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Abstract

The aim of this work is to develop a process able to synthesize high-
quality aluminum nitride nanoparticles suitable for use as precursors in
the production of phosphors. This is achieved by combining theoretical
and experimental approaches to synthesis optimization, thorough charac-
terization of the synthesized nanoparticles as well as phosphor synthesis
and characterization.

Triethylaluminum (TEAl) and ammonia are reacted in the gas phase
inside a chemical vapor synthesis (CVS) reactor. The numerical simula-
tions performed using the reaction-coagulation-sintering model (cvssin)
suggest that unagglomerated AlN particles with diameters below 10 nm
can be synthesized at temperatures above 1500 ◦C and pressures below
50 mbar. The experimental results agree very well with these simulations,
except at low temperatures where the particle growth may be dominated
by surface growth not included in the model. Phase-pure wurtzite AlN
nanocrystals are obtained at all tested process parameters. Importantly,
experiments confirm the possibility of synthesizing particles below 10 nm
and no hard agglomerates by the CVS method. A Monte Carlo type al-
gorithm (cvssinmc) is used to discover new process parameters for the
synthesis of nanoparticles with specified characteristics. The result is a
dual-zone temperature profile meant to separate coagulation and coales-
cence processes in order to produce nanoparticles with no hard agglomer-
ation.

The synthesized AlN nanoparticles are structurally characterized by
a combination of X-ray diffraction (XRD), nuclear magnetic resonance
(NMR) and X-ray absorption spectroscopy (XANES and EXAFS). While
the data indicate partially disordered systems, combined analysis reveals
that the observed disorder is a direct consequence of the nanoparticles’
small size, i.e. the large surface to volume ratios. The nanoparticles pro-
duced by the CVS process are highly crystalline with particle surface play-
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ing a dominant role in determining the amount of disorder present in the
nanoparticles below 6 nm.

Small amounts of oxygen are detected as an impurity, however, its exact
location is impossible to determine in nanoparticles as small as produced
for this thesis. The most likely source of oxygen contamination is exposure
to air during particle collection and transport, suggesting that the oxygen
is located near the surface of the nanoparticle. Leaving the particles in air
for prolonged periods of time leads to their rapid conversion into amor-
phous aluminum oxide. A continuous thermophoretic collector is improved
and commissioned in order to solve the problem of oxygen contamination.

Solid-state synthesis is used to produce a well-known Ca-α-SiAlON:Eu2+
phosphor using the AlN nanoparticles obtained by CVS as precursors. The
use of CVS nanoparticles improves the phase composition of the phosphors
and allows the synthesis of phase pure samples as well. Internal quantum
efficiencies of the synthesized phosphors are comparable to literature val-
ues, but can be improved further by optimizing the process parameters for
the highly reactive precursors and therefore better controlling the resulting
phosphor particle size. The oxygen contamination of the AlN precursors
leads to a blueshift of the phosphors’ emission spectra.



Zusammenfassung

Ziel dieser Arbeit ist es, ein Verfahren zu entwickeln, mit dem hoch-
wertige Aluminiumnitridnanopartikel hergestellt werden können, die als
Prekursoren für die Herstellung von Leuchtstoffen geeignet sind. Dies wird
erreicht, indem theoretische und experimentelle Ansätze zur Syntheseop-
timierung, detaillierte Charakterisierung der synthetisierten Nanopartikel
sowie Phosphorsynthese und Charakterisierung kombiniert werden.

Triethylaluminium (TEAl) und Ammoniak werden in der Gasphase in
einem Chemische Gasphasensynthesereaktor (eng. Chemical Vapor Syn-
thesis, CVS) umgesetzt. Die numerischen Simulationen, die unter Verwen-
dung des Reaktions-Koagulations-Sintermodells (cvssin) durchgeführt wur-
den, legen nahe, dass nichtagglomerierte AlN-Partikel mit Durchmessern
unter 10 nm bei Temperaturen über 1500 ◦C und Drücken unter 50 mbar
synthetisiert werden können. Die experimentellen Ergebnisse stimmen gut
mit Ergebnissen dieser Simulationen überein, außer bei niedrigen Tempera-
turen, bei denen das Partikelwachstum möglicherweise durch Oberflächen-
wachstum bestimmt wird, das nicht im Modell enthalten ist. Bei allen ge-
testeten Prozessparametern werden phasenreine Wurtzit AlN-Nanokristalle
erhalten. Die Experimente bestätigen, dass es mit CVS-Verfahren möglich
ist, Partikel kleiner als 10 nm ohne harte Agglomerate zu synthetisieren.
Mit einem Monte-Carlo-Algorithmus (cvssinmc) werden neue Prozesspa-
rameterkombination für die Synthese von Nanopartikeln mit festgelegten
Eigenschaften ermittelt. Das Ergebnis ist ein Zwei-Zonen-Temperaturprofil,
das Koagulations- und Koaleszenzprozesse trennen soll, um so Nanoparti-
kel ohne harte Agglomeration zu erhalten.

Die synthetisierten AlN-Nanopartikel werden strukturell durch eine
Kombination aus Röntgenbeugung (XRD), Kernspinresonanz (NMR) und
Röntgenabsorptionsspektroskopie (XANES und EXAFS) charakterisiert.
Während die Daten auf partiell ungeordnete Systeme hinweisen, zeigt die
kombinierte Analyse, dass die beobachtete Unordnung eine direkte Fol-
ge der geringen Größe der Nanopartikel ist, also auf die Oberflächen-
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Volumen–Verhältnisse zurückzuführen ist. Die durch das CVS-Verfahren
hergestellten Nanopartikel sind hochkristallin, wobei Die Partikeloberflä-
che spielt eine dominante Rolle bei der Bestimmung der in den Nanopar-
tikeln unter 6 nm vorhandenen Unordnung.

Kleine Mengen an Sauerstoff werden als Verunreinigung detektiert, die
genaue Position ist jedoch bei Nanopartikeln, die so klein sind, wie sie
für diese Arbeit produziert werden, unmöglich zu bestimmen. Die wahr-
scheinlichste Quelle für eine Sauerstoffkontamination ist die Exposition
an Luft während der Sammlung und des Transports von Partikeln, was
darauf hindeutet, dass sich der Sauerstoff an der Oberfläche des Nanopar-
tikels befindet. Wenn die Partikel längere Zeit in Luft belassen werden,
führt dies zu einer schnellen Umwandlung in amorphes Aluminiumoxid.
Ein kontinuierlicher thermophoretischer Partikelsammler wird verbessert
und in Betrieb genommen, um das Problem der Sauerstoffverunreinigung
zu lösen.

Die Festkörpersynthese wird zur Herstellung eines bekannten Ca-α-
SiAlON:Eu2+ Phosphors verwendet, wobei die durch CVS erhaltenen Alu-
miniumnitridnanopartikel als Prekursor verwendet werden. Die Verwen-
dung von CVS-Nanopartikeln verbessert die Phasenzusammensetzung der
Leuchtstoffe und ermöglicht auch die Synthese phasenreiner Proben. Die
internen Quanteneffizienzen der synthetisierten Leuchtstoffe sind mit den
Literaturwerten vergleichbar, können jedoch durch Anpassung der Pro-
zessparameter an die hochreaktiven, nanoskaligen Precursoren weiter ver-
bessert werden. So können die Leuchtstoffeigenschaften besser kontrolliert
werden. Die Sauerstoffkontamination der AlN-Prekursoren führt zu einer
Blauverschiebung der Emissionsspektren der Phosphore.
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2 Chapter 1. Introduction and Motivation

1.1 The ‘White Light Problem’

Humans have endeavored to improve the quality and practicality of light
sources ever since discovering that fire can be used to increase visibil-
ity in the dark. This has led to the progression from torches, oil lamps
and candles to gas lamps, arc lamps, fluorescent and incandescent lamps.
More recently, the invention of the light emitting diode (LED) in 1927
by Oleg Losov [Ben-Menahem, 2009, Zheludev, 2007] with first practical
applications beginning in 1960s [Biard and Pittman, 1966] opened up the
possibility of a light source with high efficiency and long life span. The
characteristics and quality of light produced by the various light sources
can differ significantly — from ‘warm’ (yellowish) and dim light of a burn-
ing candle to the intense ‘white’ light of metal-halide lamps and ‘cool’
(blueish) light of typical office fluorescent lamps. Whether the light is
perceived as natural and pleasant depends largely on the color rendering
index (Ra) — a measure of the light source’s ability to faithfully reveal
the colors of various objects compared with a natural light source. The
color rendering index is determined by the emission spectrum of the light
source, where a black body with its continuous spectrum, sun for exam-
ple, has the highest possible value of 100. LEDs on the other hand, with
their comparatively narrow emission spectra have a poor Ra. The quality
of light is normally improved by using phosphors, materials that absorb a
part of the light emitted by the LED and emit light of a longer wavelength,
effectively broadening the combined emission spectrum and increasing the
Ra. However, the obstacle for obtaining high Ra of white light emitting
diodes (wLEDs) based on blue excitation chips have traditionally been the
red tones. This can largely be overcome by exchanging the single yellow
phosphor with separate green and red phosphors, thereby extending and
broadening the wLED emission spectrum into the red region. Furthermore,
new and improved phosphors have pushed the typical color rendering index
beyond Ra > 80 with some manufacturers even claiming Ra > 98.

Among the new phosphors with the ability to tune the emission spec-
trum between blue and red are nitride and oxy-nitride host materials doped
with different rare earth ions [Xie and Hirosaki, 2017]. They are typically
produced by solid-state synthesis, with aluminum containing phosphors
often using aluminum nitride as a precursor material. Furthermore, alu-
minum nitride itself can be used as a host material for rare-earth dopants
enabling a wide range of emission wavelengths — from ultraviolet when
doped with gadolinium [Kita et al., 2015] to infra-red with ytterbium [Wieg
et al., 2016] or neodymium [Koubaa et al., 2009]. Nevertheless, the syn-
thesis of nitride and oxy-nitride phosphors introduces several challenges
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due to the air-sensitive precursors and high N2 pressures required to ob-
tain desired nitridation level. The existence of chemical impurities that
can significantly reduce the phosphor efficiency presents an additional ob-
stacle with transition metals being particularly problematic. Moreover,
the synthesis requires high reaction temperatures [Xie and Hirosaki, 2007]
due to the generally good chemical and thermal stability of nitrides, e.g.,
aluminum nitride has a melting point of 2200 ◦C.

1.2 Synthesis of aluminum nitride nanopar-
ticles and their local structure

One of the ways to decrease the temperature required for sufficient
solid-state synthesis reaction kinetics is to start from nanoscaled and
unagglomerated powders which are widely known to have significantly im-
proved sinterability compared to corresponding bulk materials [Greskovich
and Rosolowski, 1976, Komeya and Inoue, 1969, Watari et al., 1995].
The increased sinterability would benefit other applications of aluminum
nitride requiring bulk material (for example ceramic bodies for packaging
applications [Kim et al., 1999, Xu et al., 2001] and refractory ceramics
[Akiyama et al., 2001, Hoch and Ramakrishnan, 1971, Lee et al., 2009]) as
well. Therefore, in addition to studies using sintering additives to improve
the sinterability [Hashimoto et al., 1992, Kobayashi et al., 2016, Molisani
et al., 2008], various methods have been developed to synthesize aluminum
nitride nanoparticles. Most of the research has been directed towards
direct nitridation of aluminum [Fu et al., 2005, Haber et al., 1997, Jia
et al., 2015, Lu et al., 1999, Mench et al., 1998] and reduction-nitridation
of various aluminum compounds [Lee et al., 2011, Nersisyan et al., 2015,
Suehiro et al., 2003, Yamakawa et al., 2006]. Nevertheless, in general,
gas-phase syntheses are advantageous due to very short residence times,
the possibility of continuous and more easily scalable production in
addition to the usually higher chemical purity of the final product.

Early 1990s saw the development and improvement of several new gas-
phase AlN synthesis routes. Etemadi [1991] used thermal plasma to pro-
duce AlN highly oriented whiskers and nanoparticles with an average di-
ameter of 30 nm. However, the particle size distribution was relatively
broad and the powder contained significant amounts of metallic aluminum
depending on the amount of ammonia in the reaction gas mixture. The
phase purity problem has largely been solved by Pratsinis et al. [1995] by
using the aerosol synthesis method and pure ammonia. Varying the ratio
of ammonia to aluminum vapor, nanocrystallite size could be effectively
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controlled, but some hard agglomerates were always present in the samples.
Adjaottor and Griffin [1992] used the same method and synthesized even
smaller crystallites (7 nm) by reacting triethylaluminum and ammonia at
lower temperatures. These smaller crystallites were significantly agglom-
erated, however, and contained small amounts of aluminum carbide and
carbon as secondary phases as well.

Plasma-assisted chemical vapor deposition (CVD) method using tri-
methylaluminum and ammonia yielded pure AlN nanoparticles between
5 nm and 25 nm in diameter [Kim et al., 1992]. While the particle size
distribution was quite uniform, agglomeration was present in the samples.
Chemical vapor synthesis (CVS) with aluminum chloride and ammonia as
precursors was used by Pee et al. [2010] to synthesize porous AlN nano-
particles. The synthesized particles showed significant agglomeration and
broad size distribution in addition to significant amounts of ammonium
chloride as secondary phase that had to be washed out with additional
steps. Therefore, the synthesis of unagglomerated phase pure AlN nano-
particles remains an attractive goal.

Modeling the various synthesis processes and optimizing them presents
an efficient route towards achieving that goal. Hashman and Pratsinis
[1992] studied the thermodynamics of AlN vapor phase nitridation start-
ing from metallic aluminum and aluminum halides and concluded that the
choice of nitriding gas and carrier gas have a significant influence on the
purity of the synthesized AlN. Interestingly, depending on the source of
aluminum used either molecular nitrogen or ammonia were the optimum
choice and the process conditions (pressure, temperature, stoichiometry
and dilution) resulting in the highest AlN purity were generally reversed.
While determining the size of the growth species in the AlN CVD pro-
cess, Egashira et al. [1994] accounted for surface reactions as a growth
mechanism, but neglected coagulation/coalescence due to the low synthe-
sis temperature and large particle size. This excluded the possibility of
obtaining any information about agglomeration of the particles. On the
other hand, Bilodeau et al. [1993] and da Cruz and Munz [1997] studied the
gas-phase synthesis of aluminum nitride in thermal plasmas and included
both growth mechanisms. Nevertheless, the authors presented the parti-
cle size by specific surface area and did not differentiate between primary
(single crystal) and secondary (agglomerate) particle sizes. Furthermore,
the simulations, while showing good agreement with experimental data,
relied on a two-step approach where flow, temperature, and concentration
fields were calculated first enabling subsequent solving of nucleation and
growth equations.
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Unlike the particle characteristics (crystallite size and size distribu-
tion, specific surface area, degree of agglomeration, etc.) which largely
determines the processability of powdered material, the local structure,
together with crystal structure in the case of crystalline materials, in-
fluences material properties. Because of this relation, many techniques
have been developed to investigate the local structure of materials. For
example, Haase et al. [1989] applied magic angle spinning nuclear mag-
netic resonance (MAS NMR) to AlN ceramics and showed that it can
be used to detect metallic Al and other impurities in aluminum nitride.
MAS NMR can be further used to detect other crystalline [Keller et al.,
2015] and amorphous phases of AlN, as well as the incorporation of oxy-
gen into the wurtzite AlN structure. After probing the local structure
of hydrated aluminum nitride Hayashi et al. [1987] reported a mixture of
aluminum coordinated with four nitrogen (AlN4) and six oxygen (AlO6)
atoms, while Fitzgerald et al. [1994] first described an ‘intermediate’ alu-
minum oxynitride species — aluminum atom tetrahedrally coordinated by
a combination of both oxygen and nitrogen atoms (AlO4–xNx). Sterntzke
and Muller [1994] investigated the diffusion of oxygen into AlN by measur-
ing the oxygen concentration profiles across the Al2O3/AlN interface using
electron energy loss spectroscopy (EELS). On the other hand, MacKenzie
and Craven [2000] quantified the extent of oxidation for oxide layers thicker
than 10 nm by linear combination fitting of EELS spectra of different stan-
dards. The most comprehensive study by extended X-ray absorption fine
structure (EXAFS) was reported by Katsikini et al. [1997] who investi-
gated epitaxial AlN recorded at Al, N and O K-edges.

Nevertheless, most of the work published on the local structure of AlN
concerns films with only a handful of studies performed on particles and
even fewer performed with nanoparticles [Balasubramanian et al., 2006,
Bellucci et al., 2007, Guda et al., 2009, Huang et al., 2013]. Balasubrama-
nian et al. [2006] investigated AlN nanoparticles and nanotubes containing
both wiurtzite (hexagonal) and sphalerite (cubic) phases and reported a
pre-edge feature in their X-ray absorption near edge structure (XANES)
spectra. They attributed it to the electronic states in the band gap in-
duced by defects in the crystal structure, however, it was later shown
that the pre-edge feature is due to metallic aluminum not detected in the
X-ray diffraction patterns [Guda et al., 2009]. More recently, Huang et al.
[2013] used EELS to study commercial AlN nanoparticles and found that
thick aluminum oxide layers must be included in the model to correctly
reproduce the measured low-loss spectra. Both of these cases highlight the
importance of theoretical simulations as an aid to interpret experimental
data [Gao et al., 2004, Mizoguchi et al., 2004, Mogi et al., 2004].
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1.3 Aim of the work
Due to the above mentioned difficulties with phase purity and agglomer-
ation of AlN nanoparticles and their detrimental effect on material prop-
erties and processability, the aim of this thesis is the development of a
process for the synthesis of high-quality aluminum nitride nanoparticles
that can be used as precursors for the production of phosphors. The strat-
egy employed in this thesis is to couple the CVS method with numerical
modeling and investigate both experimental and theoretical aspects of AlN
nanoparticle synthesis. The CVS method, offering good control over par-
ticle characteristics, is combined with the use of metalorganic aluminum
precursor in order to improve the crystal phase and chemical purity of the
synthesized AlN nanopowders. A reaction-coagulation-sintering model is
applied to better understand the processes of particle growth and agglom-
eration taking place inside the hot-wall reactor and optimize the process
parameters for the synthesis of small unagglomerated nanocrystals. A
Monte Carlo type algorithm is used to explore alternative routes towards
the synthesis of nanocrystals with desired characteristics. The quality of
the synthesized nanoparticles is evaluated thoroughly from the perspec-
tive of micro-, crystal- and local-structure. Finally, a standard phosphor
material is produced and characterized, taking into account the stability
of the synthesized nanocrystals in air.



Chapter 2

Theoretical Background
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2.1 Solid-state Lighting and Light Conver-
sion

The history of light conversion by phosphors likely begins in the 17th cen-
tury when a Bolognian alchemist tried to obtain a noble metal by firing a
glossy stone he found at the foot of a volcano. As could be expected, no
metals were obtained, but the stone nevertheless became known as ‘Bolog-
nian stone’ due to its remarkable ability to emit red light in the dark
after it was exposed to sunlight. According to current understanding, the
discovered stone was barite (BaSO4) that was reduced to BaS, now well-
known host for phosphor materials, during firing [Shionoya et al., 2006].
Similar light-emitting stones were later reported throughout Europe and
were named phosphors — “light bearer” in Greek.

Based on a 11th century Chinese document, it appears that the
Japanese and Chinese had knowledge of luminescent materials even
earlier [Harvey, 1957]. The document describes a painting depicting a
cow eating grass outside a pen when viewed under daylight, but during
the night the cow could be seen resting within the pen. The special ink,
obtained from Japan, was reportedly made from sulfur and seashells. A
phosphor using similar raw materials was prepared some 700 years later
in Europe, lending credibility to the claim that the Japanese were the
first to use luminescent materials [Shionoya et al., 2006].

The word luminescence, first introduced by a German physicist, Eil-
hardt Wiedemann, in 1888, refers to both phosphorescence and fluores-
cence. Today, it describes the phenomenon in which the electronic state
of matter is excited by external energy, after which the excitation energy
is released as light. On the other hand, the term phosphor is not clearly
defined and, in the narrow sense, usually means an inorganic powder used
in cathode ray tube (CRT) displays, fluorescent lights and, more recently,
white LEDs to convert the excitation light to a different, usually longer,
wavelength.

In luminescence only a small fraction of atoms, called emission centers,
emit light. The emission centers are typically dopant atoms incorporated
into the host crystal structure. The principle of light conversion in phos-
phors can be qualitatively explained by taking into account only emission
centers, using the configuration coordinate diagram shown in figure 2.1.
Configuration coordinate diagrams present potential curves of the ground
and excited states as a function of interatomic distance. When the atom
is at the ground state, it oscillates around the equilibrium position with
the minimum energy (point A at Q = QA). Due to the Franck-Condon
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Figure 2.1: A schematic representation of a configuration coordinate model.
UA is the energy required to excite the atom, whereas UE is the energy released
upon its return to the ground state and ∆U is the energy barrier preventing the
atom from relaxing non-radiatively. Gray horizontal lines represent vibrational
levels, while QA and QC denote the equilibrium positions of the atom in the
ground and excited states, respectively. Adapted from [Shionoya et al., 2006].

principle, which states that electronic transitions are much faster than the
motion of nuclei, a photon of sufficient energy (at least UA) excites the
electron to a vibrational state lying vertically above the equilibrium po-
sition (A→B) [Ridley, 2013]. However, as the minimum energy of the
higher state is located at Q = QC , the system relaxes to this new equi-
librium position by emitting a phonon (B→C). The electron can then
return to the ground state by emitting energy UE in the form of a photon
(C→D). Since the equilibrium position of the lower state is at Q = QA,
the atom has to emit another phonon to relax completely to the energy
minimum. Therefore, although UA energy was needed to excite the elec-
tron to a higher state, only UE can be reemitted and the rest (UA − UE)
is lost to lattice vibrations [Shionoya et al., 2006]. This energy difference,
caused by the displacement of atoms following optical excitation, is known
as the Franck-Condon shift [Pankove, 2003]. Alternatively, due to the over-
lapping of the ground and excited states near the crossover (point E), it is
possible for electrons to return to the ground state non-radiatively if they
can overcome the ∆U activation energy. This process can be activated by
thermal energy and is thus usually named thermal quenching.
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While many ions and the corresponding electronic energy transi-
tions can be used for light emission (e.g. ns2 → nsnp, dn, 4f and
4fn→ 4fn−1 5d1 transitions), rare earth ions have been widely used [Sh-
ionoya et al., 2006]. Among them, the divalent Eu2+ ion is especially
interesting as a dopant since its emission wavelength can be tuned from
near UV to red, due to the crystal field splitting of the 5d levels in Eu2+.
In addition to the tunability, the Eu2+ ions exhibit broad-band emission
in most host crystals, making them an ideal complement to blue LED
excitation chips for wLEDs. As already mentioned in the Introduction
and Motivation, combining yellow phosphors with a blue LED chip is one
of the main strategies for unlocking next-generation solid-state lighting.
Figure 2.2 shows that, with increasing crystal field strength from fluorides
to nitrides, the Eu2+ emission wavelength progressively shifts to longer
wavelengths. Nitrides and oxy-nitrides — with emission wavelength
ranging from 530 nm to 670 nm — are, therefore, of particular interest as
hosts for Eu2+ activator ions.

One of the often-used oxy-nitride host crystals is α-SiAlON, more pre-
cisely, MxSi12–(m+n)Alm+nOnN16–n. The metal ions (Li+, Mg2+, Ca2+,
among others) sit on the interstitial sites in the α-SiAlON lattice and
are used to compensate the charge discrepancy from substituting (m +
n)(Si–N) units with m(Al–N) and n(Al–O) units. Therefore, in order to
maintain electroneutrality x = m/v, where v is the valence of the metal
M [Cao and Metselaar, 1991]. The ability to adjust the composition of
the host lattice in a wide range, and thus alter the crystal field strength,
enables the tuning of the dominant emission wavelength from green-yellow
to yellow-orange (565 nm to 603 nm) [van Krevel et al., 2002, Xie et al.,
2002, 2004]. Ca-α-SiAlON:Eu2+ phosphors are typically synthesized by
solid-state reactions, where powder mixtures of Si3N4, AlN, CaCO3 and
Eu2O3 are fired at 1600 ◦C–1800 ◦C for 2 h under 0.5 MPa N2.

2.2 Aluminum Nitride
As can be seen from the example above, aluminum nitride, crystallizing
in the wurtzite and zinc-blende structures, is an important precursor for
the synthesis of Ca-α-SiAlON:Eu2+ and other nitride phosphors. In addi-
tion, its wide direct band gap makes it a promising material for ultraviolet
(UV) light-emitters [Taniyasu et al., 2006]. High thermal conductivity and
thermal expansion coefficient closely matching that of silicon, enable the
application of AlN in various fields of the electronic industry — for exam-
ple, high-power electronic devices [Morkoç, 2009], buffer layers [Lu et al.,
2001] and packaging applications [Kim et al., 1999, Xu et al., 2001]. More-
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Figure 2.2: Dominant wavelength of Eu2+ df -emission in various host materi-
als. Each triangle represents a different host crystal. Adapted from [Dorenbos,
2003] and supplemented by [Bachmann et al., 2009, Kurushima et al., 2010, Li
et al., 2009, 2006, 2008, Mikami et al., 2008, Watanabe and Kijima, 2009, Xie
et al., 2006, 2008, Zych et al., 1997].

over, films of AlN have been successfully used as strain sensors [Gregory
et al., 1997], acousto-optical devices [Tsubouchi and Mikoshiba, 1985] and
for the passivation of thin films [Fujieda et al., 1996]. Aluminum nitride
powders can be used as a precursor for refractory ceramics [Akiyama et al.,
2001, Hoch and Ramakrishnan, 1971, Lee et al., 2009] as well.

Nevertheless, despite these and other attractive properties of AlN (e.g.
high hardness and temperature stability, good piezoelectric properties, low
dielectric constant), its wider adoption is hindered by the susceptibility to
oxidation. More specifically, during the exposure of AlN to air or moisture,
oxygen atoms substitute nitrogen and aluminum vacancies are formed as
a consequence of the charge discrepancy between N3– and O2– [Slack,
1973]. Numerous studies into the oxidation kinetics of AlN have been
performed [Katnani and Papathomas, 1987, Lavrenko and Alexeev, 1983,
Opila and Jacobson, 2014, Suryanarayana, 1990, Yeh and Tuan, 2017].
The general consensus is that during short exposures to air at low tem-
peratures, the oxidation of AlN is limited by the surface reaction rate. As
the oxidation proceeds, the formed alumina layer hinders further oxygen
uptake and the oxidation becomes diffusion limited. If, on the other hand,
AlN is exposed to water vapor the oxidation remains reaction rate limited
much longer due to the formation of nanopores as the formed N2 and H2
gases escape the oxidized layer [Kuromitsu et al., 1992, Sato et al., 1987].
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Various AlN synthesis methods have been developed whereas carboth-
ermal reduction [Lefort and Billy, 1993] or direct nitridation [Hotta et al.,
1987] are typically used for commercial AlN production. While the meth-
ods are simple and straightforward, particle size and microstructure are
somewhat difficult to control. Moreover, they are batch processes requiring
long dwell-times at high temperatures to completely convert the starting
metallic aluminum or alumina to AlN. As mentioned in the Introduction
and Motivation, alternative methods aiming to solve the mentioned draw-
backs have been developed. However, for some routes phase purity remains
a challenge requiring additional steps for impurity removal, while others
lack precise control over particle characteristics.

2.3 Chemical Vapor Synthesis (CVS)

CVS is one of the synthesis methods able to combine both control over
particle characteristics and possibility of synthesizing chemically pure na-
noparticles. It achieves this by synthesizing nanoparticles in the gas phase
using chemical reactions. In this sense, it is essentially a modified CVD
technique with process parameters such as temperature, residence time
and supersaturation optimized for particle formation, rather than forma-
tion of films [Winterer, 2002]. Supersaturation — a state where the partial
pressure of an atomic or molecular species is higher than the specie’s vapor
pressure — can be achieved either through the production of supersatu-
rated species (chemical process, e.g. pyrolysis), or by reducing their vapor
pressure (physical process, e.g. rapid cooling). In CVS, high supersatura-
tion is achieved through chemical reaction producing the growth species
(monomers) [Kodas and Hampden-Smith, 1999]. As supersaturation is
not a stable state, the concentration of the species is quickly reduced by
homogeneous nucleation of solid particles. Following the successful for-
mation of a particle larger than the critical cluster diameter (d∗), the
particle can grow by two mechanisms: condensation of growth species on
its surface (surface reaction) or by coagulation with other already formed
particles [Hinds, 1999]. At sufficiently high temperatures, the agglomer-
ated primary particles can sinter together, thus forming a new, bigger,
single crystalline particle. However, in addition to the relatively complex
and expensive synthesis setup, the requirement of high temperatures (high
energy consumption) is one of the biggest drawbacks of the gas-phase syn-
thesis processes.
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2.3.1 Numerical simulation of the CVS process

Despite the aforementioned drawbacks, gas-phase synthesis method like
CVS offers numerous advantages, including very short residence time and
particles of high purity and crystallinity with narrow particle size distribu-
tion, compared to liquid phase processes. Nevertheless, the final powder
can consist of particles bound by sinter necks (hard agglomerates), due to
incomplete coalescence, or particles loosely held together by van der Waals
forces (soft agglomerates) [Friedlander, 2000]. Winterer [2002] developed a
reaction-coagulation-sintering (cvssin) model that describes particle for-
mation and growth during CVS and can be used to study the influences of
process parameters on particle characteristics, including the degree of ag-
glomeration, and optimize them. As schematically presented in figure 2.3,
the model describes:

1. Conversion of precursors to monomers by chemical reaction
2. Homogeneous nucleation of primary particles
3. Coagulation of primary particles into agglomerates
4. Coalescence of the agglomerated primary particles
5. Heat balance due to the chemical reaction and the processes men-

tioned above

assuming a stationary, ideal, one-dimensional plug flow without axial dis-
persion. A system of differential equations describing the listed processes
is solved numerically by a fifth order Runge-Kutta solver with an adaptive
step size [Press et al., 1986].

Figure 2.3: Schematic represantation of different processes taking place during
the CVS process.
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Precursor conversion (process 1)

Aluminum nitride monomers are formed due to the reaction of the pre-
cursors (triethylaluminum and ammonia) at high temperatures inside the
CVS reactor:

Al(C2H5)3 + NH3 −−→ AlN + 3 C2H6 (2.1)

with reaction kinetics that can be described by

dNp
dt = −k ·Np . (2.2)

In the equation above Np is the number density of primary particles and
k the reaction constant calculated as

k = k0 e−
Ea

kBTgas (2.3)

where k0 is the pre-exponential constant, Ea the activation energy, kB the
Boltzmann constant and Tgas the gas temperature.

Homogeneous nucleation (process 2)

The chemical reaction between precursors generates a supersaturated va-
por of AlN monomers. When the monomers collide through Brownian
motion, they have a chance to stick together to form a cluster or bounce
and continue separately. However, as the cluster collides with further
monomers and grows, its free energy decreases due to the reduction of su-
persaturation. Nevertheless, the cluster is not thermodynamically stable
due to the increase in energy associated with the creation of new surface
until it reaches the critical cluster diameter (d∗, approximately 0.61 nm for
aluminum nitride) calculated as

d
∗ = −4γ · Vm

∆Gf
(2.4)

where γ is the surface free enthalpy, Vm the molar volume and ∆Gf the
free enthalpy of formation. As it is not stable, it can, therefore, also
decrease in size and completely separate back into individual monomers.
Once the cluster grows beyond the critical cluster diameter however, it is
stabilized by the large negative free volume energy and can therefore only
grow further. It is at this point that the term primary particle can be
meaningfully used to describe the cluster.
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Coagulation (process 3)

Like monomers, the primary particles also move by Brownian motion and
can collide with other primary particles, forming agglomerates [Hinds,
1999]. In addition, agglomerates can themselves collide to form even big-
ger agglomerates. The change of number density of agglomerates (Na) can
be calculated with

dNa
dt = −1

2β ·Na
2 (2.5)

where β is the collision frequency function obtained from the Fuchs inter-
polation for Brownian coagulation of monodisperse particles [Seinfeld and
Pandis, 1998]

β = 4π ·Dp · dc

(
dc

2dc + 2
√

2 · g
+ 2
√

2 ·Dp
c · dc

)−1

(2.6)

whereDp is the particle diffusion coefficient and c the particle velocity. The
transition parameter (g) describes the transition from the free molecular
regime where the mean free path of the agglomerate particle is much longer
than its collision diameter (`a >> dc , Kn >> 1) to continuum regime
(Kn << 1). The collision diameter is described by

dc = 6va
aa

(
aa

3

36π · va2

) 1
Dm

(2.7)

with va and aa denoting the volume and surface area of a single agglom-
erate, respectively, and Dm representing the mass fractal dimension, or
‘compactness’ of the agglomerate. When Dm = 3 collision and agglomer-
ate diameters are identical, whereas for Dm < 3 the collision diameter is
larger than the agglomerate diameter. Finally, the characteristic time for
coagulation (time needed to reduce the number density of the particles by
half) can be used to estimate the rate of agglomeration and is described
by

τc = 1
β ·Na

. (2.8)

The number of primary particles in an agglomerate can be obtained
from the ratio of the agglomerate (va) and primary particle volumes (vp)

npp = va
vp
. (2.9)
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Coalescence (process 4)

As the agglomerates reach the high temperatures inside the CVS reactor,
they begin to coalesce and form sintering necks, driven by the reduction of
surface area of the agglomerates. The characteristic time for coalescence
(τs) of grain boundary diffusion limited process is given by

τs = kB · Tgas · dp
4

16σ · w · Ω · γ ·Dgb
(2.10)

where dp is the primary particle diameter, σ the sintering constant, w the
grain boundary width, Ω the volume of diffusing species, γ the surface free
enthalpy and Dgb the grain boundary diffusion coefficient calculated as

Dgb = D0 e−
Egb

kB·Tgas (2.11)
where D0 is the pre-exponential constant and Egb the activation enthalpy
of grain boundary diffusion.

Characteristic times are useful for quickly predicting the morphology of
the synthesized particles. When τc >> τs, sintering is significantly faster
than coagulation and fully coalesced spherical particles are obtained. On
the other hand, if τc << τs particle growth is limited by the sintering rate
and highly agglomerated agglomerates with a fractal structure are formed.
Whether hard or soft agglomerates are formed when τc ≈ τs depends on
the rate of change of the characteristic coagulation and sintering times — if
dτc/dt << dτs/dt the sintering process stops quickly and no sinter necks
are formed, in other words, soft agglomerates linked by van der Waals
forces are created. Otherwise, when dτs/dt ≈ dτc/dt sinter necks have
sufficient time to form and hard agglomerates are produced [Friedlander,
2000].

Heat balance (process 5)

To a first approximation, the heat balance of a stationary, ideal, one di-
mensional plug flow can be estimated by a sum of heat exchange with the
hot-wall reactor wall and heat production of the chemical reaction between
precursors as

dTgas
dt = 4α

cp · ρ · L
(Twall − Tgas)−

∆Hr · c0 · k e−kt
cp · ρ

(2.12)

where α is the heat exchange coefficient, cp the specific heat capacity at
constant pressure, ρ the density, L the reactor diameter, Twall the wall
temperature, ∆Hr the enthalpy of reaction and c0 the initial precursor
concentration.
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Monte Carlo optimization (cvssinmc)

As described in [Winterer, 2018], instead of using simulations to scan the
process parameter fields and find paths to optimized particle characteris-
tics, it is possible to incorporate the cvssin model into a Metropolis type
Monte Carlo (MC) algorithm with adaptive step size [Allen and Tildes-
ley, 1987] and define the desired values directly. The MC optimization
algorithm then changes process parameters to minimize the cost function
(χ(k)) by comparing simulated (φsim,i) and desired parameters (φdes,i)

χ2 =
∑
i

(
φsim,i − φdes,i

wi

)2
(2.13)

where wi is a weighting factor. If the new parameter set reduces the cost
function it is accepted with 100 % probability, whereas if χ2 increases,
the new parameters are accepted with a probability of e−∆χ2 . In the end
process parameters needed to synthesize nanoparticles with desired particle
characteristics are obtained. The failure to reach the desired characteristics
indicates that a process parameter not included in the optimization routine
(e.g. reactor length) is constraining the synthesis process.

As already mentioned, the high energy requirement is one of the draw-
backs of the CVS process. It is, therefore, interesting to test whether
the newly discovered parameter set improves the ‘classical’ CVS process
in this respect by producing powders with better particle characteristics
with comparable amount of heat supplied. For that reason, the compar-
ison of cvssinmc and cvssin results is carried out at the same value of∫
T(t) dt.
Tables A.3–A.7 in Appendix summarize the variables (physical, ther-

modynamic and kinetic data of the species occurring in the CVS reactor)
used in both cvssin and cvssinmc simulations of the AlN synthesis pro-
cess.
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3.1 Chemical Vapor Synthesis (CVS)
A typical CVS setup can be divided into four operational units — precur-
sor delivery system, synthesis reactor, particle collector, pressure control
system — as can be seen in figure 3.1. The precursor delivery system
consists of thermal mass flow controllers which regulate the supply of car-
rier (He) and reaction (NH3) gases. 200 sccm of He carrier gas is passed
through a stainless steel bubbler, kept at a constant temperature using
an oil bath and filled with liquid triethylaluminum (TEAl, Al(C2H5)3), to
obtain a saturated vapor of TEAl. The resulting volume flow rate of the
precursor can be estimated from [Tompa, 2007]

V̇ TEAl = V̇ He ·
pTEAl

p− pTEAl
(3.1)

where pTEAl is the temperature dependent vapor pressure of TEAl (132 Pa
at 60 ◦C [Fic and Dvorak, 1965], equation A.1 in Appendix), V̇ He volume
flow of helium carrier gas and p system pressure. An excess of ammonia
(1000 sccm, V̇ NH3/V̇ TEAl > 30), used as the source of nitrogen, is intro-
duced just in front of the alumina tube acting as the synthesis reactor
(1150 mm long, inner diameter of 18 mm) to prevent premature reaction
with TEAl vapor. Heat required for the chemical reaction is supplied to
the alumina tube by a resistance furnace with a heated length of 900 mm.
Nanoparticles that are formed in the reactor are carried by the gas stream
into the thermophoretic particle collector. There, due to the temperature
gradient between the stainless steel, water-cooled walls (≈ 297 K) and in-
frared lamps (≈ 800 K) placed axially in the channels, the particles move
towards the colder surface and are deposited on it. The pressure during the
synthesis is measured by a Baratron gauge and maintained by a butterfly
valve and screw vacuum pump connected at the end of the system.

Due to the risk of cyanide formation during the synthesis, three cycles
of evacuation/filling with N2 were performed prior to opening the CVS
system after the synthesis. As an additional precaution, Dräger sampling
tubes were used to test for the possible presence of cyanide. After opening
of the thermophoretic particle collector, nanoparticles were scraped off the
collector walls and transferred to the glovebox in glass vials for storage.

3.1.1 Continuous Inert Collection of Nanoparticles
A quasi-continuous thermophoretic collector for collecting and transport-
ing nanoparticles under inert atmosphere, shown in figure 3.2 (photo in fig-
ure A.1 in the Appendix), has been commissioned and further developed.
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Figure 3.1: Schematic diagram of the CVS setup for the production of alu-
minum nitride. (MFC: thermal mass flow controller, T: thermocouple, P: Bara-
tron pressure gauge)

Figure 3.2: Render of the countinuous inert collector’s 3D model.
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It consists of a rotatable water-cooled stainless steel cylinder, placed inside
a quartz glass cylinder with the particle laden gas flowing through the an-
nular space between them. A resistance heating mantle is wrapped around
the quartz glass cylinder to create the temperature gradient required for
thermophoresis. Polypropylene scrapers, placed between the stainless steel
and quartz glass cylinders, direct the particle laden gas across the steel
cylinder, increasing the path the gas has to travel through the collector
and with it the probability that the nanoparticles are separated from the
gas flow. Moreover, they also detach the collected nanoparticles from the
rotating cold cylinder and in that way refresh the collection surface, main-
taining the maximal temperature gradient. The detached nanoparticles
fall into a container with a gate valve used for storing and transporting
the nanoparticles in an inert atmosphere. Vacuum tightness of the system
is ensured by a pair of water cooled flanges with fluoroelastomer (Viton®)
gaskets and a ferrofluid rotary feedthrough. The CVS setup utilizing the
inert continuous collector is presented in figure 3.3.

Computational fluid dynamics (CFD) simulations of the gas flow inside
the annular space between the water-cooled stainless steel cylinder and
the heated quartz glass cylinder are performed using openfoam 2.3.1.
The laminar ‘simpleFoam’ solver is used due to the low Reynolds number
(≈ 100) and gas velocity. Boundary flow conditions correspond to a typical
CVS experiment at 1400 ◦C and 20 mbar. The variable-size tetrahedral
mesh of the gas phase, generated by the NETGEN 3D algorithm built into
salome 7.5.1, is used to better describe sections with larger gradients.

3.2 Solid-State Synthesis
Solid-state synthesis enables the production of phosphors starting from
solid precursors. Since the synthesis reaction takes place at the interface
of precursor particles, the rate of reaction is diffusion limited. There-
fore, solid-state synthesis usually requires high temperatures and precur-
sors with high specific surface area to facilitate the synthesis. Decreasing
the particle size of the precursors promises to lower the energy require-
ments of the method by increasing the contact area of the precursors,
effectively increasing their reactivity.

Precursor particles were weighed (see table 3.1) and mixed thoroughly
in a plastic container with ceramic balls for 6 h in a nitrogen filled glovebox
(MBraun, O2 < 1 ppm, H2O < 1 ppm). Subsequently, the mixture was
placed in a tungsten crucible and covered with a lid. The tungsten crucible
was then transferred to a Carbolite Gero high temperature furnace with
a flow of forming gas (7.5 % H2 in N2). After 2 h at 1550 ◦C (250 ◦C/h
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Figure 3.3: Schematic representation of the CVS setup for the production
and continuous inert collection of aluminum nitride. (MFC: thermal mass flow
controller, T: thermocouple, P: Baratron pressure gauge)

Table 3.1: Weight of the precursor powders used for the solid-state synthesis
of Ca-α-SiAlON:Eu2+ phosphors.

Precursor Weight [g]
P-1 P-2 P-3

Ca3N2 8.837 3.917 4.209
Si3N4 32.290 15.170 15.380
AlN 15.271 ∗ 6.769 † 7.274 ‡

Eu2O3 1.311 0.581 0.625
∗ dXRD = 4.4 nm determined by Rietveld refinement.
† dXRD = 7.5 nm determined by Rietveld refinement.
‡ Commercial (Tokuyama); mean particle size 1 µm, as
specified by the manufacturer.
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heating rate) powders were cooled at the maximum possible cooling rate
and ground and sieved to improve the homogeneity of the final material.
A second firing was performed for 4 h at 1550 ◦C with the same heating
and cooling rates. Finally, the resulting powder was ground and sieved
before being characterized.

3.3 Characterization Techniques

3.3.1 X-ray Diffraction (XRD)
X-ray diffraction is a method for determining the crystal structure of a
material by shining a beam of X-ray photons onto a sample and detecting
the position and intensity of the diffracted beam. Incident photons are
elastically scattered by the electrons of the atoms in the material. However,
disordered atom arrangement causes the scattered photons to interfere
destructively and cancel each other out. On the other hand, when the atom
arrangement is periodic, the scattered photons interfere constructively in
certain directions relative to the incident beam according to Bragg’s law
[Bragg and Bragg, 1913]:

nλ = 2d sin θ (3.2)

where n is an integer, λ wavelength of the incident photons, d distance
between lattice planes in the crystal and θ incident angle of the X-ray.

The measured diffraction pattern can be analyzed by Rietveld refine-
ment to obtain information about the phase composition, crystal structure
(lattice parameters, atomic positions and occupation numbers, temper-
ature displacement factors, etc.) and microstructure (e.g. microstrain,
mean crystallite size, crystallite size anisotropy, and crystallite size distri-
bution). It is based on the minimization of the difference between observed
and calculated diffraction patterns [Young, 1995]:

Sy =
∑
i

wi (yobs,i − ycalc,i)2 (3.3)

where wi is a weighting factor equaling 1/yobs,i, yobs,i observed intensity
at the ith step and ycalc,i calculated intensity at the ith step defined as

ycalc,i = ybkg,i + s
∑
K

LK |FK |2φ (2θi − 2θK)PKAK (3.4)

where ybkg,i is the background intensity at the ith step, s scale factor, K
represents the the h, k, l Miller indices of a Bragg reflection, LK is a factor



3.3. Characterization Techniques 25

containing Lorentz, polarization and multiplicity factors, FK structure fac-
tor for the Kth Bragg reflection, φ reflection profile function, PK preferred
orientation function and AK absorption factor.

The degree of crystallinity (Γ) is defined as the ratio of coherent and
total scattering of X-rays:

Γ =

∫ (yobs,i − ybkg,i
yobs,i

)
sample

dθ∫ (yobs,i − ybkg,i
yobs,i

)
reference

dθ
(3.5)

where yobs,i − ybkg,i represents the intensity of the coherent scattering
(measured intensity with the background subtracted). Normalization to
the reference (commercial micron-sized AlN) is performed in order to ac-
count for the background intensity due to thermal diffuse scattering and
non-monochromatic incident radiation (e.g. Bremsstralung).

The synthesized nanoparticles are analyzed by X-ray diffraction using
a PANalytical X’Pert PRO X-ray diffractometer with a Ni-filtered Cu-Kα
(1.54Å) radiation and a linear position sensitive X’Celerator detector. A
Si single crystal that is rotated during measurement is used as a ‘zero
background’ sample holder. Single scans between 20° < 2θ < 120° with
a step size of 0.05° and an integration time of 500 s/step are used for the
long-term investigation of the stability of AlN in air. On the other hand,
10 repeated scans are averaged before Rietveld analysis with maud [Lut-
terotti, 2010] is performed for other as-synthesized samples. Initial param-
eters for the wurtzite structure (space group P63mc) are taken from Schulz
and Thiemann [1977]. The Popa approach to anisotropic microstructural
analysis [Popa, 1998] is applied for the size and microstrain anisotropy,
while the Warren model is used for planar defects [Warren, 1969]. In-
cluding these parameters generally resulted in significantly improved fits
to the experimental data. Background intensity is interpolated between
about 25 specified points due to the intensity profile of the sample holder
(see figure 4.19). The instrumental resolution function of the diffractome-
ter is determined by fitting the diffraction pattern of a LaB6 660a NIST
standard reference material.

X-ray diffraction patterns of the synthesized phosphors are recorded by
M. Seibald (OSRAM GmbH) in the range of 10° < 2θ < 80° with a PAN-
alytical Empyrean diffractometer using Cu-Kα1 radiation selected by an
incident-beam monochromator. The step size is set to 0.08° with integra-
tion time of 15 s/step using the X’Celerator detector. Rietveld refinement
using maud [Lutterotti, 2010] is performed to determine the phase com-
position of the synthesized phosphor materials using Ca-α-SiAlON:Eu2+
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[Izumi et al., 1984], CaSiAlN3 [Kim et al., 2015] and AlN [Schulz and
Thiemann, 1977] crystal phases for initial parameters.

3.3.2 X-ray Absorption Spectroscopy (XANES and
EXAFS)

X-ray absorption spectroscopy (XAS) is a method for investigating the
local structure of matter normally performed at synchrotron radiation fa-
cilities where collimated X-ray beams of high intensity and tunable wave-
length can be produced. The interactions of photoelectrons excited by
the absorption of an X-ray photon with the surrounding atoms enable
the determination of the local geometry and electronic structure in both
ordered and disordered materials. Depending on which shell the excited
core electron belonged to, K-, L- and M-edges — corresponding to princi-
pal quantum numbers n = 1, 2 and 3, respectively — are distinguished.

Due to the wave-particle duality, a photoelectron generated upon ab-
sorption of an X-ray photon by a core electron of a specific chemical ele-
ment can also be considered as a spherical wave radiating outwards in all
directions. The wave scatters off the surrounding atoms’ electrons creating
a backscattered wave. The interference of the outgoing and backscattered
waves modulates the absorption coefficient of the material. Therefore,
measuring the changes of the absorption coefficient of a material as a
function of the photon energy enables the determination of the distances
between the absorber atom and its neighbors, as well as their type and
coordination number.

The absorption is normally measured by quantifying the intensity of
the incident (I0) beam and the beam transmitted (I) through the sam-
ple (usually prepared so that the sample thickness equals one absorption
length). However, the absorption length at the low energies needed to
generate the photoelectron in lighter elements is too small to practically
prepare a sample with thickness of one absorption length. Because of
this, lighter elements require a different detection scheme. Total electron
yield (TEY) counts photoelectrons directly by measuring the generated
photocurrent in the sample. Alternatively, sample absorption can also be
estimated by partial fluorescence yield (PFY) which counts the photons
within a selected energy range (hence, partial) emitted from the sample
when electrons from a higher shell fill the core hole. Comparing these to
the intensity of the incident X-ray beam enables the determination of the
sample absorption

µ(E) ∝ I

I0
(3.6)
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where µ is the absorption coefficient and I beam intensity detected by
total electron yield (TEY) or partial fluorescence yield (PFY) methods.

As can be seen in figure 3.4, the X-ray absorption spectrum can be
divided into three distinct regions: pre-edge, X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EX-
AFS) regions.

EXAFS normally extends up to 1000 eV above the absorption edge,
depending on the element and absorption edge considered [Koningsber,
1988]. The oscillatory part of the EXAFS spectrum can be described as
the sum of single scattering events

χ(k) = S0
2
∑
i

Ni
fi(k)
kri

2 e−
2ri
λ(k) e−2k2σi

2
sin(2kri + δi(k)) (3.7)

where S0
2 is the amplitude reduction factor, Ni coordination number, fi(k)

backscattering amplitude, ri distance between absorbing and scattering
atoms, λ(k) mean free path of the photoelectron, σi2 mean square radial
displacement, δi(k) phase shift of the backscattered wave and k wave vector
of the photoelectron, defined as

k =
√

2me(E − E0)
~

(3.8)

where me is the electron mass, E incident beam energy, E0 absorption
edge energy and ~ the reduced Plank constant.

On the other hand, the region of about 50 eV above the absorption
edge is typically considered the XANES region. Unlike in the EXAFS
region, multiple-scattering is the dominant cause of the absorption coeffi-
cient variation and it cannot be approximated by a sum of single scattering
events.

Aluminum, nitrogen and oxygen K-edges X-ray absorption spectra are
recorded at the SGM beamline (available energy range 250 eV to 2000 eV)
at the Canadian Light Source (CLS, Saskatoon, Canada) [Regier et al.,
2007]. Powdered samples are spread on a carbon tape in an argon filled
glove box and placed on a copper sample holder rotated 45° towards the
incident beam in the ultra-high vacuum chamber. Spectra of CVS syn-
thesized samples and bulk standards (ChemPur) are measured at ambient
temperature in both TEY and PFY modes simultaneously with a step
size of 0.1 eV in the XANES range (Al: 1570 eV–1620 eV; O: 525 eV–580 eV;
N: 395 eV–430 eV). Aluminum EXAFS spectra are recorded with a step
size of 1 eV between 1620 eV and 2000 eV.

Data reduction — normalization to incident beam intensity (I0), pre-
and post-edge subtraction, step height normalization, background subtrac-



28 Chapter 3. Experimental Methodologies

Figure 3.4: X-ray absorption spectrum depicting the pre-edge, XANES and
EXAFS regions. Constructive and destructive interference cause absorption
maxima and minima to appear. Single-scattering dominates the EXAFS region,
while multiple-scattering has to be taken into account in the XANES region.

tion and, in the case of Al EXAFS, removal of the glitch present in both
the I0 and EXAFS data around the Si K-edge — is performed using the
software athena [Ravel and Newville, 2005]. The shift necessary to align
the K-edge of metallic Al-foil to 1559 eV is applied to all Al K-edge spec-
tra. The extracted EXAFS data are analyzed by Reverse Monte Carlo
(RMC) simulations using the rmcxas program [Winterer, 2000]. Crystal-
lite sizes and lattice constants obtained from the Rietveld refinement of the
XRD data are used to generate 25 different initial atomic configurations
(presented in table A.10 in the Appendix using the visualization software
vesta [Momma and Izumi, 2011]). The quality of the fit is estimated by
the R-values of χ(k)

R =
∑
|yobs,i − ycalc,i|∑
|yobs,i|

· 100 % . (3.9)

As already mentioned, the contributions form multiple-scattering in the
XANES part of the spectrum is significant. However, multiple-scattering
is not included in the rmcxas program and, therefore, the range be-
low 3Å−1 is not taken into account when estimating the quality of the
fit. The theoretical phase and amplitude functions needed for the RMC
analysis are obtained from feff 9.6.4 [Rehr et al., 2010]. Additionally,
using self-consistent potentials and full multiple-scattering within feff,
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XANES spectra of each atom in the modeled atomic configuration are
simulated. The individual spectra are subsequently averaged to provide a
single XANES spectrum of the model structure. For comparison with the
measured XANES spectra, all simulated spectra are shifted by the amount
necessary to align the simulation of a perfect wurtzite AlN model to the
measured data of micron-sized aluminum nitride powder.

3.3.3 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is another method that
can be used for the investigation of the local structure surrounding atomic
nuclei with non-zero spin. NMR gains information on the local structure
from the changes in the magnetic fields surrounding the NMR active nuclei.
It is also suitable for characterizing both crystalline and amorphous solids,
as well as gases and liquids.

An atomic nucleus with a spin I has 2I + 1 degenerate |I,m〉 energy
levels. Placing the atom into an external magnetic field B0 lifts the de-
generacy due to the Zeeman splitting (figure 3.5a). The splitting of the
nuclear energy levels is a consequence of the alignment of the nuclear mag-
netic moment with (lower energy level) or against (higher energy level) the
external magnetic field. However, the magnetic moments of the nuclei do
not align exactly parallel or antiparallel to the applied field, but precess
around B0 at a certain angle with a characteristic frequency called Lar-
mor frequency (ω0). As the magnetic moments of the individual nuclei are
randomly distributed around B0, the net magnetization is aligned with
B0. Nevertheless, a weak oscillating magnetic field (e.g. radio-frequency
pulses) perpendicular to the constant field B0 causes the nuclear magnetic
moments to become phase coherent, moving the net magnetization away
from B0. The decay of the magnetization after the pulse — in effect, the
transition between nuclear spin levels characteristic for a nucleide — is
detected as the NMR signal.

Electrons surrounding the nucleus move in response to the applied mag-
netic field and generate a secondary field partially counteracting, or ‘shield-
ing’, the applied field. This shielding causes a perturbation of the nuclear
energy levels (figure 3.5a), thus changing the nuclear magnetic resonance
frequency. Due to the different electron densities surrounding the nucleus
in different chemical environments, the magnetic field is shielded differ-
ently depending on the local structure of the probed nucleus. The changes
of the NMR frequency due to the distinct local electron densities allows
the determination of the chemical environment of the probed nuclei and is
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Figure 3.5: Energy levels of a nucleus with a spin I = 1
2 demonstrating the

effects of Zeeman splitting and chemical shift (a) and a spin I = 3
2 nucleus with

Zeeman splitting and quadrupolar interactions (b). Adapted from [Bräuniger
and Jansen, 2013].

known as chemical shift (expressed in ppm) [Macomber, 1997]:

δiso = ν − νref
ν0

· 106 (3.10)

where ν is the frequency of the probed nuclei, νref frequency of the reference
compound and ν0 operating frequency of the spectrometer. Figure 3.6
shows the ranges of the chemical shift for 27Al nuclei situated in different
coordinations and chemical environments.

Since the shielding depends on the orientation of the molecule (i.e. the
orientation of the electron density) towards the external magnetic field,
in polycrystalline solid samples the observed chemical shift is significantly
broadened. To overcome this broadening from crystallite and, therefore,
molecular orientations, magic angle spinning (MAS) is employed. Rotating
the sample at an angle of 54.74° with respect to the applied magnetic field
with frequencies up to 70 kHz averages the orientation dependence and
results in significantly sharper lines in the NMR spectrum. In addition, as
shown in figure 3.5b, nuclei with spins greater than 1/2 exhibit splitting
of the nuclear energy level into more than two energy levels (quadrupo-
lar splitting into central and satellite transitions) and quadrupolar cou-
pling due to the non-spherical charge distribution. Due to the improved
coupling with the electric field gradient (EFG), the relaxation times are
shortened and broadening of the central transition occurs. Moreover, when
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Figure 3.6: 27Al chemical shift ranges for aluminium nuclei in different coordi-
nations and chemical environments. 0 ppm is set to the signal of Al3+

(aq). Adapted
from [Bräuniger et al., 2011].

quadrupolar nuclei are exposed to EFGs, the energy levels are perturbed,
essentially shifting the center of gravity of the NMR peak towards higher
fields (lower ppm values).

Nuclei in a solid that lacks order are not exposed to the same EFG, re-
sulting in the distribution of quadrupolar interaction strength. Due to the
said distribution, the NMR peaks are broadened, however, because of the
shift towards higher fields, the broadening is not symmetric. In other
words, the resulting NMR peak becomes characteristically asymmetric
with a tail towards higher fields. The Czjzek model, originally developed
for Mössbauer spectroscopy [Czjzek et al., 1981] and more recently applied
to MAS NMR [Bureau et al., 1999], can be used for the analysis of spectra
of disordered solids. It successfully describes the resulting lineshape by
assuming that the quadrupolar parameters are normally distributed and
determining the joint probability density function of parameters defining
the strength and shape of the quadrupolar interaction tensor. The model
is valid when the solid is disordered at a scale larger than the range of
quadrupolar interaction and when the studied nuclei are coordinated to
at least four other atoms [d’Espinose de Lacaillerie et al., 2008]. The use
of the Czjzek model enables the deconvolution of the overlapping NMR
peaks in spectra of the samples with fully or partially disordered struc-
tures and, therefore, the elimination of unresolved resonances as a cause
of peak asymmetry.
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The solid-state 27Al-NMR spectra under magic angle spinning condi-
tions at room temperature are obtained by M. Zähres (Department of
Chemistry, University Duisburg-Essen) using a Bruker Avance 400 spec-
trometer. Zirconia rotors 4 mm in diameter are filled with CVS synthesized
and commercial (ChemPur) aluminum nitride powders in the glove box.
The rotors are spun at a frequency of 10 kHz or 14.5 kHz by pressurized
nitrogen. For the investigation of AlN stability in air, the powder sample
is taken out of the zirconia rotor and left in air for 2.5 h, before being filled
back into the rotor and measured again. The same procedure is performed
after a total of 24 h spent in air.

The relaxation period is significantly shortened compared to the usual
90° pulse by adjusting the single pulse width to 1.0 µs (corresponding to a
15° pulse). The measured spectra consist of between 350 and 2500 single-
pulse experiments, performed with a recycle delay of 2 s. The spectrometer
frequency is adjusted to 104.26 MHz for 27Al nuclei. The 27Al signal of
aluminum nitrate Al(NO3)3 is set as the spectral reference (0 ppm) for
all the measured spectra. In order to reduce the background noise in the
spectra spun at 14.5 kHz and 10 kHz, artificial line broadening of 40 Hz
and 50 Hz, respectively, is introduced.

Data analysis is performed with the dmfit software [Massiot et al.,
2002] using a combination of pseudo-Voigt (pV) functions and the ‘CzSim-
ple’ model to correctly describe the measured spectrum. The pV functions
(pV = η ·Gauss+(1−η)·Lorentz, where η is the weighting factor of Gauss
and Lorentz lineshapes) are used to account for the nuclei unaffected by
the EFG, i.e. in ordered surroundings. On the other hand, nuclei affected
by the EFG are modeled using the Czjzek distribution of quadrupolar inter-
action for the distribution of isotropic chemical shift (‘CzSimple’ model).
Parameters νQ, the average quadrupolar coupling, and dCS, the full width
at half maximum of the isotropic chemical shift, from the ‘CzSimple’ model
are refined.

3.3.4 Photoluminescence spectroscopy

Photoluminescence spectroscopy is widely used for characterizing optical
and electronic properties of semiconducting materials. Photons of suffi-
cient energy are used to excite valence electrons to a higher energy level.
When returning to their ground state, the electrons can re-emit photons
with the same energy as the incident photon (resonance fluorescence), but
more will undergo different internal transitions before emitting a photon
of a lower energy. Therefore, detecting the emitted photons can provide
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information on the defects present in the materials and its electronic band
structure.

In the context of solid-state lighting, however, it is useful to characterize
the phosphor material with respect to their correlated color temperature
(CCT) and color rendering index. Here, optical properties of the synthe-
sized phosphors are studied using the Horiba Fluoromax 4 spectropho-
tometer at OSRAM GmbH. A wavelength of 460 nm is used to excite the
electrons in the phosphors and their emission spectra are recorded in the
range between 470 nm and 800 nm with a step size of 1 nm and integration
time of 0.2 s/step.

3.3.5 Low Temperature Nitrogen Adsorption
Low temperature nitrogen adsorption coupled with the Brunauer–
Emmett–Teller theory (BET) is a widely used method for the determi-
nation of the sample specific surface area. The method is based on the
measurement of the amount of gas needed to adsorb on the sample surface
and completely cover it in a molecular monolayer. BET theory extends
the Langmuir (monolayer) theory to multilayer adsorption by assuming
that molecules continue to physisorb in layers indefinitely. The adsorption
isotherm can then be described by [Brunauer et al., 1938]

p

W (p− p0) = 1
WmCBET

+ CBET − 1
WmCBET

p

p0
(3.11)

where p is the equilibrium experimental pressure, p0 the vapor pressure of
the adsorbate gas (nitrogen) at experimental temperature (77 K for nitro-
gen),W andWm the masses of adsorbed layer and monolayer, respectively,
and CBET the BET constant related to the enthalpies of adsorption of the
first layer and condensation of subsequent layers. The linear part of the
adsorption isotherm (typically in the range between 0.05 < (p/p0) < 0.35)
can be used to calculate theWm and consequently the specific surface area
with

S = AadsNAWm

Mwsample
(3.12)

where Aads is the area covered by one adsorbed molecule (16.2Å2 for
nitrogen), NA Avogadro constant, M molar mass of the adsorbate and
w sample mass. If the measured particles are spherical in shape with
a smooth surface and consist of a single phase, their diameter can be
calculated from

dBET = 6
Sρ

(3.13)
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where ρ is the sample density.
The degree of (hard) agglomeration (Nagg) serves as a measure of the

number of primary particles in an agglomerate and can be estimated from
the ratio of the average particle (dBET

3) and crystallite (dXRD
3) volumes:

Nagg = dBET
3

dXRD3 . (3.14)

This differs from the number of primary particles in an agglomerate ob-
tained from the cvssin and cvssinmc simulations (Nagg) due to the cor-
rection of the predicted surface area (Ssim) to account for its fractal nature

S = Ssim · i
Ds−3

3 . (3.15)

The surface fractal dimension (Ds) can be approximated by the fractal di-
mension (D), determined by fitting the double logarithmic plot of the des-
orption pore size (d) distribution with (dv/dd) ∝ d2−D, even though the
method can not distinguish between surface and mass fractals [Ehrburger-
Dolle, 1998].

A Quantachrome Autosorb 1C instrument is used to collect low tem-
perature nitrogen adsorption/desorption data. Outgassing the samples to
remove any adsorbed moisture or gases is performed at room temperature
for at least 24 h prior to each measurement. The density obtained from the
Rietveld refinement of the X-ray diffraction data is used for the calculation
of dBET.

3.3.6 Scanning Electron Microscopy (SEM)
Electron microscopy techniques rely on the short wavelength of electrons
to resolve smaller details than optical microscopy. Scanning electron mi-
croscopy (SEM) probes the sample microstructure by scanning its surface
with a focused beam of electrons. The interaction of the incident beam
with the sample results in the emission of secondary electrons and other
interaction products. However, the number of secondary electrons that
can escape from the sample changes depending on the angle at which the
incident beam enters the sample. Therefore, correlating the position of the
incident beam with the number of detected secondary electrons creates an
image of the surface topography with high contrast and three-dimensional
appearance.

SEM images obtained by C. Koch (OSRAM GmbH) using a Carl Zeiss
SUPRA 35 field emission scanning electron microscope are used to study
the morphology of the synthesized phosphors.



3.3. Characterization Techniques 35

3.3.7 Laser diffraction
Laser diffraction enables the determination of the particle size distribution
by recording the diffraction pattern of laser light after it passes through
the sample suspension. Light scatters at smaller angles and with higher
intensity for larger particles, whereas smaller particles scatter to higher
angles and lower intensities. Therefore, by analyzing the light intensity
distribution volume-equivalent sphere diameters of the constituent parti-
cles can be obtained. The thus obtained median particle size is known as
D50 — diameter where half of the particle population is smaller in size.
The particle size distribution can than be characterized by

Span = D90 −D10
D50

(3.16)

where D10 and D90 are sizes larger than 10 % and 90 % of the population,
respectively.

Particle size distributions of the synthesized phosphors are measured
by M. Seibald (OSRAM GmbH) using a CILAS 1064 particle size analyzer.
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4.1 Continuous Inert Collection of Nanopar-
ticles

The negative influence of oxygen and moisture on AlN is well documented
[Opila and Jacobson, 2014, Slack et al., 2002, Taylor and Lenie, 1960, Yeh
and Tuan, 2015] and stresses the importance of minimizing its exposure
to air. AlN nanoparticles are even more sensitive due to their large spe-
cific surface area [Suryanarayana, 1990]. However, while the existing ther-
mophoretic particle collector separates the particles from the gas stream
without exposing them to air, powder removal from the collector into a
storage container is performed in air. Furthermore, the batch nature of
the existing (old) thermophoretic collector limited the time during which
the AlN nanoparticle synthesis could be run at the highest collection ef-
ficiency and production rate. Therefore, the newly-designed continuous
thermophoretic particle collector, enabling inert collection and transport
of the air-sensitive nanoparticles, was commissioned.

In order to achieve sufficiently high production rates, the contact sur-
face between the hot gas and the cold wall needs to be maximized. This
was accomplished by using the scrapers — whose primary role is to detach
the nanoparticles collected on the water-cooled wall — to direct the flow
of the particle laden gas across the cleaned collection surface, as shown by
the yellow line in figure 4.1a. CFD simulation results were used to visu-
alize the streamlines of the gases on their way through the inert collector.
Indeed, as can be seen in figure 4.1b, the gas meanders up and down over
the inner water-cooled collection surface, implying a high contact surface
area to collector volume ratio and confirming the validity of the chosen
design. Furthermore, the design ensures that the gas stream velocity is
the highest (7 m/s) at the turns at the top and bottom of the water-cooled
cylinder, thereby reducing particle deposition in these areas where it could
not be transferred to the nanoparticle container inertly. This was achieved
by reducing the cross-section of the annular space through which the gas
has to pass. Nevertheless, based on the results of the computational fluid
dynamics simulations by Schilling [2014], the velocity in the ‘collection
zone’ in general is somewhat higher than is typical for the old collector.

The continuous inert collector was incorporated into the existing CVS
setup by inserting it between the reactor and the old thermophoretic collec-
tor, as shown in figure 3.3. The pressure rise measured after outgassing the
new CVS setup at room temperature decreased compared to the reference
measurement without the new collector. While this may seem impossible
at first, it is the result of the larger system volume with both collectors
connected. Namely, with an identical leak (same leak rate), the pressure
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(a) (b)

Figure 4.1: Continuous inert collector: design of the inert thermophoretic
particle collector with desired gas flow shown in yellow (a) and gas streamlines
obtained from CFD (b). Red, green and blue colors in (a) represent closed
scraper, scrapers open at the bottom and scrapers open at the top, respectively,
used to direct gas flow. Green and red surfaces in (b) denote the gas inlet and
outlet, respectively.
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rise will be lower for larger volume as more gas needs to come into the
system to reach the same pressure. Furthermore, increasing the temper-
ature of the new collector to 520 ◦C using the heating mantle limited the
pressure rise further to 6 Pa, due to the even more pronounced desorption
of adsorbates from the collector surface. Rotating the cooling cylinder did
not cause an increase in the leak rate, suggesting that the ferrofluid rotary
feedthrough was operating well, and that the new collector was at least as
vacuum tight as the old batch collector.

According to the original design of the continuous collector, scrapers
were made of polypropylene. However, this limited the maximum operat-
ing temperature of the heating mantle. In fact, with the heating mantle at
520 ◦C the stainless steel holder of the scraper was at 320 ◦C — too high for
the polypropylene with a melting temperature between 160 ◦C and 170 ◦C.
Therefore, a new design was realized with copper as the scraper material.
In addition, the scraper holder was redesigned to consist of two separate
parts with small contact area, thereby limiting the heat transfer from the
heating mantle to the scraper. As a result, the surface in contact with
the copper scraper reached a temperature of 270 ◦C at atmospheric pres-
sure when the heating mantle was maintained at 800 ◦C. In vacuum, this
decreased further to 210 ◦C due to the lower convective heat transfer be-
tween the two holder parts. The lower temperature of the scraper holder
together with the use of scraper material able to withstand higher temper-
atures allowed higher operating temperature of the collector, maximizing
the temperature gradient between the hot outer wall and water-cooled
inner cylinder and with it the collection efficiency. However, the use of
copper scrapers with a stainless steel cylinder introduced a chance for con-
tamination of the synthesized powder by copper filings scratched off during
the cylinder rotation. This was observed in several samples, including the
one synthesized at 1400 ◦C and 10 mbar shown in figure 4.18b.

Nevertheless, with the new scraper design and all the improvements
it brings, a production rate comparable to the old batch collector was
achieved, but with the added benefit of a continuous process without the
decrease in production rate. To ensure the smooth rotation of the water-
cooled cylinder and, therefore, stable operation of the continuous particle
collector, a sealed bearing was incorporated into the design. As a result,
the synthesis could be run for longer periods of time, making the size of
the nanoparticle container the factor limiting the total amount of material
collected. Together with the improved collection efficiency, this improve-
ment enabled the synthesis and inert collection of 7 g of AlN nanoparticles
in 2.5 h for an overall production rate of 2.8 g/h. Nevertheless, additional
7.9 g of AlN nanoparticles that did not fall into the collecting container
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(shown in figure 3.2) were collected from the bottom of the collector af-
ter it was opened to the atmosphere. Therefore, the production rate can
be at least doubled by optimizing the design to minimize the amount of
nanoparticles that do not make it into the container.

4.2 Synthesis of Aluminum Nitride Nano-
particles by Chemical Vapor Synthesis

While unstable in air, in oxygen-free atmospheres aluminum nitride is sta-
ble at high-temperatures, making the solid-state synthesis of phosphors
a very energy-intensive process. Nevertheless, particle characteristics (for
example primary particle size and degree of agglomeration) can have sig-
nificant influence on its sinterability. Because of this, CVS, a method that
provides a high degree of control over particle characteristics along with
the ability to synthesize materials of high purity, is chosen as the preferred
synthesis method in this work. This part of the thesis focuses on opti-
mizing the CVS process to synthesize AlN particles sufficiently reactive to
be used as precursors for the solid-state reactions of phosphor synthesis.
The reactivity of AlN particles in solid-state synthesis can be improved
by shortening the diffusion paths that atoms need to travel in order to
be incorporated into the phosphor particle. In other words, a small AlN
particle size is desired. However, very small particles readily agglomerate,
thereby decreasing their sinterability and making obtaining homogeneous
mixtures with other precursor materials more difficult. It is, therefore,
highly desirable to obtain AlN nanoparticles with a low degree of (hard)
agglomeration. The strategy chosen to accomplish this was to numeri-
cally simulate the synthesis process and compare the obtained results with
experimental values.

4.2.1 Results of Numerical Simulations

The optimization of the CVS process for the production of particles with
required characteristics — small primary particle size with a low degree
of agglomeration — is performed using the cvssin software. Two process
parameters with the largest influence on the particle characteristics — hot-
wall reactor temperature and total system pressure — are varied during the
optimization. Later, the cvssinmc software is used to explore the complete
parameter space of the CVS process parameters in order to obtain particles
with desired characteristics.
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CVSSIN

cvssin numerical simulations are performed by keeping the He and NH3
gas flows constant and varying the total system pressure and hot-wall
reactor temperature. Their influence on two of the most important particle
characteristics for further processing — primary particle size and degree
of agglomeration — is presented in figure 4.2.

The pressure-temperature parameter fields show that higher pressure
increases the crystallite diameter and, at low temperatures, raises the de-
gree of agglomeration. On the other hand, temperature has the opposite
effect on these two particle characteristics — it increases the primary par-
ticle diameter but decreases the degree of agglomeration.

Nevertheless, deeper understanding of the influences on the particle
characteristics can be obtained by studying them in terms more appro-
priate than system pressure and maximum hot-wall reactor temperature
since these process parameters do not control the particle formation and
growth directly. For this reason, they will be discussed with regard to the
residence time of the particles inside the hot-wall reactor, more specifically,
the time-temperature profiles that the particles experience on their way
through the reactor. It is, therefore, useful to keep in mind the dependence
of residence time on hot-wall reactor temperature and total system pres-
sure. As can be seen in the semilogarithmic plot presented in figure 4.3, the
pressure increases the residence time linearly (doubling the system pressure
results in a residence time that is twice as long), while the temperature
decreases it exponentially. Provided all other parameters are kept con-
stant and there is sufficient amount of precursors present, longer residence
time will lead to larger particles as they have more time to grow inside
the CVS reactor. This simplification would wrongly suggest that increas-
ing pressure should result in larger particles, whereas higher temperatures
should produce smaller particles. First of all, the time-temperature profile
that particles experience on their way through the reactor can differ from
the ‘simple’ temperature profile of the reactor walls. Namely, as shown in
figure 4.4a, a rapid temperature increase (‘hot spot’) occurs early on in the
particle’s way through the reactor due to the chemical reaction between
TEAl and NH3 and the formation of AlN monomers. Moreover, the gas
temperature is temporally offset and ‘lags behind’ the wall temperature,
especially at low temperatures due to the slow heat transfer.
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Figure 4.2: Results of the cvssin numerical simulations: (a) primary particle
diameter and (b) degree of agglomeration as a function of maximum hot-wall
reactor temperature and total system pressure. Note the different directions of
the temperature axes.
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Figure 4.4: Simulated time-temperature profiles at 20 mbar. (a) Dependence
on the maximum hot-wall reactor temperature: reactor wall (dashed line) and
gas (full line) temperatures and (b) dependence on the TEAl mass flow rate.
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Influence of the system pressure and the TEAl flow rate on the primary
particle size

The total system pressure and temperature, however, do not influence only
the residence time. For example, total system pressure influences the evap-
oration rate of the TEAl precursor as equation 3.1 shows. At a constant
bubbler temperature, i.e. constant TEAl vapor pressure, and carrier gas
(He) flow rate, increasing the total system pressure reduces the evapora-
tion rate of the precursor. Consequently, the bubbles formed in the liquid
precursor are less saturated with TEAl and the mass flow of the precursor
into the reactor is lowered. Naturally, the precursor concentration in the
reactor determines to a large degree the final size of the synthesized parti-
cles. Therefore, due to the lower amount of precursor entering the reactor
with the increase in total system pressure, the increase in crystallite size
begins to level off as can be seen in figure 4.2a. This is despite the longer
residence time allowing particles more time in the reactor to coalesce and
grow.

In addition to this direct influence on the particle size, the precursor
flow rate can have an influence on the time-temperature profile as well.
Figure 4.4b highlights this additional layer of complexity by showing that
the hot spot close to the reactor entrance can increase the temperature
by as much as 300 ◦C when the precursor concentration in the reactor
increases.

The cvssin model allows independent control over all process param-
eters and can, therefore, provide even more detailed information on the
influence of various parameters. The simulations show, for example, that
the influence of the TEAl precursor flow on the final particle size is not
constant throughout the simulated pressure range. As can be seen in fig-
ure 4.5, the dependence of the final primary particle diameter on precursor
flow is much more pronounced at low synthesis pressures (short residence
times), where the crystallite diameter can change from 1 nm to 3.5 nm
(250 % increase), than it is at higher pressures (long residence times) where
it increases the diameter from 12.5 nm to 13.5 nm (8 % increase). This sug-
gests that, at lower pressures, small differences between actual and desired
precursor flow rates can significantly alter the particle size of the result-
ing powder compared to the simulations. In addition, small variations of
the precursor flow during the synthesis would broaden the particle size
distribution in the synthesized powder.

To understand the reason behind this pressure dependence, it is neces-
sary to look inside the reactor and the mechanism of particle growth. As
described in section 2.3.1, the cvssin model assumes that particles grow
by coagulation and sintering of individual primary particles. Therefore,
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Figure 4.5: Primary particle diameter as a function of residence time for dif-
ferent total system pressures and TEAl mass flows.

any change of the final particle size is a result of changes to these two pro-
cesses. However, the sintering process should be relatively independent of
the precursor flow rate since the same hot-wall reactor temperature profile
is used for all the simulations and the residence time does not change sig-
nificantly with precursor flow rate (figure 4.5). This leaves the coagulation
of primary particles as the main source of the observed differences.

Figure 4.6 presents parameters that influence coagulation and, ulti-
mately, control particle growth – rate of chemical reaction producing AlN
monomers, the resulting number density of AlN primary particles in the
reactor and the gas temperature profiles as a function of position in the re-
actor. As the TEAl molecules are used in the chemical reaction with NH3
(figure 4.6a), AlN ‘monomers’ are formed and the number density of AlN
primary particles increases (figure 4.6b). With increasing temperature in
the reactor, the chemical reaction speeds up leading to a rapid decrease in
precursor concentration. Due to the fast chemical reaction, the gas temper-
ature in the reactor increases sharply and forms a hot spot. The number
density of AlN monomers rises quickly with the ongoing chemical reac-
tion and their mean free paths decrease (figure 4.7). Consequently, they
collide more frequently and form larger and larger AlN primary particles.
Eventually, the rate at which AlN monomers collide and form primary par-
ticles surpasses the rate of chemical reaction producing the monomers. At
this point, the number density of AlN primary particles reaches its maxi-
mum and starts decreasing rapidly. However, as the number density falls,
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Figure 4.6: Rate of the TEAl number density change (a), number density of
AlN primary particles (b) and gas temperature (c) as a function of position in
the reactor. Simulations for Tmax = 1400 ◦C. The vertical dashed lines denote
the position of the minima in dNTEAl/dt for 10 mbar and 1000 mbar and are
shown as alignment references.
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so does the frequency of collisions between the primary particles and the
number density stabilizes, decreasing slowly through most of the reactor.
Towards the end of the reactor, as the temperature drops and the density
of the gas increases, the number density rises slightly once more.

Comparing the number densities at different total system pressures, it
can be seen that at atmospheric pressure the AlN number density reaches
its maximum slightly earlier in the reactor than at 10 mbar. As the max-
imum corresponds to the fastest rate of chemical reaction, a similar shift
is observed in the position of the hot spot in the temperature profile. It
can also be seen that the pressure has no influence on the maximum num-
ber density of AlN primary particles, but that it rises with precursor flow.
Nevertheless, pressure has a significant influence on how far the number
density drops (approximately three orders of magnitude for a two order
of magnitude increase in pressure). As the figure 4.7 shows, this is due to
the significantly shorter mean free path of the primary particles at higher
pressures. In addition to the more frequent collisions between particles,
they also have much longer time to coagulate before starting to sinter as
can be seen in figure 4.8.

Therefore, due to the different number of particles in the agglomerate,
the rate at which they are incorporated into the growing primary particle
changes as well. At low pressures and low TEAl precursor flows, the coa-
lescence rate (seen in figure 4.8a as the slope of the increase in number of
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Figure 4.8: Number of monomers in a primary particle, nmono (a), number
of primary particles in an agglomerate, npp (b) and gas temperature (c) as a
function of residence time. The left column shows the results of simulations for
p = 10 mbar, while results for p = 1000 mbar are presented in the right column.
All simulations performed for Tmax = 1400 ◦C. Note the different time scale for
10 mbar and 1000 mbar simulations.
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monomers that form a primary particle) and, therefore, the growth rate
(change of the primary particle diameter in figure 4.5) show two distinct
slopes. Initially, the number of monomers forming the primary particle
increases quickly (see blue line in figure 4.8a for total system pressure of
10 mbar; residence times between 0.014 s and 0.017 s) by coalescing the
very small particles already in the agglomerate, but, eventually, it slows
down and transitions to the mentioned second slope (from approximately
0.017 s to 0.025 s). As can be seen in figure 4.8, the change in slope occurs
before the maximum of the surrounding gas temperature is reached and is
maintained through most of the reactor. Moreover, particles synthesized
with higher precursor flows continue to grow at the same rate at those
temperatures. Therefore, the effect cannot be explained by the synthesis
temperature being too low to continue sintering and growing the particles.
However, examining the number of primary particles in the agglomerate
(degree of agglomeration) provides the necessary explanation. Namely,
when the whole agglomerate is completely coalesced, i.e. it is transformed
into one single crystal (primary particle) as shown by the blue lines for
simulations at 10 mbar in figure 4.8b, there are no new monomers avail-
able for the particle to grow. The growth rate is then limited by the rate
of collision of primary particles and their addition to the agglomerate, in
other words, the coagulation rate. On the other hand, only one slope is
visible for higher TEAl flows (red line in figure 4.8a for total system pres-
sure of 10 mbar) and, regardless of precursor flow, high pressures (all lines
in figure 4.8a for total system pressure of 1000 mbar). This is because the
larger number of particles in an agglomerate prior to the start of coales-
cence ensures that there is always sufficient number of monomers to be
added to the growing primary particle. Therefore, at low pressures and
low precursor flows, the final primary particle diameter is limited by the
number of primary particles accumulated in the agglomerate, whereas at
higher pressures no such limitation exists.

Influence of the hot-wall reactor temperature on the primary particle size

In essence, total system pressure controls the primary particle diameter by
controlling coagulation — mean free path, number density and residence
time. The hot-wall reactor temperature, on the other hand, controls the
solid-state diffusion rate and with it the rate of particle sintering. Fig-
ure 4.9 shows the increase in the number of AlN monomers that constitute
a primary particle on its way through the CVS reactor. As can be seen,
the number of monomers in a primary particle is low (nmono = 1) at
the beginning while they are still being formed by the chemical reaction.
Their number density increases and they coagulate on their way through
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Figure 4.9: Number of AlN monomers forming a primary particle, nmono,
plotted as a function of reactor position. Simulations for p = 20 mbar and
ṅTEAl = 14.1 sccm.

the reactor, but as the temperature is still not high enough for signif-
icant solid-state diffusion to take place, they remain agglomerated. Of
course, in reality, monomers that collide would form a cluster (and when
enough monomers are added, a primary particle) and not an agglomerate.
This issue stems from the fact that the cvssin code does not have a sepa-
rate population for monomers and primary particles and cannot, therefore,
make this distinction. Nevertheless, when the temperature becomes suf-
ficiently high for sintering to occur, the monomers are incorporated into
the growing crystalline primary particle. As the particles leave the hottest
zone of the reactor and the temperature starts to decrease, the monomers
cannot diffuse to their ideal sites and are not incorporated into the primary
particles anymore, seen as the plateau at the end of the reactor.

Figure 4.9 also shows that the maximum hot-wall reactor tempera-
ture has a significant influence on how quickly the monomers are added
to the primary particle, i.e. on its growth rate. However, similar to the
observation made while discussing the influence of TEAl flow rate on the
particle size, two distinct slopes are seen for the simulation performed at
Tmax = 1800 ◦C. On the other hand, at lower reactor temperatures a dis-
tinct second slope is not observed and the transition to the plateau (final
number of monomers that are incorporated in the particle) is more gentle.
This suggests that, at least at 1800 ◦C and 20 mbar, all the monomers in
the agglomerate are incorporated into the primary particle before the half
way point of the reactor. The rate of further incorporation is limited by
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the rate at which new monomers reach the surface of the primary particle.
This is, of course, seen in figure 4.10a, which shows the growth rate of AlN
particles in the CVS reactor, as a step around 0.04 s. Evidently, the step
becomes less and less prominent with decreasing temperature and is all
but gone at 1500 ◦C.

Looking at the primary particle growth rate in figure 4.10a together
with the change in the number of primary particles in an agglomerate
(dnpp/ dt in further text) shown in figure 4.10b, it can be seen that as the
growth rate begins increasing, the dnpp/ dt starts decreasing. Naturally,
since the AlN monomers needed for the growth of the primary particles
are sourced from other primary particles in the agglomerate, the rate of
addition of new particles to the agglomerate is lowered. Nevertheless, as
dnpp/ dt is still positive, some primary particles are still being added to
the agglomerate. However, as the temperature that the particles experi-
ence increases further and the diffusion speeds up, the primary particles
forming the agglomerate start sintering together more quickly. Eventually,
when the diffusion rate increases sufficiently, the rate at which particles are
coalesced surpasses the rate at which new primary particles are added to
the agglomerate. In other words, the number of particles in an agglomerate
starts decreasing, leading to a negative dnpp/ dt observed in figure 4.10b.

Soon after, dnpp/dt starts increasing quickly, despite the fact that the
particles are just entering the hottest zone of the reactor (figure 4.10c).
This is simply because the number of small particles still forming the ag-
glomerate is lowered, i.e. most of them have sintered together to form few
larger primary particles that need more time to sinter together completely.
However, the mobility of the atoms at the highest temperatures is suffi-
cient for complete coalescence of the original agglomerate. Nevertheless,
as dnpp/dt approaches zero, i.e. the number of primary particles in an
agglomerate does not change, the primary particle growth rate decreases
as well. For the highest temperatures it then partially stabilizes, forming
the observed step, as the particles that are added to the agglomerate are
immediately coalesced into the primary particle in the hottest zone of the
reactor. In other words, particle growth rate is limited by the coagulation
rate in this region of the reactor.

At lower temperatures, the now larger primary particles cannot sinter
together completely and the growth rate decreases gradually towards the
reactor exit. This highlights another reason for the decreasing growth rate
– the growing particle size itself. As the spherical particles grow, ever
more AlN is required to maintain the same growth rate since the amount
of material needed scales with the volume increase (∝ d3). This means
that the material transport to the primary particle (diffusion rate) should
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Figure 4.10: AlN primary particle growth rate (a), rate of change of the number
of primary particles forming an agglomerate, dnpp/dt (b) and gas temperature
(c) as a function of residence time. Simulations for p = 20 mbar. The vertical
dashed lines denote the start of primary particle growth and maximum growth
rate at 1800 ◦C and are shown as alignment references.
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scale to the power of three as well. Of course, this does not occur and,
as soon as the temperature around the particles starts decreasing, the
primary particle growth rate quickly drops to zero.

Influence of the hot-wall reactor temperature and the system pressure on
the agglomerate size and the degree of agglomeration

The dnpp/ dt continues to increase steadily until the particles leave the
reactor because of the collisions of the already present agglomerates. Fur-
thermore, as can be seen, the maximum hot-wall temperature, or more
precisely the temperature profile, influences also the number of primary
particles constituting an agglomerate after they leave the hottest zone.
Namely, particles are added to the agglomerates faster when low hot-wall
reactor temperatures are used due to the shorter mean free paths at lower
temperatures (higher density) and despite the somewhat lower AlN num-
ber density (not shown).

Nevertheless, even though the addition of primary particles to an ag-
glomerate is slower at high temperatures, the agglomerate growth rate is
faster as can be observed in figure 4.11a. While this may seem contradic-
tory, it is a consequence of the smaller size of the agglomerates synthesized
at high maximum hot-wall reactor temperatures. Analogous to the discus-
sion for primary particle size, the number of particles required to grow an
agglomerate by the same amount increases with the increase in agglomer-
ate size. Despite the higher rate of agglomerate growth, figure 4.11b shows
that the agglomerates created at high maximum hot-wall reactor temper-
atures remain smaller than those produced at lower temperatures. This is
mostly due to the different quenching (cooling) rates at the reactor exit
– the agglomerates that experience gentler cooling will have more time at
comparatively high temperature to partially sinter than they would with a
faster temperature decrease. This means that a higher degree of unwanted
hard agglomeration is expected at low cooling rates.

In other words, the degree of agglomeration (Nagg), defined as the num-
ber of primary particles in an agglomerate, decreases significantly with
the increase in maximum hot-wall reactor temperature (figure 4.2b). As
mentioned already, total system pressure mostly controls the coagulation
during the synthesis process. It is, therefore, expected that it has a great
influence over the degree of agglomeration as well. Indeed, figure 4.2b
shows that higher total system pressure increases the degree of agglomera-
tion significantly. Figure 4.12 shows best why the degree of agglomeration
increases so much – the maximum temperature reached is, of course, not
influenced by the rising pressure, but the residence time increases signif-
icantly. Longer residence time leads to a lower quenching rate which, as
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Figure 4.11: Agglomerate growth rate (a) and agglomerate diameter (b) as a
function of residence time. Simulations for p = 20 mbar.
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hot-wall reactor temperature of 1400 ◦C.



56 Chapter 4. Results and Discussion

discussed earlier, leads to a higher degree of (hard) agglomeration.
Nevertheless, the increase in degree of agglomeration with pressure be-

comes less prominent at higher temperatures (figure 4.2b). Of course, this
is due to the fact that temperature plays a crucial role in determining
the coalescence rate of the AlN primary particles in the agglomerate. At
higher temperatures where sintering is faster, the agglomerate leaving the
hottest zone of the reactor will contain several orders of magnitude less
primary particles than the ones synthesized at lower hot-wall reactor tem-
peratures as presented in figure 4.13. Because of this, the ‘starting point’
for further agglomeration is different. Namely, when two agglomerates
synthesized at high maximum temperatures collide on their way to the
reactor exit they will form a new agglomerate of a few primary particles.
On the other hand, the agglomerates formed at low maximum tempera-
tures will contain at least several hundred primary particles (up to several
thousand at higher pressures). Therefore, despite similar changes in AlN
number density and mean free path with pressure at all temperatures, the
number of primary particles in an agglomerate changes drastically below
approximately 1200 ◦C.

CVSSINMC

The results of the simple cvssin model show that the synthesis of AlN na-
noparticles suitable for further processing is possible. Additionally, study-
ing the influences of temperature and pressure on particle characteristics
and understanding the processes behind them enables precise control over
particle size and degree of agglomeration. Primary particles with size be-
low 10 nm are obtained above maximum hot-wall reactor temperatures of
1300 ◦C and total system pressures below 50 mbar. Furthermore, the ag-
glomerates produced at these conditions consist of less than 10 nanopar-
ticles. While these results are promising, further optimization is possible
with the use of a Monte Carlo algorithm incorporated into the cvssinmc
software. Unlike cvssin, which predicts the particle characteristics at
given process conditions, the cvssinmc software [Winterer, 2018] tries to
discover sets of process parameters that will yield desired particle charac-
teristics.

Due to the difficulties associated with handling and processing very
small particles, cvssinmc simulations were used to find optimal process
parameters for the synthesis of unagglomerated particles with diameter
of 20 nm. The results of the optimization are presented in table 4.1 and
figure 4.14.

As can be seen, even though the obtained particle size was lower than
desired (15.2 nm instead of 20 nm), a very low degree of agglomeration
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Figure 4.13: Number of primary particles in agglomerate as a function of
residence time for different total system pressures at 1000 ◦C (a) and 1800 ◦C
(b).

Table 4.1: Particle characteristics and process parameters before and after
cvssinmc optimization.

Particle characteristic Goal Result

Primary particle diameter [nm] 20 15.2
Degree of agglomeration 1 1.1

Refined process parameter Initial Optimized

Temperature profile [◦C] see figure 4.14
System pressure [mbar] 20 66.2
TEAl flow [sccm] 14.1 0.1
He flow [sccm] 200 64.7
NH3 flow [sccm] 1000 121.6

Constraints

Maximum temperature [◦C] 1727

Heated segment length [m] 0.05
(see figure 4.14)

Reactor length [m] 0.5
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Figure 4.14: Hot-wall reactor temperature profiles before and after optimiza-
tion with cvssinmc. Gray dotted lines delimit the 0.05 m long heated segments.

was achieved (1.1). Consequently, analyzing the intriguing process param-
eters and understanding the pathway that the cvssinmc software chose
to achieve the goal is still worthwhile. The most striking change is, ob-
viously, the dual-zone temperature profile shown in figure 4.14. However,
taking into account the discussions about the dependence of particle size at
different precursor flows and temperatures, the ‘reasoning’ becomes clear.
Namely, as mentioned above, at low TEAl flows and low pressures, as well
as at very high temperatures, the growth rate of the primary particles is
limited by the coagulation rate since the primary particle does not have
a constant source of AlN monomers to grow. Therefore, the cvssinmc
software tries to solve that problem by first maximizing the number of
very small primary particles in the agglomerate that will later be com-
pletely coalesced into few primary particles . This way, when the particles
start to sinter and grow, the growth rate will not be limited by the rate
at which new AlN material becomes available (essentially the coagulation
rate). Furthermore, when the coalescence process is complete, the number
density of (now larger) primary particles will be low and they will not ag-
glomerate as much, maintaining a low degree of agglomeration. Of course,
if the starting agglomerate is too large, it will not be possible to completely
coalesce it and, consequently, the degree of agglomeration will be higher
than desired.

In order to aid coalescence, the agglomerate should consist of primary
particles as small as possible. Thus, the temperature of the first hot zone
is kept rather low, with the maximum temperature reaching 530 ◦C. Fur-
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thermore, to prevent formation of the hot spot from the fast chemical
reaction and, therefore, decrease the possibility of excess particle growth
in the first hot zone, the precursor flow rates are decreased. In addition,
the software increases the total system pressure, thereby decreasing the
mean free path of AlN primary particles and encouraging coagulation. As
can be seen in figure 4.15, all of these changes facilitate the formation of a
perfect starting point for particle growth — an ‘agglomerate’ consisting of
a large number of individual AlN monomers. As already mentioned, this
‘agglomerate’ is not realistic and is a numerical consequence of the joined
monomer and primary particle populations in the cvssin and cvssinmc
codes. This behavior is not observed for TiO2 [Winterer, 2018] and could
be an artifact of the high stability (slow diffusion) of AlN preventing the
monomers from ’coalescing’ and forming a primary particle at the low tem-
peratures suggested for the first hot zone. Nevertheless, as will be shown
in the next section, the cvssin simulations show very good agreement with
experimental results despite this issue. Furthermore, there is no apparent
reason why this should not translate to cvssinmc as well.

The optimized agglomerates enter the second hot zone where the mono-
mers inside them start to coalesce and form the growing primary particles.
This is done at the maximum temperature allowed and, as soon as the
gas temperature around the agglomerate is high enough, rapid coalescence
takes place as can be inferred from the steep decrease in the number of pri-
mary particles forming the agglomerate (figure 4.15c). At the same time,
the number of monomers in a primary particle, seen in figure 4.15b, rises
significantly. The fact that the number of primary particles in the agglom-
erate never reaches unity means that, strictly speaking, there is always
AlN material in the vicinity to be added to the growing primary parti-
cle. However, the larger primary particle is more difficult to grow further,
and the growth rate decreases towards the end of the reactor. Therefore,
the higher total system pressure and lower gas flows are beneficial as they
give the primary particles more time to grow. Complete coalescence is not
achieved by the end of the reactor, but the resulting powder has a very
low degree of agglomeration. If the minimization of the degree of agglom-
eration is prioritized and the number of particles in the initial agglomerate
(after the first hot zone) was not as high, the primary particles could not
grow to the same extent.

Ultimately, the problem of finding the pathway to large unagglomerated
particles consists of balancing two processes — coagulation of primary
particles (preferably individual monomers, or, more realistically, clusters
of critical diameter) in the first hot zone and their subsequent complete
coalescence in the second hot zone leading to large primary particle size
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Figure 4.15: Gas temperature (a), number of AlN monomers in primary parti-
cle (b) and number of AlN primary particles in an agglomerate (c) as a function
of residence time.
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and low degree of agglomeration. The solution that synthesizes 15.2 nm
particles with a degree of agglomeration of 1.1 is the optimum within the
given constraints. However, a longer reactor or higher temperatures, could
lead to particle characteristics closer to the desired values.

Because of the dual-zone temperature profile the CVS process sug-
gested by the cvssinmc code requires a more complex experimental setup
compared to the ‘classical’ CVS synthesis (as simulated by the cvssin
code). Moreover, the production rate is decreased due to the lower TEAl
and NH3 flow rates. Therefore, it is interesting to investigate the differ-
ences between these two processes and compare the particle characteristics
of the produced powders. In addition, the possible advantages of the dual-
zone temperature profile are analyzed by comparing the resulting powders
to particles obtained from a single-zone reactor of the same length at the
same system pressure and gas flows. One way to compare these three differ-
ent processes is at similar ‘heat inputs’ (area under the time-temperature
profile,

∫
T(t) dt). Table 4.2 and figure 4.16 compare the cvssinmc opti-

mized process parameters and both dual- (solid red line) and single-zone
(dashed blue line) temperature profiles with a cvssin simulation of a pro-
cess with a longer single-zone temperature profile (dotted green line).
The resulting particle characteristics are presented in table 4.2 as well. As
can be seen, the cvssinmc optimization is performed for a reactor shorter
than in the cvssin simulations. Despite the differences in reactor length,
the residence time for all three simulations is comparable because of the
higher gas flows through the longer single-zone reactor. Nevertheless, the
time-temperature profiles (figure 4.17a) differ substantially.

Comparing the two time-temperature profiles from the shorter reactor
(idealized single- and dual-zone temperature profiles) it can be assumed
that, despite the same heat input, the resulting powders will be very dif-
ferent. Indeed, the flat temperature profile of the short single-zone reactor
enables particle growth very early on compared to the cvssinmc opti-
mized, dual-zone, temperature profile. However, precisely because of the
early growth, the agglomerate is made up of larger primary particles and
the growth is very slow. It slows down even further as the particles travel
through the reactor and grow further since the relatively low maximum
temperature means that the atoms cannot diffuse over the increasingly
long distances to be incorporated into the primary particles. This is also
seen as the much more gradual drop in the degree of agglomeration in fig-
ure 4.17c. As a consequence, the degree of agglomeration remains relatively
high throughout the reactor and only reaches 13.3 at the reactor exit. On
the other hand, the cvssinmc optimized temperature profile ensures that
the particles in the initial agglomerate (first hot zone — before the start
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Table 4.2: Process parameters used for the three comparison simulations and
resulting particle characteristics.

Process parameter Reactor type
Dual-zone Single-zone Single-zone

Reactor length [m] 0.5 0.5 0.9
Maximum temperature [◦C] 1727 1000 1550
System pressure [mbar] 66.2 66.2 375
TEAl flow [sccm] 0.1 0.1 0.7
He flow [sccm] 64.7 64.7 200
NH3 flow [sccm] 121.6 121.6 1000
Residence time [s] 1.06 1.08 1.19

Particle characteristics

Primary particle diameter [nm] 15.2 3.0 13.3
Degree of agglomeration 1.1 13.5 3.3
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Figure 4.16: Hot-wall reactor temperatures of the cvssinmc optimized tem-
perature profile (solid red line), a temperature profile with similar heat input
(dashed blue line) and temperature profile used for cvssin simulation (dotted
green line).
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of sintering) remain as small as possible. This enables the rapid growth
of the primary particles in the second hot zone, as well as the significant
reduction in the degree of agglomeration — in other words, the synthesis
of large (almost) unagglomerated particles. It is, therefore, obvious that
the reactor consisting of two hot zones, intended to separate the coagula-
tion and sintering processes, is considerably more efficient in synthesizing
large unagglomerated particles than a single zone reactor with similar heat
input. However, this improvement entails a more complex synthesis setup
and decreased precursor flows, leading to reduced production rates. Con-
sequently, the optimized synthesis was compared to the simpler process
with a single hot zone and higher precursor flows (cvssin simulations) as
well.

Comparing the ideal, cvssinmc optimized, temperature profile (solid
red line in figure 4.17a) with the more realistic temperature profile of the
‘classical’ cvssin simulation (dotted green line in figure 4.17a), it can be
noticed that, apart from the different maximum temperatures, the time-
temperature profiles in the hottest zones are similar in shape and duration.
This leads to the similar primary particle size and degree of agglomera-
tion of the synthesized powders. Nevertheless, the delay of the sintering
step with the cvssinmc process parameters generates agglomerates con-
sisting of a larger number of small particles. Together with the faster
temperature increase and higher maximum temperature, this results in
faster primary particle growth (shown in figure 4.17b) and more complete
coalescence. Moreover, the higher quenching rate ensures that the slightly
larger primary particles agglomerate less during their way to the reactor
exit (figure 4.17c). Therefore, the small differences in the heating and, es-
pecially, cooling rates, together with the later start of the sintering result
in slightly larger, less agglomerated particles produced by the cvssinmc
optimized temperature profile.

4.2.2 Experimental Results and Comparison with
Simulations

Parts of this section are published in [Ognjanović and Winterer, 2018]:
Stevan M. Ognjanović, Markus Winterer. Optimizing particle character-
istics of nanocrystalline aluminum nitride. Powder Technology, Volume
326:488–497, 2018. doi:10.1016/j.powtec.2017.12.009.



4.2. Synthesis of AlN Nanoparticles by CVS 65

Taking into account the numerical simulations, successful synthesis of
AlN was carried out at a wide range of system pressures and hot-wall
reactor temperatures (p = 10 mbar−500 mbar and T = 1000 ◦C−1550 ◦C).
Figure 4.18 shows that the synthesized samples are made of pure wurtzite
AlN with no indications that other crystalline phases are present. The
intensity of the diffraction peaks increases while their width decreases with
increasing hot-wall reactor temperature and total system pressure. This
would suggest that larger crystallites with lower microstrain and higher
degree of crystallinity are synthesized at these conditions.

Rietveld refinement was performed on the X-ray diffraction patterns to
quantitatively separate the individual contributions to the diffraction peak
widths and confirm the aforementioned assumptions. A typical refinement
is shown in figure 4.19 and, as can be seen, the resulting fit agrees very
well with the measured data (Rwp = 1.3 %). The presumed increase of
crystallite size and crystallinity are confirmed by the results of the Rietveld
refinement shown in table 4.3 and figure 4.20.

Furthermore, a very good agreement between the values predicted by
the cvssin simulations and the experimentally determined crystallite size
can be seen. The largest deviations from the predicted values are observed
at low synthesis temperatures. This is to be expected since particle growth
at low temperatures is dominated by heterogeneous nucleation (surface re-
actions) not included in the cvssin model. As the temperature increases,
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Figure 4.18: XRD patterns of samples synthesized at the same pressure
(20 mbar) and different temperatures (a) and the sampe temperature (1400 ◦C)
and different pressures (b). The small peak around 43° 2θ in the diffraction
pattern of the sample synthesized at 10 mbar in (b) originates from filings of
metallic copper scratched off the thermophoretic collector.
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Figure 4.19: XRD pattern of the AlN nanoparticles synthesized at 1550 ◦C
and 500 mbar together with the Rietveld refinement. The sample holder was
measured independently with the same measurement parameters.

Table 4.3: Results of the Rietveld refinement performed on samples synthe-
sized at various temperatures and pressures: crystallite size (dXRD), residual
microstrain (ε), lattice parameters (a and c) and degree of crystallinity (Γ).

Temperature
[◦C]

Pressure
[mbar]

dXRD
[nm] ε [‰] a [Å] c [Å] Γ [%]

1000 20 2.9(1) 9.4(9) 3.104(2) 5.006(5) 16.9
1250 20 3.5(1) 9(1) 3.105(2) 5.012(5) 23.1
1400 10 2.7(1) 23(1) 3.094(2) 4.98 ∗ 13.6
1400 20 5.8(2) 14.7(3) 3.1059(9) 5.035(2) 25.2
1400 20 5.7(1) 14.3(3) 3.1056(8) 5.033(2) 25.3
1400 100 8.7(3) 9.7(4) 3.1134(8) 4.997(1) 27.4
1400 100 8.3(1) 8.9(1) 3.1103(4) 4.9878(7) 27.4
1400 500 11.5(2) 7.7(2) 3.1089(4) 4.9835(8) 28.3
1400 500 10.3(2) 7.5(1) 3.1083(4) 4.9794(7) 29.2
1550 20 5.8(1) 14.1(3) 3.1106(7) 5.009(1) 27.4
1550 20 6.3(1) 8.2(1) 3.1144(3) 4.993(1) 26.4
1550 500 12.2(1) 11.6(7) 3.1104(3) 4.9851(7) 28.5

∗ Bulk value [Schulz and Thiemann, 1977], refinement including c lattice
parameter not reliable, as discussed below.
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Figure 4.20: Results of Rietveld refinement: crystallite diameter (a) and degree
of crystallinity (b). In addition to the experimentally determined crystallite
diameter, solid lines in (a) show the primary particle diameter predicted by
cvssin model. Temperature dependent data are shown for syntheses performed
at system pressure of 20 mbar, whereas pressure dependent data is for syntheses
with maximum hot-wall reactor temperature of 1400 ◦C. Dotted lines in (b) are
B-splines shown to guide the eye.

the chemical reaction between TEAl and NH3 speed up and more AlN
monomers are created, favoring homogeneous nucleation. As already dis-
cussed in section 4.2.1, higher temperatures increase the solid-state diffu-
sion rate of atoms, enabling faster coalescence and, therefore, faster crystal
growth. However, as figure 4.9 already indicated, there is a limit to how
much higher hot-wall reactor temperature alone can increase the primary
particle size. Experimentally, this is seen as a lower than expected increase
of crystallite diameter for samples synthesized at 1400 ◦C and 1550 ◦C, al-
though the plateau begins to appear at somewhat lower temperatures than
predicted by the cvssin model. A possible explanation for the observed
particle size plateau is the fact that particle growth at higher tempera-
tures is limited by coagulation, as shown in section 4.2.1. Additionally,
the effect of particle diameter leveling off is compounded by the shorter
residence time at higher temperatures (total residence time at 1000 ◦C is
78 ms and 62 ms at 1550 ◦C, however, in the hottest region of the reactor
the particles spend 22 ms at 1000 ◦C and only 15 ms at 1550 ◦C), mean-
ing that atoms have less time to diffuse over ever longer distances and
be incorporated into the growing primary particle. Figure 4.21, which
presents the dependence of primary particle size on synthesis temperature
and pressure, shows that the plateau shifts to higher temperatures with
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Figure 4.21: Dependence of primary particle size (cvssin simulations) and
crystallite diameter (Rietveld refinement of XRD data) on the hot-wall reactor
temperature and system pressure. Thin colored lines represent individual simu-
lations at 1400 ◦C and different pressures, while the thick colored lines represent
simulations corresponding to experimental process parameters. The error bars
(smaller than the data points and already shown in figure 4.20a) are left out for
clarity.

increasing system pressure. This can be explained by both the longer
residence time and larger agglomerate size before the start of sintering.
However, at high pressures it is expected that the longer residence time
will have more influence than increasing the already large agglomerates
further, since those agglomerates never coalesce completely. On the other
hand, at low pressures where the agglomerates sinter together completely
but particles remain small, increasing the initial agglomerate size would
have more influence than longer residence time. Therefore, the factor lim-
iting crystallite growth differs at either end of the pressure scale. At low
pressures it is the size of the initial agglomerate and, after the agglomerate
is coalesced completely, the coagulation rate. Differently, at higher pres-
sures it is the residence time, which although long, is not long enough to
completely coalesce the agglomerate made up of large primary particles.

Interestingly, Pratsinis et al. [1995] synthesized AlN by nitriding alu-
minum vapor but did not observe an increase of crystallite size with tem-
perature. More precisely, while increasing the synthesis temperature from
1400 ◦C to 1600 ◦C the crystallite size remained constant at 28 nm. Since
the syntheses were performed at atmospheric pressure with residence times
longer than 1 s, it is possible that the crystals had sufficient time to reach
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the plateau we observe in experiments and simulations alike. However, due
to the use of a different precursor and, consequently, different chemical re-
action leading to the production of AlN monomers, the absolute value of
the crystallite size where the plateau occurs is different. Therefore, the
results of the cvssin simulations presented here cannot be used directly
to test if the cause for the constant crystallite size reported by Pratsinis
et al. [1995] is the same.

On the other hand, Pee et al. [2010] and Wang et al. [2000] reported
a decrease of particle size with increasing temperature. Nevertheless, it
should be kept in mind that the reported decrease is of particle size, while
the crystallite size (obtained from the XRD data, for example) is not
reported explicitly. In addition, as opposed to TEAl and NH3 used in this
work, both studies used different precursors (AlCl3, N2 and NH3). Finally,
the by-product of these synthesis reactions, NH4Cl, and its subsequent
removal, can strongly influence particle/crystallite size as well.

An asymptotic behavior of the experimentally determined crystallite
size can be seen at low temperatures as well (figure 4.20a). Of course,
since the cvssin model does not include surface reactions, which contribute
significantly to the particle growth at low temperatures, this trend is not
reproduced in the simulations. Nevertheless, lowering the temperature
further would eventually slow down the chemical reactions to the point
where homogeneous nucleation does not occur at all. In other words, the
synthesis process would transition to the CVD regime where thin films are
produced instead of particles. Therefore, surface reactions are only able
to somewhat offset the inevitable decrease of the primary particle size and
their eventual disappearance at low hot-wall reactor temperatures.

A formation of a similar plateau is also observed for high pressures (fig-
ure 4.20a). This can be attributed to larger primary particles themselves,
which require longer time to sinter and grow. Namely, as the black line in
figure 4.22 shows, after the initial rapid increase with system pressure —
and, therefore, residence time — the primary particle growth slows down.
In other words, the distances over which the atoms have to diffuse in order
for the primary particles to grow further are becoming too large for the
limited residence time and diffusion rates at the particular hot-wall reac-
tor temperature. Therefore, for hot-wall reactor temperatures of 1400 ◦C,
above about 100 mbar, the increase of residence time brings a diminishing
increase in particle size.

Longer residence times and higher rates of diffusion increase not only
the primary particle (crystallite) size, but also the degree of crystallinity
(figure 4.20b). Obviously, if atoms diffuse faster, or have more time to
diffuse, more atoms will find themselves in lattice sites and the degree of
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Figure 4.22: Primary particle size (cvssin simulations) and crystallite size
(Rietveld refinement of XRD data) as functions of the residence time at var-
ious pressures. Thin colored lines represent individual simulations at 1400 ◦C
and different pressures, thick colored lines represent simulations corresponding
to experimental process parameters, while the thick black line shows the depen-
dence of final primary particle size on residence time. The error bars (smaller
than the data points and already shown in figure 4.20a) are left out for clarity.

crystallinity will be higher. Nevertheless, this general trend does not ex-
plain the sudden increase in crystallinity between 10 mbar and 20 mbar.
To understand this change, the degree of crystallinity is plotted against
the ratio of atoms within one unit cell (5Å, approximate value of the c
lattice parameter in wurtzite AlN) of the surface to total number of atoms
in a crystallite, calculated for experimentally determined dXRD as shown
in figure 4.23. Two distinct linear dependencies can be observed, with the
slope at higher Nsurface/Ntotal values (corresponding to smaller crystallite
sizes) equal to −1. In other words, there is a perfect inverse correlation
between the degree of crystallinity and the ratio of surface atoms. This is
expected when the crystallinity is limited by the surface area of the crys-
tallite, that is, when the surface is the dominant crystal defect. According
to this hypothesis, the intercept, which represents the maximum value of
degree of crystallinity for an infinitely large crystal (Nsurface/Ntotal = 0)
should theoretically be equal to 1. However, as can be seen in figure 4.19,
in addition to the incoherent scattering from the sample itself (including
any amorphous alumina possibly present due to partial oxidation of AlN),
the ‘zero diffraction’ sample holder contributes significantly to the total
sample background. This means that calculated values of degree of crys-
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Figure 4.23: Dependence of the degree of crystallinity on the calculated ratio
of the atoms within one unit cell from the crystal surface and the total number
of atoms in the crystal.

tallinity are systematically underestimated (equation 3.5), but it does not
influence the observed trends. Therefore, the fact that the calculated in-
tercept does not equal 1 does not invalidate the hypothesis of surface as
the dominant defect type for AlN nanoparticles synthesized by CVS.

As the crystallite size increases, and the ratio of the atoms near the
surface (Nsurface/Ntotal) starts to decrease, the degree of crystallinity in-
creases as well. However, this linear increase is observed only until about
Nsurface/Ntotal = 0.37 (equivalent to dXRD = 3.5 nm). The degree of crys-
tallinity changes to a lower slope at lower Nsurface/Ntotal ratios, suggesting
that above 3.5 nm the density of crystal defects in the bulk of the nanopar-
ticle (twins, stacking faults, interstitials and vacancies) determines the
degree of crystallinity. This change of the dominant defect type around
3.5 nm could be the reason behind the sudden change in degree of crys-
tallinity between 10 mbar and 20 mbar as crystallites synthesized at these
pressures are on either side of this ‘critical’ size.

With increasing degree of crystallinity (a global measure of lack of de-
fects), microstrain (a global measure of point defect density) is normally
expected to decrease. Indeed, increasing hot-wall reactor temperature is
reported to decrease the microstrain [Maniammal et al., 2017, Schilling
et al., 2014, Winterer, 2002], and a slight decrease is initially observed in
the this work as well (figure 4.24). Yet, surprisingly, when the temper-
ature increases further an increase just outside the three-sigma interval
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Figure 4.24: Dependence of microstrain on hot-wall reactor temperature (red,
syntheses performed at p = 20 mbar) and system pressure (blue, syntheses per-
formed at Tmax = 1400 ◦C). Dotted lines are B-splines shown to guide the eye.

in microstrain is observed. This could be explained by the formation
of nitrogen vacancies during synthesis [Vartuli et al., 1996] due to the
stability of molecular nitrogen at these conditions. However, the small
X-ray scattering factor of nitrogen precluded the Rietveld refinement of
the nitrogen occupation number. Another explanation for the increase in
microstrain could be the formation of Al vacancies as proposed by Slack
[1973]. Namely, during AlN oxidation, oxygen atoms replace nitrogen sub-
stitutionally [Brien and Pigeat, 2008, Slack and McNelly, 1976, Slack et al.,
2002]. Therefore, due to the charge balance, for every three nitrogen atoms
substituted by oxygen, one Al vacancy is formed. Nonetheless, since the
CVS system is checked for leaks and thoroughly outgassed prior to each
synthesis, oxygen incorporation is possible only during particle collection
when the thermophoretic collector and the particles inside it are exposed
to the atmosphere. In that case, the smaller nanoparticles synthesized at
lower temperatures should have more surface area in contact with oxy-
gen and, therefore, higher concentration of Al vacancies and microstrain.
Since the opposite trend is observed, nitrogen vacancies remain the more
likely explanation of the increasing microstrain. This is in agreement with
the observed decrease of microstrain at higher pressures — at those con-
ditions, the partial pressure of nitrogen and ammonia are higher as well,
decreasing the likelihood of nitrogen vacancy formation. Furthermore, the
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increase of pressure increases the residence time as well, giving atoms more
opportunities to heal out crystal defects causing microstrain.

Increasing the total system pressure changes both a and c lattice pa-
rameters towards their bulk values (figure 4.25). They eventually reach
them in AlN crystallites synthesized at 500 mbar. Temperature, on the
other hand, shows a somewhat more complicated influence, likely due to
the observed changes in microstrain. While the a lattice parameter in-
creases towards the bulk value, the c parameter appears to increase away
from the bulk value at first. Eventually, though, at the highest temper-
atures it decreases toward the value reported by Schulz and Thiemann
[1977]. This complex dependency of the c lattice parameter is partially, at
least, an artifact of the peculiar diffraction patterns of the smallest crystal-
lites. Specifically, as can be seen in figure 4.18, as the synthesis pressure
and temperature decrease (the crystallites get smaller) the intensity of
(101) reflection decreases as well, ultimately disappearing into the (100)
and (002) reflections altogether. Moreover, the (002) reflection, which is
not affected by growth or deformation faults in the wurtzite crystal, be-
comes less prominent as well, ruling out pure stacking faults as a source
of intensity variation. This effect has been observed by others as well, but
not mentioned or discussed explicitly [Adjaottor and Griffin, 1992, Grigo-
riu et al., 2000, Kim et al., 2000, 1992, Kubo et al., 1995, Lu et al., 1999,
Pee et al., 2010, Shimokawa et al., 2015, Wang et al., 2000]. Preferred
crystal orientation could be, in part, responsible since some crystal size
anisotropy was detected by Rietveld refinement. However, the smallest
crystallites studied are only ≈ 5 unit cells across and are likely at the limit
of what laboratory X-ray diffraction and Rietveld refinement can analyze.
As can be imagined, in addition to the already large width of the diffrac-
tion peaks in general, the disappearance of the reflections from which the
c lattice parameter can be obtained makes its precise determination very
difficult. Increasing error estimates for smaller particle sizes (figure 4.26)
and the fact that the c lattice parameter could not be reliably refined at
all for the smallest (dXRD = 2.7 nm) nanoparticles, demonstrate this issue.

In addition to the X-ray diffraction used to characterize the crystal
structure of the synthesized nanoparticles, low temperature nitrogen ad-
sorption coupled with the BET theory was used to study their surface.
Figure 4.27 presents the measured specific surface areas of the synthesized
samples, together with the values predicted by the cvssin simulations (the
measured specific surface area, particle diameter and corresponding degree
of agglomeration of the synthesized powders are presented in table A.1 in
the Appendix). Quite good agreement between simulated and measured
values is seen, especially when the cvssin values are corrected by the ex-
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Figure 4.25: Results of Rietveld refinement: a lattice parameter (a), c lat-
tice parameter (b) as a function of hot-wall reactor temperature (red, syntheses
performed at p = 20 mbar) and system pressure (blue, Tmax = 1400 ◦C). The
c lattice parameter of the sample labeled with a solid blue circle could not be
refined reliably. Dotted lines are B-splines shown to guide the eye, while the
dashed lines represent the bulk values of a and c lattice parameters [Schulz and
Thiemann, 1977].
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Figure 4.27: Predicted (cvssin simulation) and measured (low temperature
nitrogen adsorption) specific surface area as a function of synthesis temperature
at p = 20 mbar (a) and pressure at T = 1400 ◦C (b).

perimentally determined (surface) fractal dimension (D ≈ 2.5 − 2.8) by
equation 3.15. Both simulation and experiments show a trend of decreas-
ing surface area with higher synthesis temperatures and pressures. Inter-
estingly, however, the surface area of fully coalesced particles (Ds = 2)
increases. This finding suggests that their diameter decreases, similar to
the observations reported by Pee et al. [2010] and Wang et al. [2000].

By calculating the diameter of the collected nanoparticles from their
specific surface areas (equation 3.13), as presented in figure 4.28, it is obvi-
ous that they follow the same trend as the crystallites, only at somewhat
higher values. Particle diameters estimated from the low temperature
nitrogen adsorption method can be larger than crystallites when the mea-
sured surface area is lower than would be expected from primary particles
alone. The reduction of surface available for nitrogen molecules to ad-
sorb on is due to the presence of sintering necks between the crystallites,
meaning that hard agglomerates are present in the sample. Neverthe-
less, figure 4.28 makes it clear that the difference between dXRD and dBET
decreases as the synthesis temperature and pressure are increased. This
would suggest that the degree of agglomeration decreases as well at those
process conditions.

As can be seen in figure 4.29, the experimentally determined degree
of agglomeration, while small, indeed follows this trend and decreases fur-
ther. However, figure 4.2b already showed that the degree of agglomeration
should increase with pressure because of the slower quenching rates. At
1400 ◦C (figure 4.29b) that increase is more modest and likely falls within
the margin of error (Nagg = 1.5 at 10 mbar and Nagg = 2.1 at 1000 mbar).
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Figure 4.28: Agglomerate and crystallite sizes as a function of hot-wall reactor
temperature at p = 20 mbar (a) and system pressure at T = 1400 ◦C (b). Solid
lines represent values obtained from cvssin simulations, whereas hollow symbols
denote experimentally measured values. Error bars for particle sizes are obtained
as standard deviations of multiple measurements of the same sample.
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Figure 4.29: Degree of agglomeration as a function of hot-wall reactor temper-
ature at p = 20 mbar (a) and system pressure at T = 1400 ◦C (b).
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Nevertheless, a possible explanation of this discrepancy could be the vari-
ations in the TEAl flow which, as discussed in section 4.2.1, have a signif-
icant effect on the primary particle size at low pressures and an effect on
the agglomerate size throughout the pressure range. In addition, a change
in the surface fractal dimension at higher pressures could also cause the
observed difference between simulations and experiments.

On the other hand, the cvssin simulations predict the decrease of the
degree of agglomeration with rising hot-wall reactor temperatures, result-
ing in less than 2 crystallites per agglomerate above 1550 ◦C (figure 4.29a).
As already discussed, this is a direct result of high temperatures enabling
fast diffusion and complete coalescence of agglomerates into primary par-
ticles. In addition, the fast quenching rates associated with high tempera-
tures ensure that no sintering necks form while the, now single-crystalline,
particles are leaving the hot-wall reactor. While the predicted values of
degree of agglomeration agree quite well with the experimentally deter-
mined values at higher temperatures, at the other end of the temperature
range a large gap opens up between them. This is the result of the primary
particle diameter which is underestimated by the cvssin model. Further-
more, numerically, the division of the relatively large cubed agglomerate
size by the cube of a smaller crystallite diameter, only exacerbates the
problem. Therefore, the large deviation of the degree of agglomeration
seen at 1000 ◦C is partly a numerical artifact, but also a consequence of
the cvssin model not including particle growth through surface reactions.

Nevertheless, despite these discrepancies between predicted and ex-
perimentally determined values, the trends are described correctly. This
proves the cvssin to be an valuable tool for understanding the complex
influences of process parameters on particle characteristics. Furthermore,
by incorporating the cvssin model into a Monte Carlo type algorithm, it
is possible to predict the optimum process parameters for desired parti-
cle characteristics. This may result in a more complex, but significantly
more efficient path to the production of unagglomerated AlN nanopar-
ticles. However, below 1250 ◦C and 20 mbar the conventional CVS setup
can produce crystallites smaller than 3.5 nm whose degree of crystallinity is
limited only by the portion of atoms on their surface. Moreover, unagglom-
erated AlN nanoparticles up to about 12 nm in diameter are synthesized
above 1400 ◦C and 100 mbar. Therefore, the cvssinmc suggested process
parameters were not tested out experimentally due to the increased com-
plexity and lower production rate for relatively small improvements of
particle characteristics.

Nevertheless, the production rate of the conventional CVS can vary
significantly with changes to the process parameters. The largest influ-
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ence is that of total system pressure, as it changes the evaporation rate
of the TEAl precursor. However, He flow through the bubbler, bubbler
temperature and even hot-wall reactor temperature can influence the pro-
duction rate. While the first two parameters enter through the bubbler
equation (equation 3.1), the latter is a consequence of the particle col-
lection method. Namely, at very small particle sizes, the thermophoretic
force is lowered and the efficiency of the thermophoretic particle collection
decreases significantly. Production rate within the process window used
for synthesis of AlN is in the range of 0.02 g/h to 3.0 g/h — values slightly
higher than those reported by Pratsinis et al. [1995]. On the other hand,
yield represents the percentage of the theoretical amount synthesized —
the amount collected compared to the amount that would be synthesized
if all of the evaporated TEAl was converted to AlN — and is a mea-
sure of process efficiency. It also changes with process parameters (from
17 % to 75 %), but similarly to production rate, convolutes the degree
of precursor conversion with the efficiency of the thermophoretic particle
collection. Nevertheless, cvssin simulations suggest that all of the TEAl
precursor is converted to AlN monomers soon after the formation of the
hot spot and no evidence to the contrary is found experimentally.

4.3 Local Structure of Aluminum Nitride
Nanoparticles

Parts of this section are published in [Ognjanović et al., 2018]: Stevan M.
Ognjanović, Manfred Zähres, Christian Mayer, Markus Winterer. Local
structure of nanocrystalline aluminum nitride. Journal of Physical Chem-
istry C, Volume 122:23749–23757, 2018. doi:10.1021/acs.jpcc.8b06610.
NMR measurements are performed by M. Zähres (Department of Chem-
istry, University Duisburg-Essen). The recorded NMR data is analyzed
by the author.

Based on the previous sections, the significance of the nanoparticle
surface in determining their crystallinity is clearly evident. As will be
seen later, it also has a detrimental effect on the nanoparticles’ stability in
air. Furthermore, local structure, along with crystal and microstructure,
plays an important role in determining the properties of the nanoparticles.
Therefore, the following section discusses the local structure of the AlN
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nanocrystals synthesized by the CVS method, with special attention given
to the influence of the nanoparticle surface.

4.3.1 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectroscopy has proved to be a very useful
and sensitive technique to study the local structure of AlN [Bräuniger and
Jansen, 2013, Fitzgerald et al., 1994, Keller et al., 2015] and is therefore
applied for the investigation of the CVS synthesized AlN nanoparticles
as well. As can be seen in figure 4.30a, which shows the 14.5 kHz 27Al
MAS NMR spectra of the commercial micron- and nano-sized AlN as well
as CVS synthesized nanocrystals with different diameters, all of the spec-
tra contain an AlN4 coordination peak around 112 ppm. As mentioned
already, this peak is indicative of the wurtzite crystal structure [Haase
et al., 1989]. In addition, the spectrum of the commercial nano-sized par-
ticles contains three further peaks at about 68 ppm, 40 ppm and 8 ppm
corresponding to Al coordinated with 4, 5 and 6 oxygen atoms, respec-
tively [Bräuniger and Jansen, 2013], pointing towards partial oxidation of
the powder as discussed earlier. Very small amounts of octahedraly coor-
dinated Al atoms AlO6 are detected in two CVS synthesized samples as
well, as presented in table 4.4. Similarly to the commercial AlN nanoparti-
cles, this indicates that the degradation process started, most likely, during
transfer of the samples for nuclear magnetic resonance measurements.

The most interesting observation, however, is the decreasing asymme-
try of the AlN4 peaks at 112 ppm with increasing crystallite diameter of
the CVS synthesized nanoparticles. Asymmetry of nuclear magnetic res-
onance peaks is normally explained by the presence of additional species
that are not resolved individually, as noted by Fitzgerald et al. [1994]. Al-
ternatively, for 27Al and other quadrupolar nuclei, the presence of an EFG
due to the lack of perfect crystal order can cause unidirectional broadening
of the nuclear magnetic resonance feature as well [Neuville et al., 2004].
This is a consequence of the distribution of bond lengths and distortion of
local symmetry around the probed nuclei which cause a distribution of the
EFG, second-order broadening followed with a shift to higher fields and,
therefore, peak asymmetry. Despite the ubiquity of these two explanations
— considering only the influence of the first coordination shell around the
probed nuclei — another possibility exists for quadrupolar nuclei. Namely,
based on their density functional theory (DFT) calculations of 77Se and
67Zn nuclear magnetic resonance spectra, Cadars et al. [2009] reported that
electronic perturbations caused by the abrupt termination of the crystal
lattice at the surface can propagate up to seven shells into the nanopar-
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Figure 4.30: (a) 14.5 kHz 27Al MAS NMR spectra of the commercial micron-
(black dashed line) and nano-sized (gray dashed line) AlN and CVS synthesized
nanocrystals with different diameters (colored solid lines). The asterisk denotes
a spinning sideband. (b) Dependence of the degree of asymmetry (ratio of pseu-
doVoigt and Czjzek models in the AlN4 peak) on the calculated ratio of the
number of atoms in the bulk of the crystal and atoms within one unit cell from
the crystal surface.

ticle. In other words, nuclei more than 1 nm deep inside the nanoparticle
still ‘feel’ the surface as an electronic defect and this contributes to the
asymmetry of the nuclear magnetic resonance peaks.

In case of the very small nanoparticles synthesized by CVS, the num-
ber of atoms that are affected by the surface as an electronic defect is
significant enough (3/4 of all atoms are within 5Å of the particle surface
for a dXRD = 2.7 nm nanoparticle) to considerably broaden the nuclear
magnetic resonance spectrum, clearly seen as an asymmetry of the AlN4
coordinated atoms. However, as the crystallite size increases, the relative
amount of Al atoms in the vicinity of the particle surface decreases, de-
creasing their contribution to the nuclear magnetic resonance spectrum.
On the other hand, the significance of the atoms with perfectly ordered
tetrahedral coordination and small EFG increases. This is clearly seen
as a more pronounced asymmetry for smaller crystallites in figure 4.30b,
which plots the ratio of atoms at locations with no EFG (pseudo-Voigt)
and large EFG (Czjzek model) as a function of the ratio of the number
of atoms in the ‘bulk’ (Nbulk) and within one unit cell (5Å) from the
crystal surface (Nsurface). In contrast, despite investigating ‘ultrafine AlN
powder’, Hayashi et al. [1987] did not observe any asymmetry, even after
hydration. Nevertheless, this discrepancy is easily explained by the much
smaller size of AlN nanocrystals synthesized by CVS. Specifically, while
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Table 4.4: NMR parameters obtained by fitting the 27Al MASNMR spectra
of AlN crystals of different sizes. δiso is the isotropic chemical shift, FWHM
full width at half maximum of the pseudo-Voigt function, η weighing factor of
Gaussian and Lorentzian distributions, dCS width of the Gaussian distribution
of δiso and νQ average quadrupolar coupling.

Coord. Model Parameter dXRD [nm]
2.7 4.2 5.9 22.4 ∗ bulk †

AlN4

pV

δiso [ppm] 111.8 111.5 111.4 112.2 112.7
Area [%] 43 56 59 51 100
FWHM [ppm] 14 12 13 12 11
η 0.3 0.0 0.6 0.6 0.7

Czjzek

δiso [ppm] 111.8 111.5 111.4 112.2
Area [%] 56 44 40 9
dCS [ppm] 25 24 15 15
νQ [kHz] 974 1014 1033 656

AlO4 Czjzek

δiso [ppm] 68.1
Area [%] 8
dCS [ppm] 23
νQ [kHz] 670

AlO5 Czjzek

δiso [ppm] 39.7
Area [%] 16
dCS [ppm] 9
νQ [kHz] 1008

AlO6

pV

δiso [ppm] 2.2 3.2
Area [%] 1 1
FWHM [ppm] 21 13
η 1.0 0.0

Czjzek

δiso [ppm] 8.2
Area [%] 16
dCS [ppm] 7
νQ [kHz] 762

∗ Commercial; crystallite size determined by Rietveld refinement of the mea-
sured XRD pattern.

† Commercial; particle size < 4 µm, as specified by the manufacturer.
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the CVS synthesized crystals are all below 6 nm, the powder studied by
Hayashi et al. [1987] contained particles with sizes ranging between 10 nm
and 100 nm. As can be seen in the nuclear magnetic resonance spectrum of
the commercial, partially oxidized, nano-sized (dXRD = 22.2 nm) AlN par-
ticles in figure 4.30a, very little asymmetry is observed even for crystallite
sizes close to the lower end of the 10 nm to 100 nm range.

Still, deviations from the theoretical linear dependence (dashed line)
can be seen in figure 4.30b, particularly in the case of the commercial
nano-sized AlN. They are most likely the consequence of initial stages of
the degradation of crystalline AlN contributing to the NMR spectrum, as
evidenced by the small AlO6 peaks at around 2 ppm. This is especially true
for the commercial nanoparticles which contained considerable amounts of
AlO4, AlO5 and AlO6 coordinated Al atoms with large EFGs (disordered
environment) as shown in table 4.4. On the other hand, the commercial
micron-sized AlN particles do not show traces of oxygen in coordination
with Al atoms or peak asymmetry even when prepared in air (figure 4.30a).
Of course, this is the effect of the much larger number of ‘bulk’ atoms than
atoms in proximity of the surface for particles several microns in diameter.

4.3.2 Extended X-ray Absorption Fine Structure
(EXAFS)

The information on the local structure of AlN obtained by NMR spec-
troscopy is complemented by the analysis of Al K-egde EXAFS spectra
using rmcxas analysis software. Models starting from the wurtzite struc-
ture resulted in lowest residual R values, or, in other words, best de-
scribed the measured data. In the case of commercial bulk AlN presented
in figure 4.31a, the perfect, infinite AlN crystal (using periodic bound-
ary conditions) resulted in a fit with R = 22.1 %. As described in the
Section 3.3.2, due to the appearance of a glitch near the Si edge, the
data around 8.5Å−1 are removed from all the χ(k). The biggest devia-
tions are seen in the XANES range of the χ(k) (0Å−1 to 3Å−1) where
multiple scattering dominates the contribution to the magnitude of χ(k).
Since multiple scattering is not accounted for in the rmcxas program,
as already discussed in section 3.3.2, this deviation is to be expected.
In addition, the fit cannot reproduce some of the sharper features reliably
(e.g. around 6Å−1) due to the lack of attractive potential to ‘recrystallize’
the atomic configuration after moving the atoms away from their initial,
crystallographic positions.

Despite these deviations, the fit reproduces the magnitude of the
phase corrected Fourier transform of χ(k) in R-space quite well, as
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Figure 4.31: (a) RMC analysis of the Al K-edge spectra of the commercial
AlN micron-sized particles (bulk) using the perfect, infinite wurtzite crystal.
Data at 8.5Å−1 are removed due to the glitch around the Si edge as described
in the Section 3.3.2. (b) Phase corrected Fourier transform of the spectra shown
in (a). (c) Al–Al and (d) Al–N pPDF.

can be seen in figure 4.31b. This is especially true for the first two
shells — Al–N at 1.83Å and Al–Al at 3.00Å. Integration of the
partial pair distribution functions (pPDF), obtained from the RMC
analysis and shown in figures 4.31c and 4.31d, reveals that 3.5(6) N
atoms and 11.3(12) Al atoms form nearest and next-nearest neighbor
shells of Alabsorber atom (table 4.5). While these coordination numbers
are somewhat lower than the expected 4 and 12 for nitrogen and
aluminum in bulk AlN respectively, they are within the margin of
error. Together, these results lead to the conclusion that, unsurpris-
ingly, commercial bulk AlN is best described by an infinite wurtzite
crystal model.
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Similarly, but somewhat more surprisingly, the χ(k) of dXRD = 12.2 nm
particles shown in figure 4.32a is also best described by the infinite
wurtzite crystal (R = 22.0 %). Models accounting for the surface atoms,
including those with oxygen atoms, result in worse fits. Nevertheless, this
is in agreement with the above discussion of the NMR peak asymmetry
and suggests that these nanoparticles can be considered as bulk from the
point of view of EXAFS analysis. Once again, the largest deviations are
due to the lack of multiple scattering in the rmcxas code, but the sharp
features observed in the bulk material are broadened and, therefore,
better described.

The nearest neighbors at 1.90Å and next nearest neighbors at 2.94Å
dominate the EXAFS spectrum in phase-corrected R-space, with smaller
contributions from more distant atoms. The moment analysis of the pPDF
(figures 4.32c and 4.32d) shows that the first shell consists of 3.4(5) N
atoms at 1.87(2)Å, while the next nearest neighbors are 11(1) Al atoms
at 3.04(3)Å. The slightly lower than expected coordination number (just

Table 4.5: Results of the RMC analysis of EXAFS data: mean coordination
number (N), bond distance (r) and mean square displacement (σ2) of different
shells as obtained by the moment analysis of the pPDFs of bulk AlN, and two
samples of AlN nanoparticles synthesized by CVS. The initial atomic configu-
rations used are bulk wurtzite for the bulk and dXRD = 12.2 nm AlN samples
and wurtzite cluster for the dXRD = 2.9 nm sample.

dXRD [nm] Shell Range [Å] AlN bulk model
N r [Å] σ2 [10−3 Å2]

bulk ∗ Al–N 1.6 – 2.2 3.5(6) 1.88(2) 8(3)
Al–Al 2.0 – 3.5 11.3(12) 3.05(2) 33(7)

12.2 Al–N 1.6 – 2.2 3.4(5) 1.87(2) 11(5)
Al–Al 2.0 – 3.5 11(1) 3.04(3) 53(9)

AlN cluster model
N r [Å] σ2 [10−3 Å2]

2.9 Al–N 1.6 – 2.2 3.1(5) 1.85(1) 3(1)
Al–Al 2.0 – 3.5 10(1) 3.05(2) 42(7)

∗ Commercial; particle size < 4 µm, as specified by the manufacturer.
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Figure 4.32: (a) RMC analysis of the Al K-edge spectra of the dXRD =
12.2 nm AlN nanoparticles using the perfect, infinite wurtzite crystal. Data at
8.5Å−1 are removed due to the glitch around the Si edge as described in the
Section 3.3.2. (b) Phase corrected Fourier transform of the spectra shown in
(a). (c) Al–Al and (d) Al–N pPDF.

outside the margin of error) could be an indirect indication of the influence
of the nanoparticle surface, despite the models including the surface of the
nanoparticle resulting in a worse fit of the χ(k) data.

On the other hand, including the surface atoms in the initial model
(figure 4.33) improves the fit of the the dXRD = 2.9 nm sample χ(k) spec-
trum slightly from R = 24.2 % to R = 22.1 %. Atomic configurations with
various point defects and other structures, including different crystalline
and amorphous forms of aluminum oxide, oxide hydroxide and hydrox-
ide, resulted in worse fits. However, similar R-values are obtained for
atomic configurations where oxygen atoms substitute nitrogen in a 10Å
shell inside the nanoparticle. As can be seen in figure 4.34, though, the
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y

x

Figure 4.33: Cross-section of the 2.9 nm AlN cluster model with wurtzite
structure before (left) and after (right) RMC optimization. Nitrogen atoms are
shown in red and aluminum atoms in blue.

differences are marginal, most likely due to the very similar scattering
phase and amplitude of oxygen and nitrogen.

In the phase-corrected Fourier transform of the spectrum (R-space)
(figure 4.34b) two dominant features at 1.88Å and 2.94Å can be ob-
served with signal from further shells almost completely suppressed due
to the very small size of the nanoparticles (dXRD = 2.9 nm). Analysis of
the partial pair distribution function showed that, on average, 3.1(5) N
atoms surround the Alabsorber at a distance of 1.85(1)Å. The next nearest
neighbor shell consists of 10(1) Al atoms at 3.05(2)Å from the Al ab-
sorber. The obtained coordination numbers are lower than expected for a
bulk wurtzite crystal (4 and 12 for nitrogen and aluminum, respectively).
However, since the atomic configurations including randomly distributed
vacancies did not improve the χ(k) fit, individual point defects are ex-
cluded as the cause for the lower coordination numbers. Instead, they are
likely the consequence of the vary small particle size, as suggested by the
similarity to the initial coordination numbers of a 2.9 nm wurtzite AlN
cluster (3.6(3) N and 10.1(8) Al atoms).

Katsikini et al. [1997] reported shorter Al–N and Al–Al bond dis-
tances which they attributed to oxygen induced defects in epitaxial AlN.
However, while the presence of oxygen cannot be excluded (presence of
AlO6 coordination in the NMR spectra and similar R-values for pure AlN
and AlN with oxygen substituting nitrogen in a 10Å shell), no change in
the Al–Al bond distances compared to the commercial bulk AlN powder
is observed. Furthermore, keeping in mind the estimated errors, the dif-
ference in Al–N bond length between the bulk and the dXRD = 2.9 nm
AlN nanoparticles is marginal.
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Figure 4.34: (a) RMC analysis of the Al K-edge spectra of the dXRD = 2.9 nm
AlN nanoparticles using the perfect wurtzite 2.9 nm cluster (red) and AlN clus-
ter with oxygen substituting nitrogen in a 10Å shell. Data at 8.5Å−1 are
removed due to the glitch around the Si edge as described in the Section 3.3.2.
(b) Phase corrected Fourier transform of the pure AlN spectra shown in (a).
(c) Al–Al and (d) Al–N pPDF.
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4.3.3 X-rayAbsorptionNear Edge Structure (XANES)
Averaged XANES spectra of the different models are simulated using
atomic configurations (e.g., configuration on the right in figure 4.33) ob-
tained from the RMC analysis. However, the rmcxas code reduces the
three-dimensional arrangement of atoms in a model to a pPDF by calcu-
lating the bond distances between atoms and disregarding the bond angles
and coordination geometry. It then optimizes the pPDF to best reproduce
the measured EXAFS spectrum by varying the bond distances in the sup-
plied atomic configuration. But, as already mentioned, once it moves the
atoms away from their crystalographic sites it cannot ‘recrystallize’ an
atomic configuration. Therefore, the atomic configurations obtained from
the RMC analysis have correct pPDF, but are not representative of the
actual geometric configurations in the nanocrystals. Since XANES spec-
tra are very sensitive to the local geometry (i.e., both bond lengths and
bond angles), the mentioned limitations led to the averaged spectra that
are overly broad, resembling those of amorphous materials.

In contrast, averaged XANES spectra of the initial (unrelaxed) atomic
configurations (configuration on the left in figure 4.33 and configurations
in table A.10 in the Appendix) describe the measured data rather well as
shown in figure 4.35. As can be seen in figure 4.35a, most of the features
of the measured bulk sample are represented at correct positions and with
correct relative intensities. However, the spectrum of the CVS synthesized
dXRD = 2.9 nm nanoparticles, which is significantly broadened compared
to the bulk Al K-edge XANES spectrum, is described even better (fig-
ure 4.35b). This is especially interesting since no additional broadening
was introduced into the ab initio feff calculations, and suggests that the
observed broadening is, at least partially, a consequence of the different
environments of the absorber Al atoms located near the nanoparticle sur-
face. The additional broadening observed in the measured data, but not
accounted for by the averaged XANES spectrum, could originate from
crystal defects present in the actual nanoparticles or species adsorbed or
reacted with their surface.

However, while the RMC analysis of the EXAFS spectrum could not
distinguish between the pure cluster configuration and cluster where O
substitutes N in a 10Å shell, it seems that the XANES simulations can.
Namely, the difference in intensity of the white line between the pure clus-
ter (orange) and core-shell (olive green) configurations in figure 4.35b is
obvious. This difference stems mostly from the changes in the interaction
between Al and neighboring N atoms as well as the shift of the Fermi level
in the crystal due to the incorporation of oxygen. As the orthogonalized
linear combination of atomic orbitals simulations of the XANES spec-
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Figure 4.35: Measured and feff simulated Al K-edge XANES spectra: (a)
commercial bulk AlN sample and simulation of infinite crystal atomic configu-
ration. (b) dXRD = 2.9 nm sample and the simulations of infinite crystal, cluster
and cluster with oxygen substituting nitrogen in 10 nm shell. The calculated
spectra of the bulk and core-shell models have been offset in ordinate direction
for better clarity.

tra of AlN by Mizoguchi [2009] show, the white line is mainly composed
of Alabsorber 3p – N antibonding interactions. More specifically, the feff
simulations presented in figure 4.36 and previously published DFT calcula-
tions [Lawniczak-Jablonska et al., 2000, Litimein et al., 2002, Zhang et al.,
2007] suggest that both N 2s and N 2p states overlap with Alabsorber 3p
states and contribute to the white line intensity. Therefore, changes to the
amount of nitrogen present in the nanoparticle, either through the substi-
tution by another species or presence of nitrogen vacancies, would hinder
those interactions and, consequently, decrease the intensity of the white
line. Furthermore, if oxygen substitutes nitrogen in the wurtzite crystal
lattice, a shift of the Fermi level is expected based on the feff simula-
tions shown in figure 4.37. While the resulting AlO crystal structure is
not thermodynamically stable, it has been been observed by Abaidia et al.
[1995] and Katsikini et al. [1997] during oxidation of AlN. As the Fermi
level shifts to higher energy, the empty p-states that normally induce the
intense white line are filled and, therefore, unable to increase the white
line intensity by contributing to the XANES spectrum. Taken together,
these two effects (changes in the Al – N interaction and the Fermi level
shift) would significantly reduce the white line intensity in the presence of
oxygen, as demonstrated by the spectrum of the core-shell configuration
in figure 4.35b. However, the XANES spectrum of the synthesized nano-
particles still shows a white line suggesting that oxygen is not substituting
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Figure 4.36: feff Al K-edge XANES simulations of one absorber atom in the
AlN cluster (top) and the corresponding Alabsorber p, N s and N p-density of
states (bottom). The Fermi level is plotted with a dashed line.
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Figure 4.37: feff XANES simulation of Al K-edge in wurtzite AlN and
hypothetical AlO crystals (top) with the corresponding local p-density of states
of an Al absorber atom (bottom). The Fermi levels are plotted with dashed
lines.

nitrogen in the nanoparticle, at least not to the extent (10Å) suggested
by the RMC analysis.

The edge region of a XANES spectrum can be influenced by other
factors as well. For example, an intense pre-edge shoulder at 1560.5 eV
in Al K-edge XANES spectra was observed by Guda et al. [2009] while
studying the AlN particles with diameters of 100 nm. They attributed it to
the presence of metallic aluminum in their sample, despite the fact that
their long-range order investigation by XRD detected only comparable
amounts of wurtzite and zinc-blende phases. Similarly, XRD patterns of
the CVS synthesized samples show only reflections characteristic of the
wurtzite AlN with no indication of metallic aluminum either. However,
no pre-edge peaks are observed in the XANES spectra in figure 4.38a.
The splitting of the white line into two peaks, as suggested by Mizoguchi
et al. [2004] and Guda et al. [2009] and the feff Al-K XANES calculation
of the zinc-blende AlN (not shown), is not observed either. This implies
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Figure 4.38: Al K-edge XANES total electron yield (TEY) (a), N K-edge (b)
and O K-edge (c) XANES partial fluorescence yield (PFY) spectra of commer-
cial micron-sized (bulk) AlN and CVS synthesized AlN samples with crystallite
diameters of 2.9 nm and 12.2 nm. Carbon tape and aluminum foil O K-edge
spectra are shown as well in (c). The vertical gray line in (a) is a guide to the
eye aligned to the maximum of the white line to make the shift of the spectra
more apparent.
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that zinc-blende structure is not present in the sample, but also that the
concentration of stacking faults (a stacking fault in the wurtzite crystal
structure represents zinc-blende layer ordering) is low. These findings
further justify the conclusion that the CVS synthesized nanoparticles are
made up of pure wurtzite AlN.

Figure 4.38a also shows that the crystallite size decrease from several
microns to a few nanometers causes a shift of the edge position to higher
energies. A small shift is observed even for the dXRD = 12.2 nm nano-
particles, crystallites too large to exhibit electron confinement effects (the
Pollmann-Büttner-Kane exciton radius is about 1.8 nm [Hanada, 2009]).
The Brus equation [Brus, 1986] confirms this and electronic confinement
effects are excluded as a possible cause of the observed shift for the larger
CVS synthesized nanoparticles. Rather, the explanation could be the dif-
ference in the lattice parameters of the nano and bulk AlN, as indicated
by the feff simulations presented in figure 4.39. Alternatively, oxygen
atoms that are either incorporated into the nanocrystal or just adsorbed
on its surface could shift the edge position to higher energies due to the
lower electron density around the absorbing Al atom and, therefore, lower
screening of the core-hole.

Similarly to the broadening of the XANES features, the intensity of the
white line decreases with decreasing crystallite size. In fact, as can be seen
in figure 4.35b, this decrease — caused by the broadening of the p-density
of states (pDOS) due to the effects of the surface of the nanoparticle —
is predicted by the averaged feff spectrum as well.

All of the features observed in the partial fluorescence yield (PFY)
of the nitrogen K-edge presented in figure 4.38b are characteristic for
wurtzite AlN. Similarly to the Al K-edge, the features of the nano-sized
AlN crystals are damped and broadened compared to the bulk material.
In contrast to the Al K-edge, however, no systematic edge shifts are ob-
served for the nitrogen edge. Nonetheless, this behavior is also predicted
by the feff simulations of AlN with bulk lattice parameters and those
determined by the Rietveld refinement of the nanocrystals’ diffraction pat-
tern.

Features present in the PFY spectra are found in the total electron
yield (TEY) spectra as well and no systematic differences could be ob-
served. While TEY is normally considered a surface-sensitive technique,
the electron escape depth in metallic Al is 6.5 nm and 13 nm in aluminum
oxide [Jones and Woodruff, 1982]. Therefore, even though the TEY is
most sensitive to the top 13 nm of the nanoparticle, it is still not surface-
sensitive enough to discriminate between the core and the shell of the
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Figure 4.39: feff simulations of aluminum (a) and nitrogen (b) K-edge
XANES spectra of a crystal with bulk lattice parameters [Schulz and Thie-
mann, 1977] and lattice parameters obtained from Rietveld refinement of the
dXRD = 2.9 nm sample. Insets showing a narrower energy range make the shift
in (a) more apparent.

nanocrystals with diameters of up to 12.2 nm synthesized by the CVS
method.

As mentioned already, the presence of oxygen in the samples cannot
be excluded, but due to the existence of the white line, it is clear that the
nanoparticles don’t have a 10Å thick AlO shell either. The role of the
oxygen atoms can be investigated further by analyzing the oxygen PFY
K-edge presented in figure 4.38c. The two pre-edge peaks at 535.1 eV
and 537.8 eV of varying intensity are normally ascribed to the π∗ states
of O2 molecules released due to the radiation damage by the incident
beam [Jiang and Spence, 2006, Ruckman et al., 1991]. It is commonly
observed in the O K-edge spectra recorded at the SGM beamline due to
the relatively high incident flux [Henderson et al., 2007]. The most intense
pre-edge peaks are recorded for the carbon tape (black) used for affixing
the nanoparticles to the sample holder. The decreasing intensity with
time (not shown) suggests that the oxygen adsorbed to the carbon tape is
gradually being desorbed. Furthermore, an oxygen signal originating from
the carbon tape is present in all the AlN samples to a varying degree. This
is especially true for the micron-sized AlN which has a XANES spectrum
almost identical to the one measured for pure carbon tape, suggesting
that most of the oxygen is adsorbed and there is very little aluminum
oxide present. On the other hand, the XANES spectrum of the aluminum
foil (gray) stored in air differs significantly. The spectrum agrees well with
the one reported by Wang et al. [2013] for micron-sized aluminum powder,
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and is a consequence of the formation of a thin oxide layer on the metal
surface.

As can be seen, the CVS synthesized nanoparticles fall somewhere in
between the two extremes: carbon tape with adsorbed oxygen and alu-
minum foil with a layer of amorphous oxide on its surface. In other words,
this finding confirms once again the results of the NMR analysis that a
certain amount of oxygen is present in the form of an amorphous oxide
phase. However, it also supports the hypothesis that some of the oxygen is
simply adsorbed on the surface of the nanoparticles. Linear combination
fitting, using carbon tape and aluminum foil as standards, reveals that
a small amount of amorphous aluminum oxide exists in the commercial
bulk AlN (table 4.6). On the other hand, up to 64 % of the oxygen de-
tected in the CVS synthesized nanoparticles is bound in the amorphous
phase. However, no direct information about the location or thickness of
the oxide layer could be obtained from the measured XAS data, as the
distinction between the ‘surface’ and ‘bulk’ becomes increasingly blurred
when considering such small particles due to the already mentioned rel-
atively long electron escape depth. Furthermore, nitrogen and aluminum
K-egde spectra are characteristic of the wurtzite structure and show un-
equivocally that AlN is present. Finally, the similarity of the TEY and
PFY spectra recorded at the N K-edge suggests that nitrogen is evenly
distributed throughout the nanocrystals.

Table 4.6: Results of the linear combination fit of the PFY spectra using
carbon tape and aluminum foil as standards.

Sample Amorphous oxide [%] Adsorbed oxygen [%]

Carbon tape 0 100
Bulk AlN ∗ 6 94
12.2 nm AlN 63 37
2.9 nm AlN 46 54
Al-foil 100 0
∗ Commercial; particle size < 4 µm, as specified by the manufac-
turer.
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4.4 Stability of AluminumNitride in Air

NMR measurements are performed by M. Zähres (Department of Chem-
istry, University Duisburg-Essen). The recorded NMR data is analyzed
by the author.

In order to be used for phosphor synthesis, as will be shown in the
next section, high quality AlN with low oxygen content is required.
As already discussed in the previous sections, due to the precautions
taken during the synthesis procedure, the oxygen is most likely not
incorporated into the crystal structure of AlN as a defect, but rather
adsorbed on the surface of the nanoparticles. Therefore, the specific
surface area can be used as an estimate of the amount of oxygen present
in the sample.

Nevertheless, as presented in figure 4.40, the specific surface area is
not stable and decreases significantly with passage of time if the sample
is exposed to air. The drop is most pronounced at the beginning —
around 23 % in 9 days — slowing down as time goes by. Due to the
small size and high reactivity of the AlN nanoparticles, the often reported
formation of a thin amorphous aluminum oxide layer on the surface of
AlN [Hou et al., 2008, Slack and McNelly, 1976, Snijders et al., 2005] can
mean that the whole dXRD = 4.1 nm AlN nanoparticle is converted to an
oxide phase.

With a density of 3.26 g/cm3 crystalline AlN is denser than amorphous
aluminum oxide (reported density ranges from 2.75 g/cm3 to 3.3 g/cm3

[Gutiérrez and Johansson, 2002, Kniep et al., 1989]). Furthermore, the
densities of aluminum hydroxide (Al(OH)3) and aluminum hydroxide
oxide (AlO(OH)) — other possible products of AlN oxidation — are
2.42 g/cm3 and 3.01 g/cm3, respectively. This means that, irrespective
of the final product of aluminum nitride degradation, the as-synthesized
particles will grow while exposed to oxygen and water vapor from the
air. However, since the initial assumption of a single phase material
required for the application of equation 3.13 is not fulfilled, it cannot be
used to calculate the AlN particle size (dBET) of the partially degraded
material. Nevertheless, the formed oxide layer can act as a diffusion
barrier to further oxygen and water vapor uptake. As a result, the
rate of degradation slows down as observed through the specific surface
area. Moreover, the smaller specific surface area means that there is less
contact between the particles and air, decreasing the degradation rate
further.
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Figure 4.40: Evolution of the specific surface area of AlN nanoparticles syn-
thesized at 1400 ◦C and 20 mbar while stored in air.

Long-term XRD measurements in figure 4.41 confirm that no addi-
tional crystalline phases appear during the degradation process due to the
exposure to air. A decrease of crystallite size can be expected from the
broadening of the reflections in figure 4.41. As the outer layers of the AlN
nanocrystal are being amorphized, the coherently scattering domain de-
creases in size. At the same time, the amorphous layer expands outwards,
essentially growing the nanoparticle and decreasing the specific surface
area. However, due to the gradual disappearance of the reflections into
the background of the diffraction patterns, especially after longer expo-
sure to air, the Rietveld refinement of crystallite diameter was not reliable
enough to use as a basis for further discussion.

In addition to the broadening of the reflection, their overall intensity
decreases and they start to disappear into the background (incoherent
scattering). Slight changes in the ratio of coherently and incoherently
scattered X-rays, pointing to changes in the crystallinity of the samples,
can be observed even after only 2.5 h spent in air. Indeed, as figure 4.42
shows, the crystallinity of the sample decreases, with degree of crystallinity
displaying a trend very similar to the decrease of specific surface area,
lending support to the hypothesis of an expanding amorphous shell. These
results stress once more the high reactivity of the CVS AlN nanoparticles,
or, from another point of view, their sensitivity to air.
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Figure 4.41: XRD patterns of sample synthesized at 1400 ◦C and 20 mbar
after being exposed to air for increasing amounts of time. Individual diffraction
patterns are offset for better clarity.
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Figure 4.42: Evolution of the degree of crystallinity of AlN nanoparticles
synthesized at 1400 ◦C and 20 mbar and stored in air. The decrease of specific
surface area with time is plotted again for comparison.
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4.4.1 Changes of the Local Structure

In order to investigate the degradation further, 27Al MAS NMR measure-
ments performed on dXRD = 4.1 nm AlN nanoparticles (see section 3.3.3)
are shown in figure 4.43a. As can be seen, the inertly prepared sam-
ple shows one asymmetric peak at 112 ppm, corresponding to Al atoms
coordinated to 4 N atoms in a typical wurtzite structure [Haase et al.,
1989]. In addition, a small shoulder at around 75 ppm can be seen as well
(figure 4.43b). The position of the peak (74.8 ppm) suggests that the co-
ordination might be tetrahedraly coordinated Al atoms with a mixture of
N and O atoms at the corners (AlN4–xOx) [Bräuniger and Jansen, 2013].
The AlN4–xOx species could have formed at two points — during the
particle synthesis, due to the presence of oxygen in the reactor, or during
the transport of the zirconia rotor filled with the nanopowder from the
glove-box to the NMR spectrometer. Since the synthesis setup was thor-
oughly outgassed and checked for leaks prior to the start of AlN synthesis,
and because of the low content of the AlN4–xOx species, the transport of
the sample is the more likely point of contact with air and the onset of
degradation.

More details can be obtained by examining table 4.7 and the results of
the NMR spectra deconvolution by dmfit software presented there. Inter-
estingly, as the sample is exposed to air, the AlN4–xOx peak moves pro-
gressively to higher fields (lower ppm values) towards the position of the
AlO4 observed in γ-Al2O3. It is known that a decrease in bond length can
induce NMR peak shifts to lower fields (higher ppm values) [Choi et al.,
2009, Wagner et al., 1983]. However, the observed shift is far too large to
be caused by a simple bond length increase. Moreover, the Al–O bond
length in AlO4 (1.76Å [Gutiérrez and Johansson, 2002]) is shorter than
Al–N bond length in AlN4 (1.86Å [Northrup et al., 1997]). This means
that, from a purely structural perspective, the AlN4–xOx peak should shift
to lower fields as more oxygen replaces nitrogen and the ‘average’ bond
length decreases. Therefore, the more likely explanation is the change of
the chemical environment by further incorporation of oxygen atoms into
the Al tetrahedron and the progression from AlN to AlO4. At the same
time, the AlN peak shifts slightly to higher ppm values, possibly due to
the compression from the growing oxide phase. Further supporting this
premise is the fact that the Al–O bond in AlO6 is compressed as well
(shorter than in γ-Al2O3), as indicated by the position of the AlO6 peak
in the sample exposed to air. The more striking change, however, is the
drop in the number of AlN4 coordinated atoms. Namely, from the initial
98 % of Al atoms coordinated with 4 N, more than half are converted to
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Table 4.7: NMR parameters obtained by fitting the 27Al MAS NMR spectra
of the bulk γ-Al2O3 and AlN nanoparticles synthesized at 1400 ◦C and 20 mbar
after increasing exposure to air. δiso is the isotropic chemical shift, FWHM
full width at half maximum of the pseudo-Voigt function, η weighing factor of
Gaussian and Lorentzian distributions, dCS width of the Gaussian distribution
of δiso and νQ average quadrupolar coupling.

Coord. Model Parameter Time in air [h]
γ-Al2O30 2.5 24

AlN4

pV

δiso [ppm] 112.3 113.0 113.5
Area [%] 39 23 16
FWHM [ppm] 10 10 10
η 1.0 0.6 0.3

Czjzek

δiso [ppm] 112.3 113.0 113.5
Area [%] 59 19 18
dCS [ppm] 21 19 3
νQ [kHz] 681 675 887

AlN4–xOx

pV

δiso [ppm] 64.5
Area [%] 3
FWHM [ppm] 12
η 1

Czjzek

δiso [ppm] 74.8 72.0 67.0 64.5
Area [%] 2 6 5 19
dCS [ppm] 14 19 21 14
νQ [kHz] 404 630 481 615

AlO5 Czjzek

δiso [ppm] 35.4 34.5
Area [%] 5 7
dCS [ppm] 15 20
νQ [kHz] 297 204

AlO6

pV

δiso [ppm] 7.0
Area [%] 28
FWHM [ppm] 10
η 1

Czjzek

δiso [ppm] 8.2 8.2 7.0
Area [%] 47 54 50
dCS [ppm] 5 5 21
νQ [kHz] 581 607 529
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Figure 4.43: (a) 10 kHz MAS NMR spectra of γ-Al2O3 and inertly prepared
AlN sample (dXRD = 4.1 nm) after increasing amount of time spent in air.
(b) Fit of the MAS NMR spectrum of the inertly prepared AlN sample. The
asterisks denote spinning sidebands.

various oxygen coordinations in just 2.5 h. Nevertheless, as the oxidation
proceeds from the surface of the nanoparticles towards their center, the
rate of oxidation decreases with time as observed for specific surface area
and degree of crystallinity. Still, after 24 h, only 34 % of Al is coordinated
with N, while more than half is coordinated with 6 oxygen atoms.

As was shown in the previous section, nuclear magnetic resonance
is very sensitive to distribution of electric field gradient (EFG) and
quadrupolar interactions caused by the disorder around the 27Al nuclei.
The Czjzek model can be employed once more to describe the lineshapes
of the NMR peaks of the oxygen coordinated Al nuclei showing pro-
nounced asymmetry (figure 4.43a). In fact, as can be seen in table 4.7,
the oxygen coordinated peaks are best described by the Czjzek model
alone. This suggests that a large electric field gradient (EFG) is present
at the locations of the aluminum nuclei in the formed aluminum oxides
or hydroxides, either due to the inherently small size of the oxide
phase or its disordered nature. In addition, Isobe et al. [2003] studied
different aluminum hydroxides and found the existence of AlO4 and AlO5
coordinations to be characteristic of amorphous phases. Of course, these
findings also agree well with the observations from XRD measurements
as shown in figure 4.44.
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Figure 4.44: Dependence of the degree of crystallinity (presented in fig-
ure 4.42), total and ordered AlN content (from NMR measurements) on the
time spent in air. Dashed lines are shown as guides to the eye.

4.5 PhosphorSynthesis andCharacterization

SEM images are recorded by C. Koch (OSRAM GmbH). Laser and X-ray
diffraction measurements of the phosphors are performed by M. Seibald
(OSRAM GmbH). The data analysis is done by the author.

Aluminum nitride nanoparticles synthesized by the CVS method
were used as precursors in the production of the well-known Ca-α-
SiAlON:Eu2+ phosphor as a model system. However, the synthesis route
used for the production of the phosphors requires a large amount of AlN
precursors (> 6 g). As reported above, the current CVS setup is able to
achieve production rates of up to 3.0 g/h. However, as the particles are
collected on the walls of the thermophoretic collector during synthesis,
the nanoparticle collection efficiency decreases. This is a consequence of
the reduction of clean collector surface (surface with no particles attached
to it) and the increase of collected nanoparticle layer thickness. Both
of these effects reduce the thermal gradient between the hot gas stream
and the cold collection surface, resulting in lower collection efficiency,
eventually approaching zero. This is evident as the synthesis of about
7 g of AlN nanoparticles took 5 h, and not 2.5 h as expected from the
overall production rate calculated from a shorter synthesis experiment.
Therefore, a larger batch (15 g) was produced from 10 successive syntheses
where around 1.5 g was collected from the collector in each synthesis.
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In total, three phosphor samples were synthesized by the solid-state
synthesis procedure described in section 3.2 and compared to the propri-
etary reference material P-ref — P-1 and P-2 using CVS synthesized AlN
nanoparticles and P-3 using commercial micron-sized AlN. XRD patterns
of the synthesized phosphors are shown in figure 4.45. As can be seen,
all samples show very sharp reflections indicating large, highly crystalline
grains. In addition, phosphors P-2 and P-3 contain impurity phases to
varying degrees (table 4.8). Moreover, diffraction pattern of phosphor P-3
contains reflections from an unidentified crystalline phase. This could be
a consequence of local chemical inhomogeneities, stemming from the dif-
ficulty of mixing nano- and micron-sized particles. However, phosphors
obtained from CVS synthesized AlN nanoparticles do not contain any
separate (unreacted) AlN phase and less phase impurities in general —
phosphor P-1 is phase pure Ca-α-SiAlON. This result shows that us-
ing smaller, more reactive, starting materials is highly beneficial for the
solid-state synthesis of phosphors.

However, laser diffraction results (figure 4.46) point to a drawback of
using very small particles with a synthesis procedure that is not optimized
for highly reactive precursors. Namely, despite using the smallest AlN na-
noparticles (dXRD = 4.4 nm) as precursors, P-1 consists of the largest
particles — more than 5 times larger than the proprietary reference mate-
rial, P-ref. Interestingly, despite using commercial AlN precursors like the
reference phosphor, the particle size of the P-3 phosphor is twice as large.
This is caused by a different Si3N4 precursor with a lower nitridation de-
gree than in P-ref synthesis. As a result, the highly exothermic reaction
of N with remaining Si in Si3N4–x during the solid-state synthesis leads
to the formation of hot spots with temperatures exceeding the furnace

Table 4.8: Phase composition of the synthesized phosphors obtained from
Rietveld refinement of the XRD patterns.

Sample Ca-α-SiAlON ∗

[wt.%]
CaSiAlN3

†

[wt.%]
AlN ‡

[wt.%]

P-1 100 0 0
P-2 92 8 0
P-3 74 21 5
∗ [Izumi et al., 1984]
† [Kim et al., 2015]
‡ [Schulz and Thiemann, 1977]
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Figure 4.45: XRD patterns and constituent crystal phases of the synthesized
phosphors. Purple asterisks denote unidentified reflections in phophor P-2.

temperature, thereby affecting the particle size and particle size distribu-
tion. On the other hand, the median particle size of P-2 is comparable
to P-ref, but the particle size distribution is significantly wider. This can
also be seen in figure 4.47, which shows the SEM images of the synthesized
phosphors. In addition to a broad particle size distribution, phosphor P-2
contains a number of elongated, rod-like, particles and platelets. Similar
particles can be observed in sample P-1 as well, albeit with a significantly
lower frequency, but not in P-3 nor P-ref. This would suggest that their
occurrence could be connected to the the use of highly reactive CVS AlN
nanopowder as precursor, but the exact cause was not investigated fur-
ther. However, they do not appear to be single crystals and no crystalline
AlN phase was detected in those samples, ruling out possible formation of
large hexagonal AlN rods.

The very large particles of P-1 have a detrimental influence on the
internal quantum efficiency as shown in table 4.9. Large crystals normally
increase IQE [Adam et al., 2017, Borlaf et al., 2017, Wang et al., 2007]
due to typically lower concentration of crystal defects and less scatter-
ing off the particles themselves. Nevertheless, they can also decrease the
IQE as the converted (emitted) photons have to pass next to more acti-
vator ions on their way to the crystal surface. Moreover, large particles
increase the thickness of the phosphor layer needed for uniform coverage
of the excitation LED, leading to a higher probability of the photon being
reabsorbed.
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Figure 4.46: Particle size distribution of the synthesized phosphors measured
by laser diffraction.

(a)

(b)

(c)

Figure 4.47: SEM images of the synthesized phosphors at different magnifi-
cations: P-1 (a), P-2 (b) and P-3 (c).
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Phosphors P-2 and P-3 show similar internal quantum efficiencies, but
both are somewhat lower than the reference material. Larger particle size
could again be the reason for this decrease as P-2, despite having a median
diameter (D50) comparable to P-ref, has a wide particle size distribution
and therefore a large number of particles twice as large as in P-ref. In
contrast, particle sizes in phosphor P-3 are more than double the size of
those in P-ref. Still, the internal quantum efficiency of P-2 and P-3 is
comparable to values published in literature [Jang et al., 2010, Michalik
et al., 2017, Suehiro et al., 2008].

As can be seen from the dominant wavelength and the x and y
CIE 1931 color space coordinates, P-3 shows a redshift and a significantly
wider emission spectrum compared to the P-ref phosphor, despite being
synthesized from the same precursors as P-ref. These changes can be
attributed to the existence of CaSiAlN3 — a well-known red phosphor
(CaSiAlN3:Eu2+) [Lin et al., 2010, Uheda et al., 2006] — as an impurity
phase. Of course, with two phosphor materials present (yellow/orange
Ca-α-SiAlON:Eu2+ and red CaSiAlN3:Eu2+), the width of the emission
spectrum is wider as well.

On the other hand, samples P-1 and P-2 are blueshifted compared to
P-ref. This is explained by the higher oxygen content in the P-1 and P-2
samples. Namely, due to the very small particle size of the AlN powder
(4.4 nm and 7.5 nm in P-1 and P-2, respectively), oxygen is readily ad-
sorbed during the collection of the nanoparticles after the CVS synthesis.
This means that, after the solid-state synthesis, more oxygen is incorpo-
rated into the phosphor. As a result of the nephelauxetic effect which is
weaker for O2– than for N3– [Li et al., 2015], the 5d levels of the Eu2+
activator ion are higher in oxygen rich samples. In other words, higher
oxygen contents cause a shift of the emission spectrum to higher energies
(shorter wavelengths). Obviously, due to the longer collection time and
larger surface area, the smaller (dXRD = 4.4 nm) AlN particles produced
in 10 successive batches and used for the production of phosphor P-1,
have more oxygen adsorbed on them than the 7.5 nm AlN nanoparticles
used in P-2. Moreover, in addition to the Ca-α-SiAlON, the P-2 phosphor
contains the CaSiAlN3 phase as well, partially mitigating the oxygen in-
duced blueshift. Because of this, the blueshift observed in the P-1 sample
is somewhat larger than in the P-2 sample.

Figure 4.48 shows the CIE 1931 color space with coordinates of the
excitation LED and synthesized phosphors. Correlated color temperature
of the resulting wLED can be read at the intersect of the Planckian locus
with the line connecting the excitation source and phosphor coordinates
(table 4.9). The blueshifted phosphors P-1 and P-2 combined with the
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460 nm blue LED would result in colder white light (higher CCT values)
produced by the wLED. By analogy, the redshifted phosphor P-3 would
yield a warmer white color (lower CCT values) than the reference phosphor
when used with the same blue excitation LED. It should be noted that
only the wLED made with P-1 phosphor would actually produce light
that is colder than that of a typical incandescent light bulb (2400 K). In
addition, due to the lack of red wavelengths in the resulting light, the
color rendering index (Ra) of a wLED made with P-1 would be low.
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Figure 4.48: CIE 1931 chromaticity coordinates of the synthesized phophors
at the excitation wavelength of 460 nm. The gray line represents the Planckian
locus with correlated color temperature in K.



108 Chapter 4. Results and Discussion

Table 4.9: Luminescent properties of the synthesized Ca-α-SiAlON:Eu2+ phos-
phors and resulting WLED: relative internal quantum efficiency (Rel. IQE),
dominant emission wavelength (λdom) and the corresponding color, full width
at half maximum (FWHM) of the emission spectra, x, y CIE 1931 color space
coordinates and the resulting correlated color temperature (CCT) when com-
bined with a 460 nm excitation LED.

Sample Rel. IQE
[%]

λdom
[nm]

Color FWHM
[nm]

x y CCT
[K]

P-1 64.6 582.1 86.7 0.524 0.472 2500
P-2 82.4 583.8 89.5 0.535 0.460 2300
P-3 84.8 590.0 134.8 0.574 0.424 1800
P-ref 100 587.0 86.0 0.559 0.439 2000
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Aluminum nitride is a versatile and widely used material in bulk, thin
film and powder form. However, due to the material’s good thermal sta-
bility, the use of aluminum nitride particles for further processing usually
requires high temperatures and long dwell times. It is therefore the aim
of this thesis to develop a process for the synthesis of high-quality AlN
nanoparticles suitable for use in phosphor production. This is achieved by
combining both theoretical and experimental investigations of CVS, the
chosen method for AlN nanoparticle synthesis.

Numerical simulations performed by the cvssin code indicate that
the synthesis of largely unagglomerated AlN particles with diameters
below 10 nm is possible at temperatures above 1500 ◦C and pressures
below 50 mbar. Nevertheless, the simulations also reveal the much more
complex picture of the interplay between processes taking place inside
the hot-wall reactor. For example, the influence of variation in precursor
concentration at low and high pressures differs significantly due to the
coalescence process being coagulation limited when the number of AlN
monomers present in an agglomerate is too low to sustain the maximum
sintering rates. Therefore, at low pressures, slight instabilities of the pre-
cursor concentration introduced into the reactor can broaden the particle
size distribution, reducing the processability of the synthesized powder.
Moreover, depending on the gas temperature when the maximum coagu-
lation rate is reached, the CVS process can lead to either very small and
agglomerated or somewhat larger and unagglomerated primary particles.

The Monte Carlo type algorithm employed in the cvssinmc code en-
ables the determination of process parameters required for the production
of particles with desired characteristics. While unable to yield the desired
particle size due to the reactor length constrains, it suggests a surprising
solution to the problem — a dual-zone temperature profile. Although un-
expected, this is a natural extension of the insights gained from the cvssin
simulations. More precisely, the cvssinmc code effectively separates the
coagulation and coalescence processes in order to produce an agglomerate
composed of a large number of small particles (monomers) in the first
hot-zone that can be rapidly coalesced into a single primary particle in
the second hot-zone. Finally, the steep temperature drop at the reactor
exit ensures that the quenching rate is sufficiently high to minimize the
agglomeration of particles leaving the hot-wall reactor.

Experiments carried out in a wide range of hot-wall reactor temper-
atures and system pressures (T = 1000 ◦C − 1550 ◦C and p = 10 mbar −
500 mbar) agree very well with the results of those numerical simulations.
The largest deviations from the simulations are observed at low synthesis
temperatures where surface reactions, not included in the cvssin model,
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are the dominant growth mechanism. Nonetheless, phase-pure wurtzite
AlN nanoparticles are obtained at all process parameters. Importantly,
the experiments confirm that nanoparticles below 10 nm with no hard
agglomeration can be synthesized by the CVS method. The degree of
crystallinity of the synthesized particles increases with particle diameter.
For particles smaller than 3.5 nm their surface is the largest defect as they
contain practically no internal defects, whereas the defect density in the
bulk of the nanoparticle determines the crystallinity of larger particles.

The investigation into the stability of the synthesized nanoparticles in
air revealed a very rapid deterioration of both the specific surface area and
degree of crystallinity. This is, of course, a consequence of the well known
susceptibility of AlN to oxidization during exposure to air, intensified by
the high reactivity of such small particles. However, as opposed to bulk
AlN where a thin amorphous oxide layer hinders further oxidation, in
nanoparticles with diameters below 10 nm the whole particle is quickly
converted into an amorphous oxide. This degradation is confirmed by the
disappearance of both long- (XRD) and short-range order (NMR).

The study of the synthesized nanoparticles’ local structure confirmed
their highly ordered nature where the ratio of bulk and surface atoms
determines the degree of disorder. In the NMR spectra this was seen as
decreasing asymmetry with increasing crystallite size. On the other hand,
in the EXAFS and XANES spectra this can be incurred from the ability to
represent the larger nanoparticles by assuming an infinite crystal and the
need to include crystallite surface to accurately model the smaller crystal-
lites. Nevertheless, small amounts of oxygen were detected due to the brief
exposure of the samples during transfer to the measurement instruments.
While EXAFS analysis could not differentiate between nitrogen and oxy-
gen atoms in the AlN nanoparticle, analysis of the white line intensity in
XANES spectra indicates that the amount of oxygen substituting nitrogen
is minimal. Instead, the oxygen detected by XANES spectroscopy is most
likely adsorbed on the surface of the samples and present in the form of
amorphous oxide phase.

A newly-designed continuous inert thermophoretic particle collector
was commissioned. The envisaged meandering of the hot gas over the
water-cooled cylinder was confirmed by CFD simulations. The design
was further improved by incorporating a sealed bearing to ensure stable
rotation of the water-cooled cylinder for a prolonged period of time.
A new, two-part scraper assembly was designed to enable a larger
temperature gradient in the collector and thereby increase collection
efficiency. The improved design achieves production rates comparable to



112 Chapter 5. Summary and Conclusions

the already existing batch collector, with the added benefit of enabling a
continuous synthesis process.

Finally, a well-known Ca-α-SiAlON:Eu2+ phosphor was synthesized to
demonstrate the applicability of the AlN nanoparticles produced within
the scope of this work. Compared to the commercial, micron-sized AlN
precursor, the CVS synthesized nanoparticles result in phosphors with no
unreacted AlN phase and less phase impurities in general, highlighting
their superior reactivity. Nevertheless, the particle size of the resulting
phosphors is larger and the particle size distribution broader, pointing to
the need for optimization of the solid-state synthesis conditions for the
use of such highly reactive nanoparticles, e.g. by lowering the furnace
temperature or reducing dwell-time. The internal quantum efficiency of
the synthesized phosphors was comparable to previously published values,
but lower than the proprietary reference material most likely because of
the suboptimal solid-state synthesis process parameters and the ensuing
larger particle size. Due to the oxygen present in the precursors, the emis-
sion wavelength of the synthesized phosphors was blueshifted compared
to the reference material, thus emphasizing the need for an entirely inert
process — including inert transfer of the synthesized AlN nanoparticles.

The CVS process for the synthesis of high-quality AlN nanoparticles
and the continuous inert thermophoretic particle collector described in
this thesis provide such a possibility and together with the optimization
of the solid-state synthesis promise superior phosphors obtained at lower
synthesis temperatures.



Chapter 6
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This thesis shows that the CVS process can be optimized and con-
trolled to produce high-quality AlN nanoparticles suitable for use as pre-
cursors in phosphor production. Nevertheless, research can be conducted
in several directions to further improve the CVS process, the synthesized
nanoparticles as precursors for phosphors and phosphors themselves.

• As already discussed, aluminum nitride nanoparticles are not stable in
air and degrade very quickly to amorphous aluminum oxide. This prob-
lem could be mitigated by covering the nanoparticles with a protective
layer more resistant to oxidation. In general, this could even be an oxide
layer formed by introducing small amounts of oxygen at the reactor exit.
Alternatively, chemical vapor functionalization [Ali et al., 2012] could be
employed to cover the surface of the nanoparticles by oxygen-free capping
agents to hinder oxidation. The capping agents could then decompose
and evaporate at the high temperatures during the solid-state synthesis
of phosphors.
• Quantifying the amount of oxygen and determining its location (on
the surface or in the bulk) would be highly beneficial for informing the
necessary changes to the CVS setup and improving the synthesis further.
Since the electron escape depth from aluminum oxide is 130Å [Jones and
Woodruff, 1982] as already mentioned, producing AlN nanoparticles larger
than 30 nm would allow XAS to differentiate between the bulk of the
nanoparticle and its surface and locate the oxygen contaminants. In ad-
dition, the use of an inert transfer system for loading the samples into in-
struments able to quantitatively determine oxygen content is mandatory.
While it is not possible to quantify the amount of oxygen using X-ray
diffraction, important information about the pristine as-synthesized na-
noparticles can be obtained by using the inert sample chamber recently
designed for the PANalytical X’Pert PRO X-ray diffractometer used dur-
ing this research. Moreover, precisely regulating the atmosphere in the
chamber would allow to follow the degradation of the wurtzite structure
in a more controlled manner.
• The cvssinmc code opens up a new approach to developing nanoparti-
cle synthesis processes. Nevertheless, the advantages of the dual-zone re-
actor suggested by the simulations, while theoretically convincing, should
be confirmed experimentally. Therefore, a longer hot-wall reactor with
variable heating zones could be designed to make the differences between
the nanoparticles synthesized with single- and dual-zone hot-wall reactors
more pronounced and readily measurable.
• The high vapor pressure and reactivity of triethylaluminum make it
an excellent source of aluminum for the CVS method. However, the ethyl
groups might not decompose in oxygen-free environment and can contami-
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nate the synthesized nanoparticles. If contamination with carbon is a con-
cern, metallic aluminum can be used as a precursor where the availability
of high-purity aluminum is an added benefit. The problem of aluminum’s
low vapor pressure can be overcome by evaporating it directly in front
of the reaction zone. Preliminary experiments performed by inductively
heating metallic aluminum in a graphite crucible suggest that the carbon
content of the resulting nanoparticles can be reduced significantly. Forgo-
ing the graphite crucible and inductively levitating the aluminum could
eliminate the carbon from the nanoparticles entirely.
• The thermophoretic collector for continuous nanoparticle collection un-
der inert conditions described in this thesis can be improved further. The
addition of another scraper at the bottom of the collector to actively di-
rect the nanoparticles into the container could as much as double the
production rate of inertly collected nanoparticles. Moreover, substituting
the copper in the scrapers with high-temperature silicone would remove
another possible source of powder contamination.
• An alternative to synthesizing AlN nanoparticles and subsequently us-
ing them as precursors for phosphor synthesis would be to synthesize phos-
phors in the gas phase directly. In addition to being a one-step process
to obtain phosphors, the non-equilibrium nature of the CVS could be
exploited to explore chemical compositions that are inaccessible to the
commonly used solid-state synthesis. Moreover, the diameter of the phos-
phor particles could be reduced significantly, thereby requiring smaller
amounts of the phosphor to homogeneously cover the LED chips. Even if
the desired crystalline phase could not be obtained directly from the CVS
process, the synthesis of small and highly reactive nanoparticles with ho-
mogeneous element distribution would still be advantageous for the sub-
sequent crystallization and annealing steps required to obtain the desired
phosphor.
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Appendix

Vapor pressure equation of triethylaluminum (TEAl, Al(C2H5)3)

log10 pTEAl[bar] = 7.413 94− 3451.295 K
T [K] + 2.14 K (A.1)

Table A.1: Specific surface area (SSA), estimated particle size (dBET), crys-
tallite size (dXRD) and degree of agglomeration (Nagg) of powders synthesized
at various temperatures and pressures. The particle diameter was calculated
using the densities obtained from the Rietveld refinement of the XRD data.

Temperature Pressure SSA dBET dXRD Nagg
[◦C] [mbar] [m2/g] [nm] [nm]

1000 20 359.6 5.1 2.9(1) 5.5
1250 20 323.5 5.7 3.5(1) 4.3
1400 10 425.8 4.3 2.7(1) 4.1
1400 20 237.9 7.7 5.8(2) 2.4
1400 20 244.7 7.5 5.7(1) 2.3
1400 100 226.7 8.1 8.7(3) 0.8
1400 100 231.9 7.9 8.3(1) 0.9
1400 500 148 12.4 11.5(2) 1.3
1400 500 159.8 11.5 10.3(2) 1.4
1550 20 354.1 5.3 5.8(1) 0.8
1550 20 278.4 6.6 6.3(1) 1.1
1550 500 158.5 11.6 12.2(1) 0.9
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Table A.2: Proces parameters used in the cvssin and cvssinmc simulations

Parameter Value

Initial TEAl mass flow, nTEAl [sccm] 0.3–30.4
Initial NH3 mass flow, nNH3 [sccm] 1000
Initial He mass flow, nHe [sccm] 200
Reactor diameter, L [m] 0.018
Reactor length [m] 0.9
Pressure, p [Pa] 103–105

Table A.3: Properties of aluminum nitride (AlN) used in the cvssin and
cvssinmc simulations

Property Value Ref.

Molar mass, M [g/mol] 40.99
Bulk density, ρ [kg/m3] 3.26
Collision diameter, dc [m] 3.4 · 10−10 ∗

Heat capacity coefficient a0 [J/mol K] 47.74 †

Heat capacity coefficient a1 [J/mol K2] 2.07 · 10−3 †

Heat capacity coefficient a2 [J K/mol] −1.73 · 106 †

Enthalpy of formation coefficient b0 [J/mol] −3.32 · 105 ‡

Enthalpy of formation coefficient b1 [J/mol K] 3.23 ‡

∗ Collision diameter is assumed to be temperature independent; value listed
is calculated for the monomer — the actual collision diameter varies during
particle growth and agglomeration and is calculated within the model.

† Tabulated data from [Stull and Prophet, 1971] fitted by cp = a0 + a1 · T +
a2/T

2.
‡ Tabulated data from [Stull and Prophet, 1971] fitted by ∆Gf = b0 + b1 · T .
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Table A.4: Properties of ammonia (NH3) used in the cvssin and cvssinmc
simulations

Property Value Ref.

Molar mass, M [g/mol] 17.03
Collision diameter, dc [m] 2.6 · 10−10 ∗ †

Heat capacity coefficient a0 [J/mol K] 25.37 ‡

Heat capacity coefficient a1 [J/mol K2] 0.04 ‡

Heat capacity coefficient a2 [J/mol K3] −6.86 · 10−6 ‡

Enthalpy of formation coefficient b0 [J/mol] −4.62 · 10−4 §

Enthalpy of formation coefficient b1 [J/mol K] −12.67 §

Enthalpy of formation coefficient b2 [J/mol K2] 4.05 · 10−3 §

∗ Collision diameter is assumed to be temperature independent.
† [Van Hooff and Roelofsen, 1991]
‡ Tabulated data from [Stull and Prophet, 1971] fitted by cp = a0 + a1 · T +
a2 · T 2.

§ Tabulated data from [Stull and Prophet, 1971] fitted by ∆Gf = b0 + b1 ·T +
b2 · T 2.

Table A.5: Properties of ethane (C2H6) used in the cvssin and cvssinmc
simulations

Property Value Ref.

Molar mass, M [g/mol] 30.07
Collision diameter, dc [m] 4.4 · 10−10 ∗ †

Heat capacity coefficient a0 [J/mol K] 15.43 ‡

Heat capacity coefficient a1 [J/mol K2] 0.14 ‡

Heat capacity coefficient a2 [J/mol K3] −3.62 · 10−5 ‡

Enthalpy of formation coefficient b0 [J/mol] −66.74 · 103 §

Enthalpy of formation coefficient b1 [J/mol K] −69.34 §

Enthalpy of formation coefficient b2 [J/mol K2] 0.03 §

∗ Collision diameter is assumed to be temperature independent.
† [Flynn and Thodos, 1962]
‡ Tabulated data from [Gurvich et al., 1989] fitted by cp = a0 +a1 ·T +a2 ·T 2.
§ Tabulated data from [Pamidimukkala et al., 1982] fitted by ∆Gf = b0 + b1 ·
T + b3 · T 2; above 1100 ◦C enthalpy of formation is assumed to be constant
(−1.06 · 105 J/mol).
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Table A.6: Properties of helium (He) used in the cvssin and cvssinmc sim-
ulations

Property Value Ref.

Molar mass, M [g/mol] 4
Collision diameter, dc [m] 2.6 · 10−10 ∗ †

Heat capacity [J/mol K] 20.79 ‡ §

∗ Collision diameter is assumed to be temperature independent.
† [Van Hooff and Roelofsen, 1991]
‡ Heat capacity is assumed to be temperature independent.
§ [Stull and Prophet, 1971]

Table A.7: Properties of triethylaluminum (Al(C2H5)3) used in the cvssin
and cvssinmc simulations

Property Value Ref.

Molar mass, M [g/mol] 114.16
Collision diameter, dc [m] 7.8 · 10−10 ∗ †

Heat capacity [J/mol K] 239 ‡ §

Enthalpy of formation [J/mol] −8.8 · 104 ¶ §

∗ Collision diameter is assumed to be temperature independent; collision
diameter of TEAl (Al(C2H5)3) is approximated by that of triethylamine
(N(C2H5)3).

† [Van Hooff and Roelofsen, 1991]
‡ Heat capacity is assumed to be temperature independent.
§ [Rabinovich et al., 1998]
¶ Enthalpy of formation is assumed to be temperature independent.

Table A.8: Parameters for reaction kinetics used in the cvssin and cvssinmc
simulations

Parameter Value Ref.

pre-exponential constant, k0 [1/s] 2.0 · 1012 ∗

Activation energy, Ea [J/mol] 1.13 · 105 ∗

∗ [Mihopoulos et al., 1998]
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Table A.9: Parameters for sintering kinetics used in the cvssin and cvssinmc
simulations assuming nitrogen diffusion in AlN as rate limitting

Parameter Value Ref.

Volume of diffusing species, Ω [m3] 2.87 · 10−29 ∗

Grain boundary width, w [m] 5 · 10−10 †

Surface free enthalpy, γ [J/m2] 3.91 ‡

Mass fractal dimension, Dm [-] 2.8 this
work

Sintering constant, σ [-] 32 §

Pre-exponential constant [m2/s] 1.16 · 10−10 ¶

Adjusted pre-exponential constant, D0 [m2/s] 8 · 10−9 # this
work

Activation enthalpy, Egb [J] 4.67 · 10−19 ¶

∗ Calculated from atomic volume of nitrogen Ω = 17.3 cm3/mol
6.022 · 1023 1/mol .

† [Vassen et al., 1996]
‡ [Holec and Mayrhofer, 2012]
§ [Kruis et al., 1993]
¶ [Okada et al., 2000]
# Adjusted to fit the experimental crystallite size.
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Table A.10: Models (atomic configurations) used as starting points in analysis
of the EXAFS spectra with the rmcxas program. Aluminum atoms are shown
in blue, nitrogen in red, oxygen in green and hydrogen in black.

Model description Atomic configuration

Pure wurtzite AlN bulk

Pure 2.9 nm wurtzite AlN
cluster
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

Pure 2.9 nm wurtzite AlN
cluster with 10 % Al vacan-
cies

Pure 2.9 nm wurtzite AlN
cluster with 25 % Al vacan-
cies

Pure 2.9 nm wurtzite AlN
cluster with Al interstitials
on tetrahedral sites
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm wurtzite AlN cluster
with O adsorbed on the sur-
face

2.9 nm wurtzite AlN cluster
with O substituting N in a
5Å shell

2.9 nm wurtzite AlN clus-
ter with O substituting N
and appropriate number of
Al vacancies in a 5Å shell
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm wurtzite AlN cluster
with O substituting N in a
5Å shell and adsorbed on
the surface

2.9 nm wurtzite AlN cluster
with O substituting N in a
10Å shell

2.9 nm wurtzite AlN clus-
ter with O substituting N
and appropriate number of
Al vacancies in a 10Å shell
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm wurtzite AlN cluster
with O substituting N in a
10Å shell and adsorbed on
the surface

Pure 2.9 nm wurtzite AlO
cluster

Pure 2.9 nm wurtzite AlO
cluster with Al vacancies
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm wurtzite AlN cluster
with 5Å thick amorphous
AlN shell

2.9 nm wurtzite AlN cluster
with 5Å thick amorphous
AlO shell

2.9 nm wurtzite AlN cluster
with 5Å thick Bayerite
(α-Al(OH)3, [Yamaguchi
and Sakamoto, 1958]) shell
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm wurtzite AlN clus-
ter with 5Å thick Gibbsite
(γ-Al(OH)3, [Saalfeld and
Wedde, 1974]) shell

2.9 nm wurtzite AlN cluster
with 5Å thick Nordstran-
dite (Al(OH)3, [Saalfeld and
Jarchow, 1968]) shell

2.9 nm wurtzite AlN clus-
ter with 5Å thick Boehmite
(γ-AlOOH, [Reichertz and
Yost, 1946]) shell
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

2.9 nm zinc-blende AlN
cluster

Section of two pure wurtzite
AlN crystals (periodic
boundary conditions ap-
plied at the sides, top and
bottom) with interparti-
cle space to account for
nanoparticle surface. Ratio
of atoms at the surface and
in the ‘bulk’ corresponds to
a 12.2 nm nanoparticle
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Table A.10 (continued): Aluminum atoms are shown in blue, nitrogen in
red and oxygen in green.

Section of two wurtzite AlN
crystals (periodic boundary
conditions applied at the
sides, top and bottom) with
interparticle space to ac-
count for nanoparticle sur-
face. O substitutes N
in both crystals in a 5Å
shell. Ratio of atoms at
the surface and in the ‘bulk’
corresponds to a 12.2 nm
nanoparticle

Section of two wurtzite AlN
crystals (periodic boundary
conditions applied at the
sides, top and bottom) with
interparticle space to ac-
count for nanoparticle sur-
face. O substitutes N in
both crystals in a 10Å
shell. Ratio of atoms at
the surface and in the ‘bulk’
corresponds to a 12.2 nm
nanoparticle
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Water-cooled
flanges

Ferrofluid rotary
feedthrough

Scrapers

Heating mantle

ExhaustElectromotor and timing
belt for rotation of 

water-cooled cylinder

Water intake and
exhaust for the

water-cooled cylinder

Hydraulic jack for
lifting the collector top

Figure A.1: Photo of the quasi-continuous thermophoretic collector for col-
lecting and transporting nanoparticles under inert atmosphere.
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