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With four parameters I can �t an elephant, and with �ve I can

make him wiggle his trunk.

� Johnny von Neumann [1]
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Abstract

Optical properties of lanthanide doped phosphors and semiconductors are of great interest
especially in view of solid-state light emitting devices of the next generation. Radiative
intra-4f electron transitions of trivalent lanthanide ions present sharp and well-de�ned
emission lines at the wavelengths from UV to IR part of the spectrum. However, their
intensity is comparatively weak hitherto. In the scope of this dissertation, wide band gap
III-nitride semiconductors, AlN and AlxIn1-xN, are chosen as host materials and doped
with Pr, Sm, Tb and Tm ions respectively. According to our elaborate optoelectronic,
structural and compositional characterisations, we attempt to �nd an innovative guideline
how to obtain the lanthanide luminescence and increase their intensity.
In the light of crystal �eld (CF) theory, electrostatic perturbation with a non-central sym-

metry on the lanthanide ions is a fundamental requirement for the selection of host mate-
rial to achieve their intra-4f transitions. Splitting of low-temperature photoluminescence
(PL) peaks from AlN:Sm and AlN:Tb layers reveals that most of the radiative lanthanide
ions are substitutionally located in a C3v local symmetry. Physical and structural infor-
mation of this architecture in AlN:Sm system (namely the e�ective point charge of four
surrounding N ions felt by the 4f -electrons of Sm ion and their spatial positions related
to 4f -electron orbital of Sm ion) is determined through our preliminary e�orts by using
computer-assisted �tting procedure.
Once the host material is de�ned, intensity of the lanthanide luminescence can be "ex-
trinsically" enhanced by three ways. (1) Appropriate thermal treatment is a conventional
technique for this purpose. The atomic rearrangements activated thereby can be consid-
ered as a joint reaction of �rst order. By introducing a concept of "extended lanthanide
luminescence centres" we are able to simplify the description of this intensity enhance-
ment in AlN:Ln system with only two thermodynamic and kinetic parameters.
From the PL spectra of AlN with and without lanthanide doping, we con�rm that the
luminescence generated by carrier recombination within O-associated defect states can be
strengthened particularly after annealing at intermediate temperatures (300 - 600 °C). The
peak of this defect luminescence covers the required energy for the excitation of lanthanide
luminescence. Both of them exhibit therefore a correlated development. This result en-
ables us to assist the excitation processes of lanthanide luminescence centre through (2)
utilising available defect states within the band gap.
Inspired of this, lanthanide luminescence can be further intensi�ed by (3) establishing ad-
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ditional excitation path via engineering the band structure of host material. This method is
proven to be e�ective in Al0.87In0.13N:Tm and Al0.84In0.16N:Pr systems. Due to decompo-
sition at proper temperature, we observe an almost instantaneous formation of nano-sized
In-rich AlxIn1-xN quantum dots (QDs) with subsequent comparatively slow coarsening.
This coarsening permits us to modify the band gap energy of QDs by altering their size,
which is a function of the annealing temperature and duration. If this band gap energy is
in resonance with the 4f -levels to be excited in the lanthanide ions, luminescence inten-
sity increases. An elaborate model, relating thermal formation of "extended lanthanide
luminescence centres", time-dependent variation of band gap energy and resonant energy
transfer, can su�ciently describe the development of lanthanide luminescence intensity
during the annealing.
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Kurzzusammenfassung

Optische Eigenschaften von lanthanoide-dotierten Leuchtsto�en und Halbleitern sind von
groÿem Interesse, insbesondere im Hinblick auf Festkörperbeleuchtungsvorrichtungen näch-
ster Generation. Strahlende intra-4f Elektronenübergänge von dreiwertigen Lanthanoid-
Ionen präsentieren scharfe und wohlde�nierte Emissionslinien mit den Wellenlängen im
UV- bis IR-Bereich des Spektrums. Allerdings ist ihre Intensität bisher vergleichsweise
schwach. Im Rahmen von dieser Dissertation wurden III-Nitrid-Halbleiter mit breiter
Bandlücke, AlN und AlxIn1-xN, als Wirtsmaterialien ausgewählt und jeweils durch Pr-,
Sm-, Tb- und Tm-Ionen dotiert. In Anlehnung an unseren umfangreichen optoelektroni-
schen, strukturellen und chemischen Charakterisierungen versuchen wir eine innovative
Richtlinie zu �nden, wie man die Lanthanoide-Lumineszenz erhalten und ihre Intensität
erhöhen kann.
Gemäÿ der Kristall-Field (CF) Theorie ist die elektrostatische Störung mit einer Nicht-

Zentralsymmetrie auf den Lanthanoide-Ionen eine fundamentale Anforderung an die Aus-
wahl des Wirtsmaterials, um ihre intra-4f Übergänge zu erzielen. Die Aufspaltung der
Photolumineszenz (PL)-Peaks von AlN:Sm- und AlN:Tb-Schichten bei tiefer Temperatur
zeigt, dass die meisten strahlenden Lanthanoide-Ionen in einer C3v lokalen Symmetrie sub-
stitutionell lokalisiert sind. Physikalische und strukturelle Information dieser Architektur
im AlN:Sm-System (nämlich die auf 4f -Elektronen des Sm-Ions wechselwirkende e�ek-
tive Punktladung von den vier benachbarten N Ionen und ihre räumlichen Positionen in
Bezug auf 4f -Elektronschale des Sm-Ions) wurde durch unsere ersten Versuche mit Hilfe
von computerunterstütztem Anpassungsverfahren bestimmt.
Solange das Wirtsmaterial festgelegt ist, kann die Intensität der Lanthanoide-Lumineszenz
durch drei Maÿnahmen "extrinsisch" erhöht werden. (1) Geeignete Wärmebehandlung ist
eine konventionelle Technik, um diesen Zweck zu erzielen. Die dadurch aktivierten Atom-
umlagerungen können als eine gemeinsame Reaktion erster Ordnung betrachtet werden.
Durch Einführung eines Konzeptes der "erweiterten Lanthanoide Lumineszenz-Zentren"
sind wir imstande, die Darstellung der Intensitätsverstärkung in AlN:Ln System auf
lediglich zwei thermodynamische und kinetische Parameter zu vereinfachen.
Laut der PL-Spektren von AlN mit und ohne Lanthanoide-Dotierung bestätigen wir,
dass die Lumineszenz, die durch Rekombination von Ladungsträgern innerhalb der O-
assoziierten Defektniveaus erzeugt wird, vorzugsweise nach der Glühung bei mittleren
Temperaturen (300 - 600 °C) verstärkt werden kann. Der Peak dieser Defektlumineszenz
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überlappt sich mit der benötigten Energie für die Anregung der Lanthanoide-Lumineszenz.
Daher weisen die beiden eine korrelierte Entwicklung auf. Dieses Ergebnis ermöglicht uns,
die Anregungsprozesse vom Lanthanoide Lumineszenz-Zentrum durch (2) Ausnutzung ver-
fügbarer Defektniveaus innerhalb der Bandlücke zu unterstützen.
Inspiriert von dieser Beobachtung, kann die Lanthanoide-Lumineszenz durch (3) Aufbau
eines zusätzlichen Anregungspfades via Engineering der Bandstruktur des Matrixmateri-

als intensiviert werden. Dieses Verfahren wird in Al0.87In0.13N:Tm- und Al0.84In0.16N:Pr-
Systeme als e�ektiv erwiesen. Infolge der Entmischung bei angemessener Temperatur
beobachten wir eine fast unverzögerte Ausbildung von In-reichenden AlxIn1-xN Quanten-
punkten (QDs) in Nano-Gröÿe mit anschlieÿender vergleichsweise langsamer Vergröberung.
Diese Vergröberung erlaubt uns, die Bandlückenenergie der Quantenpunkte durch Än-
derung ihrer Gröÿe, die eine Funktion von der Glühtemperatur und -dauer ist, zu modi-
�zieren. Wenn diese Bandlückenenergie in Resonanz mit den zu anregenden 4f -Niveaus in
den Lanthanid-Ionen ist, erhöht sich die Lumineszenzintensität. Ein ausgearbeitetes Mod-
ell, welches auf die thermische Ausbildung von "erweiterten Lanthanoide Lumineszenz-
Zentren", die zeitabhängigen Variation der Bandlückenenergie und den Resonanz-Energie-
transfer bezogen ist, kann die Entwicklung von Lanthanoide Lumineszenzintensität im
Laufe der Glühung zulänglich beschreiben.

x



Contents

Acknowledgement iii

Abstract vii

Kurzzusammenfassung ix

1 Introduction 1

1.1 Current approaches on solid-state lighting development . . . . . . . . . . . 1
1.2 Light emission from intra 4f -transitions of lanthanide ions and their elec-

troluminescent devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Aims of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Sample preparation and characterisation techniques 9

2.1 Sample deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Thermal annealing treatments . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Structural characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 X-ray di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.2 Transmission electron microscopy . . . . . . . . . . . . . . . . . . . 14

2.4 Compositional characterisation . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.1 Chemical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.2 Physical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Optoelectronic characterisation . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5.1 Optical transmission spectroscopy . . . . . . . . . . . . . . . . . . . 18
2.5.2 Photoluminescence spectroscopy . . . . . . . . . . . . . . . . . . . . 19

3 Lanthanide luminescence and architecture of neighbour ions - Crystal

Field Theory 23

3.1 In�uences of crystal �eld interactions on lanthanide 4f -electrons . . . . . . 24
3.2 Determination of radiative lanthanide site location in AlN host . . . . . . . 27

3.2.1 Physical and structural considerations on lanthanide site in AlN . . 27
3.2.1.1 Spectra assignment and selection rules . . . . . . . . . . . 29

3.2.2 Crystal �eld analysis on Sm3+ (4f 5) in AlN . . . . . . . . . . . . . 30
3.2.3 Crystal �eld analysis on Tb3+ (4f 8) in AlN . . . . . . . . . . . . . . 37

xi



Contents

3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Lanthanide luminescence enhancement via trivial procedures - thermal

treatment and collateral e�ects 43

4.1 General Photoluminescence results of AlN:Ln (Ln = Pr, Sm, Tb, Tm) . . . 44
4.2 Excitation of lanthanide luminescence centres assisted by O-associated de-

fect states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2.1 Surface and grain boundary oxidation of AlN . . . . . . . . . . . . 48
4.2.2 Correlation between luminescence arising from O-associated defects

and lanthanide centres . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3 E�ects of thermal annealing on lanthanide luminescence intensity . . . . . 57

4.3.1 Thermally activated atomic recovery of host material and its po-
tential in�uences on lanthanide luminescence . . . . . . . . . . . . . 57

4.3.2 Model of lanthanide luminescence enhancement via thermal annealing 60
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5 Lanthanide luminescence enhancement via engineering of a new excita-

tion path - resonance excitation by AlxIn1-xN quantum dots 67

5.1 Decomposition in AlxIn1-xN system . . . . . . . . . . . . . . . . . . . . . . 68
5.1.1 Thermodynamic considerations . . . . . . . . . . . . . . . . . . . . 68
5.1.2 Formation of the decomposed In-rich AlxIn1-xN particles . . . . . . 72
5.1.3 Coarsening of the decomposed In-rich AlxIn1-xN particles . . . . . . 78

5.2 Interaction between In-rich AlxIn1-xN particles and lanthanide lumines-
cence centres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2.1 In-rich AlxIn1-xN particles as quantum dots for lanthanide excitation 81
5.2.2 Model of resonant lanthanide luminescence centre excitation via

quantum dots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2.3 Luminescence enhancement of Al0.87In0.13N:Tm . . . . . . . . . . . 89
5.2.4 Luminescence enhancement of Al0.84In0.16N:Pr . . . . . . . . . . . . 91

5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Concluding remarks and outlooks 95

A Parameters of sample preparations and thermal treatments 99

B Basic characterisations on lanthanide doped AlN and AlxIn1-xN layers 101

C 4f-levels of investigated lanthanide ions 105

D Calculation of binodal and spinodal curves by using of Delta Lattice

Parameter (DLP) and Valence Force Field (VFF) model 109

Bibliography 113

xii



Chapter 1
Introduction

1.1 Current approaches on solid-state lighting develop-

ment

Although the application of renewable energy has been rapidly developed in recent years,
fossil fuels as the main energy source and major pollution source of carbon dioxide (CO2)
are still irreplaceable in the electricity generation. Due to the technological limitations,
current electricity consumptions are clearly unsustainable. Without taking speci�c mea-
sures, the energy-related CO2-emission will be at least doubled in the middle of 21st cen-
tury as predicted in [2]. Hence, a rational and e�cient use of electric energy is imperative.
According to the mandatory eco-design requirements promulgated by European Commis-
sion (commission regulation (EC) No 244/2009 [3]), as of 2016, almost all of the lamps
for household applications with energy e�ciency class lower than "B" will be prohibited
to be placed on the European market. As an excellent alternative to the conventional
lighting sources (such as incandescent lamps with a typical luminous e�cacy of 17 lm/W
and �uorescent lamps with maximum e�cacy of 90 lm/W), the solid-state lighting (SSL)
devices, in particular light-emitting diodes (LEDs), have a signi�cant advantage that it
has the highest possible energy e�ciency up to several hundreds of lm/W [4]. In addition,
they are more eco-friendly in comparison with the mercury vapour containing �uorescent
lamps.

Light emission from semiconductor band-band transition

Applying an appropriate voltage in the forward direction of LED, electrons populated in
the n-type conduction band are "forced" to recombine with the holes in p-type valence
band. Energy released thereby can be emitted in form of photons. The photon energy
and thus the luminous colour are therefore determined by the direct band gap energy
of semiconductor in the active region, and the resulting light emission is comparatively
monochromatic. In order to generate white-light, which is one of the most important LED
applications, a promising approach is to use a "multichip" technique. As shown in �gure
1.1 (a) it consists of an assembly of three (or four) separate LEDs emitting blue, green,
red (and yellow) light. Through adjusting the emission intensity of each LED, the colour

1
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Figure 1.1: Sketches on the structure and the corresponding emission spectra of wright-lighting
LED using (a) multichip technique and (b) phosphor converter.

rendering index (CRI)1 is able to surpass 85 for three component system and 95 for four
[6], which ful�ls the requirements of indoor illustration [7]. After decades of breakthrough
and improvement, the external quantum e�ciencies (EQE) of inorganic violet-blue and
red emitting LEDs (respectively based on GaInN and (Al,Ga)InP system) are already
above 50 % [8]. In 2014, the Nobel Prize in Physics was jointly awarded to three Japanese
and japanese-american scientists, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura,
due to their tireless works on the invention of e�cient blue LED.
However, current development of LED multichip technique still remains challenging. One
major issue is the lack of suitable material for high e�cient green-yellow emission. Al-
though GaInN with higher content of InN (corresponds to alter the luminous colour from
blue to green by reducing the band gap energy) was widely expected as a candidate for
this [9], the LEDs based thereon su�ered from performance limitations. Piezoelectric and
spontaneous polarisation as well as crystal defects and phase separation were believed
as the dominant factors for their e�ciency drop [10, 11, 12, 13]. Additionally, because
of the transformation from direct to indirect semiconductor [14], it is also impossible to
increase the AlInP content in (Al,Ga)InP (corresponds to alter the luminous colour from

1 In 1777 a color theorist, George Palmer, found that the colors of objects perceived by human eye are
strongly depending on the color of light source [5]. CRI is an important indicator of the light source to
inspect its color reproduction. The maximum CRI value, 100, is de�ned by sun light.

2



1.1. Current approaches on solid-state lighting development

red to green by enlarging the band gap energy) to cover this "green-yellow gap". Sec-
ondly, high e�ciency of III-V LEDs can be achieved only at lower injection current and
operating temperature, which restrict the practical applications of high-power, large-area
LED based white lighting source [15, 16]. While the mechanisms of e�ciency quenching
at high current are not fully understood, two hypotheses respectively pointing at indirect
Auger-process [17, 18] and leakage of injected carriers from the active region [19, 20, 21]
are well accepted for III-V LEDs. Moreover, injection current, working environment and
thermal design of the assembly determine the LED operating temperature. If it is above,
say, 120 °C, phonon-associated processes will lead to an e�ciency droop and, particularly
for (Al,Ga)InP, a red shift of emission spectrum [22]. The third challenge, which plays
the most important role in commercialisation of LEDs, is that the multichip concept for
white-lighting complicates the production processes and raises the cost.

Phosphors as energy down-converters

In contrast to the multichip approach, the more economical phosphor-converted LED
(pc-LED) uses only one short-wavelength LED with phosphor coatings. A most common
phosphor is yttrium aluminium garnet doped with trivalent cerium (YAG:Ce3+, see �gure
1.1 (b)). The primary blue light emitted from GaInN LED is partly absorbed thereby
and down-converted into broadband green-yellow luminescence in the wavelength region
between 520 and 640 nm, which corresponds to the radiative transition from 4f 05d1 to
4f 1 of Ce3+ [23, 24]. The intrinsic luminescence quenching temperature of this phosphor
coating (up to 500 °C [25]) is much higher than that of conventional LEDs. Combination
of phosphor luminescence and residual blue emission from GaInN LED produces a white
light with acceptable e�ciency but fairly low CRI value (70 - 80). Hence it can be used
only for outdoor lighting with less demand. Through adopting an additional red-emitter,
for instance co-doping of the YAG with other lanthanide ions or using nitridosilicate-based
phosphors [26, 27, 28], the resulted CRI value can be signi�cantly improved and approach
that of the multichip approach. However, the luminous e�cacy of such pc-LED reduces
substantially due to unpreventable Stockes energy loss [29] during wavelength conversion
[4].

Quantum dots and trivalent lanthanide ions as light emitters

According to the status quo of LEDs mentioned above, optimising the present production
processes and, more importantly, looking for innovative materials with high luminous ef-
�cacy are the major tasks in view of optoelectronic development engineers and scientists.
Beside of electroluminescence devices based on organic materials (viz. organic light-
emitting diodes (OLED) and polymer light-emitting diodes (PLED)), which have only
limited emission range and su�er from high sensitivity against water and oxygen as well
as mechanical instability [30, 31, 32], light emission generated through recombination of
the carriers con�ned in inorganic quantum dots (QDs) and radiative intra 4f -transitions
of lanthanide ions are two novel approaches toward next-generation SSL device.
A signi�cant advantage of QDs is their precisely tuneable emission wavelength according
to the size-dependent quantum con�nement e�ect (for more details see section 5.2.1).
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Current colloidal QDs with a core-shell structure (e.g. CdSe-core with lower band gap
energy clad in CdS/CdZnS/ZnS-shell with larger band bap energy [35, 36]) exhibit ex-
tended absorption cross-section at shorter wavelength region and approximate unity in-
ternal quantum yield [37]. Hence they can be served as promising energy down-converter
instead of phosphors descript above. Recently, S. Jun and his co-workers reported that the
luminous e�cacy of white-lighting QD-LED by using in silica-encapsulated CdSe QDs as
green and red converters reaches 47 lm/W. This is the highest value so far [38]. Moreover,
bene�ted from rapid nucleation and consecutive much slower growth rate, the chemically
synthesised QDs have a narrow size-distribution, which leads to purer emission colour
with a typical full width at half-maximum (FWHM) of 20 - 40 nm [39]. This feature
renders QD-LEDs as a more energy-e�cient and vivid light source, which could not only
be used in the backlight unit of liquid crystal displays (LCD) [40] but also be pixelated as
RGB electroluminescence (EL) elements for full-colour display [41]. In the chromaticity
diagram made by the International Commission on Illumination (CIE chromaticity dia-
gram, as shown in �gure 1.2 (a)) the colour gamut of colloidal QDs emission (black dash
line) [42] is 46.4% larger than the requirement for HDTV (grey dash line, corresponds
to ITU-R Recommendation BT.709 [43]), 21.1% larger than the colour gamut of pc-LED
(black dotted line) [42] and even 3.7% larger than the television colour standard estab-
lished by National Television System Committee (NTSC) in 1953 (grey solid line) [44].
Trivalent lanthanide ion is another candidate for light emission with much higher ther-
mal and chemical stability. Photoluminescence (PL) results of our previous and present
works (�gure 1.2 (b) - (d)) indicate that if appropriate lanthanide ions are doped in AlN
host, FWHMs of monochromatic blue (1D2 - 3F4 and 1G4 - 3H6 of Tm3+), green (1P1

- 3H5 of Pr3+) and red luminescence peak (5D0 - 7F2 of Eu3+) are smaller than 5 nm.
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1.2. Light emission from intra 4f -transitions of lanthanide ions and their
electroluminescent devices

This provides, to our knowledge, the largest RGB colour gamut (10.8% larger than NTSC
standard, see black solid line in �gure 1.2 (a)). And for this reason, they may have a great
application potential in solid-state lighting and full-colour display. Di�erent to the above
mentioned lighting sources, light emission of trivalent lanthanide ions is originated from
radiative intra 4f -con�gurational transitions with diverse excitation mechanisms. These
will be brie�y introduced in next section.

1.2 Light emission from intra 4f-transitions of lanthanide

ions and their electroluminescent devices

Fundamental properties of the lanthanide 4f-orbital

States of a multi-electron system are expressed by a total Hamiltonian operator Ĥ, which
includes di�erent interaction terms:

Ĥ = Ĥ0 + Ĥee + Ĥso + ĤCF + ..., (1.1)

where Ĥ0 represents the in�uence of central force �eld, Ĥee the Coulomb interaction be-
tween electrons within the considered system, Ĥso the spin-orbit interactions and ĤCF the
crystal �eld interaction. Other interactions, such as two- and three-particle interaction,
electrostatically correlated spin-orbit interaction and relativistic e�ects etc., are too weak
to induce susceptible perturbations on the total Hamiltonian of 4f -electrons in lanthanide
ions [45] and thus can be neglected in the scope of light emission.
In case of trivalent lanthanide ions, if they are doped in semiconductor host, the 4f -
electrons are intuitively shrunken towards the nucleus. Electrostatic perturbations caused
by surrounding ions are essentially screened by outer 5s- and 5p-electrons and thus rela-
tive weak. As indicated in �gure 1.3, the crystal �eld related state splitting with merely
several hundred cm−1 is in general one and two magnitude weaker than that caused by
spin-orbit and electron-electron interactions respectively (ĤCF < Ĥso < Ĥee) [46]. The
energy of the photons stemming from the radiative intra-4f transitions is therefore inde-
pendent of the host material. For this reason, it is more convenient to use spectroscopic
measurements instead of ab-initio calculations to determine the energy positions of 4f -
levels of all trivalent lanthanide ions, which were tabulated in the book written by G.H.
Dieke in 1968 [47]. Through summarising the data from our own PL-spectra and [47],
energy diagrams of 4f -levels for the lanthanides studied in this work are illustrated in
�gure C.1 of appendix C.
The energy levels of 4f electrons are denoted by Russell-Saunders term symbols with the
form:

2S+1LJ . (1.2)

Here S represents the total spin quantum number, L the orbital angular momentum
and J = S + L the total angular momentum. In general, L is speci�ed in spectro-
scopic notation, in which the numbers L = 0, 1, 2, 3, 4, 5, ... are replaced by the letters
S, P,D, F,G,H, ... . The possible J-states for a given combination of L and S are deter-
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Figure 1.3: Qualitative energy scale of the 4f electronic structures of lanthanide ions (redrawn
according to [46]). The splitting of 4f -level due to electron-electron interaction, spin-orbit cou-
pling and crystal �eld (from left to right) is schematically illustrated.

mined by the angular momentum summation rules, namely |L− S| ≤ J ≤ |L− S|.

Lanthanide based electroluminescence devices

Until the middle of the �rst decade in the 21st century, most research concerning lan-
thanide based electroluminescence (EL) was focused on the "high-voltage" devices [48,
49, 50]. A lanthanide doped wide band gap III-V semiconductor layer with a thickness
of 0.5 - 1 µm was sandwiched between two dielectric layers (e.g. Al2O3 [48]). Applying
a high-voltage high-frequency power (usually in the magnitude of 100 V and 10 kHz)
onto both dielectric layers, breakdown of the lanthanide containing semiconductor layer
occurs. Hot electrons accelerated thereby impact the lanthanide ions and excite their 4f
ground state electrons (hot carrier impact excitation). The required electric �eld is typi-
cally greater than 1 MV/cm. Although one may use the Schottky contact to signi�cantly
reduce the breakdown voltage and therefore the "turn-on" voltage [51], the emission e�-
ciency is still fairly low. The small cross-section of lanthanide ions for impact excitation
and the limitation on the maximum achievable doping concentration are insurmountable
obstacles to optimise the e�ciency.
In comparison to this, electron-hole recombination is a more e�cient and promising way
for the lanthanide excitation. With similar structure and fabrication procedures to con-
ventional LEDs, lanthanide ions are doped in the active region of III-V LEDs. A DC
voltage as low as 3 V is adequate to obtain a bright emission [52, 53]. However, the re-
sulting luminous e�cacy is not su�cient to outrange the other types of LED introduced
in the previous section. And the present progress in the enhancement of the lanthanide
emission intensity has been rather slow hitherto. This is not at least due to the fact that
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1.3. Aims of this work

a detailed explanation of this excitation mechanism is still missing. The related electron
processes are complicated and vary with the systems to be considered. In general, non-
radiative transfer of the energy released by carrier recombination to lanthanide emission
centres is thought to play a dominant role. Latest results indicate that this energy trans-
fer may be strongly in�uenced by intentional and unintentional crystal defects, either
positively or negatively [54].

1.3 Aims of this work

The central task of present work is to �nd a systematic strategy to obtain the lanthanide
emission and increase its intensity. The study focuses on the photoluminescence (PL) of
Pr, Sm, Tb and Tm ions, because the corresponding excitation mechanism is comparable
with the one of EL in lanthanide doped LED. III-nitride semiconductor layers, AlN and
AlxIn1-xN, are selected as host materials. Following a compendious introduction on the
techniques applied for sample preparation and characterisation (chapter 2), the intrinsic
conditions for occurrence of lanthanide intra-4f transitions are reviewed in chapter 3.
With the help of crystal �eld theory and computer-assisted �tting procedure on our low-
temperature PL results, the local symmetry and lattice location of radiative lanthanide
dopants in AlN host are ascertained. In chapter 4, thermal enhancements of lanthanide
luminescence intensity are investigated and modelled. Some collateral e�ects, especially
the correlation between luminescence intensity originated from lanthanide centres and
O-associated defect complex, are also discussed. Taking this as inspiration, the band
structure of AlxIn1-xN is modi�ed in order to resonantly excite lanthanide luminescence
centres. This is achieved through engineering the size of In-rich AlxIn1-xN nanoparticles,
which arise from decomposition. Discussions on the thermodynamics and kinetics of the
spinodal decomposition in AlxIn1-xN system as well as the resonant excitation of Tm and
Pr luminescence centres are highlighted in chapter 5.
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Chapter 2
Sample preparation and

characterisation techniques

In this chapter, all of the techniques adopted in this work for sample preparation, ther-
mal treatment and characterisation as well as the relevant principles and parameters are
itemised and brie�y presented.
The lanthanide doped AlN and AlxIn1-xN layers were deposited by the use of reactive
magnetron co-sputtering technique (section 2.1). Thereafter they were respectively an-
nealed in a furnace at di�erent temperatures and durations (section 2.2) to activate the
lanthanide luminescence centres and thus enhance the luminescence intensity. Crystallo-
graphic structures of the layers were investigated by X-ray di�ractometry (XRD). Micro-
scopic images up to atomic resolution were obtained by transmission electron microscopy
(TEM). Furthermore, results of electron energy loss spectroscopy (EELS) and high-angle
annular dark �eld (HAADF) imaging, which are embedded in scanning transmission elec-
tron microscopy (STEM), provide qualitative information about the chemical contents
of the layers (section 2.3). In order to determine the chemical concentration more ac-
curately, inductively coupled plasma optical emission spectroscopy (ICP-OES) was used.
This technique, however, is incapable to analyse the anionic components, namely nitrogen
and oxygen. Hence, we employed physical analytic methods, including X-ray photoelec-
tron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDS) and Auger electron
spectroscopy (AES), to characterise them (section 2.4). The band gap energy of AlN and
AlxIn1-xN hosts were determined through measuring the optical absorption in a UV-Vis
spectroscope. Finally, elaborate studies on lanthanide luminescence and its excitation
mechanisms were conducted by means of photoluminescence spectroscopy (PL) operated
at room temperature and under cryogenic conditions (section 2.5).

2.1 Sample deposition

Sputtering is understood as a process in which atoms are ejected from their solid state
through bombardment of energetic particles. It is a conventional physical vapour deposi-
tion (PVD) technique and often used in the thin �lm fabrication.
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Figure 2.1: (a) Sputtering apparatus (ATC 1500-F) used in this work, (b) its chamber set-up
and (c) schematic of a simpli�ed DC sputtering system.

The chamber of the direct current (DC) sputtering apparatus used in this work, ATC
1500-F (AJA International Inc.), is equipped with a pair of parallel electrodes (as illus-
trated in �gure 2.1). Target materials with diameter of 2 inches are placed on the top
of cathodes, which are connected to the negative pole of a DC power supply of several
kilovolts typically. The substrates are �xed to the anode. Switching on the power supply,
stray electrons between the electrodes are accelerated towards the anode. If they uptake
su�cient kinetic energy, the neutral process gas atoms can be positively discharged by
collision (Townsend discharge). Subsequently, the electric �eld drives these gas ions to-
wards the target. The metallic atoms and/or ions bombarded out of the target surface
�y through the discharge region and �nally condense on the substrate surface.
In order to deposit non-metallic layers, including oxides, nitrides, carbides, sul�des, oxy-
carbides and oxynitrides, a reactive process gas or a mixture of reactive and inert gas
must be �lled in the chamber. With elaborate adjustment of the sputtering parameters
(sputtering power, gas pressure etc.) metallic atoms and/or ions sputtered from the target
react with the gas and build a compound layer on the substrate. In case of III-nitride
deposition, nitrogen serves as active process gas. The corresponding chemical reaction is
therefore:

2 M + N2 −−→ 2 MN,

where M stands for the metallic elements.
In the present work, the lanthanide doped AlN and AlxIn1-xN layers were deposited
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2.1. Sample deposition

through reactive magnetron co-sputtering at room temperature onto single crystalline
sapphire (orientation: (0001), size 10Ö10 mm, producer: CrysTec GmbH) and silicon
substrates (orientation: (100), diameter 4 inch, producer: CrysTec GmbH). They were
clamped on the substrate holder (anode), which rotated at a speed of 10 rpm during the
sputtering. Before each sputtering process, the chamber was heated at 120 °C for 12 hours
to reduce the moisture and then evacuated by a turbo-molecular vacuum pump until a
pressure of 4 - 7 Ö10−7 mbar was reached. Subsequently the targets were sputtered by
Ar ions (purity 6N, pressure: 3.2 Ö10−3 mbar) with the power of 100 W for 10 minutes.
This procedure removes the impurities and absorption layer on the target surface. After
re-evacuation the reactive process gas, nitrogen with the purity of 6N, was �lled into the
chamber.
To produce AlN:Ln layers we applied two Al Targets and one lanthanide target as mate-
rial source whereas in the case of AlxIn1-xN:Ln, three targets, namely Al, In and selected
lanthanide, were used. Concentration of the metallic components could be purposefully
achieved by elaborate adjustment of sputtering power on each target. The AlN content of
AlxIn1-xN layer, xAlN, depends on the ratio of the power applied on Al target to that on
In target. According to our pre-tests, however, the sputtering power was limited between
1 - 250 W. With higher power, the chemical reaction has a higher probability to form a
nitride layer on the target surface, which impairs further sputtering (target poisoning).
On the other hand, with lower power, ionised nitrogen is energetically insu�cient to eject
target materials. This limitation of sputtering power restricts the attainable composition
range of AlxIn1-xN. Figure 2.2 (a) shows that even with the power limits (Al: 250 W, In:
1 W) the Al content of the resulting AlxIn1-xN layer is still lower than 0.85.
This problem could be solved by replacing the In target by a second Al Target, on which
two In wires with the diameter of 2 mm were placed. Setting the sputtering power of the
other pure Al target as 250 W, we obtained an almost linear dependence of the Al content
on the power of the Al/In mixed target (see �gure 2.2 (b)). By using this setup, we were
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Figure 2.2: (a) Relationship between AlN content of AlxIn1-xN:Ln layer and quotient of sputtering
power on Al target against that on In target. Values of applied powers are labelled on the
diagram. (b) Relationship between AlN content of AlxIn1-xN:Ln layer and sputtering power of
the Al target with two In wires. Power of the other Al target is set to be 250 W.
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able to produce the AlxIn1-xN layers in the whole composition range1.
After deposition, the layers on the Si wafers with diameter of 4 inches were cut by a
diamond saw into smaller samples with the dimension of 10Ö10 mm, and then cleaned
successively with distilled water and ethanol for several times.
Detailed sputtering parameters for the AlN:Ln (Ln = Pr, Sm, Tb and Tm), Al0.87In0.13N:Tm
and Al0.84In0.16N:Pr layers investigated in this work can be found in the table A.1 of ap-
pendix A. The purities and manufacturer of the target materials are listed in table 2.1.

Table 2.1: Purities and manufacturer of the target materials.

Material Pr Tm Sm Tb Al In In wire

Prurity 3N 4N 3N 3N 5N5 5N 4N
Producer Evochem MacTeck Kurt J. Lesker -

2.2 Thermal annealing treatments

As will be further discussed in chapter 4, in order to activate the lanthanide luminescence
centres and therefore to enhance their luminescence intensity, a heat treatment is required.
AlN:Ln and AlxIn1-xN:Ln layers deposited on Si substrates were thermally annealed in a
quartz tube furnace (�gure 2.3 (a)). The layers carried in an Al2O3 crucible were placed
in the quartz tube. A pumping system consisting of a pre-vacuum pump and a turbo-
molecular pump provides a base pressure of about 7 Ö10−5 mbar. After this, nitrogen
protecting gas was �lled in the tube with calculated pressure, which ensures that it reaches
approximately 1 bar during the annealing at elevated temperatures. Once the furnace was
pre-heated to desired temperature, the quartz tube was shifted into it. After annealing,
the tube was taken out of the furnace and air-cooled to room temperature.
For AlN:Ln layers, 11 samples from each kind of lanthanide dopants were selected and
respectively annealed at 150 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C, 850 °C,
900 °C, 950 °C and 1000 °C for 30 minutes. It must be further noticed that after insertion
of the cold quartz tube, the furnace temperature dropped about 50 to 100 °C, and took
around 5 minutes to rise back to the desired temperature. The air-cooling process usually
lasts about 20 minutes.
In order to study the kinetics of thermal activation of lanthanide luminescence centres
in AlN:Ln layers (cf. chapter 4) and the coarsening of In-rich AlxIn1-xN nanoparticles
resulted from decomposition in AlxIn1-xN:Ln layers (cf. chapter 5), a precise control of
annealing duration is required. To achieve this, the layers were encapsulated within quartz
phial under nitrogen atmosphere (�gure 2.3 (b)). After pre-heating of a conventional
furnace, quartz phials were put into holes of sample holder made of cast iron (�gure 2.3

1 It needs to be noticed here, that the line plotted in �gure 2.2 (b) is a guideline with less accuracy for the
sample preparation. Other factors, for example the position of In wires, will in�uence the In concentration
as well. Hence the exact values of AlN content of as-prepared AlxIn1-xN layer must be determined by
other ways as introduced in section 2.4.
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Figure 2.3: (a) Quartz tube furnace, (b) an Al0.87In0.13N:Tm layer in quartz phial and (c) the
furnace used in this work to anneal the encapsulated layers.

(c)). There is no information about the factual heating rate of encapsulated layers. But
considering to the small volume of phial we can expect that the time of the heating stage
is negligible. After thermal annealing the quartz phials were quenched in iced water. The
applied annealing temperatures and durations are listed in table A.2 of appendix A.

2.3 Structural characterisation

2.3.1 X-ray di�raction

θ-2θ-method

X-ray di�ractometry (XRD) is a standard method to identify the crystal structure. The
sample surface is irradiated thereby with a monochromatic X-ray beam. If the incident
beam angle θ, distance between the lattice planes of the sample d and the wavelength of
incident X-ray λ satis�es the Bragg's law

nλ = 2d sin θ, (2.1)

constructive interference occurs. n is an integer determined by the order of di�raction.
The instrument employed in this work was the di�ractometer D5000 manufactured by
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Chapter 2. Sample preparation and characterisation techniques

Siemens AG with a Cu X-ray source. With a Ni foil the Cu-Kα radiation is �ltered
and used for the measurement. The radiation source and the detector are mounted on
a Bragg-Brentano di�ractometer, wherein they can move independently. In order to
establish a di�ractogram, the intensity of di�racted X-rays were measured (with step size
∆2θ = 0.02) and plotted against 2θ (θ-2θ-method). By comparing the results with the
reference card from the database of the International Centre for Di�raction Data (ICDD),
number 00-25-1133, we ensure that at room temperature AlN and AlxIn1-xN layers exhibit
the hexagonal wurtzite structure (cf. �gure B.2 of appendix B).
Once the distances between certain lattice planes of a hexagonal crystal system (hkl), dhkl,
are determined by using equation 2.1, its lattice parameters a and c can be calculated by

1

d2
hkl

=
4

3

(
h2 + hk + k2

a2

)
+
l2

c2
. (2.2)

sin2 Ψ-method

For more accurate determination of the lattice parameters, the in�uences of the biaxial
elastic internal stress σ‖ should be taken into account. It is often introduced during the
layer deposition and thermal treatment. In case of a polycrystalline sample with a random
crystal orientation, the changes of a considered plane distance due to internal stress depend
on its orientations with respect to the sample surface. Measuring an individual lattice
plane distance dΨ under variation of the tilting angles Ψ, it follows:

dΨ = d0
1 + ν

E
σ‖ sin2 Ψ + d0

(
1− 2ν

E

)
, (2.3)

where ν is the Poisson's ratio, E the Young's-modulus and d0 the stress-free plane distance.
In this work, XRD measurements using above mentioned sin2 Ψ-method were taken by
X'Pert MR di�ractometer (PANalytical B.V.). (100), (002) and (101) re�exes of AlN:Pr
and Al0.84In0.16N:Pr layers before and after annealing were measured with tilting angles
Ψ = 5°, 20°, 30°, 40°, 55°, 65° and 75°. Results of the stress-free lattice parameters and
the elastic internal stress are presented in �gure 5.4 (chapter 5) and table B.2 and B.3
(appendix B).

2.3.2 Transmission electron microscopy

Bright �eld (BF) imaging

The microstructures of AlN:Ln and AlxIn1-xN:Ln layers were observed via transmission
electron microscopy (TEM). Using a tripod polisher and a subsequent ion milling the
cross-sections of the selected layers were thinned to about 20 nm, so that the electron
beam is able to transmit through it. Contrast in the TEM images is formed by the
Coulomb interaction between the incident electrons and the atoms in TEM sample. In
the bright �eld (BF) mode only the transmitted electrons, which are not (and merely
slightly) scattered by the sample, are detected (see �gure 2.4 (a)). The resulting image
represents a two dimensional projection of the sample along the optical axis.
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Figure 2.4: (a) Sketch of the transmitted electrons detected for TEM bright �led (BF), dark
�led (DF) and high-angle annular dark �eld (HAADF) imaging as well as elemental mapping by
electron energy loss spectroscopy (EELS). (b) Example of an EELS spectrum detected in this
work for the nitrogen and oxygen mapping.

The resolution of TEM images depends on the accelerating voltage. The instrument
applied for high resolution TEM (HRTEM) investigations was a 4000FX manufactured
by JEOL Ltd.. It has an accelerating voltage of 400 kV. Thereby the atomic structures
of the layers can be easily identi�ed.

High-angle annular dark �eld (HAADF) imaging

If the incident electrons interact with the atoms of the TEM sample, they will be scat-
tered either elastically or inelastically. In the former case, electrons are deviated from
their original trajectory. By using the dark �eld (DF) mode of TEM, only this part of
electrons is detected. In contrast to conventional DF imaging, the scattering angles of
incoherently scattered electrons are much higher (�gure 2.4 (a)) and depend on the atomic
number Z of atoms in the sample. Scanning the sample with a focused electron beam
(STEM) and combining the two-dimensional coordinates and the signal of the scattered
electrons collected by a high-angle annular dark �eld (HAADF) detector, a Z-constrast
image (HAADF image) is produced.
In this work we applied a SESAM microscope (Sub-Electron-volt Sub-Angstrom Micro-
scope, with accelerating voltage of 200 kV) produced by Carl Zeiss AG to analyse the
formation of Al-rich and In-rich AlxIn1-xN phases after decomposition (see chapter 5).

Electron energy loss spectroscopy (EELS)

Unfortunately the HAADF technique is incapable of identifying the light elements with
atomic numbers close to each other. In order to study the nitrogen and oxygen distribution
in the AlN:Ln layers (chapter 4) we used an electron energy loss spectroscope (EELS),
which is assembled in a 912 Omega microscope with accelerating voltage of 120 kV (Carl
Zeiss AG).
During electron penetration, the kinetic energy of electrons is partially absorbed by the
atoms in the sample and is used to ionise their core electrons (inelastic scattering). The
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energy lost thereby is element characteristic. As shown in �gure 2.4 (b), electrons with
an energy loss due to K-shell ionisation of nitrogen and oxygen are detected in the EELS
elemental mapping.

2.4 Compositional characterisation

2.4.1 Chemical analysis

In order to obtain a higher luminescence of lanthanide ion as well as to avoid its con-
centration quenching, doping concentration must be restricted within a proper range.
Furthermore, as will be discussed in chapter 5, the concentration of In in AlxIn1-xN:Ln
layers plays a dominant role on the shape and size of In-rich AlxIn1-xN phase after decom-
position at adequate annealing temperature. Thus, it is very important to characterise
the average layer composition as accurately as possible.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an appropriate
technique for this purpose. Samples of identical size were thereby dissolved in concen-
trated acids and �lled in 10 mL volumetric �ask respectively. For AlN:Ln layers, we used
a mixture of 500 mL HCl and 100 mL HNO3 as disolvating agent. And the reaction was
kept at 125 °C. In case of AlxIn1-xN:Ln, the procedure was more complicated: At �rst,
they were partly dissolved in a mixture of 500 mL HCl and 200 mL HNO3. And subse-
quently the acids were evaporated at 175 °C. In order to completely dissolve the layer we
further added 500 mL H2SO4. As soon as the reaction completed, the solution was heated
at 325 °C to remove the H2SO4 and �nally 500 mL HCl was �lled. By using the device
"Ciros CCD" (SPECTRO Analytical Instruments GmbH) the solution was injected as an
aerosol into the argon plasma, which is inductively heated to 5000 - 7000 °C. The ions to
be measured were excited and the resulting element characteristic radiation was detected
by a CCD detector. Peak intensity of this optical emission spectrum is linearly propor-
tional to the number of ions. Hence, through comparing the experimental results with
the reference spectra of standard solutions one obtains the information about chemical
composition of the layers. The results are presented in the following chapters and in table
B.1 of appendix B.
It is noteworthy to mention that, due to the utilised disolvating agent, non-metallic com-
ponents (nitrogen and oxygen) of the layers are unable to be determined by ICP-OES.
This shortcoming calls for other analytic methods, which may deliver less accurate but
more comprehensive compositional information, as introduced in the next subsection.

2.4.2 Physical analysis

Physical analytic methods, including Auger electron spectroscopy (AES), energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), were adopted in
this work as alternative means to determine the chemical concentration of AlN:Ln and
AlxIn1-xN:Ln layers. These methods are based on the inelastic interaction between inci-
dent electrons or photons and shell electrons of the elements to be measured.
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Figure 2.5: Schematic illustration of the processes to produce (a) Auger electron in AES, (b)
photoelectron in XPS and (c) characteristic X-ray in EDS (black: incident beam, green: primarily
emitted electron, blue: secondary electron, red: Auger electron and purple: emitted X-ray).

Auger electron spectroscopy (AES)

Through bombardment with high-energetic photons or electrons, atoms in the layer are
able to be ionised and emit electrons from the inner shell. The ionisation energy is not less
than the energy of this electron shell respective to the vacuum level EAE

1 . The remaining
electron vacancies are unstable and can be occupied by electrons relaxed from an outer
shell (with the energy relate to vacuum: EAE

2 ). Energy released thereby may subsequently
transferred to other electrons (with the energy relate to vacuum: EAE

3 ) and eject them
out of the atoms (�gure 2.5 (a)). This third electron is named as Auger electron. By
using AES, Auger electrons of the sample are generated and their kinetic energies EAE

kin.

are detected. They are element speci�c and depend on all of the relevant electron shell
energy in this process as:

EAE
kin. = EAE

1 − EAE
2 − EAE

3 − ΦWF , (2.4)

where ΦWF represents the work function of the analyser.

X-ray photoelectron spectroscopy (XPS)

The core-shell electrons, which are escaped from the sample surface through irradiation by
high-energetic photons hν, are called photoelectrons (�gure 2.5 (b)). By means of XPS one
measures the kinetic energy of the photoelectrons EPE

kin. and calculates the corresponding
binding energy EPE

B according to

EPE
B = hν − EPE

kin. − ΦWF , (2.5)

which provides the information about the chemical components of the sample.

17



Chapter 2. Sample preparation and characterisation techniques

Energy-dispersive X-ray spectroscopy (EDS)

If the shell electrons are excited and escaped from the sample, energy released by �lling the
vacancies could not only generate Auger electrons, but also can be dissipated in the form of
X-rays ((�gure 2.5 (c))). The resulting X-ray spectrum recorded by EDS is characteristic
for each element. And the chemical components of the sample are distinguishable.

Calculation of chemical compositions

Chemical composition of the layer can be calculated from the AES, EDS or XPS spec-
tra quantitatively. The atomic fraction of element A in a n-component system, xA for
example, is determined as

xA =
IA/CA∑n
i=1(Ii/Ci)

, (2.6)

where Ii and Ci denote the spectral intensity of i-th component and a characteristic
constant, which takes (depending on the applied method) the instrumental sensitivity,
the sensitivity factor of i-th component and the inelastic mean free path.
In the present work, we used an AES instrument JAMP-7830F (JEOL Ltd.) and the XPS
system Theta Probe (Thermo VG Scienti�c) to characterise the chemical concentrations
of AlN:Ln and AlxIn1-xN:Ln layers, in particular their non-metallic components. In the
AES the layer surface can be gradually removed through bombardment of inert ions. Since
the interaction volume of Auger electrons is fairly small, one is able to receive a detailed
compositional depth pro�le (see �gure B.1 in appendix B as example). The EDS detector
is installed in a dedicated STEM (in this work: SESAM). It permits us to determine the
chemical concentration within selected regions (EDS line scan and point measurement as
shown in chapter 5).

2.5 Optoelectronic characterisation

2.5.1 Optical transmission spectroscopy

In an optical transmission spectroscope, AlN:Ln and AlxIn1-xN:Ln layers deposited on
transparent sapphire substrates were irradiated by a monochromatic light with continu-
ously varied wavelength. Intensity of the light I(x) passing through the layer of thickness
x is recorded. If the light is absorbed by the layer due to e.g. band-band transition and/or
excitation of defect levels within the band gap, I(x) reduces with respect to the incident
intensity I0. A transmission coe�cient T is de�ned as the ratio of the transmitted and
the incident intensity to describe the intensity attenuation. And the Lambert's law

T =
I(x)

I0

= exp(−αx) (2.7)

is used to calculate the absorption coe�cient α. The band gap energy Eg and Urbach
energy EU of AlN:Ln and AlxIn1-xN:Ln layers were in this work directly determined via
graphic �tting on a plot of the absorption coe�cient α versus photon energy hν by using
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Figure 2.6: Sketch of the beam path in the device Cary 5000.

the equations:
α = Kg(hν − Eg)β for hν ≥ Eg, and (2.8a)

α = KU exp

(
hν − Eg
EU

)
for hν ≤ Eg, (2.8b)

where Kg and KU are independent constants and the exponent β = 0.5 for direct semi-
conductors [55]. An example of the �tting curves is shown in �gure B.3 (a) of appendix
B.
The optical transmission measurements in present work were carried out at room tem-
perature by using the device Cary 5000 UV-VIS-NIR absorption spectrometer (Agilent
Technologies Inc.) with a deuterium arc lamp and visible QI lamp as light source (�gure
2.6). The radiation wavelength was �ltered by a Littrow double-path monochromator and
set to be gradually decreased from 800 nm to 200 nm (1.55 - 6.20 eV) with a scanning-
interval of 1 nm per 0.1 second. The transmitted intensities were recorded by a PbS
detector and plotted against the wavelength. In order to eliminate the disturbing in�u-
ences of light re�ection and absorption by the sapphire substrate as well as the general
absorption along the whole beam path, a transmission spectrum of the sapphire substrate
without any deposited layer was taken as a reference.

2.5.2 Photoluminescence spectroscopy

Room temperature photoluminescence spectroscopy (PL)

By means of photoluminescence (PL) spectroscopy the samples are excited by a monochro-
matic light and the resulting luminescence intensity is detected and plotted against its
wavelength or photon energy.
The room temperature PL studies of this work were operated by a Fluorolog-3 FL3-22
(Horiba Jobin Yvon GmbH) spectrometer with a xenon arc lamp as light source (see �gure
2.7 (a) and (b)). The spot of excitation light is about 10 mm high and 3.8 mm wide.
In order to homogenously radiate AlN:Ln and AlxIn1-xN:Ln layers with the dimension
of 10 Ö10 mm, layers were placed on the sample holder with an angle of 67.5° between
their surface normal and the excitation light (corresponds to the right-angle (RA) mode
of spectrometer, see �gure 2.7 (c)). By means of two double-grating monochromators we
were able to adjust the excitation light and measure the PL spectrum in a broad wave-
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Figure 2.7: (a) Sketch of the optical path and (b) constitution of the PL spectrometer (Fluorolog-
3 FL3-22) used in this work. (c) Sketch of the layer installation at the RA scanning mode.

length range2. Luminescence intensity was measured by a photomultiplier tube (PMT).
The applied excitation wavelengths/energies are noted in the captions of the spectral re-
sults shown in the following chapters. If not otherwise mentioned, band pass of 4 nm was
chosen both for excitation and emission. And the PL spectra were taken with a measuring
rate of 1 nm per second.

Room temperature photoluminescence excitation spectroscopy (PLE)

The measurement principle of a photoluminescence excitation (PLE) spectroscopy is a re-
verse process of a PL measurement. Instead of monochromatic excitation, the wavelength
of the incident light to the layer varies continuously. And the intensity of a selected lu-
minescence is recorded and plotted against the excitation wavelength or energy. Through
analysing the peak positions in PLE spectra, energy levels, which are related to this lu-
minescence, are able to be identi�ed.
The apparatus, band pass and scanning rate used for PLE spectroscopy are the same
as the room temperature PL measurement. It must be emphasised that the raw PLE
data are sometimes misleading when used without any corrections. This is on the one
hand due to the fact that the intensity of xenon lamp alters signi�cantly by changing its
radiation wavelength (see �gure 2.8 (a)). On the other hand, the PLE spectra monitored
at the characteristic lanthanide luminescence contain integrated information consisting of
lanthanide luminescence, defect luminescence of host material and back-ground signals.

2 excitation range: 230 - 800 nm (5.39 - 1.55 eV); detection range: 240 - 850 nm (5.17 - 1.46 eV)
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Figure 2.8: (a) Emission spectrum of the xenon lamp used for room temperature PL and PLE
investigations in this work. The lamp outputs were measured by a photodiode. (b) Normalised
PLE spectrum of a AlN:Tb layer (monitored at 543 nm, corresponds to 5D4 - 7F5 transition)
after 30 minutes annealing at 500 °C with and without lamp correction (blue and black line
respectively) and the plot of the integrated luminescence intensity originated from intra 4f -
transitions of Tb ions (red dashed line with circles).

Based on the low pumping property of the xenon lamp for the excitation of lanthanide
luminescence centres in AlN [56], we corrected the PLE data of this work with the assump-
tion, that the luminescence intensity depends linearly on the lamp output. And in order
to obtain a more accurate PLE spectrum for lanthanide emission, PL spectra were �rstly
taken by using di�erent excitation energy (with energy interval of 0.1 eV). After this, we
subtracted the back ground signals, integrated the area below every lanthanide lumines-
cence peaks, corrected the results with lamp output and then plotted then against the
excitation energy. As can be seen in �gure 2.8 (b), the signal disturbances are eliminated
by using this treatment.

Low temperature PL spectroscopy

As will be analysed in the next chapter, the splitting of lanthanide luminescence peaks
due to crystal �eld perturbation can be only observed under cryogenic conditions. After
30 minutes annealing at 1000 °C the AlN:Sm and AlN:Tb layers were cooled down to
about 10 K by a Helium-�ow cryostat. An ArF exciplex laser with wavelength of 193 nm
(6.42 eV) served as excitation light source. The resulting luminescence was �ltered by a
grating monochromator with 1 m focal length and detected by a back-illuminated CCD
camera.
Thereby, two kinds of di�raction grating with groove density 1200 and 2400 g/mm were
available. They provide a spectral resolution of about 0.012 nm in the detection range
from 340 nm to 800 nm (3.65 - 1.55 eV).
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Chapter 3
Lanthanide luminescence and

architecture of neighbour ions - Crystal

Field Theory

In quantum mechanics, a transition 〈Ψi|Ô|Ψf〉 is non-vanished, if Γ, the symmetry of the
transition operator Ô, is contained in the direct product of Γi ⊗ Γf , where Γi and Γf are
symmetric irreducible representations of initial and �nal states, Ψi and Ψf , respectively.
In case of lanthanide ion under a centrosymmetric electrostatic �eld, all of the induced
intra-4f electric dipole transitions (ED transitions) are forbidden, because the parities of
its initial and �nale state are identical and the ED operator has an ungerade parity (u or
-) (Laporte selection rules [57]). Although the intra-4f magnetic dipole transitions (MD
transitions, with gerade operator parity g or +) are allowed, their transition strength is
however generally 5 magnitudes lower than the former one [58]. In order to observe intra-
4f transitions, the lanthanide ions should be in general located in crystal surroundings
with a non-centrosymmetric point group. Thereby, States of 4fn-con�guration are mixed
by 4fn-15d-states with opposite parity. [59, 60]. The electrostatic �eld, which arises from
the surrounding ions and interacts on the central lanthanide ion, is named as crystal �eld.
Due to limited solid solubility [61] and luminescence concentration quenching [62, 63],
concentration of lanthanide dopants in a crystalline host can only be kept in the range
of several atomic percent. The small amount of lanthanide dopant complicates the de-
termination of its lattice location by using conventional electron beam based microscopic
methods. Additionally, the polycrystalline nature of deposited layers in this work makes
other techniques, such as ion beam channelling or emission channelling, practically impos-
sible. The crystal �eld theory is, on the other hand, a convenient instrument not only for
the theoretical calculation of the electron �ne structure [64], but also for the determina-
tion of the lanthanide site location with the help of available experimental investigations
[65, 66]. Furthermore, analysis based thereon may be the only way so far to characterise
the local symmetry of radiative lanthanide ions in a polycrystalline host.
In the �rst part of this chapter (section 3.1) perturbations by the crystal �eld on a multi-
electron system will be brie�y overviewed. Subsequently we use Sm3+ and Tb3+ as probes
to identify their local symmetry in AlN. The corresponding experimental results and dis-

23



Chapter 3. Lanthanide luminescence and architecture of neighbour ions - Crystal Field
Theory

cussions are shown in section 3.2.

3.1 In�uences of crystal �eld interactions on lanthanide

4f-electrons

The crystal �eld (CF) is considered as an electrostatic perturbation, which is built by
the charge distribution of surrounding ions and interacts with the electrons of the central
ion. In case of lanthanide 4f -electrons, the CF perturbation is a rather weak interaction
due to screening e�ects from outer electron shells and thus can only slightly remove
their spin-orbit coupled degeneracy (as already mentioned in section 1.2). Predictions of
this energy level splitting through ab-initio calculations, e.g., Hartree-Fock method, are
sometimes in less consistency with experimental results. One of the main reasons is that
the considerations for the calculation are not comprehensive enough, because the physical
processes lying behind are not fully understood [67]. A more common approach in the
practice is to use a semi-empirical method by introducing a crystal �eld Hamiltonian
operator ĤCF. It contains the parameters relating to the symmetry of surrounding ions,
and can be achieved with the following steps (for more details see reference [67]):

1. Expression of crystal �eld Hamiltonian

The point charge model is one of the most adequate expressions for the crystal �eld
Hamiltonian, where ĤCF is de�ned as a summation of crystal �eld potentials V (~ri)

felt by each 4f electron of the central lying lanthanide ion:

ĤCF = −e
n∑
i=1

V (~ri). (3.1)

~ri is the position vector of electron i and e the elementary charge. If the crystal �eld
perturbation in the considered system is time-independent, V (~ri) can be written as
a summation over all electrostatic potentials, which are produced by surrounding
discrete point charges −Ze at atomic position vector ~RL and act on the i-th 4f
electron of lanthanide ion:

V (~ri) =
∑
L

(−Ze)L
|~RL − ~ri|

. (3.2)

2. Expansion of the crystal �eld potential

The distance term in equation 3.2, 1

|~RL−~ri|
, can be expanded by using the Legendre

polynomials and spherical harmonic addition theorem [68]. After tedious mathe-
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matic treatments one is able to rewrite the crystal �eld potential as:

V (~ri) =
∞∑
k=0

[
Bk

0C
k
0 (i)

+
k∑
q=1

(
Bk
q

(
Ck
−q(i) + (−1)qCk

q (i)
)

+B
′k
q i
(
Ck
−q(i) + (−1)qCk

q (i)
))]

,

(3.3)

where Ck
q (i) are the tensor operator, which replace the spherical harmonics Y q

k (i)

by

Ck
q (i) =

√
4π

2k + 1
Y q
k (i), (3.4)

Further terms are de�ned as

Bk
0 =

√
4π

2k + 1
Y 0
k

∑
L

(−Ze)L
rk

Rk+1
L

, (3.5a)

Bk
q =

√
4π

2k + 1
(−1)qReY q

k

∑
L

(−Ze)L
rk

Rk+1
L

, (3.5b)

B
′k
q =

√
4π

2k + 1
(−1)qImY q

k

∑
L

(−Ze)L
rk

Rk+1
L

. (3.5c)

They represent the crystal-�eld parameters (CF parameters) in Wybourne notation.
For 4f electrons k = 0, 1, ..., 7 are allowed. Because the CF parameters must be
invariant after symmetry operations, allowed values of q (|q| ≤ k) are determined
by the local symmetry of the lanthanide ion.
It can be seen from equation 3.3 that the crystal �eld Hamiltonian consists of three
parts:

ĤCF = Ĥ0
CF + Ĥ

′

CF + Ĥ
′′

CF, (3.6)

the part Ĥ0
CF with k = 0, which shifts the barycentre of all energy levels and

contribute to the nephelauxetic e�ect [69]; the part Ĥ
′

CF with odd k-values, which
mixes 4fn-15d-state with opposite parity into 4fn-states and is responsible for the
strength (namely the intensity) of induced electric dipole transitions [70]; and the
part Ĥ

′′

CF with non-zero even k-values, which causes the Stark splitting of 4f -energy
levels and J-mixing e�ect [59, 60]. In order to determine the crystal �eld splitting
and, on this basis, the lattice location of radiative lanthanide ions, only Ĥ

′′
CF terms

are need to be considered.

3. Diagonalisation of the crystal �eld matrix element by operator-equivalent method

Once the crystal �eld Hamiltonian is formulated, one can calculate the Stark lev-
els |Ψln′τ ′S′L′J ′M ′ 〉 through diagonalisation of crystal-�eld matrix with the matrix
element in form 〈

ΨlnτSLJM

∣∣∣ Ĥ ′′CF ∣∣∣Ψln′τ ′S′L′J ′M ′

〉
. (3.7)
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Although it is theoretically possible to calculate the matrix elements in the full
Hilbert space from ĤCF in Wybourne notation, only the angular parts of them can
be exactly solved [67]. Hence it is more convenient in practice to estimate the CF pa-
rameters semi-emperically, and based on this to calculate the corresponding energy
positions of the Stark levels. Through comparison with experimentally determined
energy levels one can adjust the CF parameters until the di�erences between calcu-
lated and experimental results are minimised.
If the J-mixing e�ect is negligible1, one may use a so-called "operator-equivalent
method" to obtain an e�ective crystal �eld Hamiltonian Ĥ

′′∗
CF, which is approximate

to the crystal �eld Hamiltonian [71, 72, 73, 74]:

Ĥ
′′

CF ≈ Ĥ
′′∗
CF =

∑
q=2,4,6

k=q∑
k=−q

akA
k
q〈rk〉Ôk

q =
∑
q=2,4,6

k=q∑
k=−q

Bk
q Ô

k
q , (3.8)

where ak are the Stevens coe�cients 〈J ||α||J〉, 〈J ||β||J〉 and 〈J ||γ||J〉 for k = 2, 4,
6 respectively, and can be calculated based on the doubly reduced matrix element
values [75], 〈rk〉 expectations of radial integral of electrons in free lanthanide ion and
Ôk
q the equivalent angular momentum operators, whose expressions can be found in

[71, 76]. Aqk is the CF parameter in Stevens notation and follows:

Akq =
4π

2k + 1
ckq(−1)k

N∑
i=1

Zie
2Y q

k (θi, ϕi)

Rk+1
i

. (3.9)

Here ckq indicates a transformation coe�cient, which relates the irreducible opera-
tors Ck

q (θi, ϕi) and equivalent operators Ôk
q , Zi is the e�ective point charge of the

surrounding ions felt by 4f -electrons of central lying lanthanide ion and θi, ϕi, Ri

their polar coordinates.

Over years many experimental studies were performed on spectroscopic properties of
trivalent lanthanide ions, which are doped into di�erent crystalline host matrices substi-
tutionally [65, 66, 77, 78, 79, 80]. The CF parameters in Wybourne notation, Bk

q , were
determined by direct �tting of optic and magnetic results, inferring the local symmetry
of the lanthanide ions in the host. And based on the physical and structural model of un-
doped host material, the values of Bk

q calculated by operator-equivalent method (equation
3.8 and 3.9) were used as initial set for the �tting procedure. Since the number of non-
vanishing CF parameters depend on the local symmetry, this strategy, however, will lead
to an immense complexity by analysing the systems of a lower point group. The lower is
its symmetry, the more is the total number of CF parameters (e.g. 4 for Oh, 27 for C1)2.

1 This e�ect highly depends on the atomic number of the lanthanide elements, the 4f -levels to be considered
and the local symmetry etc. In General, the J-mixing e�ect is stronger in "light" lanthanide elements
than in the "heavy" ones, stronger at lower 4f -levels and weaker for higher symmetry.

2 Although the restriction of a constant Bk
q /B

k
0 ratio (because of identical radial part of Bk

0 and Bk
q

in a given con�guration) can be used to reduce the number of variable CF parameters, it may cause
additional errors in the �tting procedure. A slight lattice distortion in�icted by lanthanide dopant leads
to considerable deviation of the experimentally determined Bk

q /B
k
0 ratio from the one predicted by crystal

model [81] (as an example see the discussions in section 3.2.2).
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More importantly, CF parameters are unobservable quantities and vary with di�erent
selections of the Cartesian system. They also imply a variety of other physical factors,
which are indistinguishable from the values of the CF parameters. Hence comparing the
�tted CF parameters to the references under di�erent assumptions and pre-conditions is
confusing and sometimes even misleading for the analysis of the local symmetry of the
lanthanide environment.
Very recently E. Coronado and his co-workers [82, 83] had proposed an e�ective point
charge to calculate the CF parameters, so as to �t the ground state Stark splitting of
lanthanide ions. The results extracted thereby contain clear physical and structural in-
formation, and thus are capable to be used as reference for further studies. In the next
section we will also apply this method to �nd out the site location of radiative lanthanide
ions in the AlN host.

3.2 Determination of radiative lanthanide site location

in AlN host

As corner stones for the CF analysis, we summarise in section 3.2.1 the possible substi-
tutional and interstitial sites of lanthanide ions in the AlN matrix as well as the corre-
sponding spectra assignment and selection rules of transitions between Stark levels with
the help of references elsewhere. In section 3.2.2, the energy positions of the Stark levels
in the multiplets 5HJ (J = 5/2, 7/2, 9/2 and 11/2) of Sm3+ (4f 5) are precisely identi�ed
through PL measurements at low temperature. We attempt for the �rst time to estimate
the e�ective point charge of nitrogen ions felt by Sm3+ and their polar coordinates. Even
though the �tting procedure was less satis�ed for Tb3+ (4f 8), its local symmetry is still
able to be determined by spectra analysis in section 3.2.3.

3.2.1 Physical and structural considerations on lanthanide site in

AlN

Substitutional site

XRD and TEM results in present work (see �gure B.2 in appendix B and �gure 4.4
in chapter 4) as well as our previous studies [63, 84, 85, 86] indicate that the AlN:Ln
layers produced by reactive co-sputtering exhibit columnar grains with wurtzite struc-
ture (w-AlN, space group P63mc). Although the lattice location of lanthanide dopants
is microscopically not veri�able, theoretical and experimental works elsewhere [87, 88]
suggested that they substitute preferentially the position of cations in III-nitrides host
material (as shown in �gure 3.1 (a)). In the same way as Al, the lanthanide ion (ion
labelled by Ln in �gure 3.1 (b)) is under a C3v local symmetry, which is arranged by
tree equivalent N ions on basal plane (ions N2, N3 and N4) with identical bond length
and one N ion with a di�erent bond length along c-axis (ion N1). The corresponding CF
Hamiltonian Ĥ

′′

CF(C3v) is determined by six CF terms [67]:

Ĥ
′′

CF(C3v) = B2
0C

2
0 +B4

0C
4
0 +B4

3(C4
−3−C4

3)+B6
0C

6
0 +B6

3(C6
−3−C6

3)+B6
6(C6

−6 +C6
6). (3.10)
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Figure 3.1: (a) Atomic structure of lanthanide doped w-AlN. One aluminium ion (yellow) is here
substituted by a lanthanide ion (pink). (b) C3v local symmetry of a lanthanide ion (labelled
as Ln). Selection of the Cartesian system as well as the independent physical and structural
parameters as discussed in the text are marked on the �gure.

In order to calculate CF parameters we applied Prather's conventions [89] to settle the
Cartesian coordinate system for these surrounding nitrogen ions: As can be seen in �gure
3.1 (b), the 3-fold rotation axis, which correlates the c-direction of w-AlN, is chosen as
z-axis. The x-axis coincide one nitrogen ion on the basal plane (here is ion N2). And y-
axis is perpendicular to x- and z-axes with the direction follows right-hand rule. Through
converting the Cartesian coordinates into polar coordinates, only four independent phys-
ical and structure variables (marked in �gure 3.1 (b)) are needed to be considered in the
calculation of e�ective CF Hamiltonian Ĥ

′′∗
CF (equation 3.8 and 3.9). They are the e�ective

point charge of surrounding nitrogen ions felt by 4f -electrons of centre lying lanthanide
ion ZLn, their radial displacements relate to 4f -shell of lanthanide ion RLn-N1 and RLn-N2

(RLn-N2 = RLn-N3 = RLn-N4) and the angle θN1-Ln-N2 (θN1-Ln-N2 = θN1-Ln-N3 = θN1-Ln-N4).
Due to the polycrystalline nature of the AlN layers the lanthanide local symmetry can
be reduced to C1, if, e.g., one or two nitrogen ions on the basal plane are missed at the
grain boundary or replaced by point defects, such as unintentional O impurities (ON) or
N vacancies (VN, with less probability due to large formation energy [87]). As a result,
27 CF terms are required to describe Ĥ

′′

CF(C1):
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Interstitial sites

In spite of energetic instability [90, 91] a very small part of lanthanide ions might be
located at interstitial sites [88]. Taking their huge ionic radii into account, tetrahedral
(T) and octahedral (O) positions of AlN, both with C3v symmetry, may be the proper
interstitial sites for them. As shown in �gure 3.2 (a), a lanthanide ion on the T site
locate at the middle point between two nearest Al and N ions, Al1 and N1, along z axis.
And Al2, Al3, Al4, N2, N3 and N4 are the second nearest neighbour ions. Interstitial
lanthanide ion on the O site, on the other hand, is located in a pentahedral constructed
by Al and N ions. Three Al ions (Al1, Al2 and Al3) and three N ions (N1, N2 and N3)
are its closest neighbours (see �gure 3.2 (b)).

(a)                                                              (b) 

: N                         : Al                         : Ln 

Al1 

Al2 

Al3 

Al4 
N1 

N2 

N3 

N4 

Al1 Al2 

Al3 

N1 N2 

N3 

Figure 3.2: Atomic structure of lanthanide doped w-AlN, in which the lanthanide ions are placed
at interstitial site T (a) and O (b). Two �rst and six second nearest neighbour ions, Al1, N1 and
Al2, Al3, Al4, N2, N3, N4, related to lanthanide ion at T site and six �rst nearest neighbour
ions, Al1, Al2, Al3, N1, N2 and N3, related to lanthanide ion at O site are marked.

3.2.1.1 Spectra assignment and selection rules

The splitting of lanthanide 4f -levels due to CF perturbation (Stark levels) is in general
assigned according to the local symmetry, the parity of the 4f -electron number and total
angular momentum J . Within a C3v local symmetry, the Stark levels of even-electron
lanthanide ions are singly and/or doubly degenerated, and labelled by their irreducible
representations with Bethe notation Γ1, Γ2 and (Γ3, Γ3) respectively [92, 93]. In case
of odd-electron lanthanide ions, all the Stark levels are Kramers doublets (Γ4, Γ4) and
(Γ5, Γ6). Detailed energy splitting in each J-level are enumerated in table 3.1, where the
symbols Γ3, Γ4 and Γ5,6 represent (Γ3, Γ3), (Γ4, Γ4) and (Γ5, Γ6) for short.
In C3v symmetry the x- and y-directions are equivalent to each other whereas the z
direction (c-axis) is not. This means that z-direction exhibits an irreducible representation
di�erent to that of x- and y-directions. Induced electric dipole (ED) transitions between
Stark levels are therefore only allowed in certain directions. As listed in table 3.2, under
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C3v symmetry the ED transition Γ1 ↔ Γ2 is forbidden in even-electron system, and in
odd system all transitions are allowed.
As mentioned above, the C3v symmetry of lanthanide ion in AlN could be reduced into
C1 due to presence of certain crystal defects. Depending on their J-number, each 4f -level
will be in this case 2J + 1 fold degenerated. And no forbidden ED transition exists.

Table 3.1: Full-rotational group compatibility table of 4f -levels in even- and odd-electron systems
under C3v symmetry [67].

C3v
even

C3v
odd

J irreducible representations J irreducible representations

0 Γ1 1/2 Γ4

1 Γ2 + Γ3 3/2 Γ4 + Γ5,6

2 Γ1 + 2Γ3 5/2 2Γ4 + Γ5,6

3 Γ1 + 2Γ2 + 2Γ3 7/2 3Γ4 + Γ5,6

4 2Γ1 + Γ2 + 3Γ3 9/2 3Γ4 + 2Γ5,6

5 Γ1 + 2Γ2 + 4Γ3 11/2 4Γ4 + 2Γ5,6

6 3Γ1 + 2Γ2 + 4Γ3 13/2 5Γ4 + 2Γ5,6

7 2Γ1 + 3Γ2 + 5Γ3 15/2 5Γ4 + 3Γ5,6

8 3Γ1 + 2Γ2 + 6Γ3 17/2 6Γ4 + 3Γ5,6

Table 3.2: Selection rules for induced intra-4f electric dipole transitions in even- and odd-electron
systems under C3v symmetry [67].*

C3v
even

C3v
odd

Γ1 Γ2 Γ3 Γ4 Γ5

Γ1 π forbidden α, σ Γ4 α, σ, π α, σ
Γ2 forbidden π α, σ Γ5 α, σ π
Γ3 α, σ α, σ α, σ, π

* The optical spectra resulted by ED transitions depend on the polarization direction of electric �eld
vector ~E and magnetic �eld vector ~H related to the crystallographic c-axis: in α spectrum the light
propagates parallel to c-axis with ~E ⊥ c and ~H ⊥ c; in σ spectrum the light propagates perpendicular to
c-axis with ~E ⊥ c and ~H ‖ c; in π spectrum the light propagates perpendicular to c-axis with ~E ‖ c and
~H ⊥ c.

3.2.2 Crystal �eld analysis on Sm3+ (4f 5) in AlN

Experimental results and determination of local symmetry

Trivalent Sm ion is an appropriate indicator to determine the lanthanide doping location
in AlN host by using crystal �eld analysis. It is not only due to the fact that, though
optical excitation at low temperature, strong luminescence can be generated through intra
4f -transitions from a single multiplet 4G5/2 to the ground and low energetic multiplets
(see �gure C.1 (b) in appendix C), but also because the luminescence peaks are well
energetically separated. Moreover, Sm3+ has odd electrons (�ve) in its 4f orbital and
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Figure 3.3: (a): High-resolution PL spectrum of AlN:Sm at 10.3 K and (b) - (e): detailed spectra
indicating the transitions 4G5/2 - 6HJ (J = 5/2, 7/2, 9/2 and 11/2). The layer was annealed
at 1000 °C for 30 minutes. All distinguishable luminescence peaks are numbered. In order to
obtain more accurate energy position, main peaks are �tted by Gaussian. Red solid lines are
the �tted spectra and blue dashed lines the �tting curves to each individual peak. The energy
positions are listed in table 3.3.
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thus all the Stark levels are Kramers doublets. According to selection rules listed in table
3.2 there is no forbidden transition between its Stark levels in C3v local symmetry.
In order to enhance the luminescence intensity (more details see chapter 4), AlN:Sm layer
was annealed at 1000 °C for 30 minutes before the PL measurements at 10.3 K (by using
the experimental setup descripted in section 3.5.2) carried out. Radiative transitions
4G5/2 - 5HJ (J = 5/2, 7/2, 9/2 and 11/2) can be clearly identi�ed in the high-resolution
PL spectrum (�gure 3.3 (a)). Figure 3.3 (b) - (e) show the detailed luminescence peak
splitting of each transition. All distinguishable peaks are thereby numbered on the spectra,
and the corresponding energy positions of peak maxima are listed in the third column of
table 3.3. As can be seen from those spectra, several much weaker and relatively broader
satellite lines exist next to or coincide with the intense and sharp main peaks. Energy
positions of main peaks with No. 2-4, 9-12, 16-20 and 23-28 are extracted by Gaussian
�tting (represented as blue dashed lines in 3.3 (b) - (e)) and listed in the fourth column of
table 3.3. In lanthanide ions, the electron relaxation between di�erent Stark levels within
an individual 4f -multiplet is much faster as compared to intra-4f transitions. And under
the cryogenic condition used for PL measurements the possibility of thermal population
becomes very small, even though the energy positions of Stark levels are only dozens
of wave numbers apart from each other. Hence it is reasonable to believe that before
the intra-4f transition, 4f electrons of lanthanide ion are all in the lowest Stark level
of the excited multiplet. Setting the luminescence line at 17248 cm−1 (No. 2) as the
transition from the lowest energy Stark level of 4G5/2 to the ground state Stark level of
4H5/2, other Stark levels can be determined (�fth column of table 3.3). These results are
in excellent agreement with the reference published by U. Vetter et. al. (sixth column of
table 3.3), in which Sm3+ centres were implanted into single crystalline AlN host and the
Stark levels were measured from low temperature cathodoluminescence (CL) spectra [65].
Supported by the results of emission channelling and crystal �eld analysis they believed
that the Sm3+ are located on substitutional Al site with C3v symmetry. Relatively larger
aberrations of the line number 11 and 12 (seventh column of table 3.3) are very probably
due to the overlap of these two luminescence peaks as shown both in the present work
(�gure 3.3 (c)) and the reference [65].
On the base of this and the considerations discussed in previous section, we could deduce
that the majority of radiative Sm3+ doped in polycrystalline AlN host also occupy the Al
sites and have a C3v local symmetry with the surrounding N ions. Although the existence
of lanthanide ions on the interstitial site with same crystal symmetry (O and T site, cf.
section 3.2.1) should not be excluded, due to their energetic instability [90, 91] they could
be easily recovered by thermal annealing. The satellite lines are very probably generated
by the Sm3+, which are associated with crystal defects, such as vacancies and impurity
ions. In this case, conditions of the C3v symmetry are broken. The disturbed crystal �eld
changes the splitting of 4f -levels and the strength of selected ED transitions [70] and thus
results additional emission lines deviated from the expectation referred to C3v symmetry
[94].
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Table 3.3: Energy of the radiative transitions from 4G5/2 to 5HJ (J = 5/2, 7/2, 9/2 and 11/2)

of Sm
3+

doped in AlN and the energy positions of Stark levels.

levels No.
a

Em
b

Efit
c

EStark
d

ErefStark
e

∆E
f

2S+1LJ cm−1 cm−1 cm−1 cm−1 cm−1

(eV) (eV)

6H5/2 1 17295

(2.144)

2 17248 17248 0 0 0

(2.138) (2.138)

3 17200 17200 48 44 4

(2.133) (2.134)

4 17162 17162 86 90 -4

(2.128) (2.128)

5 17108

(2.121)

6 17071

(2.117)

7 17019

(2.110)

6H7/2 8 16224

(2.012)

9 16184 16184 1064 1063 1

(2.007) (2.007)

10 16119 16120 1128 1128 0

(1.999) (1.999)

11 16100 16101 1147 1171 -24

(1.996) (1.996)

12 16081 16084 1164 1225 -61

(1.994) (1.994)

13 16004

(1.984)

14 15982

(1.981)

6H9/2 15 15040

(1.865)

16 14994 14994 2254 2253 1

(1.859) (1.859)

17 14936 14935 2313 2308 5

(1.852) (1.852)

18 14899 14898 2350 2346 4

(1.847) (1.847)

19 14867 14867 2381 2375 6

continued on next page
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Table 3.3 � continued from previous page

levels No.
a

Em
b

Efit
c

EStark
d

ErefStark
e

∆E
f

2S+1LJ cm−1 cm−1 cm−1 cm−1 cm−1

(eV) (eV)

(1.843) (1.843)

20 14851 14851 2397 2402 -5

(1.841) (1.841)

21 14805

(1.836)

22 14787

(1.833)

6H11/2 23 13659 13660 3588 3586 2

(1.693) (1.694)

24 13647 13645 3603 3598 5

(1.692) (1.692)

25 13615 13614 3634 3630 4

(1.688) (1.688)

26 13597 13597 3651 3649 2

(1.686) (1.686)

27 13587 13585 3663 3661 2

(1.685) (1.684)

28 13549 13551 3697 3693 4

(1.680) (1.680)

a
The label number of luminescence peak assigned in �gures 3.3 (b) - (e).

b
Energy positions of all distinguishable luminescence peaks in �gures 3.3 (b) - (e). They correspond to

the positions of maximal intensity.
c
Fitted energy positions of the main luminescence peaks by using a Gaussian approximation (blue dashed

lines in �gures 3.3 (b) - (e)).
d
Energy positions of Stark levels as determined in this work related to the ground state of multiplet

5H5/2.
e
Energy positions of Stark levels of Sm

3+
, which is implanted in single-crystalline AlN from reference

[65].
f
Energy di�erence between Stark levels determined in the present work and reference [65] ∆E = EStark−
Eref

Stark.
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CF �tting results and discussions

The computer assisted �tting program used in this work basically follows the routine map
published in [83] and has been developed with MATLAB 2014b. The CF parameters (both
in Stevens and Wybourne notation) and the CF Hamiltonian were �rstly calculated by an
initial set of input data, which include bond length and bond angle of wurtzite AlN (RAl-N1

= 0.192 nm, RAl-N2 = 0.188 nm and θN1-Al-N2 = 107.68°) and valence of N ions ZN = 3.
The energy positions of Stark levels obtained through diagonalisation of CF Hamiltonian
matrix were compared with our experimental results. Subsequently, the input dataset
was varied continuously until the di�erence between calculated and experimental results
was minimised. Due to a smaller number of Stark levels and a higher J-mixing e�ect
expected at lower 4f -levels of Sm3+, we adopted the experimentally determined Stark
levels of 6H11/2 (peak number 23 - 28 in table 3.3) for this comparison. The lowest value
of the calculated Stark levels was �xed at 3588 cm−1 (in consistence with experimental
results). After this, we have further tried to parse the data with three variables, where the
angle θN1-Sm-N2 was kept constant and equal to the known value of wurtzite AlN θN1-Al-N2.
The results of the structural information and the e�ective charge felt by 4f -electrons of
Sm3+ as well as the calculated Stark levels of multiplet 6H11/2 and CF parameters are
listed in the following tables. By �tting with 4 variables, the radial displacement from
4f -shell of Sm ion to e�ective point charge of N ion along the threefold axis (RSm-N1)
and to the one on basal plane (RSm-N2) is about 0.230 and 0.245 nm respectively, which
is signi�cantly extended in comparison with the corresponding bond length of wurtzite
AlN. And the angle θN1-Sm-N2 reduces from 107.68° for wurtzite AlN to 105.10°. Large
di�erence of ionic radius between Sm and Al could be the main reason for these structural
changes. An independent ab-initial calculation on the structure of AlN with substitutional
Tb-dopant by using the NWChem 6.1.1 program indicated that the Tb-N bond length
is 0.240 (for N along threefold axis) and 0.265 nm (for N on basal plane)3, which are in
good agreement with our results. According to the screening e�ect one can expect that
the e�ective charge of surrounding N ions felt by 4f -electrons of Sm ion should be less
than its valence. ZN with a value of 2.5 listed in table 3.4 should be therefore a rational
result. And based on these, energy positions of Stark level are calculated and listed in
table 3.5, with acceptable deviations from experiment results.
It is quite interesting to notice from both tables that, beyond slight extension of RSm-N1,
generally no considerable changes in the results can be found through �tting with �xed
θN1-Sm-N2. But the CF parameters, in particular with k = 4, are more sensitive against the
variation of RSm-N1 and θN1-Sm-N2 (see table 3.6). This may be, on the one hand, due to the
fact that the contributions of neighbouring ions on the CF perturbation decrease strongly
as the distance R elongates, and obey 1/Rk+1 rule. And on the other hand, the pre-
factor ckq in equation 3.9 decreases signi�cantly as decreasing k-value. CF parameters
with the index k = 2, 4 and 6 are therefore respectively sensitive against the changes
of CF perturbation at larger, intermediate and smaller distance [67]. In this spirit, 3
% elongation of RSm-N1 creates 20 % reduction of B4

0 and almost no alterations for the

3 unpublished work done by Dr. Gergelz Matisz. (department of the General and Physical Chemistry,
University of Pécs), with permission.
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parameters with k = 2 and 6. The parameters with q characterise every CF perturbations
on the planes, which go through the q-fold axis. Hence B4

3 enlarges 17 % by an increase of
θN1-Sm-N2 about 2.6 degree. And obviously this modi�cation of structural model changes
the B4

3/B
4
0 ratio from -0.58 (4 variable �tting) to -0.85 (3 variable �tting).

Table 3.4: Fitted distance from the 4f -shell of Sm ion to the e�ective point charge of N ion on
the threefold axis RSm-N1 and on the basal plane RSm-N2 (nm) as well as the angle θN1-Sm-N2 (°)
and the e�ective charge felt by Sm

3+
ZSm. Results are obtained through �tting procedure with

3 and 4 variables.

number of variables RSm-N1 RSm-N2 θN1-Sm-N2 ZSm

4 0.230 0.245 105.10 2.5
3 0.237 0.245 107.68* 2.6

* This angle was kept as constant and equals to the bond angle of wurtzite AlN during the �tting
procedure.

Table 3.5: Comparison between experimentally determined and calculated energy positions of
Stark levels of Sm

3+
multiplet 6H11/2. Results are obtained through �tting procedure with 3

and 4 variables.

4 �tting variables 3 �tting variables

No. EexpStark EcalStark ∆E EcalStark ∆E

23 3588 3588 0 3588 0
24 3603 3605 -2 3606 -3
25 3634 3620 14 3619 15
26 3651 3633 18 3635 16
27 3663 3649 14 3649 14
28 3697 3685 12 3686 11

Table 3.6: Calculated CF parameters of Sm
3+

in Stevens and Wybourne notation (Akq and Bk
q

in cm−1). Results are obtained through �tting procedure with 3 and 4 variables.

4 �tting variables 3 �tting variables

k q Akq Bk
q Akq Bk

q

2 0 47 94 47 93
4 0 172 1378 137 1096
4 3 2359 -797 2752 -930
6 0 23 370 23 375
6 3 -282 220 -290 227
6 6 -238 -251 -229 -241
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3.2.3 Crystal �eld analysis on Tb3+ (4f 8) in AlN

Experimental results and determination of local symmetry

In terms of Tb doped AlN, spectra splitting due to CF perturbation is much more compli-
cated: Because of larger J value the splitting number of the luminescence peak observed
in AlN:Tb is higher than that in AlN:Sm. Furthermore, trivalent Tb ion possesses an
even number of 4f -electrons. This means that the Stark levels can be singly or doubly
degenerated and one forbidden ED-transition exists (cf. table 3.1). As shown in �gure
3.4 (a), two groups of radiative intra-4f transitions, respectively originated from two mul-
tiplets 5D3 and 5D4 to 7FJ (J = 6, 5, and 4), are detectable. In analogy to the spectra
analysis in the previous section the energy positions of each distinguishable luminescence
peaks are graphically determined on �gure 3.4 (b) - (g) and summarised in table 3.7.
There is only one report dealing with the CF splitting of Tb luminescence in III-nitride
host material hitherto. It stated that the radiative Tb ions are located at the site with
D2 instead of C3v symmetry in GaN [95]. Since the energy positions of Stark level identi-
�ed thereby were quite di�erent from our experiment results, we cannot use them as an
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Figure 3.4: (a) High-resolution PL spectrum of AlN:Tb at 10.2 K, (b) (d) and (f): detailed
spectra indicating the transitions 5D3 - 7FJ (J = 6, 5, and 4) and (c), (e) and (g): detailed
spectra indicating the transitions 5D4 - 7FJ (J = 6, 5, and 4). The layer was annealed at 1000
°C for 30 minutes. All distinguishable peaks are numbered on the spectra. In order to obtain
the energy position more accurately, mean luminescence peaks are �tted by Gaussian. Red solid
lines are the �tted spectra, blue dashed lines the �tting curves to each individual peak and green
solid lines the �tting curves to the back ground signal. The energy positions are listed in table
3.7.

adequate reference in the CF analyse. According to the selection rules of ED transition
and the number of Stark levels, we may suggest that in our case the most radiative Tb
ions in polycrystalline AlN are positioned in C3v local symmetry:
Because the transition Γ1 ↔ Γ2 is forbidden in C3v local symmetry, the total number of
observable ED-transitions depends on the irreducible representation of the initial Stark
level (see table 3.2). As clearly indicated from PL spectra and table 3.7, nine intense
peaks (no. 2 - 9 and 11) are distinguishable in the transition 5D3 - 7F6, seven (no. 15, 17
- 20, 23 and 25) in 5D3 - 7F5 and six (no. 26 - 29, 31 and 34) in 5D3 - 7F4, whereas three
peaks (no. 2, 6 and 7) are supressed in 5D4 - 7F6, one (no. 19) in 5D4 - 7F5 and two (no.
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28 and 29) in 5D4 - 7F4. Numbers of those observed transitions are in consistence with
the last two rows enumerated in table 3.8. On this basis we suppose that the irreducible
representation of the lowest Stark level of 5D3 is Γ3 and the one of 5D4 is Γ2. The su-
pressed (or vanished) peaks may therefore relate to the Stark levels with Γ1 in multiplets
7F6, 7F5 and 7F4, and labelled in the �fth column of tables 3.7.

Table 3.7: Energy of the radiative transitions from 5D3 and 5D4 to 7FJ (J = 6, 5, and 4) of
Tb

3+
doped in AlN and the energy positions of Stark levels.

transition 5D3 - 7FJ transition 5D4 - 7FJ

levels No.
a

Em
b

Efit
c

EStark
d

Em
e

Efit
f

EStark
g

∆E
h

2S+1LJ cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

(eV) (eV) (eV) (eV)

7F6 1 26231

(3.252)

2 26056 26056 0 (Γ1) 0 0

(3.231) (3.231)

3 26002 26001 55 20332 20332 55 0

(3.224) (3.224) (2.521) (2.521)

4 25984 25985 71 20321 20318 67 4

(3.222) (3.222) (2.520) (2.519)

5 25951 25954 102 20290 20290 95 7

(3.218) (3.218) (2.516) (2.516)

6 25897 25890 166 (Γ1) 20237

(3.211) (3.211) (2.509)

7 25871 25870 186 (Γ1) 20211

(3.208) (3.207) (2.506)

8 25837 25838 218 20171 20172 213 5

(3.203) (3.204) (2.501) (2.501)

9 25822 25816 240 20167 218 22

(3.202) (3.201) (2.500)

10 25787 20115

(3.197) (2.494)

11 25742 25749 306 20083 20085 300 7

(3.192) (3.193) (2.490) (2.490)

12 25561 19920

(3.169) (2.470)
7F5 13 24053 18400

(2.982) (2.281)

14 24022

(2.978)

15 24013 24015 2041 18356 18357 2029 13

(2.977) (2.977) (2.276) (2.276)

16 18338

(2.274)

continued on next page
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Table 3.7 � continued from previous page

transition 5D3 - 7FJ transition 5D4 - 7FJ

levels No.
a

Em
b

Efit
c

EStark
d

Em
e

Efit
f

EStark
g

∆E
h

2S+1LJ cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

(eV) (eV) (eV) (eV)

17 23957 23957 2099 18299 18300 2085 14

(2.970) (2.970) (2.269) (2.269)

18 23931 23928 2128 18264 18263 2122 5

(2.967) (2.967) (2.264) (2.264)

19 23903 23903 2153 (Γ1) 18251

(2.964) (2.964) (2.263)

20 23855 23857 2199 18186 18187 2198 1

(2.958) (2.958) (2.255) (2.255)

21 23829 18132

(2.954) (2.248)

22 23764

(2.946)

23 23670 23670 2386 18009 18010 2375 11

(2.935) (2.935) (2.233) (2.233)

24 17978

(2.229)

25 23597 23597 2459 17937 17937 2448 10

(2.926) (2.926) (2.224) (2.224)

7F4 26 22779 22779 3277 17120 17120 3266 11

(2.824) (2.824) (2.123) (2.123)

27 22747 22747 3309 17088 17088 3298 12

(2.820) (2.820) (2.119) (2.119)

28 22688 22692 3363 (Γ1) 17022

(2.813) (2.814) (2.111)

29 22682 22682 3374 (Γ1) 17000

(2.812) (2.812) (2.108)

30 22651 16979

(2.808) (2.105)

31 22576 22576 3480 16908 16908 3478 3

(2.799) (2.799) (2.096) (2.096)

32 22520 16836

(2.792) (2.087)

33 22452 16794

(2.784) (2.082)

34 22381 22381 3675 16721 16722 3663 12

(2.775) (2.775) (2.073) (2.073)

35 16678

(2.068)

continued on next page
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Table 3.7 � continued from previous page

transition 5D3 - 7FJ transition 5D4 - 7FJ

levels No.
a

Em
b

Efit
c

EStark
d

Em
e

Efit
f

EStark
g

∆E
h

2S+1LJ cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

(eV) (eV) (eV) (eV)

36 22285 16623

(2.763) (2.061)

a
The label number of luminescence peak assigned in �gures 3.4 (b) - (g).

b
and

e
Energy positions of all distinguishable luminescence peaks in �gures 3.4 (b) - (g). They correspond

to the positions of maximal intensity.
c
and

f
Fitted energy positions of the main luminescence peaks by using a Gaussian approximation (blue

dashed lines in �gures 3.4 (b) - (g)).
d
and

g
Energy positions of the Stark levels of 7FJ (J = 6, 5, and 4) as determined in this work related to

the ground state of multiplet 7F6. Values in
d
and

g
were determined through the transition originated

from multiplet 5D3 and 5D4 respectively. The levels with irreducible representation Γ1 are labelled in

the parentheses.
h
Energy di�erence between Stark levels determined by radiative transitions from multiplet 5D3 and

5D4.

Table 3.8: Number of possible ED-transitions from initial states Γ1, Γ2 and Γ3 to multiplets with
J = 6, 5, 4.

irreducible representation multiplet of �nal level

of initial level J = 6 J = 5 J = 4

Γ1 7 5 5
Γ2 6 6 4
Γ3 9 7 6

Fitting results and discussion

Unfortunately, e�orts of computer �tting didn't provide any convincing local structural
and physical information on radiative Tb ions in AlN. Some of the calculated Stark levels
have quite large deviations (50 - 100 cm−1) from the experimental results. Strong J-mixing
e�ects on those low energetic multiplets may be the reason for this.
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3.3 Conclusions

In order to exploit the radiative intra-4f transitions of lanthanide ions in light emission
applications, the ions must be located in a non-centrosymmetric environment. This is
a basic prerequisite for the design of lanthanide phosphor materials. In this chapter,
splitting of characteristic luminescence peaks from AlN:Sm and AlN:Tb layers under
cryogenic conditions were analysed according to crystal �eld theory. We conclude that
most of the radiative ions are placed in a C3v local symmetry. Results of computer assisted
�tting procedure indicate that the displacement of 4f -shell of substitutional Sm ion to the
e�ective point charge of N ions along three fold axis and on the basal plane (RSm-N1 and
RSm-N2) is about 0.230 and 0.245 nm respectively, and the angle θN1-Sm-N2 105.10°. The
e�ective charge of 4 surrounding N ions felt by Sm ion ZSm is 2.5. Unsatisfying �tting
results of AlN:Tb system calls for further considerations of other e�ects on the spectral
splitting (e.g. J-mixing e�ect), which should be solved in future works.
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Chapter 4
Lanthanide luminescence enhancement

via trivial procedures - thermal

treatment and collateral e�ects

According to the discussions in last chapter, one should keep in mind that the radiative
intra-4f transitions of trivalent lanthanide ion are allowed, only if the wave functions of
those electrons are electrostatically disturbed by the non-centrosymmetric surrounding
ions. We may de�ne the radiative lanthanide ions with this kind of ionic architecture
as "lanthanide luminescence centres" (LLC). The lanthanide luminescence intensity is
intrinsically proportional to the strength of the corresponding ED transition, which is
determined by the CF parameters with odd k values. Although the "intrinsic" intensity
can be predicted by ab-initio calculations [70], these theoretical values are hardly consis-
tent with experimental results, especially in the case of lanthanide-doped semiconductor
systems. This is essentially related to the type of excitation (direct, above or below band
gap excitation) and all electron processes competing with the lanthanide excitation and
consecutive radiative relaxation. All of them can "extrinsically" a�ect the observed lumi-
nescence intensity. Therefore, once the host material is selected according to crystal �eld
theory, the task for the material scientists is to �nd out proper procedures to suppress
the competing processes. Restriction of doping concentration in an appropriate range,
choosing of wide band gap semiconductor as host material and reduction of operating
temperature etc. are well-understood methods to prevent concentration quenching [63]
and thermal quenching [96].
On the other hand, it is widely accepted that thermal annealing is a trivial post-treatment
method to activate the lanthanide luminescence centres and increase their luminescence
intensity through atomic rearrangement of lanthanide dopants [97] and the host [98]. It
may further regulate energy states within the band gap, which are in particular formed by
the native crystal defects of the semiconductor host. Because the physical processes lying
behind are extremely complicated, a quantitative description on the thermal enhancement
of the lanthanide luminescence intensity is still lacking.
In this chapter we try to solve this problem in the case of the AlN:Ln system. Based
on photoluminescence results we con�rm in section 4.1 that the luminescence intensity

43



Chapter 4. Lanthanide luminescence enhancement via trivial procedures - thermal
treatment and collateral e�ects

of Pr3+, Sm3+, Tb3+ and Tm3+ in AlN can be signi�cantly enhanced through appro-
priate thermal treatment. Additionally we �nd a correlation of intensity between the
luminescence originated from lanthanide centres and that from defect states, which are
collaterally formed by the unintended oxygen impurities during thermal treatment. This
may reveal a substantial path to excite lanthanide luminescence centres in AlN with an
optical pumping below the band gap (section 4.2). Combined with excitation and relax-
ation mechanisms, e�ects of thermal treatment on lanthanide luminescence are discussed
and modelled by introducing a concept of "extended lanthanide luminescence centres"
(ELLC) at the end of this chapter (section 4.3).

4.1 General Photoluminescence results of AlN:Ln (Ln

= Pr, Sm, Tb, Tm)

Using the sputtering parameters listed in the table A.1 of appendix A, doping concentra-
tion of AlN:Ln layers (Ln = Pr, Sm, Tb, Tm) is kept approximately 1 at.-% (results of
ICP-OES, see table B.1 in appendix B). According to our previous results [63, 99], the
in�uence of concentration quenching on the lanthanide luminescence can be neglected.
The as-prepared layers were put into a quartz tube furnace with nitrogen protective gas
and annealed for 30 minutes at di�erent temperatures1 respectively (for details see section
2.2).
Room temperature PL measurements on the AlN:Ln layers before and after annealing
were performed by using the equipment setup introduced in section 2.5.2. The resulting
spectra of selected layers (as-prepared as well as annealed at 400 °C, 600 °C, 800 °C and
1000 °C) are shown in �gure 4.1 as examples. It can be seen from �gure 4.1 (a) that,
despite of broad defect luminescence peaks the transition 3P1 - 3H5, which corresponds
to a pure green line centered at the photon energy 2.36 eV (525 nm), is the main radia-
tive transition of Pr3+ doped in AlN. In addition, luminescence peaks with much lower
intensity originated from the transitions 3P0 - 3H5 at 2.27 eV (545 nm), 3P2 - 3F2 at 2.14
eV (579 nm) and 3P0 - 3F2 at 1.93 eV (643 nm) are detectable. In agreement with the
low temperature PL spectra analysed in section 3.2.2 and 3.2.3, pink-red luminescence of
Sm3+ arise from the transitions 4G5/2 - 6HJ , with J = 5/2, 7/2, 9/2 and 11/2, and multi-
coloured luminescence of Tb3+ from 5D4 - 7FJ , with J = 3, 4, 5 and 6, are dominant
at room temperature as well (�gure 4.1 (b) and (c)). At room temperature, e�ects of
thermal population of excited 4f -electrons into higher Stark levels and lattice vibration
are much stronger [67]. Additionally due to the limited detector resolution the detected
luminescence peaks are comparatively broader and the �ne structure of CF splitting is
hardly to be identi�ed. In �gure 4.1 (d) two blue sharp peaks in visible region (1D2 - 3F4

and 1G4 - 3H6) and one in ultra violet region (1D2 - 3H6) emitted by Tm3+ are easily to
be found2.
In order to analysis the e�ect of thermal annealing on the activation of lanthanide lu-

1 150 °C, 300 - 800 °C with interval of 100 °C and 850 - 1000 °C with interval of 50 °C.
2 Details about the energy positions of these lanthanide 4f -levels related to the band gap energy of AlN
host are illustrated in �gure C.1 (appendix C).
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Figure 4.1: Room temperature PL spectra of (a) AlN:Pr, (b) AlN:Sm, (c) AlN:Tb and (d)
AlN:Tm layers before and after annealing at selected temperatures. The main peaks are labeled
with the corresponding intra 4f -transitions. According to the PLE spectra (cf. �gure 4.9),
excitation energy (Eexc) are chosen as 4.6 eV for AlN:Pr, 4.5 eV for AlN:Sm, and AlN:Tb and
4.8 eV for AlN:Tm.

minescence centres, the temporal development of luminescence intensities during thermal
annealing (kinetics) must be clari�ed. For this propose, the as-prepared layers were sep-
arately encapsulated in quartz tube with nitrogen protective gas as shown in �gure 2.3
(b) and annealed at di�erent temperatures. After selected annealing durations (5, 10,
20, 30, 45 and 60 minutes), capsules were quenched in ice-water. Such procedure allows
a more precise adjustment of the annealing duration. In �gure 4.2 the integrated lan-
thanide luminescence intensities from AlN:Sm, AlN:Tb and AlN:Tm layers are plotted
against annealing duration. We can conclude therefrom that basically after 10 minutes,
most of lanthanide luminescence centres are well activated and "stabilised". A further
annealing will not a�ect a considerable intensity variation. This is in general agreement
with our previous approaches made by F. Benz [100].
In view of this observation, it is reasonable to analyse the relationship between annealing
temperature and thermal activation of lanthanide luminescence centres, only if the layers
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were annealed at selected temperatures for at least 10 minutes. Thus we can use the
integrated PL intensities of the layers, which were annealed in the quartz tube furnace
for 30 minutes (corresponding to the results in �gure 4.1), to establish its temperature
dependence. As illustrated in �gure 4.3, the integrated luminescence intensity increases
signi�cantly, if the temperature is higher than 700 °C. Using the equation 4.9, discussed
later in section 4.3, we attempt to mathematically �t the developments of lanthanide lumi-
nescence intensity during isothermal and isochronal annealing, as represented by dashed
lines in �gure 4.2 and 4.3.
Furthermore, it is necessary to notice that within an intermediate temperature interval,
say 300 to 600 °C, the integrated intensity exhibits a secondary maximum. Reasons for
this phenomenon will be discussed in following section.
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Figure 4.2: Development of luminescence intensity from (a) AlN:Sm, (b) AlN:Tb and (c) AlN:Tm
layers during thermal annealing at 500 °C, 700 °C and 1000 °C. Area of visible luminescence peaks,
corresponds to the transitions 4G5/2 - 6H5/2,7/2,9/2 in AlN:Sm (Eexc = 4.6 eV), 5D4 - 7F3,4,5,6 in
AlN:Tb (Eexc = 4.6 eV), 1D2 - 3F4 and 1G4 - 3H6 in AlN:Tm (Eexc= 4.8 eV), is integrated and
plotted against annealing duration. The dashed lines are �tting curves by using equation 4.9.
Data with cross (on �gure (b)) is considered as a test error and excluded for the �tting.
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Figure 4.3: Plots of integrated visible luminescence intensity of (a) AlN:Pr, (b) AlN:Sm, (c)
AlN:Tb and (d) AlN:Tm layers against annealing temperature (from room temperature to 1000
°C). The thermal enhancements of lanthanide luminescence are �tted by using equation 4.9 (red
dashed curves). Crossed data are excluded from the evaluation.

4.2 Excitation of lanthanide luminescence centres as-

sisted by O-associated defect states

Combining our microscopic and chemical analytical results with the models postulated in
the references, oxidation on the surface and grain boundaries of AlN host before and after
thermal annealing is represented in section 4.2.1. We suppose on the basis of our PL and
PLE investigations that the pronounced defect luminescence in AlN host after annealing
at intermediate temperatures originate from O-associated defect states within the band
gap. These states are keys to e�ciently generate speci�c lanthanide luminescence under
below band gap excitation (see section 4.2.2).
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4.2.1 Surface and grain boundary oxidation of AlN

Because of the higher a�nity of Al for O than that for N, the small ionic radius mismatch
between O and N, and the high thermal stability of Al-O bond up to at least 1500 °C, AlN
can easily reacts with moisture and O2 in the air to form oxidation shells even at room
temperature [101]. Hence it is extremely di�cult by conventional production processes to
obtain O-free AlN.
Oxidation of AlN is followed by O substitutions on N sites. At low O concentrations (<
0.75 at.-%), every three O ions incorporated on N sites will generate one Al vacancy to
conserve the charge neutrality. With increasing O concentration, an Al2O3 phase, where
Al ions are octahedrally bound with surrounding O ions, becomes more and more stable
in the AlN phase [102]. According to the phase diagram of the pseudo-binary AlN-Al2O3

system established by J. W. McCauley and N. D. Corbin [103], both phases co-exist in
the whole composition range at temperatures below 1700 °C. Furthermore, it has been
demonstrated that they form a long period polytypoid structure in their homogeneous
mixture and the Al2O3 phase is identi�ed as planar oxygen-containing stacking faults in
AlN phase [102]. In an AlN-Al2O3 system with 95 mol.-% AlN, for instance, an oxygen-
free 2H-AlN (Ramsdell notation) is modi�ed into a 32H polytype with c-periodicities of
8.3 nm, in which sequences of 31 repeated AlN layer are separated by 1 Al2O3 layer [104].
According to our previous investigations by XPS and AES, AlN layers, which were stored
in air, contain already approximately 10 at.-% O before thermal annealing [84, 105, 106,
107]. This high concentration of O contamination is essentially attributed to the layer
structure. As shown in �gure 4.4 (a), the as-prepared AlN:Pr layer deposited by sputtering
exhibits a polycrystalline structure constructed of columnar grains with a diameter of
about 20 - 30 nm. If the layers are annealed in the quartz tube furnace, no changes in
grain size are observed (see �gure 4.4 (b) - (d)3), whereas the content of O increases. It
rises from about 13 at.-% after 30 minutes annealing at 100 °C to 15 at.-% at 500 °C
and reaches approximately 24 at.-% at 1100 °C [107]. Limited gas tightness of furnace
and decomposition of seal oil at higher temperatures may be the main source of these
O impurities. As con�rmed by EELS based elemental mapping, the O impurities are
inhomogeneously distributed in AlN, regardless of whether the layers were annealed or
not, or even annealed under pure O atmosphere (�gure 4.4 (e) - (i)). They are localised
on the layer surface and grain boundary and establish an oxidation shell, which intuitively
prevents further oxidation into the AlN rich core. This observation is in accordance with
the report of G.A. Slack [101]. Hence we may assume that the oxidation shells in our
layers are built by an assembly of AlN-Al2O3 sequences with di�erent periodicities, even
though the accurate evidence on atomic structure of our oxidation shell is lacking.
Obviously, the AlN layer annealed under oxygen atmosphere is more severely oxidised on
the surface and grain boundaries than the one under nitrogen (cp. Figure 4.4 (k) and
(l)). Because the symmetry of lanthanide ions, which are located in the Al2O3 phase, is
di�erent to that in the AlN phase, one may expect a distinct set of spectral splitting.
However, not only in the room temperature PL spectra of AlN:Pr as shown in �gure 4.5

3 Contrast of the TEM BF-image in �gure 4.4 (d) is dark above the layer surface, because after the annealing
it was additionally coated with gold.
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Figure 4.4: TEM bright �eld (BF) imaging of AlN:Pr layers before (a) and after 30 minutes
thermal annealing at 500 °C under nitrogen (b), 1000 °C under nitrogen (c), 1000 °C under
oxygen (d). The �gures (e) - (h) and (i) - (l) are the corresponding elemental mapping of N and
O by using EELS at same position.

but also in the low temperature PL spectra of AlN:Sm, AlN:Tb and AlN:Tm [108], merely
no di�erence in the luminescence intensity and spectral shape can be found. Hence we
conclude that the oxidation shell has minor in�uence on the lanthanide luminescence.
And the majority of radiative lanthanide centres are located in the AlN phase.
It's worth mentioning that although O impurities are believed to form stable periodic
structures at the layer surface and the grain boundaries, a little amount of them are
able to di�use into the AlN-rich core and segregate to other crystal defects. As will be
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Figure 4.5: Room temperature PL spectra of AlN:Pr after 30 minutes annealing at 1000 °C
under nitrogen (blue) and oxygen (red) atmosphere. In order to obtain more accurate spectral
resolution to identify the luminescence splitting the scanning parameters are di�erent from the
other room temperature spectra presented in this work (excitation slit: 4 nm, emission slit: 1
nm, scan step: 0.2 nm pro second).

discussed in the next section, the energy states generated by such extended defects would
emit defect luminescence under optical pumping and support the excitation of lanthanide
luminescence centres.

4.2.2 Correlation between luminescence arising from O-associated

defects and lanthanide centres

Luminescence from oxygen-related defects in AlN

Despite of the lanthanide luminescence, the AlN host can also emit defect luminescence
with conspicuous broader peaks, especially after annealing at intermediate temperatures
(300 - 600 °C). Figure 4.6 (a) compares the PL spectra of AlN and AlN:Sm layers in their
high-energetic region, which were respectively annealed at 500 °C and 1000 °C for 30 °C
minutes. Energy position of this luminescence centred at 2.8 eV (ca. 440 nm, marked
with arrows) is basically independent of whether the AlN layers are doped with lanthanide
ions or not. PLE spectra monitored at this peak indicate that it can be very e�ciently
generated by excitation energy of around 4.5 eV (see �gure 4.6 (b)).
Similar results were also reported in the literatures, in which the lanthanide ions were
implanted into single crystalline AlN grown by molecular beam epitaxy (MBE) [97, 109].
The authors suggested that the intercon�gurational 4fn-15d�4fn transitions and recom-
bination of bound excitons in isovalent carrier traps induced by lanthanide dopants might
be responsible. According to the numerous investigations on the AlN defect luminescence
since the end of 1960s, which will be brie�y reviewed as follows, we by contrast deduce

50



4.2. Excitation of lanthanide luminescence centres assisted by O-associated defect states

(a) (b)

3.2 3.6 4.0 4.4 4.8
0

2

4

6

8

excitation energy (eV)

 AlN, 500 °C
 AlN, 1000 °C
 AlN:Sm, 500 °C
 AlN:Sm, 1000 °C  

400 380 360 340 320 300 280 260
wavelength (nm)

2.4 2.8 3.2 3.6 4.0
0.0

0.2

0.4

0.6

0.8

1.0

in
te

ns
ity

 (x
10

5 , c
ps

)

photon energy (eV)

 AlN, 500 °C
 AlN, 1000 °C
 AlN:Sm, 500 °C
 AlN:Sm, 1000 °C  

500 450 400 350
wavelength (nm)

Figure 4.6: Room temperature (a) PL (excited by 4.5 eV) and (b) PLE spectra (monitored at
2.8 eV) of the broad luminescence generated in AlN layers with and without Sm doping. Layers
were annealed at 500 °C and 1000 °C for 30 minutes respectively. The peaks centred at about 2.8
eV in PL spectra and centred at about 4.5 eV in PLE spectra are marked with arrows. Spectra
of AlN doped with other lanthanides are similar to the spectra of AlN:Sm presented here.

that those peaks are originated from the O-associated defect states within the band gap
of AlN.
In w-AlN the isolated O impurities reside substitutionally on a N site. The neutral state
of ON is unstable due to the negative-U e�ect in their formation energy [110]. Two of them
will "react" with each other and result one negatively charged and one positively charged
defect centre, ON

- and ON
+ [111]. ON

- with a reduced distance to one of its second nearest
Al ion can generate a donor level deeply below the conduction band (DX-centre, see �gure
4.7 (a)) [112]. Therefore a high ionisation energy (about 1.6 eV theoretically calculated
in [112] and more than 2 eV experimentally extrapolated in [113]) is required to obtain
a su�cient n-type electrical conductivity. The positively charged defects,ON

+, are located
in undistorted matrix. Through Coulomb interaction they can be easily attracted by the
triply negative charged Al vacancies, VAl

3- , and thus produce a defect complex (VAl-ON)
2-

(see �gure 4.7 (b)) [110], which generate an acceptor level above valence band of AlN.
By measuring the absorption coe�cient of single crystalline AlN, J. Pastrnak and L.
Roskovcova pointed out for the �rst time that the broad absorption band observed be-
low the AlN band gap correlates with O-associated defect [115]. Its energetic position
varies from about 4.80 eV (258 nm) for lower O concentration to 4.53 eV (274 nm) for
higher O concentration. Recent spectral characterisations revealed that optical excita-
tion of those two bands results in two independent defect luminescence peaks located in
UVA and blue-violet region respectively, which call for two individual excitation paths
[116, 117, 118, 119]. By using electron paramagnetic resonance (EPR), electron nuclear
double resonance (ENDOR) and optically-detected EPR S. Schweizer reported that the
UVA luminescence, excited by higher energy, involves the carrier recombination between
above mentioned ON

- -donor and (VAl-ON)
2--acceptor (donor-acceptor-pair (DAP)) [114].

As delineated in �gure 4.8 (a) extracted from the reference [119], a photonic energy Eexc

51



Chapter 4. Lanthanide luminescence enhancement via trivial procedures - thermal
treatment and collateral e�ects

(a) ON
-                                 (b) (VAl - ON)2-                                    (c) (VAl - 2ON)- 

: N                              : Al                                   : ON                                         : VAl                 

VAl
3- VAl

3- 

ON
+ 

ON
+ 

ON
+ 

ON
- 

Figure 4.7: Atomic structures of O-associated defects in AlN (redrawn on the base of the refer-
ences [112, 114]): (a) singly negative charged ON

-
(DX-centre), defect complex formed by triply

negative charged Al vacancy with one and two singly positive charged O: (b) (VAl-ON)
2-
and (c)

(VAl-2ON)
-
.

of about 4.80 eV is su�cient to ionise (VAl-ON)
2--centres and excite electrons into the

conduction band of AlN (step 1). The hot electrons are free moveable for a short period
of time (step 2) until they are captured by ON

- -traps (step 3). Finally, the UVA light
emission follows with the carrier recombination from ON

- -traps to its nearby ionised (VAl-
ON)

2--centres (step 4).
Despite the lack of experimental evidences on the atomic structure it is reasonable to
speculate that in terms of higher O concentration, formation of the defect complex, which
combines more than one ON

+ with VAl
3- , e.g. (VAl-2ON)

-, will be more preferential (see
�gure 4.7 (c) as an assumed atomic structure of this complex). In energy band diagram
illustrated in �gure 4.8 (b) the (VAl-2ON)

--centre may form an acceptor level lying slightly
above the (VAl-ON)

2--level. Through DAP recombination process (as shown in �gure 4.8
(b)), a blue-violet defect luminescence, which were observed not only in the references
[115, 119, 120] but also in present work (�gure 4.6), can be generated by the excitation
energy of ca. 4.5 eV.

Excitation of lanthanide luminescence centres via O
N

�-(V
Al
−2O

N
)�-pair

As mentioned above, defect luminescence arising from carrier recombination in ON
- -(VAl-

2ON)
--pairs has a broad peak centred approximately at 2.8 eV. Through comparison with

the energy diagram of lanthanide 4f -levels (�gure C.1), it is compelling to denote that
this luminescence peak overlaps with the energy required to directly excite the 1P2-level
of Pr3+ (2.75 eV), 4IJ -levels of Sm

3+ (J = 7/2, 11/2, 13/2 at 2.7 - 2.8eV), 5D4-level of
Tb3+ (2.54 eV) and 1G4-level of Tm

3+ (2.59 eV). Figure 4.9 shows the PLE spectra of
these lanthanide doped AlN layers. The lanthanide luminescence intensities are thereby
integrated and plotted against excitation energy (as mentioned in section 2.5.2). After
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Figure 4.8: Schematic illustration of excitation mechanism of O-associated defect luminescence
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30 minutes annealing at 500 °C and 1000 °C one can clearly observe an excitation peak
located at about 4.5 eV (see �gure 4.9 (a) and (b)). This energy is coincident with the
one to excite the defect luminescence from ON

- -(VAl-2ON)
--pair (�gure 4.6 (b)). In �gure

4.10 (a) and (b), integrated intensity of the luminescence originated from defects, Sm3+

and Tm3+ centres are plotted against annealing temperatures. They are obtained through
Gaussian �tting as illustrated in �gure 4.10 (c) and (d) for instance. We can conclude
from these �gures, as well as �gure 4.1, 4.3 and 4.6, that at intermediate annealing tem-
peratures (300 - 600 °C), the defect luminescence intensity reaches its maximum (black
line in �gure 5.10 (a) and (b)), and the luminescence from 4G5/2 - 6HJ (J = 5/2, 7/2, 9/2)
transitions of Sm3+ (red line in �gure 4.10 (a)) and 1G4 - 3H6 transition of Tm3+ (blue
line in �gure 4.10 (b)) are also intensi�ed.
Intensity of defect luminescence is proportional to the number of excited ON

- -(VAl-2ON)
-

pairs. Based on its temperature-dependence as shown in �gure 4.10 (a), (b) and the dis-
cussions in section 4.2.1, we may speculate that, if annealing temperature rises, more and
more ON

- -(VAl-2ON)
- pairs are formed and they are thermally stable up to the temperature

of approximately 500 °C. By further temperature increase, not only the concentration of
O ions in AlN but also their mobility increases. The O impurities, which were relatively
isolated in the inner AlN core at lower temperatures, may precipitate or di�use to the
O-rich outer shell and build AlN-Al2O3 polytypoid structure with fewer periods. Thus,
the density of isolated O ions decreases and so the intensity of defect luminescence re-
duce. Because there are merely no di�erences between the excitation spectra shown in
4.9 (a) and (b)4, we must conclude that even after annealing at 1000 °C there are still an
adequate amount of ON

- -(VAl-2ON)
- pairs remained to excite the lanthanide centres.

The correlated development of lanthanide and defect luminescence in AlN may reveal that
the lanthanide luminescence centres can be resonantly excited by O-associated defect pairs
as descript as follows:

4 Except for AlN:Tm, which will be discussed at the end of this section.
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Figure 4.9: Room temperature PLE spectra of AlN:Pr-, AlN:Sm-, AlN:Tb- and AlN:Tm-layers
annealed at (a) 500 °C and (b) 1000 °C for 30 minutes. Luminescence peaks of the visible
transitions (1P1 - 3H5 and 1P0 - 3H5 of Pr

3+
; 4G5/2 - 6H5/2,7/2,9/2 of Sm

3+
, 5D4 - 7F3,4,5,6 of

Tb
3+
; 1D2 - 3F4 and 1G4 - 3H6 of Tm

3+
) are integrated and plotted against excitation energy.

The intensity maxima of each layer are normalised to unity. The peaks shown in the enlarged
part of PLE spectra between 2.4 - 3.6 eV (sub-diagram in (b)) correspond to the direct excitation.

1. Excitation of ON

-
-(VAl-2ON)

-
defect pairs

The ON
- -(VAl-2ON)

- pairs are optically excited according to the mechanism illus-
trated in �gure 4.8 (b).

2. Energy transfer from excited ON

-
-(VAl-2ON)

-
pairs to lanthanide luminescence cen-

tres

Because the decay time of O-associated defect luminescence (ca. 10 minutes [119])
is �ve to eight magnitude times than the typical value of lanthanide luminescence
(in the order of several microseconds or even milliseconds [121, 122, 123]), energy
released by carrier recombination of ON

- -(VAl-2ON)
- pairs should be preferentially

transferred into lanthanide luminescence centres. We believe that a non-radiative
energy transfer, e.g. Förster resonance energy transfer (FRET, for more details see
section 5.2.1) [124], plays a dominant role. The smaller is the di�erence between the
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Figure 4.10: Correlation between the temperature-dependence of integrated photoluminescence
intensity originating from lanthanide luminescence centres and O-associated defect in AlN (ON

-
-

(VAl-2ON)
-
pairs, centred at 2.8 eV). Results of (a) AlN:Sm and (b) AlN:Tm are shown here

for example. Due to di�erent behaviour respect to the defect luminescence, the luminescence
intensity stemming from the transitions 1G4 -

3H6 and
1D2 -

3F4 in AlN:Tm are plotted separately.
(c) and (d) are PL spectra and �tting curves of the corresponding layers which were annealed at
700 °C. The arrow points to the considered defect luminescence.

energy released by the defect complex and the energy required to directly excite the
4f -electrons of lanthanide ions, the higher is the energy transfer probability between
them.

3. Radiative relaxation of excited lanthanide luminescence centres

The excited 4f -electrons of lanthanide centres are relaxed to their ground state or
lower energetic states by emitting light.
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Figure 4.11: PLE spectra of two blue lines generated by the transitions 1D2 -
3F4 and

1G4 -
3H6

in the AlN:Tm layer after 30 minutes annealing at (a) 500 °C and (b) 1000 °C.

An important evidence to support this resonant excitation is the di�erent response of
the two blue luminescence peaks of Tm to defect pair assisted excitation: Exciting the
ON

- -(VAl-2ON)
- pairs with photonic energy of 4.5 eV, the energy released thereby (ca. 2.8

eV) is su�cient to populate the 1G4 level of Tm (2.59 eV). PLE spectra of the transition
1G4 - 3H6 exhibit therefore an excitation peak centred around 4.5 eV (cf. blue lines in
�gure 4.11 (a) and (b)). And its temperature-dependence is in consistent with that of
ON

- -(VAl-2ON)
- pairs (cf. blue and black lines in �gure 4.10 (b)). In case of another blue

luminescence generated by the transition 1D2 - 3F4, however, the energy stored by ON
- -

(VAl-2ON)
- pairs is insu�cient to populate the 1D2 level (3.37 eV), hence no correlation

between them can be found (cf. violet lines in �gure 4.10 (b), 4.11 (a) and (b)). As the
luminescence intensity of this transition is dominant in the layers annealed at 1000 °C, an
excitation peak around 4.5 eV in the corresponding PLE spectra is hardly to be observed
(�gure 4.9 (b)).
Due to limitation of utilised xenon light source the AlN:Ln layers cannot be excited
if the photon energy is higher than 5.0 eV. But the PLE spectra of them exhibit an
increasing tendency. Energy transfer from the excited band-tail levels and ON

- -(VAl-ON)
2-

defect complexes to lanthanide centres may play an important role therein. We can thence
conclude at the end of this section that, in the case of below band gap excitation the defect
states associated with O impurities in the AlN host are essential to generate lanthanide
luminescence.
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4.3 E�ects of thermal annealing on lanthanide lumines-

cence intensity

Based on our experimental results (cf. section 4.1) and literature [98, 125, 126] we con�rm
that through a short-time thermal annealing, the lanthanide luminescence in AlN:Ln can
be signi�cantly intensi�ed. This is most likely because of the thermally activated atomic
rearrangement and recovery processes of host material, which, for example, facilitate the
formation of new lanthanide luminescence centres and assist the excitation and radiative
relaxation processes by reducing band tail states and quenching centres (see section 4.3.1).
In section 4.3.2 we de�ne a concept of "extended lanthanide luminescence centres" to
simplify the description on the thermal enhancement of lanthanide luminescence intensity.

4.3.1 Thermally activated atomic recovery of host material and

its potential in�uences on lanthanide luminescence

Despite of di�erent production processes it is commonly agreed that the existence of a
large number of native point defects and unintentional impurities is unavoidable in the
as-prepared AlN [127, 128]. In general, energy states formed thereby are perfect carrier
traps. Depending on the nature of those defects (the atomic structure, the position of
corresponding energy states in the band gap and the lifetime of trapped carriers etc.),
they can either enhance or suppress the lanthanide luminescence intensity.
As demonstrated in �gure 4.1 - 4.3, luminescence of lanthanide ions doped in AlN appears
intensi�ed after annealing, in particular at higher temperatures. A.R. Zanatta suggested
that the thermal treatments initiate considerable atomic rearrangement and short range
di�usion in AlN [98]. The interstitial ions, for example, may di�use to their energetically
favourable substitutional sites. In addition, the N vacancies introduced during the layer
deposition may annihilate with the Al vacancies, which are incorporated by unintentional
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Figure 4.12: (a) Optical absorption coe�cient of AlN:Tm layers after annealing at di�erent
temperatures and (b) development of the optical band gap energy and the Urbach energy as
temperature increases (results are adopted from [129]).
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O impurities [102]. Since these native defects build shallow states within the band gap of
AlN [127], e�ects of thermal recovery can be experimentally con�rmed. Figure 4.12 (a)
shows the plots of absorption coe�cients of AlN:Tm layers against its photon energy after
30 minutes annealing at di�erent temperatures. The absorption coe�cients are calculated
from the results of optical transmission measurements (cf. section 2.5.1). With increasing
annealing temperature the optical absorption at low-energetic region reduces (curves shift
to the right). And as graphically �tted by using equation 2.8a and 2.8b, the optical band
gap energy Eg of AlN host increases, whereas the Urbach energy EU , as an indicator of
band-tail states, drops (see �gure 4.12 (b))5.
Unfortunately, the detailed mechanisms of thermal recovery and their in�uence on the
lanthanide luminescence intensity are so far not deeply understood. With the help of our
results in the present and previous works, we propose three basic processes to delineate
the e�ects of thermal annealing on luminescence intensity of lanthanide in AlN:

1. Enhancement of the number of lanthanide luminescence centres by reordering their

local symmetry

Analysis on the crystal �eld splitting of luminescence spectra presented in the pre-
vious chapter show that the majority of radiative lanthanide ions doped in AlN are
substitutionally placed on Al sites and exhibit C3v symmetry. B.D. Vries implanted
the radioactive lanthanide isotopes into single crystalline GaN and demonstrated by
emission channelling measurements that thermal treatments increase the proportion
of substitutional lanthanide ions and thus enhance their luminescence intensity [88].
Our preliminary measurements of X-ray Absorption Fine Structure (XAFS)6 also
evince little changes in the absorption spectra of in AlN doped Tb before and after
annealing at 1000 °C. This might be further evidence on thermal rearrangement of
lanthanide and its neighbouring ions. Figure 4.13 (a) illustrates the di�usion of a
interstitial lanthanide ion to its substitutional site in AlN.

2. Enhancement of lanthanide excitation by establishing new excitation paths and re-

ducing band-tail states

Some kinds of proper electron transitions between the energy states induced by
defects and/or defect complexes provide additional paths to assist the excitation
of lanthanide luminescence centres. As discussed in section 4.2.2, energy transfer
from, e.g., excited ON

- -(VAl-2ON)
- pairs, may be an essential mechanism for below-

band-gap excitation of lanthanide ions. Annealing the AlN:Ln layers at appropriate
temperatures bene�ts the formation of those defect states.
Large number of shallow defect states below the conduction band [130, 131], on the
other hand, are in competition with electron trapping in ON

- deep state [119]. As
can be seen in �gure 4.13 (b), the relaxation of hot electrons in those shallow states
may impede energy transfer into lanthanide centres. Atomic recovery processes ac-
tivated by thermal treatments markedly reduce the density of such band-tail states

5 An example how to obtain Eg and EU is illustrated in �gure B.3 (a) of appendix B.
6 XAFS measurement was thankfully done by Dr. Stefan Mangold, who works in the institute of Syn-
chrotron radiation (ISS), Karlsruhe Institute of Technology. The ANKA synchrotron was used thereby
as excitation source. Detailed results are not shown in this dissertation.
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Figure 4.13: Sketch of (a) di�usion of a interstitial lanthanide ions (on the T site of AlN) to its
nearby Al vacancy, (b) relaxation of hot electrons in the shallow states below conduction band
edge of AlN and (c) Energy back transfer from excited lanthanide to defect states within the
band gap of AlN.

(cf. �gure 4.12), and thus increase the probability of electrons trapped by ON
- states

and the consecutive excitation of lanthanide centres.

3. Enhancement of lanthanide radiative relaxation processes by suppressing the quench-

ing centres

Beside the radiative relaxation, there are a lot of processes which lead to non-
radiative relaxation of excited lanthanide luminescence centres. Energy back trans-
fer from excited lanthanide to defect states, designated as quenching centres, is
one of them [132] (as schematically delineated in �gure 4.13 (c)). Thermal anneal-
ing may remove these defect states and therefore facilitate the radiative relaxation
process.

The list of mechanisms suggested above is in fact far from comprehensive. Through
elaborate investigations to identify each kind of crystal defects in a given host material,
characterising its thermal stability and analyse its respective in�uences on the excita-
tion and radiative relaxation of each 4f -transition in lanthanide luminescence centre, one
might be able to precisely reveal the e�ects of thermal annealing on lanthanide lumi-
nescence. Obviously such work is extremely complicate and tedious. Because all possible
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mechanisms promoted by thermal annealing are related to the ordering of lattice structure
and recovery of crystal defect, we may consider the thermal enhancement of lanthanide
luminescence intensity as a generalised thermally activated process. Based on this, we
propose in next section a thermodynamic and kinetic description of this general e�ect.

4.3.2 Model of lanthanide luminescence enhancement via thermal

annealing

Energy path ways

Figure 4.14 is a schematic overview, which shows how the excitation energy absorbed in a
lanthanide-doped semiconductor system can be used to generate lanthanide luminescence.
In general two energy path ways need to be considered:

� Path 1: Excitation of lanthanide luminescence centres via semiconductor host and

their relaxation

In case of indirect excitation of lanthanide luminescence centres, the incident energy
is primarily absorbed and "stored" in the semiconductor host material. As discussed
in previous sections, trapping of free carriers by O-associated defect states could be
one of the probable ways for this. Energy released by the carrier recombination is
able to be transferred into lanthanide luminescence centres. Additionally, due to
di�erences in the ionic radius as well as the di�erence in the electron negativities
between lanthanide and Al ions, H.J. Lozykowski and his co-worker suggested that
the trivalent lanthanide dopant and its clusters in AlN may also provide energy
states within the band gap. They trap the excited carriers of opposite charge and
form excitons bound to their vicinity (rare earth structured isovalent traps) [97].
Subsequent non-radiative energy-transfer process from bound exciton will lead to the
excitation of lanthanide luminescence centres. Nevertheless, regardless the details
of di�erent excitation process, we may introduce a collective rate coe�cient k1 to
describe the energy storage by the host material, and kLn,1 the subsequent non-
radiative energy transfer into lanthanide luminescence centres.
Once a centre is excited, they will relax their energy via intra-4f transitions either
radiatively, with rate coe�cient kLn,r, or non-radiatively, with rate coe�cient kLn,nr.
Multi-phonon relaxation, energy back transfer process, thermalisation, Auger energy
transfer into conduction band or alternative energy states for example are considered
to be responsible for the latter case [132, 133].

� Path 2: Other excitation and relaxation processes without energy transfer into lan-

thanide luminescence centre

Obviously, not all of the excitation energy can be stored in the host and further
be used to excite lanthanide luminescence centres. Despite of the light re�ection
on the AlN:Ln layer surface and the interface between layer and substrate, all the
electronic processes without subsequent energy transfer into lanthanide centres are
in competition with the processes described in path 1. We set the corresponding
rate coe�cient as k2.

60



4.3. E�ects of thermal annealing on lanthanide luminescence intensity

excitation 

energy 

Ln* host 

defects (“extinction centres”) 

k1 

k2 

kLn,1
 

non-radiative relaxation 

radiative relaxation 

kLn,r
 

kLn,nr
 

light emission 
ILn

 

Figure 4.14: Excitation and relaxation process diagram of a lanthanide doped semiconductor
system.

Description of lanthanide luminescence intensity by solving rate equation

By using the rate coe�cients mentioned above and solving the rate equation formulated
in our previous work [63]

dPLn∗,1(t)

dt
= kLn,1 − kLn,rPLn∗,1 − kLn,nrPLn∗,1, (4.1)

the population of excited lanthanide luminescence centres PLn∗,1(t) can be expressed by

PLn∗,1(t) =
kLn,1

kLn,r + kLn,nr
+ C1 exp[−(kLn,r + kLn,nr)t], (4.2)

where C1 is a constant and the subscript 1 denotes the energy path 1. The �rst term of
this equation denotes the population of excited centres at steady state and the second
term its relaxation to the steady state. The instantaneous luminescence intensity from
one luminescence centre dILn,1 is proportional to the change in population of its excited
state due to radiative relaxation:

dILn,1 = kLn,rPLn∗,1(t) =
kLn,1kLn,r

kLn,r + kLn,nr
+ C1kLn,r exp[−(kLn,r + kLn,nr)t]. (4.3)

The exponent term in this equation describes the temporal relaxation of luminescence
intensity. As introduced in section 2.5.2, in the room temperature PL measurement the
layers were radiated by a xenon arc lamp without interruption. The measuring time tm
(1 s) was much longer than the decay time of lanthanide luminescence (typically µs - ms).
Thus this exponent term is negligible if the instantaneous intensity is integrated over tm.
Further assuming that the part of intensity loss due to other factors, which have nothing
to do with the optoelectronic processes, e.g. surface re�ection, are identical for each
layer and taking the competitive e�ect of path 2 into account, the observed luminescence
intensity is a function of rate coe�cients:

ILn,1 ≈ Cexp ·
k1

k1 + k2

· kLn,1kLn,r
kLn,r + kLn,nr

·NLLC , (4.4)

where Cexp represents an instrumental constant and NLLC the number of lanthanide lu-
minescence centres (LLC) in host.
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Thermally activated formation of "extended lanthanide luminescence centres"

as a homogenous reaction

As discussed in section 4.3.1, thermal annealing activates short range atomic di�usion
processes in semiconductor host, which may reorder the local symmetry of lanthanide
dopants and alter their excitation and relaxation processes by modifying the related de-
fect states within the band gap. On this account, the number of lanthanide luminescence
centres and all the rate coe�cients in equation 4.4 depend on annealing temperature and
duration. And the prediction of lanthanide luminescence intensity by using this equation
becomes extremely di�cult. Fortunately we are able to evade this problem by de�ning
the concept of "extended lanthanide luminescence centres" (ELLC):
The ELLC include not only the lanthanide ions, which are doped in an appropriate
semiconductor host with non-centrosymmetric crystal �eld environment (namely the lan-
thanide luminescence centres), but also all processes and mechanisms, which are of as-
sistance for and in competition to their excitation and radiative relaxation. The total
number of extended lanthanide luminescence centres NELLC is therefore a function of
annealing temperature T (in K) and duration tann and de�ned according to equation 4.4
as:

NELLC(T, tann) =
k1

k1 + k2

· kLn,1kLn,r
kLn,r + kLn,nr

·NLLC . (4.5)

In this way the thermal rearrangement of lattice structure and recovery of crystal defects
can be practically interpreted as a thermally activated process to form extended lanthanide
luminescence centres. Di�erent to the traditional solid state phase transformation, this
process doesn't follow the nucleation-growth mechanism. Its probability to occur is same
for all positions in the system throughout. So we may adopt the thermodynamics and
kinetics of homogenous reaction to describe it [134, 135], and rewrite NELLC as:

NELLC(T, tann) = N i
ELLC + f(tann)[N f

ELLC(T )−N i
ELLC ]

= N i
ELLC + f(tann)∆NELLC(T ),

(4.6)

where f(tann) is de�ned as the progress of this reaction during the annealing (namely the
degree of transformation in [134] with 0 ≤ f ≤ 1), N i

ELLC and N f
ELLC(T ) are constants,

which represent the total number of ELLC before and after annealing at temperature
T respectively. The di�erence of them, ∆NELLC(T ), quantises the maximum number of
ELLC activated at T and can be represented by an Arrhenius equation:

∆NELLC(T ) = ∆NELLC(∞) exp

(
− Ef
kT

)
, (4.7)

where k is Boltzmann constant, ∆NELLC(∞) the increase of the number of ELLC at
in�nite temperature and Ef the generalised formation energy of ELLC. This energy is
a collective thermodynamic notion and consists of all the energies required for di�erent
kinds of atomic rearrangement and recovery processes.
In case of isothermal annealing the kinetics of thermal ordering process f(tann) can be
descript through the Kissinger analysis for the �rst-order homogeneous reaction with the
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form [136]
f(tann) = 1− exp(−kf · tann), (4.8)

where kf is the formation rate. With increasing annealing duration tann, f increases and
asymptotically approaches unity.

Mathematical expression of the model and its applications

Substitute the equations 4.5 - 4.8 into 4.4, we are able to describe the e�ects of ther-
mal annealing on lanthanide luminescence intensity by using only two thermodynamic
and kinetic quantities, namely generalised formation energy Ef and formation rate kf of
extended lanthanide luminescence centres:

ILn,1 ≈ A+B · exp

(
− Ef
kT

)
· [1− exp(−kf · tann)], (4.9)

where
A = Cexp ·N i

ELLC (4.10a)

B = Cexp ·∆NELLC(∞) (4.10b)

are constants. As demonstrated in �gure 4.15, if the annealing temperature is constant,
the system with lower kf value needs more time to construct ELLC and reaches its maxi-
mum luminescence intensity (cp. blue and green curves). At lower annealing temperature,
the total number of ELLC decreases, which lead to a reduced maximum luminescence in-
tensity (cp. blue and red curves).
Isothermal developments of lanthanide luminescence intensity as shown in �gure 4.2 are
�tted by equation 4.9, in which the term exp(−Ef/kT ) is kept as a constant. Unfortu-
nately, we are unable to obtain rational kf values in AlN:Sm and AlN:Tb systems, because
the luminescence intensity is already reached or very closed to its maximum value, even
though the layer is annealed only for 5 minutes. One reason for this may be the strong
assistance of O-associated defect states in the lanthanide excitation (section 4.2), which
could be easily generated at the very beginning of annealing. Therefore one may expect
that the resulting kf values are relative high. In �gure 4.2 (a) and (b) we set kf = 0.4/min
to illustrate the trend of experimental results. In order to precisely determine those val-
ues, annealing duration should be shorter than 5 minutes.
It can be concluded by comparing the �gure 4.2 (c) to 4.2 (a) and (b) that the formation
rate of ELLC, and thus the rate of enhancement of luminescence intensity, in AlN:Tm
layers is obviously slower than that in AlN:Sm and AlN:Tb. Insu�cient assistance of
O-associated defect states on the excitation of Tm ions may be an excellent explanation
for this phenomenon. As experimentally demonstrated in section 4.2.2, although one of
the blue luminescence emitted by 1G4 - 3H6 transition of Tm can be generated through
energy transfer from these states, the energy released from them is not large enough to
generate another transition, 1D2 - 3F4, which becomes more dominant in the spectrum
after annealing (cf. �gure 4.1 (d) and 4.10 (b)). Formation of extended luminescence
centres in this case may be governed by other processes with slower rates (recovery of
band-tail states and reduction of quenching centres etc.). And smaller kf values are ob-
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Figure 4.15: E�ect of thermal annealing on luminescence intensity of lanthanide doped in AlN.
The in�uences of temperature T and formation rate of ELLC kf thereon are shown. The intensity
maximum is normalized to unity.

tained (see table 4.1).
As can be seen in �gure 4.3, integrated intensity of visible luminescence in all systems gen-
erally increases as annealing temperature rises. Annealing duration of the layers was set
to be 30 minutes. Hence, according to the results in �gure 4.2, it is reasonable to believe
that the formation of extended luminescence centre is basically complete and the term
1− exp(−kf · tann) in equation 4.9 is approximate to unity. Neglecting the intensity drop
in AlN:Pr system above 950 °C and the luminescence enhancement of oxygen-associated
defect states at intermediate temperatures, we are able to graphically estimate the gen-
eralised formation energies Ef . The �tted results are listed in table 4.2.

Table 4.1: Formation rate of extended lanthanide luminescence centres kf (in 1/min) for AlN:Tm
layers at di�erent annealing temperatures. Values are graphically �tted in �gure 4.2 by using
equation 4.9.

temperature 500 °C 700 °C 1000 °C

kf 0.34 0.17 0.15

Table 4.2: Generalised formation energy of extended lanthanide luminescence centres Ef (in eV)
for AlN:Pr, AlN:Sm, AlN:Tb and AlN:Tm layers. Values are graphically �tted in �gure 4.3 by
using equation 4.9.

lanthanide ions Pr
3+

Sm
3+

Tb
3+

Tm
3+

Ef 0.73± 0.25 0.39± 0.08 0.99± 0.24 0.35± 0.11
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4.4 Conclusions

In this chapter we experimentally demonstrated that the luminescence intensity of lan-
thanide doped in AlN can be signi�cantly enhanced by appropriate thermal treatments.
This procedure promotes a series of local atomic rearrangements, which alter the energy
states within the band gap of AlN.
Formation of defect complexes constituted by unintentional impurities is one consequence
of the thermal annealing. Through comparison with the results in literatures we may con-
�rm that the broad luminescence peak centred at about 2.8 eV in AlN with and without
lanthanide doping is derived from recombination of the carriers trapped by O-associated
defect pairs, ON

- -(VAl-2ON)
-. Energy released thereby overlaps the energy required to

directly excite some certain 4f levels of lanthanide ions. On account of this the presence
of these defect pairs will promote the lanthanide excitation, and therefore enhance the
intensity of lanthanide luminescence. Thermal annealing at intermediate temperatures,
namely 300 - 600 °C, is found to be favoured to generate this kind of defect. And the
resulting luminescence intensities originating from defects and lanthanide centres are cor-
related and reach a maximum at this temperature region.
We further believe that the atomic rearrangement and recovery activated by thermal an-
nealing may play an important role in the reduction of electronic processes, which compete
with the excitation and radiative relaxation of lanthanide luminescence centres. This ef-
fect is more conspicuous at higher annealing temperatures. As a result, the luminescence
intensity of AlN:Ln layers can be signi�cantly enhanced. By introducing a concept of "ex-
tended lanthanide luminescence centre" (ELLC) and adopting the thermodynamics and
kinetics of homogenous reaction, intricate thermal in�uences on lanthanide luminescence
intensity are successfully simpli�ed and modelled with only two variables: generalised
formation energy and formation rate of ELLC: Ef and kf .
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Chapter 5
Lanthanide luminescence enhancement

via engineering of a new excitation

path - resonance excitation by

AlxIn1-xN quantum dots

As investigated in previous chapter, lanthanide luminescence centres can be excited through
energy transfer from the energy states within the band gap of host material, which are
produced by unintentionally incorporated defects. With this inspiration one may engineer
the band structure of host material by introducing some "defect states" which provide
additional paths to excite the lanthanide luminescence centres. One potential way is to
adopt nanocrystallite with appropriate band gap. In the last two decades, improved op-
toelectronic properties of transition metal ions [137] and lanthanide ions [138, 139, 140]
doped in proper nanocrystals or quantum dots were frequently reported. Decreasing the
size of crystallite below a certain critical dimension leads to a signi�cant increase of lu-
minescence intensity.
AlxIn1-xN is considered to be an adequate host material for this purpose because it has a
large miscibility gap of its nitride components, namely AlN and InN, under conventional
conditions. Through respective selection of the concentration, annealing temperature and
duration, In-rich AlxIn1-xN nanoparticles can be generated due to decomposition. They
exhibit a dimension of several nanometres as well as, according to their size, tunable and
much smaller band gap than the surrounding Al-rich phases. Hence they can be consid-
ered as quantum dots. If the band gap energy of those In-rich AlxIn1-xN nanoparticles
ful�ls the resonance condition with the levels to be excited in the lanthanide ions, an
e�cient energy transfer from the particles to the lanthanide luminescence centres may
occur.
At the beginning of this chapter, thermodynamics and kinetics of decomposition of poly-
crystalline AlxIn1-xN layers are analysed with the help of electron microscopic investiga-
tions (section 5.1). The size of resulting In-rich particles in Al0.87In0.13N:Tm layers and
their coarsening during thermal annealing at 700 °C is quanti�ed as an example. Sub-
sequently, the quantum con�nement e�ects of In-rich particles and its assistances in the
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excitation of lanthanide luminescence centres are considered in section 5.2. A model is
postulated to quantitatively describe the signi�cant changes of luminescence intensity in
Al0.87In0.13N:Tm and Al0.84In0.16N:Pr during the annealing.

5.1 Decomposition in AlxIn1-xN system

In order to establish the model to describe the resonant excitation of lanthanide lumi-
nescence centres by In-rich AlxIn1-xN nanoparticles, the �rst step is to ascertain the size
and composition of decomposed particles. This can be achieved through analysis on the
thermodynamics (section 5.1.1) and kinetics (section 5.1.2 and 5.1.3) of AlxIn1-xN decom-
position, which are based on our experimental results.

5.1.1 Thermodynamic considerations

Decomposition is essentially a phase separation process in multi-component liquid and
solid state systems. According to a regular solution model, the molar Gibbs free energy
of mixing ∆Gm of a binary system AxB1-x at temperature T (in K) is given by:

∆Gm = ∆Hm − T ·∆Sm, (5.1)

where
∆Hm = Ωx(1− x) (5.2)

is the molar enthalpy of mixing, and

∆Sm = −R [x lnx+ (1− x) ln(1− x)] (5.3)

is the molar entropy of mixing, Ω and R are the interaction parameter and gas constant
respectively. If d2∆Gm/dx2 at a given temperature is negative, the system is instable
against compositional �uctuation, and spinodal decomposition takes place. It consists of
spontaneous formation of periodic domain structures with signi�cant di�erent chemical
composition. The miscibility gap on the phase diagram is de�ned by the binodal curve,
where the chemical potentials of the components in each phase are identical. A system
within the concentration range between binodal and spinodal curve is metastable. The
phase separation follows the conventional nucleation-growth mechanism.
Due to large lattice constant mismatch a wide miscibility gap can be expected in most of
the ternary III-V alloys. Since 1950s ample theoretical works were invested to determine
their enthalpy of mixing ∆Hm [141, 142]. The Delta Lattice Parameter model (DLP
model) [143] is one of the most successful instrument, in which the ternary III-V alloys
AxB1-xC are considered as pseudo-binary systems (AC-BC). And the enthalpy of mixing
∆HDLP

m is determined by molar atomisation enthalpies of their solid state components,
namely ∆Hat,AC(s), ∆Hat,BC(s) and ∆Hat,AxB1-xC(s):

∆HDLP
m = x ·∆Hat,AC(s) + (1− x) ·∆Hat,BC(s)−∆Hat,AxB1-xC(s). (5.4)
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Calculated curves based on equation 5.1 to 5.4 are usually considered as chemical bin-
odal and spinodal curves [144], because additional energy barriers generated by long-
wavelength modulation of composition and strain are neglected. Those energy barriers
prevent the system from instability to in�nitesimal compositional �uctuation and there-
fore decrease critical temperature and shrink miscibility gap to the coherence binodal and
spinodal curves.
Another appropriate approach is the Valence Force Field model (VFF Model) [145]. It is
frequently used to obtain coherent binodal and spinodal curves for a system with zink-
blende structure, but its results are also applicable in their hexagonal phases [13, 146,
147, 148]. The molar enthalpy of mixing HVFF

m is equivalent to the total microscopic
elastic strain energy, which arises from the bond distortion. Assuming that the lattice of
a ternary III-V alloy is elastically fully relaxed up to second nearest neighbour ions for
example, the alloy can be considered as a mixture of �ve types of tetrahedral sublattice
AxB1-xC with x = 0, 0.25, 0.5, 0.75 and 1 [149] (correspond to type I - V as shown in
�gure D.1 of appendix D). Ions of group III (A and B) with the distance determined by
the Vegard's law [150] are �xed at each vertex. And the centre-lying C ion is placed at
the position where the elastic energy is minimised. The molar enthalpy of mixing equals
the sum of elastic strain energy EVFF over all tetrahedra:

∆HVFF
m = CVFF ·

n=V∑
n=I

EVFF
n PVFF

n , (5.5)

where CVFF is a constant to convert the result into molar unit and depends on the number
of relaxed ion shell to be considered, PVFF

n a concentration-dependent coe�cient which
presents appearance probability of each type of tetrahedron [149] and

EVFF =
3

8

4∑
i=1

αi
d2
i − d2

i0

d2
i0

+
6

8

4∑
i=1

4∑
j=i+1

βi + βj
2

(
didj cos θij +

di0dj0
3

)
di0dj0

. (5.6)

αi and βi represent bond-stretching and bond-bending force constant parameters of centre-
lying ion to its i-th neighbor ion respectively. di and di0 are the equilibrium bond length
between them in the ternary alloy and the binary compounds, respectively. θij is the
angle between the vectors linking centre-lying ion to its i-th and j-th neighbors.
In this work we respectively use DLP and VFF model to estimate the chemical and coher-
ent decomposition curves for AlxIn1-xN system. They are plotted in �gure 5.1, in which
solid lines denote the binodal and dashed lines the spinodal. Related details of the cal-
culations are introduced in appendix D. Critical point of chemical decomposition is lying
at AlN content xAlN = 0.57 with temperature Tc = 4516 K and that of coherent decom-
position is at xAlN = 0.53 with Tc = 1338 K. The later value is in reasonable agreement
with the result obtained by �rst principle total energy calculations (Tc = 1485 K) [151].
Through elaborate adjustment of sputter powers on Al and In containing target the
AlxIn1-xN layers in whole composition region are able to be produced (cf. section 2.1),
even if the composition is located in the miscibility gap. During thermal annealing phase

69



Chapter 5. Lanthanide luminescence enhancement via engineering of a new excitation
path - resonance excitation by AlxIn1-xN quantum dots

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

1000

2000

3000

4000

5000
chemical binodal/spinodal (DLP)

te
m

pe
ra

tu
re

 (K
)

content of AlN (xAlN)

coherent binodal/spinodal (VFF)

0

1000

2000

3000

4000

5000

te
m

pe
ra

tu
re

 (K
)

InN AlN

Figure 5.1: Chemical and coherent binodal (solid lines) and spinodal (dashed lines) decompo-
sition curves of AlxIn1-xN system respectively calculated by DLP and VFF model. Horizontal
dotted line denotes the annealing temperature of 660 °C (933 K). Blue solid triangle and red
circle represent the composition of two selected AlxIn1-xN:Er layers with xAlN = 0.49 and 0.68
before annealing (determined by ICP-OES). Blue hollow triangles and red hollow circles with
and without cross represent the composition of decomposed In- and Al-rich phases, which were
determined by EDS analysis as shown in �gure 6.2. Purple diamond and green quadrat indicate
the composition of Al0.87In0.13N:Tm and Al0.84In0.16N:Pr before annealing at 700 °C (973 K),
which will be discussed in following sections.

separation arises, which leads to formation of Al- and In-rich AlxIn1-xN phases. This pro-
cess can be demonstrated by electron microscopy. Figure 5.2 (a) shows a STEM high-angle
annular dark �eld (HAADF) cross-sectional image of an Al0.49In0.51N:Er layer, which was
annealed at 660 °C for 30 minutes [152]. Since the ionic mass and the radius of In are
much larger than that of Al, the bright regions in the image represent In-rich phases. Re-
sults of an EDS line scan (yellow line on �gure 5.2 (a)) clearly identi�ed that the selected
In-rich AlxIn1-xN nanoparticle with about xAlN = 0.38 and 13 nm diameter is wrapped
by the Al-rich phase with about xAlN = 0.96 (see �gure 5.2 (b)). Taking the thickness of
this TEM specimen1 (about 20 nm) into account, xAlN of In-rich particle is corrected to
0.08.
In comparison to Al0.49In0.51N:Er, it seems that Al0.68In0.32N:Er-layer after 30 minutes
annealing at 660 °C (Fig. 5.2 (c)) exhibits �ner In-rich nanoparticles with xAlN = 0.09
(determined by EDS point measurement at point A, with specimen thickness correction)
[152]. The AlN content of Al-rich phases is 0.92 (measured at point B). AlN content of
In- and Al-rich phase in both layers are marked in �gure 5.1 with blue hollow triangles

1 Through EDS measurement one obtains integrated compositional information through the specimen. If
the diameter of In-rich nanoparticle is smaller than the TEM specimen thickness, the measured content
of AlN within In-rich phase, xIn-rich,mAlN , will be higher than what it really is. The correction is carried

out by the relation xIn-rich,mAlN ds = xIn-richAlN d+ xAl-richAlN (ds − d), where xIn-richAlN and xAl-richAlN denote the actual
AlN contents at In-rich and Al-rich region, ds and d are TEM sample thickness and diameter of In-rich
nanoparticle.
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Figure 5.2: STEM HAADF cross-sectional image of a AlxIn1-xN:Er �lm with xAlN = 0.49 after
annealing at 660 °C (a). Variations of metallic concentration measured by EDS line scan along
the yellow line are plotted in (b). (c) is a STEM HAADF cross-sectional image of a AlxIn1-xN:Er
�lm with xAlN = 0.68 after annealing at 660 °C. Two EDS point measurements were carried out
at position A and B. These results are adopted from [152].

and red hollow circles with and without cross. They are in perfect accordance with the
calculated coherent binodal curve.
As will be further discussed in section 5.2, the resonant excitation of lanthanide lumines-
cence by Al-rich nanoparticles can be detected in Al0.87In0.13N:Tm and Al0.84In0.16N:Pr
systems. The composition of them before annealing at 700 °C, as shown in �gure 5.1 (pur-
ple diamond and green quadrat), lie between the coherent spinodal and binodal curves.
Hence one might expect that the decomposition during the annealing should follow the
nucleation-growth mechanism. Although some more detailed microscopic investigations
are required, due to columnar polycrystalline structure of the layers we may by contrast
deduce that the spinodal decomposition (or a mixture of spinodal and binodal decom-
position) occurs. According to the Surface mode of Coherence Spinodal Decomposition
model (SCSD model) suggested by M. Tang [153], sample surface and grain boundary are
preferred nucleation sites for spinodal decomposition. At those areas the elastic strain
energy is signi�cantly relaxed. As a result, the corresponding critical temperature shifts
to higher temperature and the spinodal decomposition range becomes wider and closes
to the chemical one. In the following two sections, formation and coarsening of decom-
posed In-rich nanoparticles in Al0.87In0.13N:Tm layers will be experimentally and, based
on spinodal decomposition, theoretically analysed.
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5.1.2 Formation of the decomposed In-rich AlxIn1-xN particles

Experimental observations of rapid decomposition

The decomposition process in AlxIn1-xN is observable by appropriate experimental inves-
tigations. Figure 5.3 (a) - (e) present in situ TEM bright �eld cross section images of
an Al0.87In0.13N:Tm layer during thermal annealing at 700 °C. Combined with STEM-
HAADF investigation it can be demonstrated that the In-rich AlxIn1-xN nanoparticles
(correspond to dark points in bright �eld and bright points in HAADF image, �gure 5.3
(f)) are created at the very beginning of the annealing procedure 5.3 (a)2. And intuitively
they are located preferentially on the grain boundary, which satis�es the condition to use
SCSD model. As further annealing, formation of new particles are hardly to be detected
(cp. Figure 5.3 (b) - (f) to 5.3 (a)).

Figure 5.3: in-situ TEM bright �eld cross section images of spinodal decomposition of
Al0.87In0.13N:Tm layer annealed at 700 °C: (a) 0s; (b) 1min 44s; (c) 2min 34s; (d) 4min 41s;
(e) 10min 20s and (f) the STEM-HAADF imaging after 10min 30s annealing at same position.

2 Actually, In-rich AlxIn1-xN nanoparticles were already formed before the annealing temperature reaches
700 °C (heating duration: 2 min). But due to thermal expansion the sample holder was not stable during
the heating and thus no clear image can be collected.
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Figure 5.4: Variation of strain-free lattice constants and optic band gap energy of Al0.84In0.16N:Pr
layers in dependence of annealing duration at 700 °C. Results are recorded from [155].

If the content of AlN in as-prepared AlxIn1-xN layer is much higher than that of InN, vol-
ume fraction of decomposed Al-rich phase will be much larger than that of In-rich. This
dominant phase changes the macroscopic features of the layers after annealing, which
provide other evidences for the rapid decomposition and can be experimentally detected.
One can see from Figure 5.4 (a) that as thermal annealing proceeds, the stress-free lattice
constants of Al0.84In0.16N:Pr layers, a0 and c0, are signi�cantly reduced at the very early
stage of annealing and gradually approach saturated values (aAlN0 < aInN0 , cAlN0 < cInN0 ).
The results are determined by XRD with sin2 Ψ-method (see section 2.3.1) and listed in
table B.2 of appendix B. In consistence with the decrease of lattice constants, we can
also �nd an increase of band gap energy (because of EAlN

g > EInN
g ) as shown in �gure 5.4

(b)3. Obviously these results are merely qualitative information.

Calculation of In-rich AlxIn1-xN embryo size

In order to precisely predict the coarsening of In-rich nanoparticles during annealing and
on this basis to understand their assistance in the excitation of lanthanide luminescence
centres (for details see section 5.2), it is inevitable to understand the formation kinetics
of these particles. However, the rapid decomposition as shown above and simultaneous
coarsening make the experimental determination of particle size at initial stage of decom-
position (as tann → 0) impossible. Hence we can only use a theoretical way as described
as follows to calculate it:
Consider a binary solid state system (A-B) located within spinodal decomposition curve
(d2∆Gm/dx2 < 0), which exhibits a one-dimensional sinusoidal compositional �uctuation
with amplitude Cβ and wavenumber β along direction z:

cB(z, o)− c0 = Cβ · exp(iβz), (5.7)

3 Thermal relaxation of internal stress is another factor to alter the band gap energy. However, the changes
caused thereby are energetically much weaker than the increase as shown in �gure 5.4 (b) (ca. 130 meV).
During the annealing the variation of biaxial elastic internal stress in the Al0.84In0.16N:Pr layers is about 1
GPa (table B.3 of appendix B). The stress dependent band gap shift in GaN for example is 24 meV/GPa
[154].
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where c0 indicates the average composition. If spinodal decomposition takes place, its
compositional variation of component B with time t can be expressed as [156]:

cB(z, t)− c0 = Cβ · exp(iβz) · exp(Rt). (5.8)

The ampli�cation factor R, which determines the decomposition rate, is a function of β:

R = −D̃Bβ
2

(
1 +

2δ2E

f ′′(1− ν)
+

2κ

f ′′
β2

)
, (5.9)

where D̃B is the chemical interdi�usion coe�cient of component B and negative in case of
spinodal decomposition, δ the fractional change in lattice parameter dln a per unit compo-
sitional change dxB (δ = dln a/dxB), E the elastic modulus, f ′′ ≤ 0 the second derivation
of local free energy per molecule4 [157] against composition xB, ν the Poisson's ratio and κ
the gradient-energy coe�cient (in energy per length). The second term within the braket
of equation 5.9, with a negative value, represents the in�uences of elastic energy and ad-
justs the onset of spinodal decomposition from f ′′ ≤ 0 to f ′′ ≤ −2δ2E/(1− ν). The third
term, which is also negative, prevent occurrence of decomposition from a compositional
�uctuation with larger β.
The dimension of the In-rich region due to local compositional �uctuation (de�ned as
embryo of decomposed In-rich Phase) is represented by the half of �uctuation wavelength
λ/2, which is proportional to β inversely. As can be seen in the schematic plot of R against
λ/2 (�gure 5.5), the spinodal decomposition occurs, only if the size of In-rich region is
larger than a critical value (λcrit/2). Hence we de�ne these regions as the embryos of spin-
odal decomposition. If the embryo size equals a certain value, say λm/2, the ampli�cation
factor R, viz. the decomposition rate, reaches its maximum. One can further identify
from �gure 5.5 that due to smaller λcrit/2 the initiation of spinodal decomposition is pre-
ferred at the region with lower elastic energy. And for a given �uctuation wavelength, the
decomposition rate is signi�cantly larger in the region with lower elastic energy than that
with higher energy.
In terms of polycrystalline AlxIn1-xN:Ln layers with columnar grains it is reasonable to
assume that the elastic energy is fully relaxed on the grain boundary and thus second term
of equation 5.9 can be set as zero. The decomposition thereon may follow the chemical
spinodal curve. Additionally due to low doping concentration of lanthanide ions, its in�u-
ence on the spinodal decomposition is negligible. According to these considerations and
equation 5.9 the critical size of embryo λcrit/2 and the size with maximal decomposition
rate λm/2 can be formulated by κ and f ′′:

λcrit
2

= 2π

√
κ

−2f ′′
(5.10a)

λm
2

= 2π

√
κ

−f ′′
. (5.10b)

4 In solid state phase transformation the volume change is often negligible. So the free energy per unit
volume f is equivalent to the corresponding free enthalpy g = ∆gm + (1− xB)gA + xBgB.
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Figure 5.5: Schematic illustration of the dependence of ampli�cation factor R on local composi-
tional �uctuations with wavelength λ/2 without (blue line) and with (red line) the contribution of
elastic energy. λcrit/2 and λm/2 represent the critical �uctuation wavelength and the wavelength
with maximal decomposition rate respectively.

Furthermore, we may consider the hexagonal ternary AlxIn1-xN system as a pseudo-binary
regular solution with zinc-blende structure (face-centred cubic structure)5 and three types
of bonding, Al-N-Al, Al-N-In and In-N-In, for simpli�cation. As estimated by the pair-
wise interaction model developed by E.A. Lass et al. [159], κ depends on the interaction
energy parameters, εAl-N-Al, εIn-N-In and εAl-N-In (convert their unity from energy per bond
into energy per volume) as:

κ =
a2
c-AlxIn1-xN

2
(2εAl-N-In − εAl-N-Al − εIn-N-In), (5.11)

where ac-AlxIn1-xN denotes lattice constant of cubic AlxIn1-xN. Taking the enthalpy of mixing
∆Hm

∆Hm = xAlN(1− xAlN) ·
NA · a3

c-AlxIn1-xN

n
· z

2
· (2εAl-N-In − εAl-N-Al − εIn-N-In) (5.12)

with the number of group III ions per unit cell n = 4 and the coordination number z = 12

into account, κ becomes:

κ =
∆Hm

3ac-AlxIn1-xN · xAlN(1− xAlN) ·NA

. (5.13)

Through inserting equation 5.11 - 5.13 in 5.10a and 5.10b, determining f and ∆Hm

values by DLP-model and applying the values of heat capacities from [160, 161] for the
calculation of f , the resulting formulations of λcrit/2 and λm/2 are functions of AlN

5 Many references suggested that the calculated results by using thermodynamic quantities of cubic III-
nitride systems can be directly transferred to their hexagonal system with less deviation [13, 158].
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Figure 5.6: Critical half-wavelength (λcrit/2, blue line) and half-wavelength with maximal de-
composition rate (λm/2, red line) in dependence on content of AlN, xAlN, at 700 °C (a) and their
temperature dependence of an Al0.87In0.13N:Tm sytem (b). In addition, the solid black lines in
(a) represent the lengths of 2-, 3- and 4-fold In clusters calculated by using Vegard's law with
one dimensional arrangement.

content xAlN and temperature T . As plotted in �gure 5.6 (a), developments of calculated
λcrit/2 and λm/2 at annealing temperature of 700 °C are asymmetric within the chemical
spinodal decomposition range. Both of them exhibit minimum values at xAlN ≈ 0.82 and
rise to in�nity at the boundaries of spinodal region. At a given xAlN, they increase with
rising temperature. In the case of Al0.87In0.13N:Tm layer, the critical In-rich AlxIn1-xN
embryo size, λcrit/2, and the one with maximum decomposition rate, λm/2, at 700 °C
(973 K) is 0.43 nm and 0.61 nm respectively (see �gure 5.6 (b)).

Calculation of In-rich AlxIn1-xN particle size

In order to obtain the initial In-rich particle size we suggest to consider the local compo-
sitional �uctuation as one dimensional clustering of In ions. The distance between two
neighbouring In ions is assumed to follow Vegard's law [150]. And the spinodal decom-
position proceeds spontaneously if the dimension of n-fold In clusters (cluster with n In
ions) larger than the critical size of embryo λcrit/2. As can be seen in �gure 5.6 (a), a
3-fold In cluster is su�ciently large enough to initiate the spinodal decomposition within
a wide composition range (0.27 < xAlN < 0.95).
We may adopt this geometric consideration directly into three dimensions and assume
that all of the group III ions in a volume, where only one 3-fold In cluster can be found,
are counted to develop one spherical In-rich AlxIn1-xN particle surrounded by Al-rich ma-
trices. According to the results of EDS line scan the AlN content, xAlN, of this In-rich
particle at 700 °C is about 0.08 and that of its Al-rich surrounding 0.96. One can therefore
establish a compositional dependency of In-rich particle diameter d at 700 °C as shown
as black line in �gure 5.7. With rising xAlN, on the one hand, the particle diameter en-
larges and reaches a maximum value at xAlN = 0.89. And with further increase of xAlN,
it drops precipitously and approaches zero at the spinodal boundary. The reason for this
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Figure 5.7: Plot of particle diameter d (black line) and "reduced" particle distance d∗p−p (orange
line) against Al content xAlN. Because within the lower composition region the critical wavelength
is larger than the 3-fold cluster length (cf. �gure 5.6 (a)), higher orders of In cluster (n = 4, 5)
are used to calculate the particle diameter.

consists in the fact that the In content in this region is too low to form the both phases
with required xAlN. By decreasing Al content, on the other hand, the particle diameter
gradually decreases and closes to a constant value at about 0.5 nm. This is in contrast
with reality and can be corrected as follows:
In the practice two In-rich particles with the size d are distinguishable from each other
if they are at least separated by doubled interspace of group III ions 2dIII-III (dp−p − d ≥
2dIII-III, where dp−p is the centre to centre particle distance). Hence we de�ne a "reduced"
particle distance as d∗p−p = dp−p − 2dIII-III and plot it against Al content (orange line in
�gure 5.7). The black and orange lines in �gure 5.7 intersect each other at xAlN = 0.71.
This means that the particulate In-rich phases can be formed in AlxIn1-xN system by
spinodal decomposition at 700 °C only if xAlN ≥ 0.71. In a system with lower xAlN, d∗p−p is
smaller than d. The decomposed In-rich particles are connected together, and a meander
structure of In-rich and Al-rich phases or particulate Al-rich phases will be fund.
The calculated initial particle diameter in Al0.87In0.13N:Tm layers at the early stage of
spinodal decomposition (tann → 0) by using this method is about 1.0 nm with particle
distance dp−p of 2.6 nm.
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5.1.3 Coarsening of the decomposed In-rich AlxIn1-xN particles

Since the coarsening of spinodal decomposed precipitation occurs, in general, simultane-
ously with its formation, the size of In-rich AlxIn1-xN particle theoretically predicted in
last subsection can hardly be measured experimentally. However, it is an important initial
value to predict the development of particle diameter during the annealing.
Coarsening of the precipitation can be considered as an Ostwald ripening process [162].
In 1961, L.M. Lifshitz et al. [163] and C. Wagner [164] solved this problem independently
with the assumption that the growth of a spherical second phase precipitation is due to
volume di�usion controlled material transport from supersaturated matrix. They pro-
posed an asymptotic enlargement of mean precipitate size d̄ with annealing duration tann
as [164]:

d̄(t) = d̄(0)

(
1 +

tann
τ

) 1
3

. (5.14)

Here d̄(0) is the initial precipitation size and τ a constant with the dimension of time.
The corresponding size distribution f(d, tann) follows:

f(d, tann) ≡ lim
∆d→0

N(d, d+ ∆d, tann)

∆d

=
Cs.d.(

1 + tann
τ

) 4
3

[
d

d̄(tann)

]2
[

3

3 + d
d̄(tann)

] 7
3
[

3
2

3
2
− d

d̄(tann)

] 11
3

exp

[
−

d
d̄(tann)

3
2
− d

d̄(tann)

]
,

(5.15)

where N(d, d+ ∆d, tann) is the number of spherical precipitates with a diameter between
d and d+∆d per unit volume at tann and Cs.d. a normalisation constant. As we can see in
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Figure 5.8: Schematic illustration of precipitation size distribution based on di�usion controlled
Ostwald ripening at the arbitrary time t, 2t and 3t. The corresponding mean diameter d̄, diameter
with maximum number d∗ and maximum diameter dmax are marked on the curves.
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Figure 5.9: STEM-HAADF cross section imaging of Al0.87In0.13N:Tm layers annealed at 700 °C
after (a) 20 min; (c) 90 min and the corresponding HRTEM imaging (b) (d).

�gure 5.8, this size distribution has a cut-o� at larger d. The precipitation diameter with
maximum number d∗ lies above the mean diameter (d∗ = 1.135 · d̄) and the maximum
diameter dmax is 1.5 times of the mean diameter.
The coarsening of In-rich AlxIn1-xN particles can be demonstrated by electron microscopy.
Figure 5.9 indicates the STEM-HAADF and high resolution TEM (HRTEM) cross section
images of Al0.87In0.13N:Tm layers, which were annealed at 700 °C for 20 and 90 minutes.
Although the In-rich particles are clearly observable by the use of STEM-HAADF (�gure
5.9 (a) and (c)), resolution of this microscope is unfortunately insu�cient to precisely
determine the particle size. And due to instability of the layers against long exposure
time and too large inner shell ionization energy of Al and In, other TEM combined
analytical techniques, such as EDS and EELS mapping, are not applicable. Hence the
particle size can be only determined via graphical measurement on the HRTEM images.
As can be senn in �gure 5.9 (b) and (d), after 20 minutes annealing it is ca. 2.0 nm and
after 90 minutes 3.5 nm.
Nevertheless, we con�rm according to our calculated and microscopic results that, the
decomposed In-rich AlxIn1-xN particles with initial mean size of 1 nm (calculated in section
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5.1.2) coarsen as the thermal annealing proceeds. Furthermore we set the averaged particle
diameters, which are graphically measured from the HRTEM images, as d∗ and plot
the corresponding mean values d̄ against annealing duration (see �gure 5.10). Through
�tting with equation 5.14, the constant τ of Al0.87In0.13N:Tm system annealed at 700 °C
is 3.15±1.61 min. Thus, we can use this result to predict the size of In-rich particles after
any annealing duration and based on this to estimate their band gap energy as discussed
in next chapter.
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Figure 5.10: Plot of mean particle diameter of Al0.87In0.13N:Tm layers against annealing duration
at 700 °C. The value for 0 minutes is calculated at the end of section 5.1.2 and the values for 20
and 90 minutes are calculated on the base of HRTEM investigations as shown in �gure 5.9 (b)
and (d).
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5.2 Interaction between In-rich AlxIn1-xN particles and

lanthanide luminescence centres

In addition to epitaxial surface nanofaceting, e.g. Stranski-Krastanow and Volmer-Weber
growth, the decomposition has been experimentally con�rmed as another way to pro-
duce self-organized semiconductor quantum dots (QDs). And it is in particular applied
in ternary and even quaternary III-V semiconductors with large miscibility gap, such
as InGaN [165] and InGa(Al)As [166]. As theoretically and experimentally investigated
in the previous chapter, under appropriate thermal treatment the spinodal decomposi-
tion of AlxIn1-xN system with selected composition will generate an almost instantaneous
formation of In-rich AlxIn1-xN nanoparticles. They have a smaller band gap than their
surrounding Al-rich phases and thus correspond electronically to quantum dots (QDs).
The subsequent slower coarsening follows Ostwald ripening process and results in a re-
lative narrow particle size distribution. This inspires us to engineer the band gap energy
of In-rich AlxIn1-xN QDs through annealing duration controlled size modi�cation. We
suggest in section 5.2.1 that these dots could be e�cient energy transmitters for excita-
tion of the lanthanide luminescence centres, once their band gap energy is in resonance
with the levels to be excited in lanthanide ions. Section 5.2.2 focuses on establishing a
model to describe this resonant excitation process. Our experimental results about the
development of PL intensity of Al0.87In0.13N:Tm and Al0.84In0.16N:Pr, after di�erent an-
nealing duration indicates a good agreement with this model (discussed in section 5.2.3
and 5.2.4).

5.2.1 In-rich AlxIn1-xN particles as quantum dots for lanthanide

excitation

Quantum con�nement e�ect, which arises from the restriction of charge carriers by low
dimensional semiconductor nanostructure, was discovered in early 1980s [167, 168]. Af-
ter that it was frequently used to achieve novel optoelectronic applications (cf. section
1.1). Quantum con�nement in zero-dimensional semiconductors, as known as quantum
dots (QDs), gives rise to discrete carrier states and expansion of their band gap energy.
According to "particle in box model" this expanded band gap EQD

g is dependent on the
dot diameter d [169]:

EQD
g = EBulk

g + ∆Eg = EBulk
g +

3

2

(
nh̄π

d

)2(
1

m∗ne
+

1

m∗nh

)
, (5.16)

where EBulk
g represents the band gap energy of the corresponding bulk semiconductor,

∆Eg the band gap increment due to quantum con�nement, n the quantum number, h̄ the
Dirac constant, m∗ne and m

∗
nh the e�ective mass of electrons and holes respectively. The

e�ective mass of heavy holes m∗1hh is commonly used for the calculation (heavy-hole type
of QDs, m∗1e-m

∗
1hh), because the quantum con�nement raises the energy position of va-

lence band degeneration and thus shift the heavy hole states above the light hole states. A
recent report [170] suggested on the other hand that the elastic stress may further modify
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Figure 5.11: Extended band gap extension EQD
g of Al0.08In0.92N particle due to quantum con�ne-

ment. Both types of QDs, heavy-hole and light-hole, are considered for the calculation. Dashed
lines indicate the selective 4f energy levels of Tm

3+
(1D2) and Pr

3+
(3P2) relative to their cor-

responding ground states, which can be resonantly excited by QDs (see section 5.2.2, 5.2.3 and
5.2.4).

the band structure, which favours the formation of light-hole exciton in QDs (light-hole
type of QDs, m∗1e-m

∗
1lh). Since elastic internal stress in annealed AlxIn1-xN layers with the

magnitude of several hundred MPa is con�rmed by XRD investigations (see table B.3 in
appendix B), it may be necessary to survey both cases in the determination of extended
band gap energy6.
The inverse dependence of the extended band gap energy of Al0.08In0.92N on the second
power of particle diameter is clearly illustrated in �gure 5.117. The AlN content cor-
responds to the In-rich phase after spinodal decomposition estimated by EDS line scan
(�gure 5.2 (b)). It can be seen that the quantum con�nement e�ect becomes signi�cant,
if the size of nanoparticles falls short of 6 nm.
According to the results shown in �gure 5.9, the diameter of In-rich nanoparticles is about
2 nm after 20 minutes annealing and 3.5 nm after 90 minutes. Hence a strong quantum
con�nement e�ect can be expected. In the room temperature PL spectra of annealed
AlxIn1-xN layers without lanthanide doping, however, no light emission from QDs can be
observed. This is very likely related to the strong sensitivity of radiative carrier recombi-
nation in quantum dots against structure defects, such as stacking faults and grain bound-
aries. They serve as non-radiative recombination centres [176, 177] and are unavoidable
during the layer preparation. Moreover, due to high density of nanoparticles the inter-dot

6 As will be discussed in section 5.2.3, the heavy-hole type is still the dominant one in present In-rich
AlxIn1-xN QDs.

7 In order to obtain both curves in this �gure, value of EBulk
g is calculated by using the relationship between

band gap energy of polycrystalline AlxIn1-xN and AlN content determined by P. Gehring (EBulk
g =

5.78xAlN+1.89(1−xAlN)−3.99xAlN(1−xAlN)) [171]. The e�ective masses of charge carriers for AlxIn1-xN
are assumed to be m∗

AlxIn1-xN
= xAlN ·m∗

AlN + (1−xAlN) ·m∗
InN. Values of m

∗
AlN and m∗

InN are taken from
the references [172, 173, 174, 175].
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carrier transfer, which includes temperature induced transfer [178], Auger carrier-carrier
scattering [179] and Phonon-assisted tunnelling [180], must not be neglected. The corre-
sponding characteristic time (several tens of ps) is substantially shorter in compare with
the lifetime of radiative recombination in QDs (∼ 1 ns). Hence the measured rise time
of QD luminescence decreases with increasing dot density [181]. Such processes widen
the spatial transfer region of excited carriers and thus enhance their probability to be
recombined within non-radiative centres.
Fortunately, we may suppress those negative e�ects by doping with lanthanide ions, and
take the advantage of high density of carriers con�ned in QDs to excite lanthanide lumi-
nescence centres. Size of the In-rich AlxIn1-xN QDs and therefore their band gap energy
are well tunable through reliable thermal treatment. If a lanthanide ion exists on the
vicinity or inside of suitable QDs, whose band gap energy matches the energy di�erence
between 4f ground state and a 4f excited state of lanthanide, resonant excitation of this
lanthanide ion could occur. In �gure 5.11, required energy to excite 1D2 level of Tm3+

and 3P2 level of Pr
3+ are compared with the band gap energy of QDs.

We believe that the mechanism of the Förster resonance energy transfer (FRET) is dom-
inant in this non-radiative energy transfer process, in which the transfer rate kFRET
between energy donor and acceptor depends on their spatial distance r [124, 182]:

kFRET = kD ·
(
R0

r

)n
. (5.17)

Here represents kD the donor deactivation rate in the absence of acceptor, exponent n
describes the mode of energy transfer and e.g. equals n = 6 for dipole-dipole transfer.
R0 is Förster distance at which the energy transfer rate equals kD. It depends on spectra
overlap of donator and acceptor, Joverlap, and a constant, CFRET , which consists of the
refractive index, the quantum yield of donor and the orientation factor of FRET:

R0 = n
√
CFRET · Joverlap. (5.18)

It can be concluded from equations 5.17 and 5.18 that the energy transfer rate between
In-rich AlxIn1-xN QDs with adequate size and lanthanide luminescence centres becomes in-
�nite fast, if lanthanide ions are placed inside or very close to the dots (r → 0). Therefore,
the expeditious energy transfer from excited QDs will enhance the lanthanide lumines-
cence signi�cantly. In the following sections we develop a mathematical model to describe
this kind of resonant excitation (section 5.2.2) and compare it with our experimental
results (section 5.2.3 and 5.2.4).
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5.2.2 Model of resonant lanthanide luminescence centre excita-

tion via quantum dots

General model description

In order to model the enhancement of lanthanide luminescence through resonant exci-
tation of In-rich AlxIn1-xN QDs, all of the possible energy path ways must be primarily
clari�ed. As can be seen in �gure 5.12 (a), there are generally three path ways to relax
the excitation energy:
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Figure 5.12: (a). Excitation and relaxation paths of lanthanide luminescence centres doped in
QDs containing semiconductor host. Details for paths and coe�cients are described in the text.
(b). Illustration on the assumption of "uniqueness of excitation path".

� Path 1: Excitation of lanthanide luminescence centres via Al-rich phase

Excited free carriers are trapped by the acceptor and/or donator-like defect levels
or the lanthanide ion associated energy levels between the band gap of the host with
a rate coe�cient k1, Through subsequent energy transfer with rate coe�cient kLn,1,
lanthanide luminescence centres are excited. The electronic processes within this
path is basically in a similar way to the energy path 1 in AlN:Ln system discussed
in section 4.3.2.

� Path 2: Excitation of lanthanide luminescence centres via In-rich QDs

Excited free carriers are �rstly captured by the In-rich AlxIn1-xN QDs with a rate
coe�cient k2. And then they transfer their residual energy non-radiatively to lan-
thanide luminescence centres within and close to QDs. We propose the rate coef-
�cient of this energy transfer is determined by Föster mechanism, namely kLn, 2 =

kFRET (cf. equation 5.17 and 5.18).

� Path 3: Other excitation and relaxation processes without energy transfer into lan-

thanide centre

Consistent with the energy path 2 in AlN:Ln system (section 4.3.2), carriers in this
path way are excited and recombine with each other by other possible processes
with rate coe�cient k3. Energy released thereby is not absorbed by lanthanide
luminescence centres.
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Before establish a mathematic model on resonant excitation of lanthanide luminescence
centres in In-rich QDs contained AlxIn1-xN system and its changes during thermal anneal-
ing, we must emphasise three important presumptions to simplify the considerations:

1. Uniqueness of excitation path

The model discussed in the following parts of this section is based on the presump-
tions that the excitation paths of lanthanide luminescence centres through Al-rich
phase (path 1, blue region in �gure 5.12 (b)) and In-rich QDs (path 2, red region in
�gure 5.12 (b)) are independent on each other. And a given lanthanide centre can
be excited only by one of those two paths.

2. Independent relaxation of lanthanide luminescence centres

Radiative and non-radiative relaxations of a lanthanide luminescence centre are in-
dependent on whether it was excited via Al-rich phase or In-rich QDs. The radiative
relaxation rate kLn,r is identical in both cases and so is the non-radiative relaxation
rate kLn,nr.

3. Adoption of the concept "extended lanthanide luminescence centre"

According to spectral analysis and discussions on AlN:Ln systems (chapter 4), it is
reasonable to believe that in AlxIn1-xN:Ln system the number of lanthanide lumines-
cence centres excited through path 1 and 2 (NLLC,1 and NLLC,2) as well as excitation
and relaxation rate coe�cients (k1, kLn,1, k2, kLn,2, kLn,r and kLn,nr) changes during
the thermal annealing. In order to reduce these variable parameters we can also
adopt the concept of "extended lanthanide luminescence centres" (cf. section 4.3.2)
for the present case. Instrumental parameters, including exposure time (tm) and
luminescence peak width (∆E), are set as constants.

Path 1: excitation through Al-rich phase

Due to instantaneous decomposition the composition of Al-rich phase approaches a con-
stant value at the very beginning of thermal annealing (�gure 5.4). And based on the
results in AlN:Ln (�gure 4.2), we speculate that the local atomic rearrangements in
AlxIn1-xN should be accomplished after the �rst few minutes of annealing as well. Further
annealing will not give rise to considerable changes in the number of the extended lan-
thanide luminescence centres (NELLC). Hence the resulted luminescence intensity tends
to an asymptotical saturation value (see blue dashed curve in �gure 5.14) with a mathe-
matical expression analogue to equation 4.4 and 4.9:

ILn,1 ≈
k1

k1 + k2 + k3

· kLn,1kLn,r
kLn,r + kLn,nr

·NLLC,1 ·Cexp = A1 +B1

[
1− exp(−kf,1 · tann)

]
, (5.19)

where A1 = N i
ELLC,1 ·Cexp and B1 = ∆NELLC,1(∞) ·Cexp ·exp(−Ef,1/kT ) are constants at

given annealing temperature, Ef,1 and kf,1 the generalised formation energy and formation
rate of ELLC in Al-rich phase.
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Path 2: excitation through In-rich QDs

If the lanthanide ions are homogenously distributed in AlxIn1-xN host and their doping
concentration is very low, one may expect that no considerable segregation of lanthanide
dopants will take place during thermal annealing. So the average distance between QDs
and lanthanide ions 〈r〉 remains invariant. The energy transfer rate coe�cient kLn,2 is
thus only determined by the spectra overlap between them Joverlap. And this overlap is
proportional to the portion of In-rich QDs, fdres(tann), whose band gap energy matches
the energy required to directly excite selected 4f -level of lanthanide luminescence centres
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Figure 5.13: Schematic illustration of the band gap energy modi�cation of In-rich QDs after
di�erent annealing duration (a) t1, (c) t2 and (e) t3 (t1 < t2 < t3), and their spectral overlap
with the 1D2 level of Tm ions (corresponds the overlapping part of two curves in (b), (d) and
(f)). The spectra of the lanthanide ions are thereby assumed by a Gaussian approximation and
the band gap energy of QDs is calculated by using equations 5.15 and 5.16.
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(cf. equations 5.17 and 5.18):

Joverlap = Coverlap · fdres(tann). (5.20)

Coverlap is a proportionality constant and dres the size of the QDs appropriate for resonant
excitation. The mathematical expression of fdres(tann) is given by equation 5.15 by setting
d = dres Therefore one receives for kLn,2:

kLn,2 = kFRET = CLn,2 · fdres(tann), (5.21)

where CLn,2 = kD · CFRET · Coverlap · (1/〈r〉)n is a constant.
As discussed in section 5.1.3 and 5.2.1, the coarsening of In-rich nanoparticles leads to
the reduction of their band gap energy in accordance with equation 5.16. One can con-
�rm from the graphical demonstration of this tendency as shown in �gure 5.13 that with
thermal annealing, Joverlap, and therefore kLn,2, will �rstly rise to a maximum value and
then decrease to zero. Hence we may conclude that the luminescence intensity of lan-
thanide excited via In-rich QDs is predominantly determined by kLn,2. And appropriate
modi�cations on the concept of "extended lanthanide luminescence centres" should be
made:

ILn,2 ≈ kLn,2 ·
k2

k1 + k2 + k3

· kLn,r
kLn,r + kLn,nr

·NLLC,2 · Cexp

= fdres(tann) ·
{
A2 +B2

[
1− exp(−k′f,2 · tann)

]}
,

(5.22)

In equation 5.22 we place the key factor fdres(tann) in front of the product and the term
within curly bracket represents the evolution of the extended lanthanide luminescence
centres, in which only the capture of excited carriers by QDs and radiative relaxation
of excited lanthanide centres are taken into account. At given annealing temperature
the parameters A2 = CLn,2 · N i

ELLC,2 · Cexp · Cs.d. and B2 = CLn,2 · ∆NELLC,2(∞) · Cexp ·
exp(−E ′f,2/kT ) · Cs.d. are invariant. Meanings of the thermodynamic and kinetic param-
eters, E ′f,2 and k

′
f,2, as well as the numbers of extended luminescence centres N i

ELLC,2 are
di�erent from those in excitation path 1. The red dashed line in �gure 5.14 predicts the
variation of ILn,2 during thermal annealing.
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Total intensity of lanthanide luminescence (path 1 and 2)

According to the presumptions 1 and 2 mentioned in the �rst part of this section, measured
lanthanide luminescence intensity ILn is a summation of intensity generated through Al-
rich phase (path 1) and In-rich QDs (path 2):

ILn =ILn,1 + ILn,2 = A1 +B1[1− exp(−kf,1 · tann)] + A2 +B2[1− exp(−k′f,2 · tann)]·{
1(

1 + tann
τ

) 4
3

[
dres

d̄(0)
(
1 + tann

τ

) 1
3

]2
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3

3 + dres

d̄(0)(1+ tann
τ

)
1
3

] 7
3
[

3
2

3
2
− dres
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τ

)
1
3

] 11
3

·

exp

[
−

dres

d̄(0)(1+ tann
τ

)
1
3

3
2
− dres

d̄(0)(1+ tann
τ

)
1
3

]}
.

(5.23)

During the annealing the total intensity of lanthanide luminescence will increase to a
maximum and the decreases to a �nite value (black solid line in �gure 5.14). Through
elaborate analysis on the formation of extended lanthanide luminescence centres, spinodal
decomposition, energy excitation, transfer and relaxation processes, we can simplify the
tedious equation 5.23 by reducing the parameters for some special cases. For example,
if k′f,2 value is su�cient large, the number of extend lanthanide luminescence centres
within In-rich QDs reaches its equilibrium before the size of QDs satis�es the resonant
condition. In this way the term A2 + B2[1 − exp(−k′f,2 · tann)] can be regarded as a
constant. In previous sections we have theoretically and experimentally determined the
values of d̄(0), dres and τ for system Al0.87In0.13N:Tm. We may further assume with
less impreciseness that the generalised formation energy and formation rate of extended
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Figure 5.14: Development of lanthanide luminescence intensity excited by Al-rich phases (blue
dashed line), In-rich QDs (red dashed line) and its total intensity (black solid line) during thermal
annealing predicted by the model described in the text.
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lanthanide luminescence centres are approximately invariant in path 1 and 2 (Ef,1 ≈ E ′f,2,
kf,1 ≈ k′f,2). Comparisons between this model and PL results as well as the relating
discussions are delineated in the next sections.

5.2.3 Luminescence enhancement of Al0.87In0.13N:Tm

As an important result we �nd a signi�cant intensity enhancement of the blue lumines-
cence emitted from Tm doped Al0.87In0.13N layers (corresponds to 1D2 - 3F4 and 1G4 -
3H6 transitions of Tm ion) after about 30 minutes annealing at 700 °C (see �gure 5.15
(a)). In addition to his, the luminescence intensity depends on excitation energy Eexc. In
�gure 5.15 (b), the intensity after di�erent annealing duration is integrated and plotted
against Eexc. It approaches a maximum if Eexc matches to the band gap energy of the
Al-rich phase (Eg = 4.8 eV, as shown in �gure 5.4 (b)).
This phenomenon can be understood with the help of the nature of QDs and the model
of bound excitons mediated lanthanide ion excitation [133, 183]: During below band gap
excitation (EQDs

g < Eexc < EAl-rich
g ) merely a little portion of excitation photons are ab-

sorbed. The In-rich QDs can be directly excited only with much less e�ciency due to
their small size and volume fraction. In the Al-rich phase, bound excitons are created
only if there are appropriate carrier traps presented in the band gap. When a Tm ion
exists in their vicinity, it can be excited via non-radiative energy transfer from the bound
exciton. The low photon absorption and energy transfer probability lead to the low PL
intensity. In above band gap excitations (Eexc ≥ EAl-rich

g ), almost all photons are absorbed
by the Al-rich phase. The resulting free carriers exhibit a comparatively longer life time.
This increases their probability to be trapped by QDs or energy states within the band
gap and subsequently transfer the residual energy into the Tm luminescence centres. Our
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Figure 5.15: (a) PL spectra of Al0.87In0.13N layers after annealing at 700 °C for di�erent durations.
Optical energy of 4.8 eV was selected for the excitation. The peaks are labeled with the indicated
intra 4f -transitions. (b) The corresponding integrated intensity is plotted against excitation
energy Eexc. Maximum intensity is normalised to unity and the bang gap energy of Al-rich host
is marked with black dashed line.
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Figure 5.16: Relationship between integrated blue luminescence intensity of Tm doped in
Al0.87In0.13N layers (1D2 - 3F4 and 1G4 - 3H6) and annealing duration. The layers were an-
nealed at 700 °C and excited by di�erent photon energy Eexc. The value of maximal intensity is
normed as unity and the dashed lines are the �tting curves by using equation 5.24.

experimental results further indicate that, if the excitation energy is much larger than the
band gap energy, luminescence intensity decreases. A similar observation has been also
made in SiN systems [184]. The explanation given in this report is based on the model
of the demarcation lines under conduction band [185] and might hold also in the present
case. Unoccupied energy states above this line capture the carriers from conduction band
of the Al-rich phase. And the consecutive carrier thermalisation increases the probability
of non-radiative relaxation. A more detailed assessment, however, appears premature
since the exact nature of the defects in our samples is unknown.
It can be seen from �gure 5.16 that the integrated intensity rises steeply at the beginning
of annealing and reaches its maximum at ca. 30 minutes. Subsequently, it drops down
and approaches after 60 minutes to a rather stable intensity at about 50 % of its maximal
value. This experimental result is in excellent agreement with the outcome anticipated
from the model introduced in the previous sections.
Because no Tm luminescence was detected before annealing (black line in �gure 5.15 (a)),
we set the parameters A1 and A2 in equation 5.23 as zero. According to equation 5.12 and
the parameter τ = 3.15 min �tted from the data of �gure 5.10, the diameter of spherical
In-rich particle with maximum number, d∗, equals 2.4 nm after 30 minutes annealing. On
the other hand, if the band gap energy of In-rich QDs is in resonance with the energy
required to directly excite 1D2 level of Tm centres, their size dres should correspond to
2.5 and 3.3 nm according to the heavy-hole type and light-hole type con�nement model,
respectively (�gure 5.10). Obviously the former one coincides with the result determined
by the coarsening kinetics of In-rich particle. Hence it is suggested that the intensi�ed
Tm luminescence in Al0.87In0.13N layer is due to the resonant energy transfer from ex-
cited In-rich QDs with heavy-hole type. And the elastic internal stress in the layers is
not su�cient to shift heavy-hole state under light-hole state. By using d̄(0) = 1.0 nm

90



5.2. Interaction between In-rich AlxIn1-xN particles and lanthanide luminescence centres

(calculated in section 5.1.2), dres = 2.5 nm and kf,1 = k′f,2 = kf = 0.17/min (comparable
to the value of AlN:Tm system annealed at 700 °C, table 4.1) the complex equation 5.23
can be reduced as:

ITm(tann) =[1− exp(−kf · tann)]

{
B1 +B2

1(
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(5.24)

The intensity developments of Tm as shown in �gure 5.16 are well described by equation
5.24 (dashed lines). Parameters B1 and B2 �tted thereby are listed in table 5.1. With
di�erent excitation energy there are basically no signi�cant changes on their ratios B2/B1.
This suggests that the contributions of excitation via Al-rich phase and In-rich QDs on
the luminescence intensity depends scarcely on the excitation energy between 4.0 and 5.2
eV.

Table 5.1: Parameter of B1 and B2 �ited from the results illustrated in �gure 5.16 by using
equation 5.24.

Eexc 4.0 eV 4.4 eV 4.8 eV 5.2 eV

B1 0.016 0.173 0.441 0.290
B2 0.113 0.900 2.685 2.094

B1/B2 0.144 0.193 0.164 0.139

5.2.4 Luminescence enhancement of Al0.84In0.16N:Pr

The model of resonant excitation of lantahnide luminescence centres via QDs can be fur-
ther supported by investigations on AlxIn1-xN layers doped with other lanthanide ions.
Similar to Al0.87In0.13N:Tm we �nd in �gure 5.17 that the intensity of green luminescence
of Al0.84In0.16N:Pr layers (corresponds to the transition 3P1 - 3H5 of Pr

3+) reaches a maxi-
mum after 20 minutes annealing at 700 °C. An optical energy of 4.2 eV was selected for
the excitation, which lies below the band gap energy of Al-rich phase. We con�rm on the
base of discussions in section 5.1.2 that the initial In-rich particles size d̄(0) of about 1
nm also holds for this system, even though the microscopic analyses on its decomposition
are lacking. Despite of the 1S0 level, which lies above 6 eV, the second highest 4f -level of
Pr3+ is 3P2 with an energy of 2.78 eV related to ground state (see �gure C.1 (a)). Hence,
In-rich QDs with dres = 3.2 nm (heavy-hole type) can be used to excite Pr luminescence
centres resonantly.
Because the formation of extended Pr luminescence centres in AlN is very fast (cf. section
4.3.2), we apply equation 5.24 with di�erent formation probabilities of extended lumines-
cence centres to �t the development of Pr luminescence intensity during annealing (namely
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Figure 5.17: Relationship between integrated green luminescence intensity of Pr (3P1 - 3H5)
doped in Al0.84In0.16N layers and annealing duration (recorded from [155]). The layers were
annealed at 700 °C and excited by photon energy 4.2 eV. Maximum intensity is normalised as
unity, and the dashed lines are the �tting curves by using equation 5.24 with di�erent kf -values.

kf = 0.17, estimated from AlN:Tm, kf = 0.4 used for AlN:Pr and a much larger value kf
= 0.9). Unfortunately, the �tted results are less satisfactory, as can be seen in �gure 5.17.
This is probably due to the excitation energy is too low to excite Pr centres e�ciently,
and thus increases the possible error of the measurement. Nevertheless, we �nd that the
�tted parameters, B1, B2 and τ , are generally independent of the kf -values (see table
5.2). This may imply that most of extended Pr luminescence centres are formed before
the resonant excitation via QDs takes place8.

Table 5.2: Parameter of B1, B2 and τ �tted from �gure 5.17 by using equation 5.24 with di�erent
kf -values.

B1 B2 τ

kf = 0.17 0.381 5.094 1.188
kf = 0.4 0.368 5.003 1.191
kf = 0.9 0.367 5.002 1.188

Before closing this chapter, it is worth noticing that the carrier recombination within QDs
without lanthanide doping is very fast (in ns range [186, 187]), whereas the decay time
of radiative lanthanide relaxation is in general at least three orders of magnitude longer
[121, 122, 123]. So the former case should take precedence over the later one. To the con-
trast, many studies reported that QDs can be considered as luminescence intensi�er not
only for lanthanide [138, 188] but also for transition metal ions [137]. And by increasing
concentration of the lanthanide dopants luminescence intensity of QDs reduces [140]. Ac-
cording to the temperature dependence of PL intensity from Eu-doped GaN QDs, Y. Hori
and his co-workers proposed that the localised carriers in QDs are much easier trapped

8 Actually this is also the case for Al0.87In0.13N:Tm system.
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by Eu ions than in the case of simply Eu-doped GaN layers. This results more su�cient
energy transfer and higher priority of radiative relaxation of luminescence centres [139]. In
order to fully understand the physical mechanisms behind the enhancement of lanthanide
luminescence by QDs, further elaborate studies are imperative.

5.3 Conclusions

In the �rst part of this chapter the thermodynamics and kinetics of decomposition in
the AlxIn1-xN system are discussed quantitatively. Based on microscopic analyses using
in-situ TEM, HRTEM as well as HAADF cross-sectional imaging and EDS compositional
scanning in a STEM, we con�rm in the studied systems an almost instantaneous formation
of nano-sized In-rich AlxIn1-xN particles with subsequent comparatively slow coarsening.
Combining the results of mathematical calculations and microscopic investigations, the
development of In-rich particle size distributions in Al0.87In0.13N:Tm during thermal an-
nealing at 700 °C is reliably estimated.
The slow coarsening of the In-rich particles permits us in the second part of this chapter
to engineer their sizes and thereby their band gap energy (according to size-dependent
quantum con�nement e�ect) by alteration of annealing temperature and duration. If this
energy overlaps with an excited 4f -level of lanthanide luminescence centres, a resonant
energy transfer between them may take place. We develop a quantitative model, which
is based on time-dependent coarsening of In-rich particles at the selected temperature
and the corresponding decrease of the band gap energy, spectral overlapping between
In-rich particles and lanthanide luminescence centres as well as the thermal activation of
extended lanthanide luminescence centres, to describe the corresponding resonant exci-
tation and predict the resulting luminescence intensity. The model is in good agreement
with our PL data, which indicate signi�cant intensity enhancements of the blue lumines-
cence from Al0.87In0.13N:Tm (1D2 - 3F4 and 1G4 - 3H6) and the green luminescence from
Al0.84In0.16N:Pr (3P1 - 3H5) after annealing at 700 °C for about half an hour.
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Chapter 6
Concluding remarks and outlooks

Conclusions

The present work focuses on the optoelectronic properties of III-nitride semiconductors
doped with lanthanide ions, mainly AlN:Pr, AlN:Sm, AlN:Tb and AlN:Tm as well as
AlxIn1-xN:Tm and AlxIn1-xN:Pr systems with selected AlN contents and relative low dop-
ing concentration. Reactive magnetron co-sputtering was employed for the sample prepa-
ration. Through elaborate approaches on the base of experimental analysis and theoretical
modelling, �ve central themes were addressed: (1) local symmetry of radiative Sm3+ and
Tb3+ in AlN host; (2) luminescence generated by O-associated defect states in AlN, ON

- -
(VAl-2ON)

- pairs, and its assistance in the excitation of lanthanide luminescence centres;
(3) thermal enhancement of lanthanide luminescence intensity in AlN and its modelling;
(4) thermodynamics and kinetics of decomposition in AlxIn1-xN system at adequate an-
nealing temperature; and (5) resonant excitation of Tm and Pr luminescence centres via
In-rich AlxIn1-xN QDs and its modelling.
By summarising these results we may seek for some general strategies to obtain and
enhance the visible light emission from lanthanide based phosphors:

� Selection of host material for lanthanide doping according to crystal �eld theory

As introduced in chapter 3, a prerequisite for intra-4f electron transitions is that
the lanthanide ions are located on the site with a non-centrosymmetric point group.
This is therefore the most fundamental condition to be ful�lled by choosing host
material. In addition, luminescence spectral analysis based on crystal �eld (CF)
theory is the only way to determine the local symmetry of radiative lanthanide ions.
In this work, Stark level positions of the lowest four 4f -multiplets in AlN:Sm (6HJ ,
with J = 5/2, 7/2, 9/2, 11/2) and three in AlN:Tb system (7FJ , with J = 6, 5, 4)
were determined from the peak splitting of their low temperature PL spectra. To our
knowledge, it is the �rst detailed CF analysis for these ions doped in polycrystalline
AlN. The results revealed that the most of radiative Sm and Tb ions are placed in
C3v-symmetric environment. By computer-assisted �tting of the spectral splitting
of the AlN:Sm system we quantitatively obtained the local structural and physical
information of the radiative Sm ions. The results, RSm-N1 = 0.230 nm, RSm-N2 =
0.245 nm, θN1-Sm-N2 = 105.10° and ZSm = 2.5, are in good agreement with the results
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of ab-initio calculation presented elsewhere.

� Thermal activation of lanthanide luminescence centres

The layers used for CF analysis were annealed at 1000 °C for 30 minutes, because
thermal treatment at an appropriate temperature is a convenient method to acti-
vate the lanthanide luminescence centres and therefore enhance the luminescence
intensity. Structural rearrangement promoted thereby favours the reduction of crys-
tal disorder and the formation of unintentional defect complexes, which, in term,
regulate the rate coe�cients of electronic processes consisting of host material exci-
tation, energy transfer to lanthanide centres and their radiative and non-radiative
relaxation.
We have observed in chapter 4 that the visible luminescence from AlN:Pr (3P1 -
3H5 and 3P0 - 3H5), AlN:Sm (4G5/2 - 6HJ with J = 5/2, 7/2, 9/2), AlN:Tb (5D4

- 7FJ with J = 6, 5, 4, 3) and AlN:Tm (1D2 - 3F4 and 1G4 - 3H6) can be signi�-
cantly intensi�ed, if the annealing temperature lies above 700 °C. Their isothermal
evolutions further indicate that the intensity increases rapidly at the very beginning
of annealing and then approaches a stable saturation level. Instead tedious char-
acterisation of the dependency of each rate coe�cient on annealing temperature,
we considered all the sub-processes related change of the lanthanide luminescence
as a whole issue and introduced a concept of "extended lanthanide luminescence
centre". Thermal activation of these centres is equivalent to a joint reaction of �rst
order. As a result, the intensity enhancement can be successfully described and pre-
dicted with only two generalised parameters, formation energy and formation rate
of extended lanthanide luminescence centres, Ef and kf . Through graphic �tting
of experimental results we deduced that Ef is about 0.73 eV in AlN:Pr, 0.39 eV in
AlN:Sm, 0.99 eV in AlN:Tb and 0.35 eV in AlN:Tm. Values of formation rate, kf ,
in AlN:Sm and AlN:Tb system are larger than that in AlN:Tm, because the Sm
and Tb luminescence centres are strongly correlated with the rapid formation of
O-associated defect pairs (as delineated in the next issue).

� Use of the existing defect states within the band gap of the host material to expand

the excitation range of lanthanide luminescence centres

It is generally believed that the low quantum e�ciency of a lanthanide doped semi-
conductor lighting source is mainly due to their narrow excitation spectra and the
loss of excitation energy via defect states within the band gap. According to our
PL measurements, however, we believed in this work that the rational use of these
energy states is an e�cient way to enhance the lanthanide luminescence.
In AlN, unintentional O impurities are unavoidable. The resulting defect lumines-
cence centred at around 2.8 eV can be easily generated by optical excitation of
4.5 eV. Through careful comparisons with literature data, this luminescence can
be characterised as the result of radiative recombination of donator-acceptor-pairs
constituted by O-associated defect complexes, ON

- -(VAl-2ON)
-. The energy stored

therein overlaps with the energy required to directly excite the 1P2-level of Pr
3+,

4IJ -levels of Sm
3+ (J = 7/2, 11/2, 13/2), 5D4-level of Tb

3+ and 1G4-level of Tm
3+.

As experimentally con�rmed (section 4.2), energy transfer from the defect pairs en-
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larges the excitation range of lanthanide luminescence centres. Moreover, proper
thermal treatments between 300 °C and 600 °C strongly promote the formation of
this defect states within the band gap of AlN host, which leads to a correlated
enhancement of defect luminescence and selected lanthanide luminescence. As an
exceptional case, blue luminescence arising from 1D2 - 3F4 transition in Tm centres
shows no correlation e�ect. This is due to the fact that the energy position of 1D2

level is too high to be su�ciently excited by ON
- -(VAl-2ON)

- pairs.

� Engineering of host material band structure to resonantly excite lanthanide lumines-

cence centres

With the inspiration of lanthanide luminescence enhancement via defect states we
have attempted in chapter 5 to appropriately modify the band structure of semi-
conductor host to improve luminescence. AlxIn1-xN was chosen as host material
because of the wide miscibility gap of its both nitride components, namely AlN and
InN. Di�erent techniques of electron microscopy were combined with theoretical in-
vestigations including the "Delta Lattice Parameter (DLP) Model", the "Valence
Force Field (VFF) model" and the "Cahn-Hilliard gradient theory" to analyse the
decomposition in polycrystalline AlxIn1-xN layers during the annealing at about 700
°C.
In Al0.87In0.13N:Tm layers we found an almost instantaneous formation of nano-sized
In-rich precipitation with subsequent comparative slower coarsening according to the
volume di�usion controlled Ostwald ripening. These nanoparticles have a smaller
band gap than the surrounding Al-rich matrix. And their sizes are small enough
(2.0 nm after 20 minutes annealing and 3.5 nm after 90 minutes) that they can be
electronically considered as quantum dots (see section 5.1.3 and 5.2.1). The slower
coarsening permits us to engineer the size of these QDs and thus their band gap
energy to �t the resonance condition with the 4f -level to be excited in lanthanide
luminescence centres. We have further established a preliminary model based on
the concept of extended lanthanide luminescence centres, size-dependent band gap
altering of QDs and spectra overlap between QDs and lanthanide luminescence
centres to demonstrate this resonant excitation and the potential enhancement of
luminescence intensity. Signi�cant intensity enhancement of Al0.87In0.13N:Tm (1D2

- 3F4 and 1G4 - 3H6) and Al0.84In0.16N:Pr (3P1 - 3H5) layers after annealing at 700
°C for 20 - 30 minutes can be well quantitatively described by this model.

Outlooks

The study in the scope of present work may be seen as cornerstones for future researches,
which are concerned with luminescence enhancement of lanthanide based phosphors. Al-
though the ab-initio calculations of the intra-4f transition strength by using odd CF
parameters is not able to precisely predict the corresponding luminescence intensity, they
may still play an advisory role in the material engineering. As brie�y introduced in chap-
ter 3, all the "meaningless" CF parameters are related to some "real" parameters with
explicit physical properties, including e�ective charge and spatial coordinates. Once the
relationships between them are well understood, both qualitatively and quantitatively,
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one can use them as a guidance to develop the most suitable host material.
Despite of Ce3+ and Yb3+, plenty of possible alternative 4f -levels exist in the other ten
non-radioactive lanthanide ions. This means that more than one radiative transition may
be activated after excitation. And it seems that the most preferred one (corresponds to
the radiative transition with the highest intensity) also depends on the host material.
For example, we observed in this work that the green luminescence stemming from 3P1

- 3H5 of Pr3+ is dominant in both AlN and AlxIn1-xN, whereas GaN:Pr was found as
a convenient red emitter (corresponds 3P0 - 3F2) in the literatures [189, 190]. On this
basis, we may rise the interesting question, whether and how the lanthanide lumines-
cence spectra can be adjusted via engineering the CF perturbation. To achieve this, not
only the electric dipole transitions but also electric quadrupole transitions, hypersensitive
pseudoquadrupole transitions [191] and magnetic dipole transitions should be taken into
account.
Another important aspect of the enhancement of lanthanide luminescence intensity by
selecting a suitable host material is to su�ciently reinforce the excitation and suppress
the non-radiative relaxation processes. Thermally activated ordering of host materials,
assistances in the lanthanide excitation through O-associated defect states in AlN and In-
rich QDs in AlxIn1-xN as discussed in this work as well as up-conversion excitation in the
lanthanide co-doped materials as reported in the literature [192] are successful approaches,
but only valid in speci�c systems. Therefore, detailed and comprehensive understanding
on the mechanisms of each optoelectronic process has to be developed in future works.
This may provide a guideline for future target-oriented host material developments and
post-treatments.
Last but not least, we highlight that the decomposition may open a new means to produce
self-organised ternary III-nitride QDs in a rather narrow size distribution. Comparing with
current conventional methods, such as chemical synthesis in organic solvent and epitaxial
growth of three-dimensional island by molecular beam epitaxy (MBE) or metal organic
chemical vapour phase epitaxy (MOVPE), formation of the QDs through decomposition
may signi�cantly simplify the production process.

98



Appendix A
Parameters of sample preparations and

thermal treatments

Parameters used for sample preparations and thermal treatments in the present work are
listed in following tables.

Table A.1: Sputtering parameters for AlN:Ln (Ln = Pr, Sm, Tb and Tm), Al0.87In0.13N:Tm and
Al0.84In0.16N:Pr layers.

layers p(N2)
a

P (Al,1)
b

P (Al,2)
c

P (Ln)
d

t
e

mabr W W W h

AlN:Ln 7× 10−3 150 150 3 3

layers p(N2)
a

P (Al)
b

P (In)
f

P (Ln)
d

t
e

mabr W W W h

Al0.87In0.13N:Tm 7× 10−3 250 65 3 3
Al0.84In0.16N:Pr 7× 10−3 250 55 3 3

a
pressure of nitrogen process gas.

b
sputtering power of �rst Al target.

c
sputtering power of second Al target.

d
sputtering power of lanthanide target.

e
sputtering duration.

f
sputtering power of second Al target, on which 2 In wire were placed.
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Appendix A. Parameters of sample preparations and thermal treatments

Table A.2: Applied annealing temperatures and durations for encapsulated AlN:Ln and
AlxIn1-xN:Ln layers. N2 with calculated pressure, which ensures that it reaches approximately 1
bar during the annealing at selected temperatures, is chosen as protecting gas.

layers annealing temperatures annealing durations
°C min

AlN:Ln 500, 700, 1000 5, 10, 20, 30, 45, 60
Al0.87In0.13N:Tm 700 5, 10, 30, 45, 60, 120, 180, 240
Al0.84In0.16N:Pr 700 5, 10, 15, 20, 30, 45, 60, 90
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Appendix B
Basic characterisations on lanthanide

doped AlN and AlxIn1-xN layers

Concomitant investigations on the properties of AlN:Ln and AlxIn1-xN:Ln layers, such as
chemical concentration, crystal structure and band gap energy, were done in the present
work. Even though the results are indispensable to draw a complete view on these systems,
they are not the main aims of our study. For this reason, we put some representative
results of them in this appendix.

Chemical compositions

The concentrations of lanthanide dopants in AlN and AlxIn1-xN were measured by ICP-
OES (as introduced in section 2.4.1) and summarised in table B.1. Although the physical
analyses are invalid to determine these concentration and the results of other metallic
components are comparatively less accurate, one is able thereby to determine the concen-
trations of non-metallic components and even the depth pro�les. Figure B.1 shows AES
depth pro�les of Al0.83In0.17N layer before and after annealing.

Table B.1: Atomic concentration of lanthanide dopants in AlN and AlxIn1-xN (ICP-OES).

samples AlN:Pr AlN:Sm AlN:Tb AlN:Tm Al0.87In0.13N:Tm Al0.84In0.16N:Pr

cLn (at.-%) 0.73 1.88 0.73 1.21 0.72 0.80
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Figure B.1: AES depth pro�les of Al0.83In0.17N layer (from layer surface to the depth of about
130 nm). Developments of atomic concentration, Al (black), In (red), N (blue) and O (green),
before and after 30 minutes annealing at 700 °C (solid and hollow symbols, respectively) are
shown.

Crystallographic structure and internal stress

Figure B.2 (a) represents examples of XRD spectra with di�erent tilting angles Ψ. By
using equation 2.3, the stress-free lattice parameters a0 and c0 as well as biaxial elastic
internal stress σ‖ of AlN:Pr and Al0.84In0.16N:Pr layers were calculated and listed in ta-
ble B.2 and B.3 (sin2 Ψ-method, section 2.3.1). In AlxIn1-xN layers the lattice constant
increases with decreasing AlN content. According to equation 2.1, this leads to a shift
of di�raction peaks in the direction to lower di�raction angle as shown in �gure B.2 (b)
(θ-2θ-measurement, section 2.3.1).

(a) (b)
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Figure B.2: (a) XRD spectra of AlN:Pr layer before annealing. (100), (002) and (101) re�exes
as shown were taken with di�erent tilting angles Ψ. (b) (102) re�ex of AlxIn1-xN layers with
di�erent AlN content.
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Table B.2: Stress-free lattice parameters and biaxial elastic internal stress of AlN:Pr layers before
and after 30 minutes annealing at 700 °C.

a0 c0 σ‖
nm nm MPa

before annealing 0.3120 0.4996 -563
after annealing 0.3115 0.4981 396

Table B.3: Stress-free lattice parameters and biaxial elastic internal stress of Al0.84In0.16N:Pr
layers after annealing at 700 °C for di�erent durations.

annealing duration tann a0 c0 σ‖
min nm nm MPa

0 0.3185 0.5105 -527
5 0.3178 0.5098 779
10 0.3179 0.5097 495
15 0.3177 0.5095 425
20 0.3177 0.5096 555
30 0.3176 0.5093 470
45 0.3178 0.5096 549
60 0.3177 0.5093 349
90 0.3178 0.5095 386
120 0.3175 0.5093 479
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Appendix B. Basic characterisations on lanthanide doped AlN and AlxIn1-xN layers

Optical band gap energy and Urbach energy

Optical band gap energy Eg and Urbach energy EU of AlN and AlxIn1-xN hosts were
determined by graphical �tting to the plot of their optical absorption coe�cient α versus
photon energy (see �gure B.3 (a) presenting the example of Al0.58In0.42N). Relationship
between band gap energy and AlN content in AlxIn1-xN is illustrated in �gure B.3 (b) and
compared with various references.

(a) (b)

(a)                                                                        (b) 

1.48× − 2.94 0.5 ×107 

4.5×exp
− 2.94
0.44

×106 

1.48× − 2.94 0.5 ×107 

4.5×exp
− 2.94
0.44

×106 

1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.5

1.0

1.5

2.0

fitting curve for EU

ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (m
-1
, x

10
7 )

photon energy (eV)

  of Al0.58In0.42N

fitting curve for Eg

0.5 0.6 0.7 0.8 0.9 1.0
1

2

3

4

5

6

 [193]   [194]   [195]   [196]
 [197]   [198]   our results

ba
nd

 g
ap

 e
ne

rg
y 

(e
V

)

AlN content (xAlN)

Figure B.3: (a) Dependency of optical absorption coe�cient α of a Al0.58In0.42N layer on the
photon energy. Its optical band gap energy (2.94 eV) and Urbach energy (0.44 eV) is �tted by
using equation 2.8a and 2.8b. (b) Dependency of optical band gap energy of AlxIn1-xN layers
on the AlN content xAlN. Results of this work (red stars) are compared with the references
[193, 194, 195, 196, 197, 198].
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Appendix C
4f -levels of investigated lanthanide ions
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Figure C.1: Energy diagrams of 4f -levels for Pr
3+

(a), Sm
3+

(b), Tb
3+

(c) and Tm
3+

(d) in an
AlN host. The experimental observable transitions at room temperature and the corresponding
energies in eV and nm are indicated as black lines. The energy levels, which were not con�rmed
experimentally in the present work, are taken from the Dieke diagram [47] and represented in
gray lines. The position of band gap energy of AlN is represented for comparison.
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Appendix D
Calculation of binodal and spinodal

curves by using of Delta Lattice

Parameter (DLP) and Valence Force

Field (VFF) model

The chemical and coherent binodal/spinodal curves in the phase diagram of pseudo-
binary system AlN-InN (�gure 5.1) are calculated by using the Delta Lattice Parameter
(DLP) and the Valence Force Field (VFF) model, respectively. The di�erence between
both models is the way to calculate the enthalpy of mixing ∆Hm (presented as follows).
Once this has been estimated, the binodal and spinodal curves can be quanti�ed through
drawing a tangent line to ∆Gm(x) and solving d2∆Gm/dx2 = 0 respectively.

DLP model

In this model the enthalpy of mixing ∆HDLP
m is considered as the di�erence of solid state

atomisation enthalpy ∆Hat(s) between AlxIn1-xN and its nitride components, namely AlN
and InN. G.B. Stringfellow suggested that ∆Hat is dependent on the lattice parameter of
III-V compounds ac in their cubic phase [199]:

∆Hat = K· a−2.5
c , (D.1)

where K denotes a proportionality factor. And thus the enthalpy of mixing ∆HDLP
m for

AlN-InN system (equation 5.4) can be rewritten as

∆HDLP
m = K{a−2.5

c-AlN ·xAlN +a−2.5
c-InN · (1−xAlN)− [ac-InN +(ac-AlN−ac-InN) ·xAlN]−2.5}. (D.2)

The III-nitrides with zinc blende structure are instable under conventional conditions.
The calculated lattice parameter for cubic AlN amounts to ac-AlN = 4.36 Å and for InN
ac-InN = 4.98 Å [200]. Based on the experimental results by using Knudsen cell mass
spectroscopy, G. Meloni reported that the atomisation enthalpy of gaseous AlN ∆Hat(g)
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Appendix D. Calculation of binodal and spinodal curves by using of Delta Lattice
Parameter (DLP) and Valence Force Field (VFF) model

is 87.9 kcal/mol [201]. Taking the relationship of atomisation enthalpy of III-nitrides
between their gaseous and solid state, ∆Hat(s) = 1.9230∆Hat(g) + 105.2 kcal/mol [202],
into account, the value of K is about 1.09 Ö107 Å2.5·cal/mol, which is in good agreement
with the value determined in [199] (1.15 Ö107 Å2.5·cal/mol).

VFF model

According to equation 5.5, elastic strain energy EVFF and appearance probability of each
type of tetrahedron PVFF

n must be clari�ed to determine the enthalpy of mixing ∆HVFF
m .

As illustrated in �gure D.1,

PVFF
I = (1− xAlN)4 for tetrahedron type I, (D.3a)

PVFF
II = 4xAlN(1− xAlN)3 for tetrahedron type II, (D.3b)

PVFF
III = 6x2

AlN(1− xAlN)2 for tetrahedron type III, (D.3c)

PVFF
IV = 4x3

AlN(1− xAlN) for tetrahedron type IV, (D.3d)

PVFF
V = x4

AlN for tetrahedron type V. (D.3e)

Figure D.1: Five types of AlxIn1-xN tetrahedron cells and the dependences of their distribution
probabilities on the AlN content xAlN [149].
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Obviously the direct calculation of ∆HVFF
m for each individual AlN contents xAlN is quite

tedious. Inspired by the literature [13] we determined ∆HVFF
m through calculation of the

interaction parameter Ω:

Ω =
∆HVFF

m

xAlN(1− xAlN)
=
CVFF ·

∑n=V
n=I E

VFF
n PVFF

n

xAlN(1− xAlN)
(D.4)

in both boundary conditions, xAlN → 0 and xAlN → 1, in which EVFF
I and EVFF

V is
vanished, respectively. Hence, in these two cases only the tetrahedron type II and IV
(equation D.3b and D.3d) are respectively needed to be considered:

lim
xAlN→0

Ω = lim
xAlN→0

{
CVFF

[
4(1− xAlN)2EVFF

II + 6xAlN(1− xAlN)EVFF
III + 4x2

AlNE
VFF
IV

]}
= 4CVFFEVFF

II ,

(D.5a)

lim
xAlN→1

Ω = lim
xAlN→1

{
CVFF

[
4(1− xAlN)2EVFF

II + 6xAlN(1− xAlN)EVFF
III + 4x2

AlNE
VFF
IV

]}
= 4CVFFEVFF

IV .

(D.5b)

Assuming that Ω depends linearly on xAlN [147], an expression of ∆HVFF
m over the entire

compositional range xAlN can be estimated.
It can be demonstrated that EVFF decreases gradually and approaches to a quasi-constant
value if the number of relaxed neighboring ion shell n increases. The lattice distortion
due to the di�erence in ionic radius between Al and In is assumed in this work to be fully
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Figure D.2: 1/4 part of the structural model used to calculate the elastic strain energy in
AlxIn1-xN with xAlN → 1. (namely AlN:In)
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relaxed up to third nearest neighbouring ion shell (n = 3). This is reasonable, because in
case of the GaInN system no noticeable di�erences between the results for n = 3 and n >
3 has been found [13]. Figure D.2 shows one quarter of the considered structural model
as an example, in which very small amount of In is doped in AlN host (xAlN → 1). The
centre lying In ion (In1) and N ions on the third shell (N2 - N10) are �xed on the positions,
which are consistent with their sites in cubic AlN. So only appropriate positions of N ion
ons the �rst shell (N1) and Al ions on the second shell (Al1 - Al3) has to be determined
to minimise the elastic strain energy EVFF. The bond-stretching and bond-bending force
constant parameters (α and β from [203]) used for the calculation and the results of Ω

are listed in table D.1.

Table D.1: Input parameters for VVF calculation and results of interaction parameter.

α β Ω

N/m N/m kcal/mol

InN:Al (xAlN → 0) 79.2 7.1 5.081

AlN:In (xAlN → 1) 98.0 15.0 5.509
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