture employed in the calculations

and the absence of electron correlation effects.
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Figure 7.2: (a) Experimental and calculated N K-edge XES spectra of
SrLi2Al2O2N2:Eu

2+ for different excitation energies. NXES spectrum excited at
440.0 eV (blue) and RIXS spectra collected at excitation energies of 399.1 eV (black)
and 400.5 eV (green), which are compared to the ground state (GS) calculations.
The vertical dotted black line indicates the highest emission energy observed at the
highest excitation energy in the RIXS spectra. (b) Experimental PFY is compared to
the core hole (CH) and the ground state (GS) calculations. Two colored downward
arrows on the absorption spectrum indicate the corresponding excitation energies
for the RXIS spectra. (c and d) Second derivative of experimental XES and XAS
spectra with the corresponding peaks of valence band and conduction band onsets,
respectively indicated by black arrows.
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Figure 7.3: O K-edge XAS and XES spectra of SrLi2Al2O2N2:Eu
2+. The XES (a) and

XAS (b) spectra are shown alongside DFT calculations. The calculated ground state
(GS) and excited state (CH) XAS spectra are shown as solid gold and solid magenta,
respectively. The vertical dotted magenta line in (a) is used to guide the eye in finding
the highest emission energy among the RIXS spectra. The second derivatives of the
experimental NXES spectrum excited at 550.0 eV and the XAS spectrum are shown
in panel (c) and (d), respectively.

Having discussed the features of N K-edge XAS spectra of SALON, we now turn to

the N K-edge XES spectra in Fig. 7.2(a). The XES spectra are again displayed for

three different excitation energies, which are 399.1 eV, 400.5 eV and 440 eV. All XES

spectra have two main peaks labeled as ‘a’ and ‘b’. The feature ‘a’ is due to the

contribution of N 2p-states, O 2p-states and Al s-states and the peak ‘b’ is due to

mostly N 2p-states, O 2p-states with a small admixture of Sr d-states. The calculated

ground state XES spectrum (solid orange) agrees very well with the experiment.

7.3.2 O K-edge XAS and XES spectra

We are now turning to the discussion of the measured and calculated O K-edge spec-

tra, which are presented in Fig. 7.3. Figure 7.3(b) shows that there are three distinct

features located at I, II, and III in O K-edge XAS spectrum. Our pDOS calculations
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show that the peaks at I and II are mostly due to Sr d-states, N p-states and O

p-states and the peak located at III is due to the admixture of p-states of N and

O and f-states of Sr. Again, the experimental XAS spectrum agrees well with the

core hole calculations. The measured XES spectra with calculations are presented

in Fig. 7.3(a). The calculated pDOS show that p-states of N and O and s-states of

Al contribute to the peak at ‘a’ and Sr d-states, N and O p-states contribute to the

broad peak at ‘b’. The measured XES spectra are also in good agreement with our

calculations.

7.3.3 Band Gap Determination

The band gap of SALON was determined by combining the measured occupied and

unoccupied pDOS on the same energy scale as shown in Fig. 7.2(a) and (b) for N

K-edge and Fig. 7.3(a) and (b) for O K-edge, respectively. The band gap is deter-

mined from the energy difference between the top of the valence band (VB) probed

by NXES and the bottom of the CB probed by XAS. The top of the VB and the

bottom of the CB are determined from the first peaks in the second derivative above

the noise at the upper edge of the NXES and the lower edge of the XAS spectra,

respectively [37, 82]. The VB and the CB onsets are denoted with black arrows in

Fig. 7.2(c) and (d) for N K-edge and Fig. 7.3(c) and (d) for O K-edge. From the band

onsets, the estimated band gap is found to be 4.5 ± 0.3 eV from N K-edge spectra

and 4.4 ± 0.3 eV from O K-edge spectra. The core hole shift was determined to be

0.1 eV for both cases by subtracting the CB energy location calculated without the

core hole from the calculated CB energy location including the core hole. Therefore,

the measured band gap is found to be 4.6 ± 0.3 eV from N K-edge spectra and 4.5

± 0.3 eV from O K-edge spectra, which is displayed in Table 7.1. The experimental

error associated with this band gap is evaluated by including the error in the ex-

perimental accuracy in energy of monochromator and spectrometer and the error in
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Table 7.1: Measured, calculated, and previously reported band gap values for
SrLi2Al2O2N2:Eu

2+. The measured band gap is denoted by ∆expt. and the calcu-
lated band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA and mBJ functional,
respectively. The available literature band gap value is also denoted in the same way.
All units are in eV.

∆expt. ∆GGA ∆mBJ Literature ∆expt. Literature ∆mBJ

4.6 ± 0.3 (N K) 3.5 4.9 4.3 [85] 4.9-5.3 [85]

4.5 ± 0.3 (O K)

the energy calibration. The experimentally determined band gap was compared to

the values obtained from DFT calculations. The calculated values are 3.5 eV using

the PBE-GGA functional and 4.9 eV applying the modified Becke-Johnson (mBJ)

exchange-correlation potential [123]. The band gap underestimation for PBE-GGA

functional arises from the constant exchange-correlation potential that is applied to

all electron orbitals leading to an underestimation of the electron-electron interac-

tion. The mBJ exchange-correlation potential is an orbital independent exchange-

correlation potential, which depends solely on semi-local quantities [123]. For this

reason, the mBJ exchange-correlation potential in conjunction with the PBE-GGA

functional reproduces the band gap more accurately [123]. In the literature, the band

gap was found to be 4.9 eV to 5.3 eV depending on the mBJ parametrisation of DFT

calculations, while the optical band gap was determined to be 4.4 eV from reflectance

spectra using the Tauc method [85]. The measured, calculated and literature band

gap are included in Table 7.1 for comparison. From the comparison, we found that

our measured band gap values agree better with calculated values than the literature

values.

7.3.4 Partial Density of States

The pDOS allows a more detailed analysis of the electronic structure of materials.

Particularly, the origin of the XAS and XES features, and band gap can be explained
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Figure 7.4: (a) The partial density of states for SrLi2Al2O2N2:Eu
2+ using the GGA-

PBE functional. The energy zero is at the Fermi level. (b) Calculated band structure
of SrLi2Al2O2N2:Eu

2+ based on ground state mBJ functional calculations. The energy
scale is set with respect to the Fermi energy, EF .

by the calculated pDOS. Figure 7.4(a) shows the calculated pDOS for the VB and

the CB using the ground state GGA-PBE functional calculations. Mostly N and O

p-states contribute throughout the VB with weak admixture of Al s-states and Li

s-states in the lower VB and Sr d-states in the upper VB and Al p-states in the

middle VB. The Sr d-states contribute to the lower CB and Sr d-states, N, O, Al and

Li p-states contribute to the middle CB and finally Sr f-states contribute upper CB.

Previous reports indicate that the alkaline earth ion d-states contribute heavily to the

lower CB [42, 43].

148



7.3.5 Band Structure and RIXS Spectra

The band structure of SALON was calculated using the mBJ functional and is shown

in Fig. 7.4(b). The upper valence bands are mainly derived from the N and O 2p-

states, while the lower conduction bands are dominated by the d-states of Sr. The

VB maximum is located in between Γ- and Z-point of the Brillouin zone while the

CB minimum is located at the Γ-point. As the two points are not at the same crys-

tal momentum, an indirect band gap of 4.9 eV is observed. The energy scale is set

with respect to the Fermi energy, EF . The authors in Ref. [85] also predicted an

indirect band gap of this material. It is also noted that the lower lying CB has a

high curvature and therefore should have a relatively high electron mobility [32]. Sr,

Li, Al, O and N have valence electron configuration of s2, s1, s2p1, s2p4, and s2p3,

respectively. The compound has two formula units per crystallographic unit cell [85].

Therefore, the total number of valance electrons in a unit cell is 64. Due to the spin

degeneracy, total number of energy bands within VB would be 32. However, only

24 available bands are found in Fig. 7.4(b), which is fewer than expected due to the

energy degeneracy of the bands.

RIXS spectra can be used to determine experimentally the type of band gap [78, 203].

Previous reports indicate that for direct band gap materials, the RIXS spectrum

containing the highest emission energy is obtained at the lowest excitation energy

while for an indirect band gap material, the highest emission energy is obtained for

the highest RIXS excitation energy [78, 203]. This is due to the conservation of

momentum. Soft X-ray photons carry negligible momentum leading to the fact that

the excitation into the CB and the emission decay from the VB at the same k-vector

(or momentum) in the band diagram. Here, we have used RIXS spectra for both O

and N K-edges to determine the nature of the band gap. Figure 7.2(a) shows the N

K-edge RIXS excited at 399.1 eV (black) and 400.5 eV (green) and Fig. 7.3(a) shows
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the O K-edge RIXS excited at 531.7 eV (black) and 533.0 eV (green). The vertically

dashed black lines in Fig.7.2(a) and Fig. 7.3(a) indicate that the maximum emission

energy increases slightly as the excitation energy is increased from lower excitation

energy to higher excitation energy, which is an indicator of an indirect band gap.

7.3.6 Energetic Position of the Eu2+ 5d1 States in the Band
Gap

The determination of dopant energy levels in the band gap of phosphors provides

the desired experimental basis for a deeper understanding of the structure-property

relationships that are critical for tailoring the luminescence properties of phosphors.

The influence of the elemental composition on the position of the intragap defect

states is responsible for changes in luminescence wavelength. The tunability of these

additional energy states - here the 5d1 states resulting from doping with Eu2+ ions

– are a crucial prerequisite for application in illumination grade LEDs. Previously,

the energetic position of the 5d1 state was determined indirectly by fitting thermal

quenching data [37, 42, 64, 67]. Thermal quenching measurements of phosphors pro-

vide an overview of the intensity reduction of emission at high temperatures. Thermal

quenching data are often unreliable because thermal quenching is strongly influenced

by the concentration of the dopant and the presence of defects [68, 69] but the Arrhe-

nius equation (Equation 7.1) does not account of these defects and impurities. We

determine the energetic position of the 5d1 state with respect to the conduction band

of the host material by monitoring the energy losses in resonant inelastic scattering

(RIXS) experiments for these phosphors [37, 65, 66, 73].

Figure 7.5(b) shows the RIXS spectra excited at the CB onset from both O and N

K-edges measurements. The authors in Ref. [76] reported that the defect associated

energy loss was the strongest for WO3 from the O K-edge RIXS, when the excitation

energy is at the band onset. The spectra are shown on an energy loss scale, which is

150



Figure 7.5: (a) Measured intensity of 5d1 → 4f7 transition of Eu2+ ions as a function
of temperature for SrLi2Al2O2N2:Eu

2+ along with the fit (solid line) of Equation 7.1
to the measured data. (b) Comparison of N K-edge and O K-edge RIXS spectra for
SrLi2Al2O2N2:Eu

2+ excited at the CB onset. Two Gaussian green (elastic feature)
and blue (loss feature) are used to fit the spectrum (black).

obtained by subtracting the excitation energy from the emission energy. As a result,

the elastically scattered radiation occurs at 0 eV and any other energy loss features

locate at lower energies. There are two spectral features for each measurement. The

additional feature observed just below the elastic scattering peak represents an en-

ergy loss in the incident X-rays due to low-energy excitations [77]. We attribute this

energy loss to the promotion of Eu2+ 5d1 electrons to the conduction band [37, 65, 66,

73] and hence are able to determine the energy of the Eu 5d1 relative to the lower con-

duction band edge. The Eu2+ 5d1 to the CB separation is determined using ∆ERIXS

= Ee - Ei, where Ee is the elastic scattering peak position (here its value is 0 eV

in the energy loss scale) and Ei is the inelastic scattering peak position. Using this

equation, the Eu2+ 5d1 to conduction band separation is found to be 0.53 ± 0.04 eV

from N K-edge RIXS and 0.48 ± 0.10 eV from O K-edge RIXS for SALON, which

are also presented in Table 7.2. The fit parameters and uncertainties obtained from

fitting are shown as well in Table 7.2. These values are comparable to the available
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Table 7.2: Standard deviation for elastic peak (σ1) and inelastic peak (σ2) from the
fits shown in Fig. 7.5(b), and the Eu2+ 5d1 to conduction band energy separations
from RIXS measurements (∆ERIXS) and from TQ measurements (∆ETQ). Fitting
parameter (Γ0

Γν
) of Eq. 7.1 is also included in this table.

RIXS method σ1 (eV) σ2 (eV ) ∆ERIXS (eV) ∆ETQ (eV) Γ0

Γν

N K-edge 0.14 0.51 0.53 ± 0.04 0.42 ± 0.03 8400

O K-edge 0.29 0.62 0.48 ± 0.10

literature values, which are presented in Table 7.3. We note that the cross section

for the 5d1 to CB inelastic scattering is extremely low and the Eu2+ concentration is

diluted (0.7 % Eu2+) making these measurements are extremely photon hungry and

difficult and giving rise to the large error bar in the X-ray measurements.

Thermally stable luminescence materials are important for high power devices ap-

plications to maintain the temperature of the materials as low as possible. The de-

crease in luminescence emission with increasing temperature is referred to as thermal

quenching, which indicates how stable the luminescent intensity and color coordi-

nates of phosphors are for varying temperature. At room temperature, there is no

thermal excitation because the thermal energy is not large enough to overcome the

energy barrier from the lowest 5d1 level to the conduction band. The luminescence

intensities as a function of sample temperature are shown in Fig. 7.5(a) for SALON,

along with fitted data. The experimental temperature dependent luminescence inten-

sities are fitted using the following common equation to describe thermal quenching

of luminescence intensity I(T) with temperature T [64, 67]:

I(T ) =
Io

1 + Γo

Γv
e
− ∆E

kBT

, (7.1)

where Io is the initial luminescence intensity at room temperature (25◦C), Γν is the

radiative decay rate of the 5d1 state of Eu2+, Γ0 is the attempt rate for TQ process
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Table 7.3: The available literature values of the energy separation between bottom
of the CB and the lowest 4f65d1 states of Eu2+-ions from the RIXS measurements
(∆ERIXS) and from TQ measurements (∆ETQ).

Samples ∆ERIXS (eV) ∆ETQ (eV)

CaAlSiN3:Eu
2+ - 0.56 [67]

Sr[LiAl3N4]:Eu
2+ 0.2 ± 0.1 [37] 0.291 ± 0.009 [37]

Li2Ca2[Mg2Si2N6]:Eu
2+ 0.46 ± 0.03 [37] 0.49 ± 0.03 [37]

Ba[Li2(Al2Si2)N6]:Eu
2+ 0.37 ± 0.03 [37] 0.253 ± 0.008 [37]

BaLi2[Be4O6]:Eu
2+ 0.21 ± 0.1 [65] 0.20 ± 0.03 [65]

SrLi2[Be4O6]:Eu
2+ 0.25 ± 0.1 [65] 0.26 ± 0.03 [65]

Sr[Be6ON4]:Eu
2+ 0.26 ± 0.001 [73] -

BaBe20N14:Eu
2+ 0.30 ± 0.04 [66] 0.32 ± 0.03 [66]

SrBe20N14:Eu
2+ 0.31 ± 0.04 [66] 0.35 ± 0.03 [66]

at T = ∞, kB is the Boltzmann’s constant and ∆E is the energy barrier for thermal

quenching between the lowest 5d1 level and the conduction band. The pre-exponential

factors, Γ0/Γν and ∆E are called Arrhenius parameters. Equation 7.1 is commonly

used to describe the temperature dependence of for example chemical reactions or

electron transition processes. Arrhenius parameters are the variables in Equation 7.1

to fit the data. The parameter Γ0/Γν determines how rapidly the decay occurs with

temperature and the parameter ∆E determines at what temperature TQ starts to

become significant [37, 64, 67]. The calculated energy difference between the lowest

5d1 excited state of Eu2+ and the bottom of conduction band for SALON is 0.42 eV,

which is tabulated in Table 7.2. The SALON shows relatively large value of ∆ETQ,

which indicates that it would be more thermally stable in comparison to available

literature values in Table 7.3.

We note the following two aspects. First and most importantly the energy separation
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of 5d1 and conduction band edge determined from the two different methods (RIXS

and TQ) agree within the experimental error. Secondly, it is important to realize that

impurities or other imperfections can serve as traps for the luminescence electrons and

reduce the luminescence. This would affect the thermal quenching curve leading to a

quicker decay in luminescence. But the inelastic scattering experiment fundamentally

probes the 5d1-CB energy separation and is insensitive to sample imperfections. This

is why these values present the upper limits for the energy separation. Thermal 5d to

CB excitation is not the only quenching mechanism discussed in the literature [220].

The radiationless cross-over relaxation is another possibility [220]. However, since the

Stokes shift for SALON is 1100 cm−1, which is rather small [221], the TQ due to 5d

to CB excitation will be more dominant in the present case.

7.3.7 Energetic Position of the Eu2+ 4f7 States from Lumi-
nescence Spectrum

As discussed in the introduction, the nephelauxetic effect is stronger for shorter metal-

ligand distances. Eu2+ sites, which are surrounded by ligands with different activator-

ligand distances lead to an inhomogeneous broadening. The same effect applies for

structural disorder, for example if the tetrahedra centers are occupied by two different

elements. This effect can be reduced by providing only one (or multiple, but very

similar) highly symmetrical coordination sites and an ordered network for the activa-

tor atom, which would result in narrow-band emission. Since the outermost electrons

of the excited Eu2+ reside in the 5d1 states, their energies are strongly influenced by

the coordination environment of the host lattice leading to the crystal field splitting

of the Eu2+ d-orbitals. The band broadening can be caused by geometrical relax-

ation of the network, as the distances between the activator and ligand can change

throughout the activation process. Also, the coordination site can be slightly larger

or smaller than the Eu2+ ion, for example, when Eu2+ is doped on a site, which is

usually occupied by Sr2+. Structural relaxation can be expected when such a site will
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Figure 7.6: X-ray excited optical luminescence spectrum of SrLi2Al2O2N2:Eu
2+ ex-

cited at 160 eV, which exhibits red luminescence at 610 nm with 51 nm full width at
half-maximum.

be occupied by an activator ion, which has a different ionic size than the initial ion. A

highly condensed and rigid framework can limit such geometrical relaxations [206]. In

addition, energy transfer can take place between multiple activators, if the activator

sites have a small distance to the next neighbor and the activator concentration is

high, leading to further band broadening [206].

X-ray excited optical luminescence spectroscopy (XEOL) is an X-ray photon-in op-

tical photon-out process. This technique can probe optical transitions, electronic

structure, presence of defects, and overall luminescence properties of materials [37,

73, 74]. The sample is excited with soft X-rays and the optical luminescence is reg-

istered by an optical spectrometer. The advantage is that due to careful selection
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of the excitation energy one typically knows the first excitation process. Here we

used the XEOL spectrum to understand the optical transition of the SALON com-

pound. Figure 7.6 shows the XEOL spectra for SALON compound excited at 160 eV.

The XEOL spectrum exhibits an intense red luminescence located at 610 nm with

51 nm FWHM. The red emission band is caused by the 5d14f6 → 4f7 transitions in

the Eu2+ ions [27, 37]. The small FWHM is due to the highly condensed network in

SrLi2Al2O2N2 and the single crystallographic site for Eu2+. It should be noted that

due to the similar ionic radii (1.26 Å for Sr2+ and 1.25 Å for Eu2+), the doped Eu2+

ions are assumed to occupy the Sr site [27, 47]. The energy difference between the

ground 4f7 state and the excited 5d14f6 state of Eu2+ ions is smaller for SLA than

SALON. For this reason, the red emission band shifts from 650 nm to 610 nm for

SALON with respect to SLA.

7.3.8 Energy Levels of Eu2+ States in the SrLi2Al2O2N2:Eu
2+

Phosphor

The band gap of SALON is determined to be 4.6 ± 0.3 eV from N K-edge and 4.5 ±

0.3 eV from O K-edge measurements. This large band gap allows for the Eu2+ 5d1 →

4f7 luminescence transition. We directly determine the energetic separation between

the Eu2+ 5d1 state and the bottom of the CB of host lattice using RIXS measurements

and it is found to be 0.53 ± 0.04 eV (N K-edge) and 0.48 ± 0.10 eV (O K-edge).

Thus, the location of the Eu2+ 5d1 state would be 0.53 ± 0.04 eV (N K-edge) and

0.48 ± 0.10 eV (O K-edge) below the CB onset. Our XEOL measurements provide

the transition of Eu2+ 5d1 → 4f7 of SALON and yield a luminescence wavelength of

610 nm (or 2.03 eV) Thus, the Eu2+ 4f7 states reside 2.03 eV below the Eu2+ 5d1

levels. From the soft X-ray measurements, all participating energy levels of Eu2+

ions (4f65d1 and 4f7 states), the VB, the CB, and the band gaps of SALON are

determined. A schematic illustration summarizing all pertinent energy levels involved

in the luminescence of SALON are presented in Fig. 7.7. Fig. 7.7 shows that when
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Figure 7.7: Influences of coordination environments of SrLi2Al2O2N2:Eu
2+ on the

5d1 energy levels of Eu2+. Band gap is taken from N K-edge measurements. Energy
separation between the conduction band and lowest level of 5d1-states is included from
RIXS N K-edge measurements and red emission band energy of 2.03 eV is observed
from the XEOL measurements.
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a free ion of Eu2+ is doped into a compound, the average energy position of the 5d1

levels will be lowered relative to that of the free ion. The shift of the 5d1 levels

depends on the crystal structure of the host materials and allows for tuning of the

emission.

7.4 Conclusions

The present study on SALON reports a detailed characterization using X-ray absorp-

tion, emission, and X-ray excited optical luminescence spectroscopy together with

DFT-calculations. Excellent agreement between the measured and the calculated N

and O K-edges spectra supports the validation of one electron picture employed in

the calculations for SALON. The experimental band gap is found to be 4.6 ± 0.3 eV

from N K-edge and 4.5 ± 0.3 eV from O K-edge. The band gap from N K-edge is in

better agreement with our mBJ calculations (4.9 eV) than prior reported measured

values. The measured large band gap is necessary to allow for the Eu2+ 5d14f6 →

4f7 luminescence transition. The energy separation between the Eu2+ 5d1 state and

the bottom of the CB of host lattice is determined using RIXS measurements and

it is found to be 0.53 ± 0.04 eV from N K-edge measurements and 0.48 ± 0.10 eV

from O K-edge measurements. Thus, the location of the Eu2+ 5d1 state is 0.53 ±

0.04 eV (N K-edge) and 0.48 ± 0.10 eV (O K-edge) below the CB onset. The XEOL

measurements show a sharp luminescence peak at 610 nm with 51 nm FWHM. The

narrow red emission band is due to the Eu2+ 5d14f6 → 4f7 transition. Thus, the Eu2+

4f7 states are 2.03 eV below the Eu2+ 5d1 levels. The nitride ion N3− has a smaller

electronegativity, larger formal charge, and higher polarizability than oxide O2−. It

is also noted that the metal-nitrogen bonds in nitride compounds are usually more

covalent than the corresponding metal-oxygen atoms in oxides, which give smaller

nephelauxetic effect and weak crystal field splitting acting on Eu2+ ions for SALON

than SLA. As a result, the red narrow emission for SALON is observed at 610 nm,

which is achieved by introducing oxygen atoms in the crystal structure of SLA. This
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finally results in increasing the energy separation between the ground 4f7 state and

the excited 5d14f6 state of Eu2+ compared to SLA. Thus, the red emission band shifts

from 650 nm to 610 nm for SALON compared to SLA. The shift of the wavelength

is governed by the nephelauxetic effect and crystal field splitting of the material. 5d1

levels depends on the crystal structure of the host materials and allows for tuning

of the emission. The design of improved materials for pc-LEDs, for example with

ultra-narrow band emission, is currently of great importance for tunable LEDs appli-

cations as it allows the creation of a variety of overlapping spectra with a pc-LED,

when multiple phosphors are used. Applied methods in this report allow direct ac-

cess to electronic and optical properties, and importantly the energetic position of

activator Eu2+ states of the SALON phosphor. Our results are valuable for a com-

prehensive understanding of structure-property relations of SALON and structurally

related phosphors and can guide in designing new narrow-band pcLED phosphors.
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Chapter 8

Conclusion

In this study, I had two goals: the first goal was to determine the bandgap of the

InN powder and its origin, which was grown by ammonothermal synthesis process;

the second goal was to use new experimental methods for the determination of the

energetic position of the 5d state of the Eu2+ activator ions with respect to the CB

of the host lattice of luminescent materials. To achieve these goals, both soft X-ray

spectroscopic techniques at synchrotron facilities and DFT calculations were used. In

the synchrotron facilities, XAS, XES, XEOL spectroscopy, and RIXS spectroscopy

were performed at the Canadian Light Source, Saskatoon, Saskatchewan, and at the

Beamline 8.0.1.1 of Advanced Light Source in Lawrence Berkeley National Labora-

tory, Berkeley, California, USA. For the DFT calculations, the full-potential APW

method with scalar-relativistic corrections using the WIEN2k software package was

employed to interpret the experimental band gap, DOS, and band structure. Fur-

ther, these calculations were used to generate calculated spectra for interpreting the

measured spectra.

In the first part of the study, the electronic structure and the bandgap of ammonother-

mal InN powder were studied [82]. Two types of InN powder samples (platelets and

rods) were studied, and it was found that their electronic properties are identical,

which is evidence that the electronic properties are not dependent on sample mor-
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phology. The measured N K-edge XAS and XES spectra and XEOL spectra were

used to estimate the bandgap of InN, and it was found to be 1.7 ± 0.2 eV for both

independent measurements, which is close to the initially reported values in the range

of 1.89 - 2.10 eV for polycrystalline InN and about twice the value recently obtained

for single-crystalline thin films between 0.70 eV and 1.0 eV. The experimental O K-

edge XAS and XES spectra of InN, XEOL measurements, and the DFT calculations

for hypothetical Wurtzite-type InO0.5N0.5 and InO0.0625N0.9375 and the known c-In2O3

suggested that less than 6% oxygen impurities were present in our InN samples. Those

impurities originated from substituting nitrogen atoms with oxygen atoms [82].

The second goal was the main work of this thesis. Here, blue-emitting oxoberyllates

AELi2[Be4O6]:Eu
2+ (AE=Ba, Sr), blue-luminescence nitridoberyllatesMBe20N14:Eu

2+

(M = Ba, Sr), and red-luminescence SrLi2Al2O2N2:Eu
2+ phosphors were studied. The

band gaps of the material were determined from the energy difference between the

top of the VB, probed by NXES, and the bottom of the CB, probed by XAS. The

experimentally determined band gaps were compared to the values obtained from

DFT calculations and found that our measured band gap values agree better with

calculated values than the literature values. The measured, calculated, and literature

band gap values of these phosphors are included in Table 8.1. The nature of the band

gap (whether it has a direct or an indirect band gap) was determined experimentally

using the RIXS technique. In addition, the origin of the XAS and XES features were

explained by the calculated pDOS.

Furthermore, new characterization methods with existence techniques such as RIXS

and XEOL spectroscopy were used to determine the energetic position of the activa-

tor ions with respect to the CB and VB of the host lattice of the studied phosphors.

These energetic positions of the activator ions determine the electronic and lumines-

cence properties including multicolor emission, adjustable bandwidth, and thermal

quenching under application conditions in pc-LEDs. The crucial energetic position
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Table 8.1: Measured, calculated, and previously reported band gap values of the
studied phosphors. The measured band gap is denoted by ∆expt. and the calculated
band gap is denoted by ∆GGA and ∆mBJ for PBE-GGA functional and mBJ functional,
respectively. The available literature band gap values are also denoted in the same
way. All units are in eV.

System ∆expt. ∆GGA ∆mBJ Literature Literature

∆expt. ∆mBJ

BaLi2[Be4O6]:Eu
2+ 6.5 ± 0.3 [65] 5.1 [65] 6.8 [65] 3.8 [84]

SrLi2[Be4O6]:Eu
2+ 6.5 ± 0.3 [65] 5.6 [65] 7.4 [65]

BaBe20N14:Eu
2+ 4.4 ± 0.3 [66] 3.2 [66] 4.4 [66] 4.2 [209] -

SrBe20N14:Eu
2+ 4.4 ± 0.3 [66] 3.3 [66] 4.6 [66] 4.1 [209] 4.6 [209]

SrLi2Al2O2N2:Eu
2+ 4.6 ± 0.3 (N K) [83] 3.5 [83] 4.9 [83] 4.3 [85] 4.9-5.3 [85]

SrLi2Al2O2N2:Eu
2+ 4.5 ± 0.3 (O K) [83]

of the excited 4f65d1 states of Eu2+ with respect to the bottom of the CB of the

host lattice was determined directly from the energy separation between the bot-

tom of the CB and the lowest 4f65d1 states, ∆ERIXS, for the studied phosphors from

the RIXS measurements. In RIXS measurements, energy losses are monitored for

these phosphors. This energy loss feature is determined by plotting the graph on

the energy-loss scale, which is obtained by subtracting the excitation energy from

the emission energy. Thus, the elastically scattered radiation occurs at 0 eV and

any other energy loss features are located at lower energies. Then, two spectral fea-

tures are observed for Eu2+-doped samples. The additional feature observed below

the elastic scattering peak represents an energy loss in the incident X-rays caused

by the low-energy excitations. Owing to the low cross-section for the 4f65d1 to the

CB inelastic scattering and low Eu2+ concentration, the loss feature is weak and only

revealed when the elastic peak is fitted with two Gaussians. The Eu2+ 4f65d1 to the

CB separation is determined from the Gaussians fit using ∆ERIXS = Ee - Ei, where

Ee represents the elastic scattering peak position and Ei represents the inelastic scat-
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Table 8.2: Determined energy separation between the bottom of the conduction band
of host material and the lowest 4f65d1 states from the RIXS (∆ERIXS) and TQ mea-
surements (∆ETQ).

Studied ∆ERIXS ∆ETQ Emission Wavelength

materials (eV) (eV) color (nm)

BaLi2[Be4O6]:Eu
2+ 0.21 ± 0.1 [65] 0.20 ± 0.03 [65] blue 455

SrLi2[Be4O6]:Eu
2+ 0.25 ± 0.1 [65] 0.26 ± 0.03 [65] blue 457

BaBe20N14:Eu
2+ 0.30 ± 0.04 [66] 0.32 ± 0.03 [66] blue 427

SrBe20N14:Eu
2+ 0.31 ± 0.04 [66] 0.35 ± 0.03 [66] blue 430

SrLi2Al2O2N2:Eu
2+ 0.53 ± 0.04 (N-K) [83] 0.42 ± 0.03 [83] red 610

SrLi2Al2O2N2:Eu
2+ 0.48 ± 0.1 (O-K) [83] -

tering peak position. Determined ∆ERIXS values from RIXS measurements in this

study are presented in Table 8.2. Further, the ∆ETQ values are determined from

thermal quenching data (via fitting of thermal quenching curves), which are included

in Table 8.2. The comparison between ∆ERIXS and ∆ETQ indicates that they agree

well.

Finally, the 4f7 energy level is determined from the 4f65d1 → 4f7 luminescence tran-

sition of Eu2+ ions with respect to the 4f65d1 states using XEOL measurements. The

luminescence of interest is caused by the 4f65d1 → 4f7 transition of the activator ions.

The spectroscopic features of the 4f65d1 → 4f7 transitions are strongly influenced by

the crystal environment. This indicates that the intensity and energy of the transition

are strongly affected by the crystal field strength, crystal lattice symmetry, nature of

bonds (covalence/ionic), atomic coordination, bond strength, etc. Therefore, RIXS

measurements and XEOL techniques allow direct access to the intragap states, which

again are the source of the luminescence of Eu2+-doped phosphors. Thus, our study

shows the applicability and power of the RIXS and XEOL techniques for understand-

ing and measuring important properties of Eu2+-doped phosphors. We determine

164



all participating energy levels of the Eu2+ ions (4f65d1 and 4f7 states), the VB, the

CB, and bandgaps of phosphors. The detailed determination of the bandgaps and

energetic position of the activator Eu2+ states can guide central steps of phosphor

design. Our study of these materials serves an important role in the advancement of

light-emitting diodes and introducing Eu2+-doped diodes to the lighting market.
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Moewes, and W. Schnick, “Ca3N2 and Mg3N2: Unpredicted high-pressure be-
havior of binary nitrides,” Journal of the American Chemical Society, vol. 133,
no. 12, pp. 4307–4315, 2011.

[189] P. Glans, P. Skytt, K. Gunnelin, J. H. Guo, and J. Nordgren, “Selectively
excited x-ray emission spectra of N2,” Journal of Electron Spectroscopy and
Related Phenomena, vol. 82, p. 193, 1996.

[190] S. Ye, F. Xiao, Y. X. Pan, Y. Y. Ma, and Q. Y. Zhang, “Phosphors in
phosphor-converted white light-emitting diodes: Recent advances in materials,
techniques and properties,” Materials Science and Engineering: R: Reports,
vol. 71, no. 1, pp. 1–34, 2010.

[191] C. C. Lin and R. S. Liu, “Advances in phosphors for light-emitting diodes,”
The Journal of Physical Chemistry Letters, vol. 2, no. 11, pp. 1268–1277, 2011.

[192] H. Huppertz and W. Schnick, “Eu2Si5N8 and EuYbSi4N7. the first nitridosil-
icates with a divalent rare earth metal,” Acta Crystallographica Section C:
Crystal Structure Communications, vol. 53, no. 12, pp. 1751–1753, 1997.

[193] R. J. Xie, N. Hirosaki, T. Suehiro, F. F. Xu, and M. Mitomo, “A aimple,
efficient synthetic route to Sr2Si5N8:Eu

2+-based red phosphors for white light-
emitting diodes,” Chemistry of Materials, vol. 18, no. 23, pp. 5578–5583, 2006.
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