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Abstract
Advanced phosphors are currently of interest for applications in various emerging
technologies, such as electronic printing jets, lighting and display devices and medical
devices such as fluorescence markers. Compared to conventional phosphors, nanoparticle
phosphors offer potential advantages with regard to reduced light backscatter losses and
dispersibility in polymer substrates. With current phosphor synthesis techniques it is
challenging to simultaneously control the particle morphology and phase to synthesize
phosphor nanoparticles in a commercially viable manner. This study is focused on
developing a cost effective method for bulk production of nanoscale phosphor powders
through a single-step radio frequency (RF) plasma process. Synthesis of several phosphor
material systems were studied for this purpose, including cerium-doped yttrium
aluminum garnet (Ce:YAG), which is among the most commonly used phosphors for
white LED applications. Previous studies have shown that it is difficult to produce the
desired YAG phase without ex-situ annealing irrespective of the synthesis technique
used. Preliminary efforts to directly synthesize Ce:YAG nanoparticles with the RF
plasma system were not successful. Characterization results of the as-synthesized
particles showed the presence of the perovskite (YAP) phase with broad size distribution
ranging from hundreds of nanometers to a few microns.
Novel methods were developed to control the size and phase of the particles in the
synthesis process. The experimental setup was modified by inserting a ceramic tube
coaxially with the reactor inlet to incorporate a central annealing zone. Numerical
modeling performed to determine the influence of the tube insertion on the thermofluid
fields in the reactor indicates that the tube provides a more uniform high-temperature
region, without flow recirculation. The tube is hypothesized to aid in size and phase
control through selective particle collection and in-flight annealing. Ce:YAG particles
synthesis experiments conducted with the tube-insertion setup indicate that phase and
size control of the particles is possible to a certain extent, depending on the size of the
tube. Characterization results of the synthesized particles showed that submicron sized
YAG particles are synthesized as the majority phase through the 47.5 mm tube-insertion
iii

setup. Synthesis of other phosphor materials such as Ce:CaSc2O4 and Eu:SrAl2O4 also
indicate that the tube insertion setup helps to control the particle size and phase partially
and to improve the photoluminescence through in-flight annealing.
The precursor atomization process was studied with the aim of developing
effective methods to control the size and phase of the particles in the synthesis process. A
laser imaging technique was used to characterize the high density spray generated with
the Tekna atomizer probe. Image processing results indicate that sprays generated with
flow conditions similar to that used in experiments have broad droplet size distribution
ranging from 10s to 100s of microns. An effective method studied to fragment water
based droplets in the plasma is by adding an organic fuel such as urea. The urea
decomposes exothermically in the high temperature region, thereby aiding in the
secondary fragmentation and evaporation of the droplets. Smaller droplets and enhanced
evaporation rates are hypothesized to increase the gas phase nucleation synthesis route of
particles, leading to smaller particles. Experiments were performed with varying
concentrations of urea in nitrate salts and water based precursors for synthesis of various
phosphor materials. The results indicated that the particle size decreases with increasing
urea concentrations. Using >7M urea concentration with 0.4M salt concentrations in the
precursor results in primarily nano sized particles. Adding urea in the precursor was also
observed to affect the phase of the particles by providing a reducing chemical
environment in the synthesis.
Finally a novel precursor developed by Nitto Denko Tech. Corp. for the synthesis
Ce:YAG particles was studied. Thermal analysis of the dried precursor was performed to
study the YAG crystallization process. YAG nanoparticles were synthesized through the
precursor atomization and annealing process. Diluted precursor was also injected in the
plasma to achieve single phase YAG particles directly from the RF plasma system.
However, the precursor synthesis method is expensive and time intensive. Therefore it
was not used for synthesis of other phosphor materials.
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Chapter 1. Background
1.1

Introduction
Degrading environment and depleting natural resources are becoming the most

important global concerns of the present-day society. These concerns are leading to a
keen search for efficient ways of energy production and consumption in order to support
the present growing energy demand in a sustainable and environment-friendly manner.
To reduce energy wastage in the field of lighting and displays, governments in several
countries have passed regulatory laws to phase out the inefficient and environmentally
hazardous lighting devices such as incandescent bulbs and tube-lights [1,2]. Further there
has been a growing support for the development of efficient technologies including solid
state lighting (SSL) devices, electroluminescent displays and plasma displays. SSL
devices have the potential to save significant amount of energy while improving the
quality of illumination. For example, novel developments in the area of SSL devices such
as LEDs (light emitting diodes) are capable of saving approximately 70% of the energy
consumed by incandescent light bulbs for the same amount of illumination [3]. A
research study [4] conducted to determine the energy saving potential of SSL devices
reports that by 2025, the SSL devices can save about 29% of energy consumed for
lighting purposes in US annually. This would translate into a cumulative savings of more
than $125 billion dollars on consumer electric bills from 2005 to 2025. Further,
displacement of incandescent lamps and fluorescent tubes by SSL devices would also
contribute to a cleaner environment by avoiding the use of hazardous materials like
mercury and deferring more than forty 1000 MW power plants.
Enormous energy-saving capabilities are promoting intensive research and
developments in the field of solid-state lighting and other display technologies.
Consequently novel display technologies are emerging at a rapid pace, leading to
growing demands for phosphor materials. Phosphors are used as a source of illumination
in these technologies due to their characteristic ability to emit visible light when
irradiated with excitation sources such as UV-rays. The successful use of phosphors in
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the emerging technologies with diverse chemical and physical conditions would require
ability to control the morphological and optical properties of the material in order to meet
the technical and device-driven requirements. For example phosphor applications in
electronic printing technology and medical devices such as fluorescence markers require
nano-sized particles with reasonably high luminescence efficiencies [5-7]. It is
challenging to control both, morphology and properties of the phosphors with the
currently established bulk phosphor synthesis techniques. Conventional techniques such
as solid state reaction methods are incapable of simultaneous particle size and property
control. On the other hand, wet chemistry techniques which can control particle sizes
suffer from long processing time requirements and low production rates, making them
inadequate for commercial use. Additionally they require post-processing steps like
annealing which involves a trade-off between size control and better optical properties.
Thus, there is a need to develop alternate phosphor synthesis routes which can
allow cost-effective bulk production of size and phase controlled phosphor particles. This
study is aimed at exploring a radio frequency (RF) plasma system to provide such a
synthesis technique. In this work we studied the synthesis of a variety of phosphor
materials using the RF plasma system with the aim of controlling morphological and
optical properties of the synthesized particles.

1.2

Phosphors
Phosphors are materials that emit radiation (called luminescence) when exposed

to some form of excitation such as UV rays, X-rays, and electron bombardment. The
physical processes involved in luminescence of phosphors can be explained with the help
of a schematic illustrated in Figure 1.1 [8]. Consider a host crystal lattice, M, containing
two kinds of foreign ions, S and A. When the host material is subjected to some form of
excitation the foreign ions absorb the incident radiation and are raised to an excited state.
Subsequently, the excited ions may return to the ground state by releasing the absorbed
excitation energy in the form of radiation or phonon vibration. If the energy is released
via radiation, the phenomenon is called luminescence and the ionic center involved is
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called an activator. It is also possible that an ion does not directly absorb the radiation but
gets excited via another centre, S, which absorbs the radiation and then transfers the
excitation energy either partly or fully to A. It is possible that the host lattice itself may
play the part of S, but when it is not the case, S is called a sensitizer of luminescence from
A

Figure 1.1: Schematic representation of luminescence in a host lattice M with doped foreign ions, S and
A, which absorbs and emits radiations. From ref. [8]

For the luminescence from the phosphor material to be useful, the transition of
activators from ground state to the excited state should have a high probability and the
elapsed time between excitation and emission should be short to avoid afterglow. These
criteria are best met by the rare earth ions [8]. Thus, the rare earth metal groups are the
most commonly used dopants for activators. The host materials are typically oxides,
nitrides, oxynitrides, sulfides, selenides, halides or silicates of various rare earth metals.
Depending on their physical and optical properties, these different types of materials are
used in suitable applications.
Phosphors find major applications as i) light sources in fluorescent lamps,
mercury lamps, LEDs etc., ii) in display devices such as cathode ray tubes (CRT), plasma
display panels (PDP), and field emission displays (FED) , and iii) in detector systems
such as X-ray screens, thermo-luminescent dosimetry, and scintillators. While use of
phosphors in devices such as fluorescent lamps, and CRTs have been known for more
than a century now, their applications in LEDs, PDPs, and electroluminescent displays
are relatively recent developments. Amongst these applications, a rapidly emerging
technology is that of white LEDs. Recent breakthroughs in the advancement of LED
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technology have enabled LED-based light sources to have superior lifetime, efficiency,
and reliability as compared to conventional lamps [9]. Therefore, LEDs are seen as
promising alternates for lighting applications to achieve significant reductions in power
consumption.
For sustained performance in the emerging display and lighting technologies,
phosphors require high conversion efficiency, high stability against moisture and oxygen,
low thermal quenching, small and uniform particle sizes, and appropriate emission colors
[10]. Several materials including nitrides, oxynitrides, orthosilicates, sulfides, aluminates
and oxides have been investigated for use in various display applications [11-13].
Considering chemical stability, cost and ease of synthesis, oxides are currently the most
commonly used phosphors. The present study is primarily focused on the synthesis of
such oxide based phosphors.

1.3

Phosphor Synthesis Techniques
Several techniques have been investigated for synthesis of oxide phosphors. Most

commonly used methods are solid-state reactions [14,15], sol–gel techniques [16],
hydroxide precipitation [17], hydrothermal synthesis [18,19], and combustion synthesis
[20,21]. Solid–state reaction involves mixing precursor powders in desired stoichiometric
ratio and annealing them at high temperatures (>1000oC) for long times (few hours),
which is required generally due to refractory nature of oxides. For multi-element
compositions, repeated heating and grinding steps may be required to avoid undesirable
phases in the final product. In sol–gel and hydroxide precipitation methods, dilute
solutions of metallorganics or metal salts are reacted and condensed into an amorphous or
weakly crystalline mass. These methods may be advantageous due to the possibility of
achieving complete reactions through atomic scale mixing of powders. However, they
also require post heat-treatment of the as-synthesized powders at high temperatures to
obtain crystalline powders. Similarly, although hydrothermal and combustion synthesis
may be capable of achieving fine, crystallized powders, they also generally require post
calcination steps to achieve the desired phases and high photoluminescence efficiencies.
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High temperature annealing for hours not only adds to the processing cost and time but
also causes agglomeration and grain growth of particles. Large and agglomerated particle
sizes (several micrometers) are undesirable as explained in the following section.

1.4

Nano-sized Phosphors
Typical synthesis processes described above involve post heat-treatments of

synthesized particles usually at high temperatures (> 1000oC) which cause grain growth
of particles. Large particles (>1 µm) produce higher light scattering which decreases the
light transmission as compared to nano sized particles, as illustrated in Figure 1.2. Further,
due to heavy mass, big particles tend to sediment in suspensions over time causing nonuniform absorption and emission phenomena. Such non-uniformities affect the
performance of phosphors by causing fluctuations in color balance. An example of this
case is shown in Figure 1.3 where Yttrium Aluminum Garnet (YAG) phosphor particles
in the size range of 1-10 µm are suspended in casting resin solution and used in white
LEDs. Due to sedimentation of the heavier particles, non-uniform absorption/emission
causes fluctuations in white color balance as illustrated in Figure 1.3.

Figure 1.2: Comparison of change in light transmission with particle size. (Data Courtesy: Nitto Denko
Tech. Corp.)
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Figure 1.3: White Color balance fluctuation caused in white LEDs due to sedimentation problem in micron
sized YAG phosphor particle suspension in casting resin solution (Courtesy: Nitto Denko Tech. Corp.)

Using nanoparticles can avoid the problem of sedimentation and light scattering
losses, resulting in improved resolution and energy efficiencies. Further, nano-sized
phosphors also offer opportunities for special applications in technologies such as
fluorescence markers, and printable electronic inks for electronic printing technology [57]. However, problems associated with nano-sized phosphors such as higher surface
defects and low luminescence efficiencies arising from grain boundary effects [22] pose
challenges in their usability. These problems could be overcome by annealing particles at
high temperatures, but that also causes agglomeration of particles. To overcome such
trade-offs would require research in alternate synthesis techniques which can help in
achieving nano-sized, crystalline phosphor particles with high luminescence efficiencies.
This study is aimed at exploring an RF inductively coupled plasma system to provide
such a synthesis technique.

1.5

RF Inductively Coupled Plasma
The history of development of inductively coupled plasma (ICP) can be traced

back to as early as 1947 when Babat [23] first reported that a ring discharge, established
at low pressure, can be maintained at atmospheric pressure. Subsequently in 1961 Reed
[24] showed that an ICP discharge can be maintained in an open tube with a flowing gas
and this formed the basis of the radio frequency (RF) ICP as it is known today.

6

The basic principle of an RF-ICP is similar to the induction heating of metals.
During an induction plasma operation, alternating current (AC) of radio frequency (RF)
is supplied to coils that are wrapped around a confinement tube. The current induces an
alternating magnetic field inside the confinement tube. Based on Ampere’s law for a
solenoid coil the flux of the induced magnetic field is given as,
Φ = µ oIcnπr2

(1.1)

where Φ is the flux of magnetic field, µo is the permeability constant (4πx10-7 Wb/A.m),
Ic is the coil current, n is the number of coil turns per unit length, and r is the mean radius
of the coil turns. The oscillating magnetic field induces a voltage or an electromotive
force, which in turn leads to generation of eddy currents in the external regions of the
streaming plasma gas. The plasma gas gets ionized and the current flowing through it
maintains the discharge. The discharge has a high temperature (5000-10000 K) and
enthalpy (103~105 kJ/kg), which is dissipated via convection and radiation. It is difficult
for the high frequency alternating magnetic field to penetrate the ionized plasma gas due
to its relatively high electrical conductivity and the opposing induced current in the
discharge. This phenomenon, usually described as the “skin effect”, causes the induced
current to be concentrated at an offset from the center, making the off-axial region the
brightest and hottest part of the plasma. The phenomenon can also be observed in the
radial temperature profiles obtained at the mid section of the coil region for an RF
discharge at atmospheric pressure. The radial temperature profiles obtained by different
investigators for different plasma gases are shown in Figure 1.4 [25]. The figure shows
that the maximum temperature does not lie on the centerline of the discharge but at an
offset, which can be attributed to the skin effect.
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Figure 1.4: Radial Temperature profiles at the mid-section of an induction coil for different plasma gases.
From ref. [25]

1.6

RF Plasma Characteristics and Applications
The induction plasma discharge possesses many advantageous characteristics

which make it attractive for various industrial applications. First, the RF plasma does not
use electrodes for the discharge, which eliminates concerns of contamination and erosion
of the electrode. Absence of electrodes in the plasma makes it possible to use the plasma
torch in reducing, oxidizing or even corrosive conditions. Thus, RF plasma systems can
be used in a wide variety of chemical environments. Second, the plasma serves as a high
temperature and enthalpy heat source and can therefore be used for processing of
materials like ceramics, high temperature metal oxides and alloys. Further, the discharge
offers a relatively large plasma volume and long residence times of precursors in the
plasma plume (up to hundreds of milliseconds) compared to DC plasmas. Finally,
additional features like possibility of axial feeding of precursors enhance the use of RF
plasmas in in-flight melting of powders for spray-coatings and high density deposition
applications.
As a heat source, RF plasma systems have been used for crystal growth of
materials such as sapphire, zirconia and niobium [26], spherodization of fine powder
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materials such as TiC and alumina [27,28], and spray coatings and deposition of high
temperature materials [29]. RF plasma systems have also been used for synthesis of
materials ranging from high temperature metal oxides such as SiO2 and TiO2 [30] to even
“exotic” superconducting materials such as YBa2Cu3O7-x [31]. Other major areas of
successful application of RF induction plasma technology are in spectrochemical
elemental analysis (mass spectrometry) as an emission source, and in treatment of waste
materials [32].
RF plasma systems have also been extensively used for the synthesis of various
materials in ultra-fine or nano sizes. Use of RF plasma systems for production of ultrafine particles can be dated back to 1975 when MacKinnon et al. [33] reported the
synthesis boron carbides in an Ar plasma. Since then, nanoparticle synthesis of several
materials including high temperature metals, alloys, metal oxides, and carbides have been
reported with RF plasmas [34-37]. Recently, Li et al. [38] synthesized TiO2 nanoparticles
in an Ar/O2 plasma with a liquid precursor and demonstrated that size and phase control
of the synthesized particles is possible using quenching. Similarly, Szépvölgyi et al. [28]
synthesized LaB6 and SiO2 nanoparticles in an Ar/O2 plasma and investigated the effects
of synthesis conditions on the properties of nanoparticles. Likewise, Ishigaki et al. [39]
synthesized TaC nanoparticles in Ar/H2 plasma and showed the effects of decreasing
pressure and introducing quench gas in the system on the size of the nanoparticles. From
all these studies it is evident that plasma operating parameters have a significant effect on
the properties of the synthesized nanoparticles. However, to our knowledge the use of RF
plasma system for synthesis of phosphor nanoparticles has not been explored. The
present work aims to study the effects of system parameters and precursor properties on
the size and phase of a variety of phosphor materials synthesized using RF plasma system.

1.7

Motivation
The drive for energy efficiency is leading to the rapid development of novel

technologies in the area of lighting and displays. This in turn is creating increasing
demands for phosphor materials with well suited properties since phosphors are
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essentially the illumination sources in these emerging lighting and display technologies.
The successful use of phosphors in the emerging technologies with diverse chemical and
physical conditions would require an ability to control the morphological and optical
properties of the material in order to meet the technical and device-driven requirements.
For example in LED chips the excitation energy densities are three orders of magnitude
higher than in conventional fluorescent lamps [40]. As a result, phosphors for LEDs must
withstand temperatures up to 200oC and maintain high chemical and physical stabilities
with low thermal quenching at such temperatures. Similarly novel X-ray intensifiers and
scintillators require phosphors with fast response time, high light yield, and high density
(>7gcm-3) to achieve higher resolutions as well as efficient absorption and detection [41].
Likewise, applications such as fluorescence markers and electronic printing technology
require nano-sized phosphors with reasonably high luminescence efficiencies [5-7]. Such
technical requirements can be fulfilled by controlling the properties and size of phosphor
particles through the synthesis process.
However, to our knowledge, currently there is no established phosphor synthesis
technique that is commercially viable for bulk production of size and property controlled
phosphors. The need for such a technology is the motivating factor for research in this
direction. The goal of this study, thus, is to make the RF plasma system capable of
process controlled synthesis of phosphor materials in a commercially viable manner.
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Chapter 2. Phosphor Material for Study
2.1

Overview
This chapter provides a background of the material used for the study of the

synthesis of inorganic phosphors with the RF plasma system. The ability to control the
particle phase and size in the synthesis of Cerium doped Yttrium Aluminum Garnet (Ce:
YAG) through the RF plasma system was studied with the aim of achieving the nano-size
YAG particles. This study builds on the work of Srivathsan [42] to synthesize Ce:YAG
nanoparticles using an RF plasma system. The following sections provide the background
and motivation for choosing YAG as the phosphor material for the study based on a
literature review of the efforts to synthesize YAG. This is followed by a description of
the thermal annealing analysis of the plasma synthesized powders to evaluate a possible
approach to synthesize Ce:YAG particles directly in the RF plasma system.

2.2

Yttrium Aluminum Garnet (YAG)
The Y2O3-Al2O3 material system is known to exist in three crystalline phases: the

perovskite phase (YAP, YAlO3), the monoclinic phase (YAM, Y4Al2O9) and the cubic
garnet phase (YAG, Y3Al5O12). Of the three, the garnet phase is known to be
thermodynamically the most stable phase of the Y–Al–O material system at room
temperature [43,44]. The stable lattice structure of YAG, high thermal conductivity, and
high chemical & physical stability even at extreme irradiance with an electron beam
makes it an ideal host material for solid state lasers and phosphor based display
applications. Consequently, rare-earth-doped YAG materials, such as Tb, Eu, Cr, Ce and
Tm, are widely used as phosphor candidates in various display applications such as
cathode-ray tubes (CRTs), field emission displays (FED), plasma display panels (PDP),
light emission diodes (LEDs) etc [45,46]. In particular Ce doped YAG has attracted a lot
of attention for white LED applications due to its excellent optical properties, such as
broad emission spectrum peaking at 530 nm, high quantum efficiencies, small decay time
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(70-90 ns), and favorable decay kinetics over a broad range of temperatures [77-770K]
under direct optical excitation of cerium ions [47,48]. White LEDs are currently of strong
interest as energy-efficient light sources to replace inefficient incandescent bulbs and
perhaps compact fluorescent lamps in the years to come.
To make the YAG based display sources commercially competitive would require
sustainable high performance at low cost. Consequently cost-effective large-scale
synthesis of YAG with desirable properties has been the subject of many investigations.
The following section presents a brief review of such investigations to synthesize YAG
through various techniques.

2.3

Literature on YAG synthesis
Several studies on the synthesis of YAG through various techniques have been

reported. Among the commonly used methods are solid state reaction [49,50], and
combustion synthesis [51,52] in which inorganic salts of Yttrium and Aluminum are
mixed in the desired stoichiometric ratios (with organic fuels for combustion synthesis)
and heated at high temperatures (>1000oC) for prolonged time (hours) to obtain the YAG
phase. Such processes require multiple annealing and grinding steps to achieve phasepure YAG. Besides, the high temperature annealing causes sintering of particles, which
makes the process incapable of size control.
Various wet-chemical synthesis techniques such as sol–gel processes [53-55], coprecipitation [56], glycothermal synthesis [57,58], and combinatorial chemistry [59] have
also been investigated with different organic and inorganic precursors to achieve nanosized YAG phase particles. The as-synthesized particles in all these processes do not
contain the YAG phase and they require post-synthesis calcination at high temperatures
(>900oC) to convert them to the YAG phase. High temperature annealing not only adds
to the cost and processing times but also causes agglomeration and grain growth of
particles. Large and agglomerated particles (diameter >1 µm) adversely affect the
performance of LEDs by causing non-uniform absorption and emission because the
sedimentation of heavy particles in the suspension leads to size segregation. Techniques
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such as solvothermal synthesis [60] and hydrothermal synthesis [61] have been reported
to reduce the calcination temperature and produce YAG nanoparticles. However, due to
long processing times and low production rates, they cannot be used for continuous bulk
YAG synthesis. On the other hand, aerosol synthesis techniques, such as spray pyrolysis
[62-66] and chemical vapor reaction [67], which may be capable of continuous particle
production, also cannot achieve the YAG phase directly and require high temperature
post calcinations for hours to obtain the YAG phase.
Similarly, efforts to synthesize YAG directly through an RF plasma system using
various precursors and operating conditions have also been reported to be unsuccessful
[68-70]. Kagawa et al. [69] investigated the synthesis of particles and thin films in argon
plasmas with varying molar ratios of Y and Al chloride and nitrate salts in the precursor.
They reported that a mixture of amorphous and crystalline particles is formed in either
the YAM or the YAP phase, depending on the molar ratio of the precursors, but not the
YAG phase. Similarly Ravi et al. [70] investigated the synthesis of YAG coatings
through plasma spraying of hybrid sols, regular and reverse co-precipitated sols, and
citrate–nitrate solutions and reported the formation of either the hexagonal YAP phase or
an amorphous phase, which on further heat treatment at 1200oC converted to the YAG
phase. Srivathsan [42] studied the effects of different solvents and solutes on the phase of
particles synthesized in an effort to synthesize the YAG particles. He reported that using
nitrates, propionates, or acetylacetonate salts of yttrium and aluminum in different ratios
with water or alcohol solvents did not yield the garnet (YAG) phase in Ar or Ar/H2
plasmas. Table 2.1 presents a summary of selected efforts to synthesize YAG through
various synthesis techniques, the obtained phase in the as-synthesized state and postsynthesis heat treatments required to form the YAG phase. In all of the listed
investigations, the as-synthesized particles were not in the YAG phase irrespective of the
different types of precursors and synthesis techniques used. Furthermore, conversion to
YAG required post-synthesis heat treatment at temperatures above 800oC and for times
up to several hours.
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Table 2.1: Results of as-synthesized phase and post heat-treatment requirements for YAG synthesis via
various techniques

Synthesis Process
RF plasma process [68-70]

As-synthesized particles
YAP, YAM, amorphous
or mixtures

Post heat-treatment
1000-1500°C; 1 hr

Flame spray pyrolysis [65,66]

YAP, YAM, amorphous

1100°C - 1 hr; 850°C - 240 hr

Ultrasonic spray pyrolysis [62-64]

YAP, amorphous

1100-1400 °C, 1-4 hr

Sol-gel process [53-55]

Amorphous

1000-1400 °C, 2-5 hr

Co-precipitation method [56]

Amorphous

900-1100 °C, 1-5 hr

Combustion synthesis [51-53]

Amorphous

1000-1100 °C, 2-5 hr

Gel combustion process [52]

Amorphous

800-870 °C, 1-4 hr

Chemical gelation process [85]

Amorphous

900, 2 hr

Glycothermal synthesis [57,58]

Amorphous

1100-1200, 0.5 hr

Combinatorial chemistry [59]

Amorphous

1400-1650, 3 hr

Chemical vapor reaction [67]

YAG (20%) + YAM +
Al2O3 + amorphous

-

A number of studies on the crystallization kinetics of YAG [44,71,72] indicate
that direct synthesis of YAG is difficult due to the critical influence of the temperature–
time history on crystallization pathways. It appears that kinetic factors strongly favor
formation of the metastable YAP or the amorphous phases. Also there is a high
thermodynamic energy barrier to the formation of the garnet phase. Thus direct bulk
synthesis of YAG particles is difficult and requires better phase control during the
synthesis process to be able to do so. The phase controlled phosphor synthesis study is
motivated by the aim of directly synthesizing YAG phase particles through the RF
plasma setup.
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2.4

YAP Annealing Study
Thermal analysis (TG/DTA) of the plasma synthesized particles was performed to

study the YAP to YAG phase transformation process. The powders used for the TG/DTA
experiments were synthesized in Ar/H2 (1%) plasma using yttrium and aluminum nitrates
(3:5) dissolved in water as the precursor. The precursor was fed at 5 ml/min and the
plasma was maintained at 21 kW input power and 20 kPa pressure. XRD measurements
of the powder indicated the presence of YAP phase as shown in Figure 2.1.
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Figure 2.1: XRD of the particles synthesized by injecting precursor in Ar/H2 plasma. Droplines are
reference data from JCPDF No. 04-006-5199 for hexagonal YAP

TG/DTA measurements were performed on Pyris Diamond 6300 (Perkin Elmer
Instruments). Approximately 25 mg of powder samples were heated to 1200oC in N2 flow.
Figure 3.2 illustrates the DTA curve of the powder for the heating rate of 10oC/min. To
correlate the exothermic peak observed around 920oC in Figure 2.2 with the phase change
temperature scanned XRD measurements were performed on the plasma synthesized
powder. The powder was heated to 1200oC at approximately 10oC/min. in N2 flow and
XRD scans were done at different temperatures. Figure 2.3 illustrates the XRD patterns
of the powder at different temperatures. The intermediate patterns are taken in the range
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of 15-20 degree two-theta where a prominent distinguishable peak exists for the YAP and
the YAG phase.
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Figure 2.2: DTA measurement of the plasma synthesized powder annealed at 10oC/min. up to 1200oC
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Figure 2.3: XRD patterns obtained at different temperatures during annealing of the plasma
synthesized powder at a heating rate of approximately 10oC/min. Comparison with the reference data
JCPDF No. 00-033-0040 (YAG, Y3Al5O12) and JCPDF No. 04-006-5199 (YAP, YAlO3).

The XRD scans in Figure 2.3 indicate that the YAG formation process starts at
around 900oC and is completed by 1200oC. Accordingly, the exothermic peak in the DTA
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curve in Figure 2.2 may correspond to the onset of the crystallization process. However it
does not represent the complete phase transition process. Moreover, the annealing
process requires time scales of the order of tens of minutes. But the particles in the
reactor have residence times of the order of tens of milliseconds (ms). Therefore it is
desirable to know the temperatures required to achieve annealing of YAP particles to the
YAG phase on such time scales. Unfortunately such information is not available, as the
literature on heat treatment of powder in the Y-Al-O system involves heating for minutes
or hours, not ms, and at the much lower temperatures that are accessible by furnaces as
opposed to thermal plasmas. Probably the most pertinent study is that of Hess et al. [73],
who investigated combustion synthesis of YAG using nitrate salt precursors. They
reported the formation of an intermediate hexagonal YAP phase in post-synthesis heat
treatments of the synthesized powder at various temperatures. On prolonged heating the
hexagonal YAP phase reacts with alumina to form phase-pure YAG. Based on our XRD
result (Figure 2.1), the particles synthesized in our system are expected to follow a
similar crystallization pathway as in Hess et al. [73], i.e. formation of the hexagonal YAP
phase followed by in-flight annealing in the tube to convert to YAG.
Hess et al. [73] reported that as they increased the annealing temperature T from
1100 K to 1350 K the time t required for complete transformation to the YAG phase
decreased exponentially, dropping from ~10 h to ~6 min. Their results can be represented
by the relation
 1731 − T  ,
t = exp 
 62.7 

(2.1)

where t is in s and T in K. If this relation can be extrapolated to higher temperatures, it
would indicate that achieving complete transformation from YAP to YAG within 0.1-10
ms requires a minimum temperature of ~2300-2000 K. This observation is qualitative
since the validity of the assumption that Equation (2.1) can be extrapolated to 2300 K is
not known, although an exponential relationship between temperature and required
annealing time is generally expected. While the annealing analysis cannot, therefore, be
made more quantitative, its main qualitative feature provides a rough estimate of the
temperature-time scales required to achieve the phase transformation through in-flight
annealing.
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Chapter 3. Experimental Setup
3.1

RF Thermal Plasma System
A schematic of the experimental setup is shown in Figure 3.1. The system

consists of three major components: a thermal plasma generation system, particle
synthesis and collection system, gas feed and cooling system.

Filters

Figure 3.1: Schematic of the complete experimental setup
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3.1.1 Plasma Generation System
The plasma generation system consists of a Lepel (50KW) generator operating at
3.3MHz, and an RF Induction TEKNA (PL-35) plasma torch. Figure 3.2 shows the cross
section of the plasma torch, which consists of the torch body, the water and gas
distributor head, and the exit nozzle. Embedded in the torch body are copper induction
coils which are wrapped around a ceramic confinement tube. When alternating current of
frequency 3.3 MHz is supplied from the power supply to the water cooled induction coils,
a plasma is generated in the confinement region. However, proper gas flow and pressure
conditions have to be maintained for the plasma discharge to start and remain steady. A
detailed description of the procedure followed to generate the plasma in the torch is
provided later.
The gas distributor head of the torch has two injection ports, one for the sheath
and the other for the central gas. The central gas is the main gas component in which the
discharge takes place. The sheath gas is injected around the central gas (as a swirl flow)
to reduce heat losses and protect the plasma confinement tube from overheating. An
alumina intermediate tube separates the central gas from the sheath gas upstream of the
plasma generated region. The central gas is typically an inert gas like argon or helium
whereas the sheath gas can be a mixture of inert gas and diatomic gas depending on the
application. The continuous flow of gases maintains the plasma discharge. The gases exit
from the torch through the exit nozzle in the form of a plume. All the parts of the torch
are cooled by high pressure water flowing through the water distributor system.
The RF torch is coupled with a water-cooled atomization probe (Tekna Inc., SDR772-260) as shown in Figure 3.2. The probe is used to spray an atomized liquid precursor
into the plasma region. The liquid precursor is fed into the atomizer probe using a
peristaltic (Car-May LLC., Encynova, Model 2-1) pump.
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Figure 3.2: Cross section of PL-35 RF Induction Plasma torch (RF Torch User Manual, Tekna Plasma
Systems Inc.)

3.1.2 Particle Synthesis and Collection System
The reaction chamber consists of two double-walled stainless steel cylindrical
tubes of inner diameter 0.3 and 0.1 m connected by a conical section as shown in Figure
3.1, with an overall length of 0.95 m. The cylindrical tubes are cooled by a water jacket
whereas the conical portion is cooled by water-carrying copper tubes wrapped on its
outer surface.
The atomized precursor droplets pass through the high-temperature plasma region
into the water-cooled reaction chamber. As the droplets pass through the plasma they
undergo partial or complete evaporation. The resultant precursor vapors or intermediate
particles undergo different chemical reactions as they pass through the reaction chamber
to form particles. The particles flow downstream with the carrier gases due to the suction
of a vacuum pump and are collected on glass fiber filters (Sterlitech Inc., GC-50, 47mm).
The total pressure in the chamber is measured using a pressure transducer (MKS Inst.,
Type 619C).
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3.1.3 Gas Feed and Water Cooling System
As shown in Figure 3.1, the central gas, sheath gas and the atomizer gas are fed
into the plasma torch at controlled flow rates using mass flow controllers (MKS Inst.
Model 1559A and 1179A). The power supply, RF torch, atomization probe and reaction
chamber are continuously water cooled using high-pressure water (1.4 MPa) supplied
through a booster pump. The plasma system is operated at vacuum (20-30 kPa)
maintained using a vacuum pump (Oerlikon Leybold Vacuum, Model-Trivac B)

3.2

Experimental Procedure
First, the reactor chamber is cleaned and assembled together as described in the

experimental setup (Figure 3.1). Then the water pumps which supply cooling water to
the Lepel power generator, the RF plasma torch, the reaction chamber, and the atomizer
are switched on. This step is followed by the depressurization process, in which the
vacuum pump connected to the setup is switched on and the pressure regulating valve is
gradually opened. Special caution is taken to open the valve slowly to prevent excess
mass flow through the vacuum pump and to check for leaks from the connecting parts of
the setup in the process. After pumping down the chamber, the power supply is turned on.
Also, the current flow to the oscillator filament is started in order to warm it up, which
typically takes about 20 min. To initiate the plasma, first the central, sheath and carrier
gas flow in the RF torch are started at a specified rate. If diatomic gases are to be used for
an experiment, they should be injected only after the plasma discharge has been
generated. Before starting the plasma, only the inert gases are flown in the torch to aid in
stable plasma discharge generation at low power (~12 kW). Immediately after starting the
flow of gases, current is supplied to the induction coils of the torch to initiate the plasma.
The frequency of the supplied current is controlled to ensure that a stable plasma
discharge is generated at low power. When diatomic gases are to be used, they are
introduced at low flow rates after a stable plasma discharge has been generated. With
increase in diatomic gas flow rates, the input power is also boosted in order to maintain
the discharge.

21

Once a stable plasma discharge has been achieved, the liquid precursor is fed in
the atomizer probe at a given flow rate through a peristaltic pump. The probe sprays the
atomized precursor in the plasma and the particles are synthesized in the reaction
chamber and collected on the filters. At the end, the precursor injection is turned off and
the plasma is shut down by stopping the flow of current to the induction coils. Then the
current flow to the oscillator filament and the vacuum pump is turned off. The flow of
gases is stopped after the chamber pressure reaches 101 kPa and the power supply is
turned off. The cooling water circulation is stopped after the power generator and the
reaction chamber have cooled down to the initial state. Once the particle collection
chamber is cooled, the filters are removed and the particles collected are weighed.
Several parameters are involved in conducting an experiment to synthesize
particles from the RF plasma system. Depending on the application, the range of
operating conditions of the parameters may vary significantly. For this study, the range of
operating conditions of the plasma are listed in Table 3.1
Table 3.1: Range of experimental operating conditions used for the study.

3.3

Parameter

Operating range

Input power

12-23 kW

Pressure

10-50 kPa

Precursor feed rate

5 mlpm

Central gas

Ar: 10 slm

Sheath gas

Ar: 35-40 slm, H2 or O2: 0-1 slm

Atomizer gas

Ar: 10-20 slm, O2: 0-15 slm

Tube Insertion Setup
The experimental setup was modified in order to achieve a uniform high

temperature zone in the reactor. The motivation for creating a high temperature zone in
the reactor is to incorporate in-flight annealing of particles that is hypothesized to
improve the phase control of particles. A schematic of the modified RF plasma reactor is
presented in Figure 3.3. To create a central high-temperature zone in the reactor chamber
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a 0.9-m-long alumina tube is inserted from the bottom of the chamber such that it is
coaxial with the plasma torch exit nozzle. The tube divides the reaction chamber into two
zones. Accordingly the plasma gas flowing into the chamber is divided into the inner
flow (within the tube) and the outer flow. The outer flow goes directly into the vacuum
pump while the inner flow passes through the filtration unit before going to the pump.
The particles flowing within the tube are collected on the filters and the particles from the
outer part of the tube go directly to the vacuum pump.

Figure 3.3: Schematic of the modified RF plasma reactor with a ceramic tube insertion.

3.4

Heater Addition to the Tube Insertion Setup
From the experiments with the tube insertion setup it was observed that multiple

cracks develop along the length of the tubes after repeated use. The development of
cracks is possibly due to the thermal shock caused by the strong temperature gradients
that exist in the tube walls. To prevent the radiative heat losses from the tube walls, and
cracking of the tube due to thermal shock, the tube can be preheated (before starting the
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plasma) uniformly to high temperature. To achieve this, the tube insertion setup was
modified as shown in Figure 3.4. Two ceramic heaters, each about 0.3 m long, were
connected in series and placed coaxially around the tube in the reactor. The heater
consists of a current carrying coil embedded in a cylindrical ceramic material. Passing
current through the coils heats them and the coils in turn heat the enclosed tube by
radiation. Due to the reactor size constraint, only the 20 mm tube could be used with the
installed heaters for the experiment.

Atomizer
RF torch

Ceramic
tube

Ceramic
heater
Heater
coils

Figure 3.4: Schematic of the tube inserted setup with ceramic heaters installed

3.5

Characterization Techniques
The synthesized particles are characterized using several methods for size, phase

and morphological information. The chemical phase and crystalline nature of the samples
are analyzed using X-ray diffraction (XRD), particle morphology and size range are
observed through scanning electron microscopy (SEM), average particle size is measured
using a BET surface area measurement technique and particle photoluminescence
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properties are obtained using optical spectroscopy. A brief description of these techniques
is presented as follows.

3.5.1 X-Ray Diffraction
The X-ray diffraction (XRD) technique is used to analyze structural arrangement
of a material. XRD works on the principle that an X-ray beam, when passed through a
crystalline material, gets diffracted from the atomic sites of the lattice. Diffraction occurs
only at specific angle θ, known as the Bragg angle, which in turn depends on the lattice
spacing between the crystal planes. For planes separated by lattice spacing d, the
diffraction angle (θ) can be determined by Bragg’s law as,

2d*Sinθ = nλ ,

(2.1)

where 2θ is the scattering angle, λ is the wavelength of the source and n is an integer. The
spectrum generated by X-ray diffraction can be used to identify the crystal structure of a
material. The analysis of phase and crystalline nature of materials synthesized through
the RF plasma system in the present work is done using a Bruker AXS Microdiffractometer. The micro-diffractometer uses a Cu-Kα radiation source of wavelength
0.15 nm and features an onboard video-microscope and laser pointer that allows
alignment of the X-ray beam. The beam can be collimated to a spot size of as low as 50
µm and the diffraction spectrum can be obtained over a 2θ range of 5-90o. However, the
micro-diffractometer does not allow for analysis of materials at elevated temperatures.
High-temperature phase analysis of materials is performed using the Scintag XDS 2000
diffractometer which has 2.2 kW sealed Cu X-ray source. It is equipped with a platinum
filament attachment that allows for heating of samples up to 1400˚C in a variety of
gaseous environments.
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3.5.2 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is a powerful characterization tool for high
resolution imaging of particles. In simple terms, SEM involves interaction of an electron
beam, generated through an electron gun, with the specimen. This interaction generates
several types of signals such as X-rays, secondary electrons, back scattered electrons and
cathode-luminescence, which are detected and processed to produce an image or spectra.
The present study uses an SEM instrument (JEOL-6500) that has a field-emission
electron gun operating at 0.5 to 30 kV with an ultimate resolution of 1.5 nm, and a
magnification range of 10X to 400,000X. Information on particle size and morphology
was most often obtained using the secondary electron imaging mode. The attached
energy dispersive spectrometer (EDS) detects characteristic X-ray emissions from the
sample and provides quantitative information on atomic % of elements in the sample with
a detection limit of 1000-3000 ppm and an energy resolution of 130 eV (Full-Width HalfMax of Mn Kα) for elements heavier than beryllium. EDS was used for chemical analysis
of some samples to gain information on the elemental make up of the sample.

3.5.3 BET Surface Area Measurement Technique
The BET surface area measurement technique is used for quantitative comparison
of average size of particles. It is based on the BET theory of physical adsorption of gas
molecules on a solid surface. Braunauer et al. [74] derived an equation relating the
amount of gas adsorbed on a solid surface with the equilibrium pressure of the gas, based
on suitable assumptions.

(2.2)

In equation 2.2 Po and Ps are equilibrium and saturation pressure of the adsorbates
at the temperature of adsorption, w is the weight of the gas adsorbed, wm is the weight of
the adsorbate constituting the monolayer, and c is the BET constant. Equation 2.2
predicts a linear plot of (1/w[(Ps/Po) -1] ) versus (Po/Ps), which Braunauer et al. have
shown is true for various solids using nitrogen as the adsorbate, in the P/Po range of 0.05
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to 0.35. This linear plot can be obtained by experimentally determining the amount of gas
adsorbed at a given equilibrium pressure within the validity range. From the linear plot,
the slope and intercept value can be used to determine the amount of monolayer gas
adsorbed. The total surface area of the sample can be determined from the weight of
monolayer adsorbed gas as;
(2.3)

Here N is Avogadro's number, s is the molecular cross section area of the adsorbate
molecule, and M is the molecular weight of the adsorbate. The specific surface area of the
solid can be calculated as the ratio of the total surface area to the weight of the sample
used. The specific surface area is inversely proportional to the average diameter of the
particles in a powder sample given by,
(2.4)
Here D is the BET average diameter of particles, S is the specific surface area, and ρ is
the bulk density of particles. The specific surface area of the synthesized powders is
determined experimentally using Autosorb-1 Surface Area Analyzer (Quantachrome
Inst.). Nitrogen is used as the adsorbate and the analysis is carried out with a multipoint
BET method.

3.5.4 Photoluminescence Measurements
The optical properties of the phosphor particles are investigated with the
Quantamaster-40 (PTI Inc., USA) instrument. It uses a Xenon lamp with tunable
excitation wavelength in the range of 300-800 nm as the illumination source. The
particles can be irradiated either in a solution or as a thin film and the emission spectrum
can be recorded by using a spectrophotometer. The instrument does not provide
quantitative information of the internal quantum efficiency (IQE) of the particles, which
is defined as the ratio of number of photons absorbed to the number of photons emitted
by the phosphor material. IQE measurements are performed using a Multi Channel Photo
Detector (MCPD) system (MCPD-7000; Photal Otsuka Electronics).
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Chapter 4. Effect of Tube Insertion in the Setup
4.1

Overview
This chapter describes the study of improving the phase and size control in the

YAG particle synthesis through modification of the experimental setup to incorporate inflight annealing of particles. As discussed in Chapter 2, the direct synthesis of YAG
particles is challenging and most synthesis techniques require high temperature annealing
of the as-synthesized YAP or amorphous phase particles for prolonged time to achieve
the YAG phase particles. High temperature annealing for long times not only adds to the
processing cost but also causes sintering of particles which is undesirable. However, if
the annealing temperatures are high enough to complete the phase transformation process
in short time scales, it could prevent sintering of particles. In the RF plasma system such
temperature-time scales are possible in principle since very high temperatures (few
1000soC) are reached in the plasma zone. However, earlier efforts to synthesize YAG
particles directly from the RF plasma system have been unsuccessful [68-70]. Here we
describe the study of direct YAG synthesis through a newly designed RF plasma reactor
that incorporates in-flight annealing of the particles. The experimental setup of this
reactor is described in Chapter 3.
In the modified reactor, an alumina tube has been inserted to help control the
phase and size of particles during the synthesis. The inserted tube alters the temperature
and velocity field of the plasma gases flowing through the reaction chamber. The tube is
hypothesized to affect the flow in two ways: first by reducing the heat loss of the gases
flowing through the tube and making the central flow laminar, and secondly separating
the central part of the flow from the recirculation zones present in the outer regions. In
the absence of the tube, the hot plasma gases entering the chamber form strong
recirculation zones and rapidly lose heat due to plasma jet expansion and to the watercooled chamber walls. Due to steep radial temperature gradients significant homogeneous
nucleation of the particles can occur in the relatively cold regions near the chamber walls.
Additionally, particles that are trapped in the recirculation zones can grow by coagulation
and vapor deposition. With the tube in position, the major portion of the particles flow
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through it thus avoiding the recirculation zones. The high temperature environment in the
tube could also be useful for phase control of the particles through in-flight annealing. In
addition, by collecting particles only from the flow within the tube, avoiding the large
particles that form in the recirculation zones, the average particle size should be smaller.
Thus the inserted tube is expected to aid in the size and phase control of the collected
particles.
Computational modeling has been performed to verify the hypothesis and to study
the effect of different tube geometries on the thermofluid fields in the system. Details of
the numerical analysis are described in the following sections. Based on the findings from
the modeling studies, experiments have been performed to synthesize Ce:YAG particle
with varying tube sizes. The experiments performed and results obtained are described in
latter sections of this chapter. Finally, efforts pursued to improve the in-flight annealing
of the particles through addition of a heater to the inserted tube are discussed.

4.2

Modeling of the Tube Insertion Setup

4.2.1 Model Theory and Assumptions
Numerical simulations were performed to determine the effect of the inserted tube
on the flow of the plasma gases through the reaction chamber. The inserted tube is
hypothesized to affect the thermofluid fields of the plasma gas in the chamber in two
desirable ways as explained above. In order to test these hypotheses a 2-D model of the
reaction chamber was developed with the following assumptions: i) the flow is
axisymmetric and steady, ii) the plasma is optically thin and in local thermodynamic
equilibrium, iii) the thermodynamic and transport properties vary with temperature, iv)
the flow is turbulent (as indicated by the significant turbulent intensities in the
simulations) and represented by a k-ω model, v) the coupling efficiency between the
power supply and the plasma torch is ~33%.
The assumption of LTE is justified in the bulk of the plasma because in the
calculations we are mainly concerned with the enthalpy fluxes, and deviations from LTE
would be expected in the distribution of the excited states with little influence on the
enthalpy fluxes. Non-LTE must also be expected in the regions near the wall and the
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regions with strong temperature gradients. However, using a kinetics calculation for
determining the composition distribution more accurately was beyond the scope of this
investigation, where we wanted to obtain a comparison of the fluid flow and temperature
distributions for different geometries.
Based on these assumptions the governing equations of conservation of mass,
momentum and energy along with the transport equations of turbulent kinetic energy (k)
and its specific dissipation rate (ω) proposed by Wilcox [75] are solved. To account for
radiation from the solid surfaces, a radiative heat source term, evaluated using the
discrete ordinate method [76], is added to the energy equation. The gas is assumed to be a
non-participating medium in accounting for radiation. The governing equations are
solved using the commercial package CFD-ACE (Version 5, ESI Group, USA), which
uses a pressure-based control volume formulation with the velocity-pressure coupling
achieved through the SIMPLEC algorithm [77]. A first-order upwind scheme is used for
the spatial discretization of equations and the relaxation coefficients of different variables
are controlled to obtain convergent solutions.

4.2.2 Computational Domain and Inputs
The computational domain for the flow simulation is shown in Figure 4.1. It
consists of the axisymmetric reaction zone in which the inlet is actually the exit of the RF
torch and the outlet is the exit of the reaction chamber in the experimental system. The
shaded rectangular domain in the reaction zone represents the inserted tube of inner
radius ri placed coaxially with the gas inlet at a distance g from the exit of the plasma
torch. Simulations were performed for an argon-hydrogen (60/0.5 slm) gas flow at 20 kPa
pressure with 4 kW of plasma power (i.e. the enthalpy flow rate at the exit of the torch)
for several cases: (a) without the ceramic tube in the chamber, (b) with an inserted tube of
three different diameters and (c) with an inserted tube of the optimal diameter and four
different heights. The plasma power is calculated from the assumed coupling efficiency
and the input power used for synthesis of Ce:YAG particles in experiments. The gas flow
rates and pressure conditions are also the same as the experimental operating conditions.
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Figure 4.1: Schematic of the computational domain for flow simulation in the reaction chamber (all
dimensions in mm)

The boundary conditions employed for the calculations of the thermofluid fields in
the computational domain shown in Figure 4.1 are as follows. The chamber walls are
subject to an external convection cooling flow with a temperature of 285 K. The
convection coefficients for each section of the wall are calculated based on the total heat
loss to the water-cooled walls. The heat flow through different walls is determined
through calorimetric measurements from the experiments conducted for the synthesis of
Ce:YAG. The chamber is assumed to be axisymmetric which implies that the radial
gradients of the variables being calculated are zero on the central axis. The outlet is
assigned a constant pressure of 20 kPa, while at the inlet temperature and velocity
profiles are specified. These profiles are calculated for a given mass flow rate and plasma
power using normalized sixth-order polynomials. The normalized profiles, proposed by
Liao [78] for an argon-hydrogen plasma gas for the same plasma torch under similar
operating conditions as those employed in the simulation, are as follows:
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where r is the radial distance that varies from 0 to R, the inner radius at the exit of the
torch nozzle, T is the temperature and v is the axial velocity.
The variations of the thermodynamic and transport properties of argon gas with
temperature are calculated for the above operating conditions using a previously
developed computer program. The governing equations involved in the calculation of the
properties of the gas under the assumption of local thermodynamic equilibrium (LTE) are
described elsewhere [79]. For the tube, the density, specific heat and thermal conductivity
of alumina were assumed to be constant at a temperature of 1000oC (close to that
measured pyrometrically) with values taken from [80]. For the radiation losses, the tube
and chamber walls were assumed to be opaque whereas the gas was assumed to be
transparent. The emissivity of the stainless steel chamber walls was assumed to be
constant and assigned a value of 0.3. The tube was assumed to have a spectral emissivity

ε given by: [80]
0.3 
 <4 
 


ε (λ ) = 0.9  , for λ (µ m ) =  4 − 10  ,
0.7 
 > 10 
 



where λ is wavelength.
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(4.3)

4.3

Modeling Results and Discussion
In the following, results are presented of numerical simulations of the thermofluid

fields for the cases of no tube-insert and ceramic tube-insert of different sizes and these
results are discussed in light of our hypothesis that use of the tube insert could aid in
direct synthesis of the YAG phase while also resulting in smaller particle sizes.

4.3.1 Effect of Inserting the Tube
The calculated temperature fields in the reaction chamber for two different cases
are shown in Figure 4.2. Comparison of the temperature fields for the cases without the
tube and with a tube of inner diameter 69 mm placed at 0.1 m from the chamber inlet
indicates that the inserted tube provides longer and more uniform high-temperature (>
1800 K) zones. The significant increase in the central flow temperatures on inserting the
ceramic tube is due to the fact that the presence of the tube reduces the heat loss from the
plasma gases that occur due to expansion in the reactor and due to heat dissipation to the
water-cooled chamber walls.
Although the inserted tube helps to extend the high temperature zone in the
central flow region, it also increases the flow velocities, which implies shorter residence
times. Figure 4.3 shows the calculated centerline temperature-time trajectory of the flow
without the tube and with the tube insertion. It indicates that the residence time of the
flow along the centerline decreases by about an order of magnitude with the tube-insert.
However, the increased temperature in the range of 2300-2000 K remains for the first
couple milliseconds of residence time. Based on the discussion of the thermal annealing
study of YAP in Chapter 2, this increase in temperature with the tube-insert may be
sufficient to anneal the YAP particles. A more detailed analysis of temperature-time
trajectories within the tubes, and their relation to possible in-flight annealing of the
particles, is discussed in the next section.
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Figure 4.2: Calculated temperature distribution (units K) in the reaction chamber (a) without tube insertion,
(b) with an inserted tube of inner diameter 69 mm
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Figure 4.3: Calculated centerline temperature–time trajectories for the plasma gas flow in the experimental
setups without tube and with the tube-insert.
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The streamlines for the flow through the reaction chamber for the two cases are
shown in Figure 4.4. As can be observed from Figure 4.4 there are strong recirculation
zones in the chamber, where the particles could be trapped and grow by coagulation and
vapor deposition. With the insertion of the tube, the recirculation zones created due to the
plasma jet expansion are separated from the central flow. Thus, if particles are collected
only from the central flow then the relatively bigger particles from the recirculation zones
could be eliminated. Also, the flow through the tube is laminar, as indicated by the
calculated turbulence intensities (not presented here). Laminar flow within the tube is
expected to aid in the in-flight annealing process because the heat loss from the gases is
smaller for a laminar flow than for a turbulent flow. It is therefore expected that with the
tube-insertion setup the particles collected only from the central flow may have smaller
average sizes and a higher fraction of the YAG phase.

(a)

(b)

Figure 4.4: Calculated streamline profiles for the plasma gas flow in the experimental setups (a) without
tube, (b) with an inserted tube of inner diameter 69 mm
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4.3.2 Effect of Varying the Tube Size
To determine the effect of varying the tube size on the temperature fields of the
central flow region, simulations were performed with different tube diameters. Figure 4.5
shows the calculated temperature fields within three different size tubes: (a) 69 mm, (b)
47.5 mm and (c) 20 mm, placed 101 mm below the reactor inlet. The tube diameters are
chosen based on the tubes available commercially. Figure 4.5 (a), (b) indicate that
reducing the tube diameter from 69 mm to 47.5 mm results in an extension of the high
temperature zone. Although the highest temperature zone (>3000 K) at the tube entrance
is reduced due to higher radial heat fluxes with the smaller diameter tube, this region is
confined to the relatively small portion of the flow that passes close to the tube axis, and
thereafter the axial temperature gradients in the smaller tube are lower because of higher
velocities. From Figure 4.5 (b), (c) it is also observed that on further reducing the tube
size from 47.5 mm to 20 mm, the temperature of the central flow reduces significantly.
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Figure 4.5: Calculated temperature distribution (units K) within the tube of inner diameter (a) 69 mm, (b)
47.5 mm, and (c) 20 mm.
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The significant reduction in the temperature within the smallest tube is due to the
higher radial heat fluxes causing higher heat losses. Also, reducing the tube diameter
does not change the residence time of the flow in the tube. Figure 4.6 shows the
centerline temperature-time trajectories (T(t)) of the flow in the different tubes. The
residence time of the centerline flow is between 4-6 ms for the three different size tubes,
indicating that the changing the tube size does not significantly change the residence time.
Thus, the difference in annealing performance with the different tubes will be determined
primarily by the difference in the temperature zones that exist within the tubes.
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Figure 4.6: Calculated centerline temperature–time trajectories for the plasma gas flow in the tube-insertion
setup with three different tube sizes.

The effect of the significant temperature-drop with similar residence times in the
smallest tube can be expected to degrade the in-flight annealing effect compared to the
other tube sizes. Thus an optimal tube size seems to exist for the best in-flight annealing
performances. However, it is not obvious from the isotherms plotted within the different
tubes in Figure 4.6 that reducing the tube diameter from 69 mm to 47.5 mm would
enhance the annealing effect because although the high-temperature zone extends in the
smaller tube, the residence time of the particles also reduces. Therefore, it is crucial to
analyze the T(t) trajectories of the flow in the tubes in order to understand the effect of
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reducing the tube size from 69 mm to 47.5 mm on the possible in-flight annealing of the
particles. Figure 4.6 shows the predicted T(t) trajectories along the flow centerline, and
Figure 4.7 shows predicted T(t) trajectories in the two tubes along each of two fluid
streamlines, one of which originates at the tube entrance at r/R = 0.5, the other at r/R =
0.75, R here being the inner radius of the tube.

r/R =1/2

r/R =3/4

r/R =1/2

r/R =3/4

Figure 4.7: Calculated temperature-time trajectories of streamlines at a radial distance of R/2 and 3R/4 (R
being the inner radius of the tube) at the entrance of the two different size tubes.

In section 2.4 it was estimated that achieving complete transformation from YAP
to YAG within 0.1-10 ms would require a minimum temperature of ~2300-2000 K.
Obviously there is considerable uncertainty, perhaps ~200 K, in this estimate.
Nevertheless it is of interest to consider this estimate in light of the predicted T(t)
trajectories for the different cases of the 69 mm and the 47.5 mm tubes, seen in Figures
4.6 and 4.7. These cases differ notably over the first few milliseconds, and especially
over the temperature range 2000-2500 K that may be critical for phase transformation
from YAP to YAG within ms time scales. Since the residence time in either tube equals
only several ms, it is evident that temperature differences on the order of 100 K within
this 2000-2300 K temperature range could determine whether or not in-flight annealing is
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possible along a given T(t) trajectory. Accordingly, the smaller tube could possibly result
in better in-flight annealing of the particles.
The above observations are clearly qualitative because the numerical simulations
are based on an assumed value of 4 kW for the enthalpy flow rate at the exit of the
plasma torch. That number is based on an assumed value for the coupling efficiency
between the power supply and the plasma torch of 33%, and the typical measured heat
loss to the torch cooling water. The coupling efficiency is a rough estimate, based on
typical values for an RF plasma torch of this type, and thus carries considerable
uncertainty. The sensitivity of the simulation results was examined to the assumed value
of the enthalpy flow rate at the torch exit by repeating the simulations for a value of 3.5
kW. The temperatures predicted in the ceramic tube were about 100–200 K lower than in
the 4 kW case.

However the calculated T(t) trajectories for the three cases were

qualitatively similar to those in the 4-kW case.

4.3.3 Effect of Varying the Tube Height
In the simulations with different tube diameters, the tube height was kept fixed.
Changing the tube height changes the distance (gap) between the reactor-inlet and the
tube-inlet. Decreasing the gap would reduce the heat loss of the plasma gas that is due to
the plasma jet expansion. However, it would also increase the temperature of the tube
near the inlet due to moving closer to the plasma plume. The minimum gap between the
reactor and the tube inlet is limited by the fact that moving closer to the plasma plume
could melt the tube at the inlet or create a high thermal gradient in the tube leading to
thermal shock. On the other hand, increasing the gap between the reactor-inlet and the
tube-inlet would increase the heat loss of the plasma gas and decrease the high
temperature zone within the tube.
Numerical modeling was performed to determine the effect of varying the tube
height on the temperature fields of the flow in the tube. The tube with internal diameter
47.5 mm that resulted in the highest YAG phase content (as described earlier) was chosen
for the height variation study. Simulations were performed for four different gaps
between the reactor and the tube inlet. Figure 4.8 shows the calculated temperature fields
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in the tube for the four cases. Comparison of the temperature fields in the tube for the
different cases indicates that the high temperature zone in the tube extends with the
decreasing gap between the tube and the rector inlet. Since the extended high temperature
zone is favorable for the in-flight annealing of particles, therefore it is desirable to keep
the tube as close as possible to the reactor inlet. However the minimum possible gap
would be limited by the ability of the ceramic tube to withstand the heat of the plasma
plume without getting melted or cracking near the inlet.
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Figure 4.8: Calculated temperature distribution (units K) in the tube of inner diameter 47.5 mm placed at a
distance of approximately (a) 0.2 m, (b) 0.15 m, (c) 0.1 m, and (d) .075 m from the reactor inlet.

4.3.4 Conclusions
While the simulation based analysis cannot be made more quantitative due to the
above-mentioned assumptions, its main qualitative features provide a foundation for the
hypothesis that size and phase control of the particles is possible to a certain extent by
inserting a ceramic tube in the reactor. They support the hypothesis that the ceramic tube
could provide a long enough residence time at a high enough temperature to cause in40

flight annealing of particles, and eliminate the recirculation zones from the central flow to
aid in size control of the particles. Further, they indicate that an optimal tube size exists
for the best performance of the tube in controlling the size and phase of the particles.
They also suggest that in-flight annealing of all of the particles may be impossible,
because of the relatively cold boundary layer that exists adjacent to the tube wall.

4.4

Experiments with the Tube Insertion Setup
Experiments were performed to determine the effect of the inserted tube on the

synthesis of YAG through the plasma system. Liquid precursors were injected into an
argon-hydrogen plasma at a feed rate of 5 ml/min. The liquid precursor was prepared
from nitrate salts of yttrium, aluminum and cerium dissolved in water in a molar ratio of
2.97:5:0.03 with an overall concentration of 0.4 M. The precursor solution was atomized
using argon gas (15 slm) and injected in the mid-coil region of the torch. Preliminary
experiments were performed without the tube and with varying tube sizes placed
concentrically at about 100 mm below the reactor inlet. For the tube height variation
experiments, a 47.5 mm tube was chosen and placed at different distances from the
reactor inlet. The distance between the tube and the reactor inlet was varied by adjusting
the height of the spacer inserted in the tube-holder. After plasma initiation, about 20
minutes was allowed for the ceramic tube to reach a thermal steady state before the
injection of the precursors in all the experiments. The processing conditions used for the
synthesis in the different experiments are summarized in Table 4.1.

Table 4.1: Experimental operating conditions for synthesis of YAG with the RF plasma system

Tube Setup
Experimental
Inner diameter
setup
Gap (mm)
(mm)
Without tube
Tube-insert
setup

-

-

69, 47.5, 20

100

47.5

100, 150, 200

Plasma gases (slm)

Input Chamber
pressure
Power
Central Sheath gas
(kPa)
(kW)
H2
gas, Ar Ar

10

41

35

0.5

21-23

20

4.5

Experimental Results and Discussion
In the following, results are presented of experiments performed to synthesize

YAG particles without tube-insertion and with different size tube-insertions in the reactor,
and these results are correlated with our findings from the modeling study.

4.5.1 Effect of Inserting the Tube
XRD patterns of the particles synthesized in the argon-hydrogen plasma without
the tube and with the 69 mm tube-insert are shown in Figure 4.9. For the powder
synthesized without the tube in the setup, the XRD pattern (Figure 4.9 (a)) indicates that
the kinetically favorable hexagonal perovskite (YAP) phase is formed, which is in
agreement with the reported literature [69]. For powder synthesized with the tube inserted,
the XRD pattern indicates (Figure 4.9 (b)) the presence of the YAG phase along with the
YAP phase. This result confirms the hypothesis that the thermofluid environment
provided by the ceramic tube insertion aids in synthesis of YAG through in-flight
annealing, albeit in coexistence with the YAP phase.
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Figure 4.9: XRD of the particles synthesized in the Ar-H2 plasma, (a) without the tube, (b) with the 69 mm
tube in the setup. Comparison with the reference data JCPDF No. 00-033-0040 (YAG, Y3Al5O12) and
JCPDF No. 04-006-5199 (YAP, YAlO3).
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Rietveld analysis [81] of the XRD profile (Figure 4.9 (b)) of the particles
synthesized with the tube-insertion setup indicates that the YAG phase content is in the
range of 34-40% with R profile values of around 6.3.
Figure 4.10 compares the morphology of the particles synthesized without the
tube and with the tube insertion. The particles in both the cases are mostly spherical nonagglomerated solids with sizes ranging from hundreds of nanometers to about 2 µm. The
micrographs indicate an increase in the number of smaller particles with the tube
insertion, but this observation must be considered tentative due to the broad size range.

(a)

(b)

Figure 4.10: SEM of the particles synthesized in the Ar-H2 plasma (a) without the tube (b) with the 69 mm
insertion setup
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To compare the average size of the particles synthesized from the different
configurations, their specific surface area was measured using the BET method.
Assuming spherical dense particles (which we observe) the BET measurement of specific
surface area is inversely related to the Sauter mean diameter. The measured BET specific
surface area for the powder synthesized without the tube is 7.6±0.1 m2/g while that of the
powder synthesized with the tube is 11.2±0.2 m2/g. The significantly higher specific
surface area of the particles synthesized with the tube insertion implies that the average
size of the particles is indeed smaller with use of the tube.
The inferences from the BET surface area measurements are in qualitative
agreement with the observations of the SEM images. Based on the findings from the
numerical study, the reduction in average particle size with the tube insertion setup is
believed to be due to avoiding collection of the larger particles that are formed in
recirculation zones within the reaction chamber, because these particles do not enter the
tube and thus are not collected. In effect, the tube filters them out.

4.5.2 Effect of Varying the Tube Size
Figure 4.11 compares the XRD patterns of the particles synthesized with three
different size tubes inserted in the reactor. The XRD patterns (Fig. 4.11 (a), (b)) indicate
that the relative abundance of the YAG phase synthesized with the 47.5 mm diameter
tube is higher than that synthesized with the 69 mm diameter tube. Rietveld analysis [81]
of the XRD profile of the particles synthesized with the 47.5 mm tube indicates that the
YAG phase content is 61.7 % with an R profile value of 7.9. The increase in the YAG
phase content with the smaller tube is believed to be due to the extended hightemperature (2300-2000 K) annealing zone for the flow residence time of few
milliseconds, as discussed in the analysis of the modeling results in section 4.3.
Comparing the XRD patterns in Fig. 4.11 (b), (c) indicates that on further reducing the
tube size from 47.5 mm to 20 mm does not improve the YAG phase content in the
synthesized powder. Rather, it causes a significant increase in the amorphous phase
content of the powder. The significant amorphous phase could possibly be due to a strong
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temperature drop of the flow across the tube in a shorter residence time. This is expected
to degrade the in-flight annealing effect of the tube, as discussed in section 4.3.2.
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Figure 4.11: XRD of the particles synthesized in the Ar-H2 plasma, with the (a) 69 mm tube, (b) 47.5 mm
mm tube, and (c) 20 mm tube in the setup. Comparison with the reference data JCPDF No. 00-033-0040
(YAG, Y3Al5O12) and JCPDF No. 04-006-5199 (YAP, YAlO3).

Thus, the experimental observations confirm the hypothesis that an optimal tube
size exists for the tube to control the phase of the particles in the desirable way. In our
case, the 47.5 mm tube is the best among the three tubes that were used as it maximizes
the phase control through in-flight annealing and results in direct synthesis of majority
YAG phase particles. The modeling analysis of the in-flight annealing process with
different tube sizes (section 4.3.2) provides a foundation for interpreting the experimental
observations of the different phase composition obtained in the three cases.
The morphology of the particles synthesized with the different tubes is compared
in Figure 4.12. The micrographs indicate an increase in the number of smaller particles
with the reduction in tube size but this observation must be considered tentative due to
the broad size range of the particles. However, the difference in the particle morphologies
for the three different cases is distinctly visible. While particles synthesized with the 69
mm and 47.5 mm tubes are primarily spherical and non-agglomerated, those synthesized
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with the 20 mm tube appear to be agglomerates of nanoparticles. The significant increase
in the nano-sized particles for the 20 mm tube case is possibly due to the enhanced gas
phase nucleation resulting from rapid temperature drop in the tube.
(a)

(b)

(c)

Figure 4.12: SEM of the particles synthesized with tube of internal diameter (a) 69 m mm, (b) 47.5 mm,
and (c) 20 mm in the setup
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The BET specific surface area of the particles synthesized with the different tubes
is listed in Table 4.2. The specific surface area value increases with the decreasing tube
size, indicating that the average particle sizes is reduced with smaller tubes. The
inferences from the BET surface area measurements are in qualitative agreement with the
observations of the SEM images.

Table 4.2: BET specific surface area measurements of the particles synthesized with different size tubes.
(Data courtesy: Nitto Denko Tech. Corp.)

Tube Size
(Internal Diameter, mm)

BET Specific Surface Area
2
(m /g)

69
47.5
20

11.7 ± 0.2
14.5 ± 0.1
28.6 ± 0.4

The particles synthesized with the 47.5 mm tube, containing YAG as the majority
phase, were dispersed in oleic acid for photoluminescence (PL) measurements. The PL
excitation and emission spectra of the suspension solution are presented in Figure 4.13.
The excitation spectrum, recorded using emission at 520 nm, shows a broad peak around
450 nm wavelength. The peak at 450 nm can be assigned to the absorption of Ce3+ ions
[82,83]. The yellow color of the emitting YAG particles combines with the 450-nm
emission of the exciting LED to give white light. On the other hand, the emission
spectrum recorded at an excitation wavelength of 450 nm shows a broad peak at 530 nm.
Similar emission characteristics have been observed by other researchers for nanosized
YAG powders synthesized through various routes [67,84,85]. Compared to the coarsegrained bulk YAG:Ce samples which typically exhibit an emission peak at around 545550 nm, the blue shift observed in nanosized YAG is reported to be due to a stronger
crystal field of the host lattice acting on the Ce3+ dopant, as well as to the increased
surface tension in the nanoparticles [85]. Based on the agreement of the obtained
emission results for the particles synthesized with the smaller tube with those reported in
the literature, it is apparent that the nano- or submicron-sized particles present in the
sample contain the YAG-phase phosphor.
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Figure 4.13: PL spectrum of the dispersed particles synthesized with the 47.5 mm tube setup

4.5.3 Effect of Varying the Tube Height
Figure 4.14 shows the XRD patterns of the particles synthesized with different
gaps between the tube and the reactor inlet. Comparing the XRD profiles indicates that
the YAG phase content of the powder increases with decreasing gap.
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Figure 4.14: XRD patterns of the particles synthesized with the 47.5 mm tube-insertion placed at a distance
of approximately (a) 0.2 m, (b) 0.15 m, and (c) 0.1 m, from the reactor inlet. Comparison with the reference
data JCPDF No. 00-033-0040 (YAG, Y3Al5O12) and JCPDF No. 04-006-5199 (YAP, YAlO3).
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The increasing intensities of the distinguished YAG peaks with decreasing gap
qualitatively suggest an increase in the YAG phase content. This is possibly due to the
extension of the high temperature zone with the decreasing gap, as indicated by the
modeling results. Thus, the experimental observations support the inferences drawn from
the modeling results. Although it is desirable to decrease the gap further from 100 mm, it
is constrained for the given operating conditions by tube-melting and thermal shock.
Efforts to synthesize particles in the 47.5 mm tube setup with a gap of around 70 mm for
the above-mentioned operating conditions were unsuccessful due to melting and cracking
of the tube at the inlet.

4.5.4 Conclusions
Experiments conducted with the tube inserted to synthesize YAG particles
indicated that in-flight annealing of particles is possible. Further, inserting the tube
reduced the average particle size collected by separating out the larger particles formed in
the recirculation zones. Thus, partial size and phase control of particles is possible by
inserting the tube. Moreover, an optimal tube size exists to enhance the size and phase
control. While the average particle size decreases with decreasing tube size, the YAG
phase content increases to a certain extent and then decreases. Thus, submicron particles
with cerium-doped-YAG being the major phase were synthesized directly in the RF
reactor with the 47.5 mm tube placed ~100 mm below the reactor inlet. Further reducing
the distance between the reactor and the tube to ~70 mm melts it near the inlet. On the
other hand increasing the distance decreases the YAG phase content in the synthesized
particles.

4.6

Effect of Adding a Heater to the Tube
As the plasma gas flows through the tube, it loses heat to the relatively cold tube

walls. The tube walls in turn dissipate heat to the surrounding water-cooled reactor walls
by radiation. Modeling results indicate that strong axial temperature gradients exist in the
tube walls which possibly cause thermal shock, leading to development of cracks.
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Multiple cracks develop along the length of the tubes after repeated use in experiments.
To prevent the radiative heat losses from the tube walls, and cracking of the tube due to
thermal shock, the tube was preheated (before starting the plasma) uniformly to high
temperature with a ceramic heater.
Experiments were performed to synthesize the YAG particles with the modified
experimental setup described previously (section 3.4). The 20 mm tube was preheated for
about 50 minutes before starting the plasma by applying 110V to the heaters. According
to the calibration measurements, applying 110V to the heater heats the tube to about
900oC at atmospheric pressure. The applied voltage was maintained during the precursor
injection in the plasma for particle synthesis. Nitrate salts of yttrium, aluminum and
cerium dissolved in water (0.4 M) in a molar ratio of 2.97:5:0.03 were used as the liquid
precursor. The precursor solution was atomized using argon gas (15 slm) and injected in
argon-hydrogen (60/0.5 slm) plasma operated at 21 kW of input power and 20 kPa of
chamber pressure.
Figure 4.15 compares the XRD patterns of the particles synthesized with the
heaters added to the 20 mm tube inserted setup to that of the particles synthesized without
the heaters. It indicates that adding heater to the tube inserted setup significantly reduces
the amorphous content of the particles. This is possibly due to the relatively more
uniform high temperature zone created by adding the heater to the tube. It was also
observed that using the tube repeatedly with the heaters for particle synthesis did not
cause development of cracks. Preheating the tube uniformly with the heaters helped to
avoid thermal shocks. Thus, adding the heater improved the in-flight annealing
performance of the tube insert setup. However, Figure 4.15 also suggests that the
annealing temperatures were not high enough to significantly increase the YAG phase
content of the tube. This was expected because from the YAP annealing study we
estimated that annealing temperatures of around 2000-2300 K are required to convert
YAP to YAG phase in few milliseconds (ms). The particles have few ms of residence
time in the tube. This implies that the tube has to be heated to about 2000 K or higher in
order to synthesize pure YAG phase particles through in-flight annealing, which may not
be practically possible in the current setup. Nonetheless, the improved performance with
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the heater added tube setup could be useful for synthesizing other phosphor materials in
general.
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Figure 4.15: XRD patterns of the particles synthesized with the 20 mm tube inserted setup (a) without
heaters, (b) with heaters added to preheat the tube. Comparison with the reference data JCPDF No. 00-0330040 (YAG, Y3Al5O12) and JCPDF No. 04-006-5199 (YAP, YAlO3).

4.7

Summary of the Effect of Tube Insertion
Phase and size control in the direct synthesis of cerium doped YAG particles was

studied using a modified RF plasma system. Thermal annealing (DTA) studies were
conducted on plasma synthesized YAP phase particles to determine the temperature-time
scales involved in annealing the YAP to YAG phase. It was estimated that annealing
temperatures in the range of 2000-2300 K can convert the YAP particles to YAG phase
in time scales of the order of few milliseconds. To create an annealing zone in the
experimental setup for in-flight annealing of particles, a ceramic tube was inserted
coaxially with the plasma torch nozzle in the reactor. Numerical modeling was performed
to study the effect of inserting the tube into the reactor. Modeling studies revealed that
inserting the tube in the reaction chamber affects the thermofluid fields by creating a
more uniform high-temperature (T >2000 K) zone inside the tube, and by segregating the
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recirculation zones in the reactor chamber from the flow within the tube. The increase in
the central flow temperature and the segregation of the recirculation zones predicted by
the simulations are favorable for the size and phase control of synthesized particles
through in-flight annealing and selective collection. However, the extent of size and
phase control depends on the geometry of the tube. Simulations with different tube sizes
indicated that an optimal tube diameter exists to create a uniform high-temperature
annealing zone.
Experiments conducted with the tube inserted to synthesize YAG particles
indicated that in-flight annealing of particles is possible to a certain extent. Further,
inserting the tube reduced the average particle size collected by separating out the larger
particles formed in the recirculation zones. However, the extent of size and phase control
of particles during the synthesis from the tube inserted setup varied depending on the size
of the tube. While reducing the tube diameter reduced the average size of particles, the
YAG phase content initially increased to a certain extent and then decreased on further
reducing the tube diameter. Thus experimental observations confirmed the hypothesis
based on numerical analysis. Using the 47.5 mm tube placed about 100 mm below the
reactor inlet, submicron particles with YAG being the major phase were synthesized
directly in the RF reactor. With the tube height variation study, numerical analysis
indicated that increasing the height of the tube near the inlet to move it closer to the
plasma plume would extend the high temperature zone in the tube, which could improve
the in-flight annealing. Experimental results supported the numerical predictions by
showing that the YAG phase content increased as the gap between the tube and the
reactor inlet was decreased. However, decreasing the gap to around 70 mm caused
melting and cracking of the tube.
To improve the in-flight annealing effect of the tube, the tube was preheated with
ceramic heaters. Preheating the 20 mm tube with ceramic heaters helped to prevent
cracking on repeated use and improved the in-flight annealing of particles to yield
primarily crystalline phase. However, the annealing temperatures were not sufficient to
increase the YAG phase content significantly with the 20 mm tube. Whereas, preheating
larger size tubes with the heater was not possible due to reactor design constraint. The
heaters required for larger size tubes did not fit inside the reactor. Based on YAP
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annealing study in the literature, to obtain pure YAG particles with the tube insert setup
may require heating the tube to above 2000 K because the residence time of the particles
in the tube is of the order of milliseconds. This may not be practically possible with the
existing tube setup because the melting point of the tube is below 2000 K. Nonetheless,
the tube insertion approach could be used for size and phase controlled RF plasma
synthesis of other phosphor materials in which direct in-flight annealing would be
desirable to enhance the powder properties.
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Chapter 5. Effect of Precursor Injection
5.1

Overview
This chapter describes the study of the precursor injection process for improving

the size and phase control of the particles in the synthesis process. The YAG particles
synthesized in the plasma system were observed to have broad size distributions ranging
from nanometers to a few microns. Also, single YAG phase particles could not be
achieved directly from the plasma synthesis. Although inserting the tube (Chapter 4)
helped to narrow the particle size distribution by filtering out the bigger particles and to
achieve the YAG phase partially through in-flight annealing, it reduced the yield of the
process. The precursor injection process was studied to develop alternate effective
methods to control the size and phase of the particles.
Srivathsan [42] investigated the influence of different types of liquid precursors
and the atomization process on the size and phase of the particles. He observed that using
propionate or acetylacetonate salts of Y, Al in the precursor produced significantly
smaller sized particles as compared to nitrate salts. This observation was attributed to
higher vapor pressure of the organic precursor solution, enabling complete vaporization
and gas phase nucleation synthesis of particles. The YAG phase, however, could not be
achieved with any source of solute in the precursor.
From the study of the atomization process, Srivathsan [42] observed that using the
Collison nebulizer to inject the precursor resulted in the formation of primarily nano
sized (<100nm) particles whereas using the Tekna atomization probe produced primarily
micron-sized particles. The Collison produces droplets that are about an order of
magnitude smaller in size and having lower velocities as compared to the Tekna probe.
Small droplet sizes with low velocities favor the complete evaporation of precursor and
the gas phase nucleation synthesis of particles. However, the Collison nebulizer cannot
be used for precursor injection in the RF plasma torch due to problems of plasma
instability and extremely low precursor feed rates (<1 ml/min) [42].
In continuation to Srivathsan’s work, we studied the precursor atomization
process with the Tekna probe in order to determine the optimal operating conditions for
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narrow droplet size-ranges. Experiments were also performed to study the effect of
changing the atomizer flow conditions on the size and phase of the particles. These
studies are described in the next section. Following that is a description of an effective
method developed to control the size of the particles by adding a chemical in the
precursor. Investigations of the effect of modifying the liquid precursor properties on
particles size are then briefly described. Finally a novel precursor synthesis technique is
described which was used to directly produce single YAG phase nanoparticles with the
RF plasma system and the atomization process.

5.2

Atomization Process Study

5.2.1 Tekna Atomization Method
Figure 5.1 shows a schematic of the cross-section of the Tekna atomizer probe.
The precursor is injected in the central tube of the probe through a peristaltic pump and
the liquid column is sheared into droplets at the nozzle-exit by a jet of gas. The droplet
size distributions of an atomized liquid are determined by the flow rates of the liquid and
the gas. Higher flow rates of the gas produce smaller droplets whereas higher liquid flow
rates result in bigger droplets. However, at very high gas flow rates, a pressure barrier is
created that obstructs the continuous flow of the liquid and cause bigger droplets from a
pulsating flow. Therefore optimal flow rates of the gas and liquid exist for uniform
droplets with narrow size range.

Figure 5.1: Flow of the liquid and the atomization gas in the Tekna probe. (Tekna Plasma Systems Inc.)
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5.2.2 Spray Characterization – Laser Imaging
A laser imaging technique was used to characterize the spray generated from the
Tekna probe in order to study the effect of changing the gas or liquid flow rates on the
droplet size distributions. Commonly used spray-characterization techniques such as the
Particle Imaging Velocimetry (PIV) or the Global Sizing Velocimetry (GSV) were also
explored for the study. However, the droplet densities and velocity fields in the spray
were beyond the imaging and resolution capabilities of these techniques. Therefore an
optical setup was designed to image the spray as shown in Figure 5.2. It consists of a
laser (Nd:YAG, 532 nm) placed in-line with the Tekna probe exit and a camera (Nikon
D70). Optical lenses are used to create a diverging beam and pass it through the spray.
The camera is focused in the illuminated region near the tip of the probe to capture the
image of the droplets within the field-of-view.
Images were taken for the spray generated at atmospheric conditions using water
as the liquid and air as the atomizing gas. The spray thus, analyzed is a cold flow, which
is different from that injected in the high temperature and low pressure plasma region.
However, to achieve conditions similar to the plasma for analyzing the spray is
challenging. The camera was focused at about 5 cm below the tip of the probe and
calibration was performed by imaging a thin rod of known diameter. Spray images were
taken for different flow rates of air and water and at every flow condition multiple images
were obtained. Image-processing was done with MATLAB to obtain quantitative
information about droplet size-distribution.

Your
Teknainjector
probe
Filter

Laser
Optical lenses

spray
Spray

Figure 5.2: Schematic of the laser imaging setup for the spray
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Camera

5.2.3 Spray Image Processing
A typical image of the spray (water: 5 ml/min (mlpm), air: 5 l/min) is shown in
Figure 5.3. The spray consists of black droplets on a fringe-patterned, green background.
The images were processed to derive particle size information by developing a
customized algorithm in MATLAB environment, using the image analysis toolbox. The
specific steps used in the algorithm are as follows:
i.

Remove the partially visible droplets on the image boundary

ii.

Remove fringe patterns in the background through a pixel-erosion operation

iii.

Calculate the geometrical properties (area, eccentricity etc.) of the droplets

iv.

Apply bounds on the geometrical properties of the droplets

v.

Select droplets that lie within the bounds of the geometrical properties

vi.

Calculate the area equivalent diameter of the selected droplets

Figure 5.3: Image of the spray generated for 5 mlpm of water flow rate and 5 lpm of air flow rate

The presence of the fringes in the image background confounded the size
distribution results by creating false counts. Therefore it was essential to remove the
fringe-patterned background. However, the operation performed to remove the
background limited the minimum detectable droplet size to around 20 µm. Details of the
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MATLAB program used for the algorithm can be found in Appendix A. The droplet
counts were observed for different conditions in the range of 1000-2000.

5.2.4 Results and Discussion
Figure 5.4 presents the fraction of droplets for the 5 mlpm water flow and
different air flow rate conditions. The droplet sizes are divided into different size-bins of
10 µm width. The droplet size distributions indicate that higher air flow rates result in
narrower droplet size distributions and smaller average size. Smaller sized droplets with
higher air flow rates are possibly due to better shearing action of the air. However, the
pressure barrier created with the 20 slm of air flow at the end of the probe made the water

Fractions of droplets

injection non-uniform and pulsating in nature.

Diameter range (µm)
Figure 5.4: Frequency counts of the droplet diameters for 5 mlpm of water flow rates and different air flow
rates derived through the MATLAB processing of the spray images.
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The effect of changing the water flow rate for a given air flow rate condition is
presented in Figure 5.5. It shows the fraction of droplet counts in different size bins for
the 15 slm air flow rate condition with different water flow rates. It indicates that
changing the water flow rate does not significantly affect the droplet size distributions for

Fraction of droplets

15 slm air flow rate.

Diameter range (µm)

Figure 5.5: Frequency counts of the droplet diameters for 15 slm of air flow rates and different water flow
rates through the MATLAB processing of the spray images.

Thus changing the atomizer gas flow rate is observed to have a stronger effect on
the droplet size distributions as compared to changing the precursor feed rate. However,
the above observations are based on the bounds applied on the geometrical values of the
droplets that are counted in the image-processing. Analysis was performed to determine
the effect of changing the limits of the allowable geometrical values for a droplet to be
counted on the size distributions of the droplets. It was observed that changing the
maximum permissible eccentricity of the droplet significantly changed the size
distribution result as shown in Figure 5.6. The size distributions obtained with different
eccentricity values for a particular flow condition were compared to the size distribution
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obtained by analyzing the all the spray images for that flow condition individually using a
commercial software called ImageJ and then counting the droplets in different size bins.
The eccentricity value, e=0.3, resulted in the size distribution which was closest to the

Fraction of droplets

manually measured distribution data and therefore it was chosen for all analyses.

Diameter range (µm)

Figure 5.6: Frequency counts of the droplet diameters for air and water flow rates of 5slm and 5 mlpm,
respectively with different maximum permissible eccentricity values

5.2.5 Effect of Varying the Atomizer Gas on the Particle Size
Experiments were performed to study the effect of changing the atomization gas
flow rate on the particle sizes. Nitrate salts of yttrium and aluminum dissolved in water
with an overall concentration of 0.4M were used as precursors for synthesizing Ce:YAG
particles in Ar/H2 (1%) plasma. The precursors were fed at 5 mlpm and the plasma was
maintained at 21 kW input power and 20 kPa pressure. Argon was used as the atomizer
gas and the flow was varied between 10-20 slm in different experiments. The synthesis
was carried out without the ceramic tube in the setup. The synthesized particles were
characterized through SEM, BET, and XRD measurements for size and phase
identification.
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Figure 5.7 compares the morphology of the particles synthesized with 10 slm and
20 slm atomizer gas flow rates. It indicates that the particle morphology and size ranges
are similar in both cases. The particles have a broad size range, varying from 100s of nm
to a few microns.

(a)

(b)

Figure 5.7: SEM of the particles synthesized in the Ar-H2 plasma with (a) 10 slm and, (b) 20 slm atomizer
gas flow rates and 5 mlpm precursor feed rate in both cases.
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The specific surface area of the particles measured through the BET method is
also similar in both cases (~13 m2/g). Further, the XRD measurements also indicated the
presence of primarily the YAP phases in both cases. Thus, the characterization results
indicate that changing the atomization gas flow rate did not significantly affect the
particle size or phase. A possible reason for this is that while increasing the atomization
gas flow rate reduces the droplet sizes, it increases the velocity of the spray. The droplets
with higher velocities have a shorter residence time in the plasma zone and therefore the
heat transfer to the droplets is reduced. Besides, the higher volumetric flow rates of the
cold atomizer gas also increase the heat dissipation of the plasma, thereby reducing its
enthalpy. The reduction in heat transfer to the droplets would increase the particle
synthesis from the single droplet-particle conversion route, which is expected to yield
relatively larger porous particles. The porous large particles with oblong shapes observed
in the SEM images (Figure 5.7) are hypothesized to be formed by the incomplete
evaporation of droplets.
To support the hypothesis of the formation of large porous particles laser-imaging
of the spray was performed at the atomizer probe-tip. Due to high density of the spray
near the tip and narrow field-of-view of the camera, imaging at the probe-tip with the
previously described optical setup was challenging. The optical setup was modified by
introducing an imaging plane before the camera. In the modified optical setup the laser
beam passing through the spray is projected on the imaging plane (semi-transparent
paper) and the camera is focused on the plane to capture the image of the spray. Figure
5.8 shows some images of the spray taken for 5 mlpm water flow and 15 slm air flow
condition. An observation common in all the images is the presence of a trail of liquid
column near the probe tip due to incomplete shearing of the liquid by the air jet. These
large blobs of liquid have relatively higher thermal mass and inertia due to higher volume
to surface area ratio. These droplets may undergo incomplete evaporation and crustformation process as they flow through the plasma which will prevent the secondary
fragmentation of the droplets, instead leading to the formation of porous large particles.
The images in Fig 5.8 indicate that the atomization gas is not effective to
completely shear the liquid into uniform small droplets. One method to improve the
atomization process is to increase the gas flow rate. However, experiments and analysis
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with higher gas flow rates indicated that although it helps to reduce the droplet sizes, it
does not change the particle sizes significantly. The possible reasons for this observation
are the increase in the droplet velocities, decrease in the heat transfer to the droplets and
non-uniformity in liquid injection with higher gas flow rates. Possible alternate methods
to improve the atomization process are to change the liquid precursor properties
(viscosity, and surface tension) in order to improve the shearing process or to aid the
secondary fragmentation of the droplets in the high temperature zone by adding certain
chemicals in the liquids. Investigations in these directions are described in the following
sections.

Figure 5.8: Spray imaging at the Tekna probe tip for the spray generated with 5 mlpm of water and 15 slm
of air flow rates. All three images are for the same operating conditions.

5.3

Effect of Adding Urea in the Liquid Precursor

5.3.1 Introduction
A possible approach to produce smaller particles through smaller droplets is by
aiding the secondary fragmentation of the droplets through an exothermic chemical
decomposition in the high temperature plasma zone. If a chemical is added in the
precursor that decomposes into gases at high temperatures leading to rapid evolution of
gases, it can fragment or burst the droplet into smaller sizes in the process. A similar
concept is used to synthesize fine particles in the combustion-synthesis process [86]. It
involves mixing oxidizers like metal nitrates with organic fuels such as urea or
carbohydrazide in water and heating the solution to typically 500oC or less. The fuel
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reacts exothermically, dehydrating and decomposing rapidly into gases, leaving behind a
voluminous, foamy and fine powder [86]. If such organic fuels are added in the nitrate
salt based precursors, they would react exothermically in the plasma region, leading to
rapid evolution of gases that would burst the droplets into smaller sizes. Additionally, the
enthalpy generated from the exothermic reactions would enhance the droplet evaporation
process and aid in the formation of smaller sized particles. Besides, the products of the
fuel decomposition are typically non-toxic gases that would not create any concerns of
contamination of the synthesized particles. Based on this hypothesis we investigated the
effect adding an organic fuel in the precursor on the size of the particles synthesized.
Chemicals such as urea (CO(NH2)2), carbohydrazide (CO(NHNH2)2) and glycine
(NH2CH2COOH) are used as organic fuels with nitrate salt based precursors in
combustion synthesis [86]. These chemicals differ in their degree of solubility in water,
and the temperature and enthalpy of their exothermic decomposition. Among these
chemicals urea has a relatively higher degree of solubility in water (>10M), lower
temperature of exothermic reaction (140 – 410oC) [87] and lower cost. Additionally it
reacts exothermically with both water and metal nitrates to produce large volumes of gas.
For synthesis of YAG, a droplet consisting of urea and nitrate salts of Y, Al dissolved in
water may undergo the following reactions in the plasma region if complete combustion
occurs [87]
(NH)2CO + H2O → 2NH3 + CO2

(5.1)

3Y(NO3)3 + 5Al(NO3)3 + 20(NH2)2CO → Y3Al5O12 + 20CO2 + 40H2O + 32N2

(5.2)

The effect of adding different concentrations of urea in the precursor on the size
of the particles produced with the plasma system was investigated for the YAG material
synthesis. The experimental details are described in the following sections.

64

5.3.2 Experiments without Tube in the Setup
Experiments were performed to study the effect of adding different concentrations
of urea in the precursor on the size of the particles synthesized in the plasma system.
Nitrate salts of Y, Al and Ce dissolved in water (0.4M) in molar ratio of 2.97:5:0.03 with
different urea concentrations were used as the precursor for synthesizing Ce:YAG
particles. Urea concentrations were varied between 0-8M in the precursor. The precursor
was fed at 5 mlpm in Ar/H2 (1%) plasma maintained at 21-23 kW input power and 20
kPa pressure for all the cases. Argon was used as the atomizer gas. The synthesis was
carried out without the ceramic tube in the setup. The synthesized particles were
characterized through SEM and XRD measurements for size and phase identification.

5.3.3 Results and Discussion
Figure 5.9 compares the morphology of the particles synthesized without urea in
the precursor and with 1M urea in the precursor. It indicates that the particles are
significantly smaller when urea is added in the precursor. The particles synthesized
without urea have a broad size range, varying from 100s nm to 10 µm. The concentration
of the particles which are >1 µm in size is also significant. The particles synthesized from
the precursor containing urea have a relatively narrow size range from 100 nm to 1 µm.
The significant decrease in the particle sizes with the addition of urea in the precursor is
hypothesized to be due the exothermic combustion reaction of urea in the plasma causing
fragmentation of the large droplets and enhancement of the evaporation rates.
Increasing the urea concentration in the precursor is observed to further reduce the
particle sizes as illustrated in Figure 5.10. There is a significant increase in the
concentration of the nano-sized particles with higher urea concentrations as observed
from the SEM images. Thus, nanoparticles can be synthesized by using high
concentrations of urea in the precursor. The particle size seems to decrease with the
increasing urea concentration until primarily nano-sized particles are observed at very
high concentrations (8M).
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(a)

(b)

Figure 5.9: SEM of the particles synthesized in Ar/H2 plasma (a) without urea, (b) with 1M urea, in the
precursor.
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(a)

(b)

(a)

(b)

Figure 5.10: SEM images of the particles synthesized with, (a) 4M, and (b) 8M urea in the precursor at two
different magnifications. The top images are at lower magnification whereas the bottom images are at
higher magnification.

The BET specific surface area of the particles synthesized with different urea
concentrations is listed in Table 5.1. The specific surface area value increases with
increasing urea concentration, indicating that the average particle sizes are reduced with
higher urea content in the precursor. The inferences from the BET surface area
measurements are in qualitative agreement with the observations of the SEM images.
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Table 5.1: BET specific surface area measurements of the particles synthesized with different urea
concentrations (Data Courtesy: Nitto Denko Tech. Corp.)

Urea concentration

BET Specific Surface Area
(m2/g)

0

7.6 ± 0.1

1M

24.0 ± 0.1

4M

29.4 ± 0.2

8M

33.0 ± 0.2

The XRD patterns of the particles synthesized with different urea concentrations
in the precursor are compared in Figure 5.11 to determine the effect of adding urea on the
chemical phase of the particles. The XRD patterns indicate the presence of the YAP
phase only for the particles synthesized without urea, whereas YAP and YAM phase for
the particles synthesized with urea in the precursor. Thus, adding urea affects the
chemical phase of the particles. For the Y, Al material system, adding urea introduces the
YAM phase in the particles. Further, increasing the urea concentration seems to increase
the YAM phase content as indicated by the increasing intensities of the YAM phase in
the normalized XRD patterns. The presence of the YAM phase with urea in the precursor
is hypothesized to be due to the reducing action of urea in the chemical reactions in the
plasma. Urea is well-known as a strong reducing agent and commonly used for reducing
nitrogen oxides in automobile exhausts through selective catalytic reduction technique
[88]. During the chemical reactions in the plasma urea acts as an oxygen-scavenging
agent which possibly introduces the YAM phase in the particles. The YAM phase has
also been observed to be present when the particles are synthesized with higher sheath H2
flow in the plasma. This indicates that stronger reducing environment causes the presence
of the YAM phase. The reducing action of urea may be useful for phase control in the
synthesis of phosphor materials which form the desired phase in a reducing environment.
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Figure 5.11: XRD patterns of the particles synthesized (a) without urea, with (b) 1M, (c) 4M and, (d) 8M
urea in the precursor. Comparison with the reference data JCPDF No. 00-055-1088 (YAM, Y4Al2O9) and
JCPDF No. 04-006-5199 (YAP, YAlO3).

5.3.4 Experiments with the Tube-Insertion Setup
Experiments were also performed to investigate the effect of adding urea in the
precursor on the size and phase of the particles synthesized with the tube-insertion setup.
The high temperature central zone created by the tube may cause the nanoparticles
synthesized with high urea concentrations in the precursor to agglomerate or sinter as
they flow through it. Similarly the effect of urea on the phase of the particles may also be
over-ruled by the in-flight annealing process. In order to test these hypothesis Ce:YAG
particle synthesis experiments were performed with the 69 mm (ID) tube insertion setup.
The tube was positioned at ~0.1 m below the reactor inlet. The precursors used for the
syntheses were Y, Al and Ce nitrate salts dissolved in water in the molar ratio of
2.97:5:0.03 (overall 0.4M) with different urea concentrations. The precursor was fed at 5
mlpm in Ar/H2 (1%) plasma maintained at 21-23 kW input power and 20 kPa pressure
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for all the cases. The synthesized particles were characterized through SEM and XRD
measurements for size and phase identification.

5.3.5 Results and Discussion
The SEM images of the particles synthesized without urea and with 3M urea
using the 69 mm tube in the setup are compared in Figure 5.12. It indicates that using 3M
urea in the precursor significantly reduces the particles sizes. Moreover, the particles are
primarily spherical and non-agglomerated. Thus, the high-temperature central zone does
not cause agglomeration of the particles synthesized with 3M urea in the precursor.

Figure 5.12: SEM images of particles synthesize in the 69 mm tube inserted setup (a) without urea, (b) with
3M urea in the precursor
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Increasing the urea concentration in the precursor to 7M further reduces the
particle sizes and yields primarily nano sized particles as indicated from the SEM image
shown in Figure 5.13. The higher magnification image indicates that the nanoparticles
less than 50 nm in size are agglomerated, as expected.

Figure 5.13: SEM images of the particles synthesized from the 69 mm tube inserted setup with 7M urea in
the precursor, shown at two different magnifications.
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The XRD patterns of the particles synthesized in the tube-inserted setup with
different urea concentrations are presented in Figure 5.14. The profiles indicate the
presence of YAG and YAP phase without urea in the precursor. However, with urea,
YAM phase is also observed to be present along with the YAP and the YAG phase.
Further, the relative abundance of the YAG phase is significantly less in the particles
synthesized with urea in the precursor, as indicated by the decreasing intensities of the
distinguished YAG peaks. The reduction in the relative abundance of the YAG phase and
the presence of the YAM phase with urea is hypothesized to be due to the strong reducing
environment created by the reactions of urea. In order to verify this hypothesis,
experiments were performed for Ce:YAG particle synthesis with the 69 mm tube inserted
setup using higher flow rate of H2 in the plasma keeping all other parameters same as
described for the aforementioned experiments. The precursor used for synthesis did not
contain urea in it. The H2 flow rate was increased to enhance the reducing action in the
chemical environment in order to determine its effect on the phase of the particles
synthesized.
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Figure 5.14: XRD patterns of the particles synthesized in the 69 mm tube inserted setup (a) without urea,
with (b) 3M, and (c) 7M urea in the precursor. Comparison with the reference data JCPDF No. 00-0330040 (YAG, Y3Al5O12), JCPDF No. 00-055-1088 (YAM, Y4Al2O9) and JCPDF No. 04-006-5199 (YAP,
YAlO3)
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The XRD patterns of the particles synthesized with the 69 mm tube insertion
setup using 0.5 and 1.5 slm flow rates of H2 in the sheath are presented in Figure 5.15.
Comparing the XRD patterns indicates that increasing the H2 flow rate introduces the
YAM phase in the particles. Further, comparison of the relative peak intensities of the
phases in both the cases indicates that the relative abundance of the YAG phase is less for
the higher H2 flow case. Thus, stronger reducing environment favors the formation of the
YAM phase rather than the YAG phase. Accordingly, the presence of urea in the
precursor introduces the YAM phase along with the YAG and YAP phase in particles
synthesized with the tube insert setup. Efforts to counter the reducing action of urea by
introducing oxygen in the sheath gas (upto 5 slm flow rates) for urea concentrations of
3M or 7M were not successful in eliminating the YAM phase. Similarly, efforts to
eliminate the YAM phase and increase the YAG phase by lowering the urea
concentration in the precursor and using the smaller tube (ID-47.5 mm) were also not
successful.
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Figure 5.15: XRD patterns of the particles synthesized in the 69 mm tube inserted setup using (a) 0.5 slm,
(b) 1.5 slm H2 flow rates in the sheath without urea in the precursor. Comparison with the reference data
JCPDF No. 00-33-0040 (YAG, Y3Al5O12), JCPDF No. 00-055-1088 (YAM, Y4Al2O9) and JCPDF No. 04006-5199 (YAP, YAlO3)
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Figure 5.16 illustrates the XRD patterns of the particles synthesized with the 47.5
mm tube insertion setup using ~0.8M urea versus no urea in the precursor. It indicates
that the YAM phase is present and the YAG phase content is reduced in the particles
synthesized with the 47.5 mm tube even when 0.8M urea is used in the precursor. The
conversion of YAM phase particles to the YAG phase by annealing possibly requires
higher temperature and longer residence times for annealing as compared to the YAPYAG phase transformation. Therefore the in-situ annealing of particles does not seem to
work for increasing the YAG phase in the urea based syntheses. Thus, adding urea in the
precursor creates a strong reducing environment which affects the phase of the particles
in the synthesis process. For the Y, Al material system, the reducing environment is not
favorable as it causes the phase to deviate from YAG. However, for other phosphor
materials in which the reducing atmosphere is favorable for the formation of the desired
phase, adding urea will help in improving the phase control
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Figure 5.16: XRD patterns of the particles synthesized in the 47.5 mm (ID) tube insert setup (a) without
urea, (b) with 0.8M urea in the precursor. Comparison with the reference data JCPDF No. 00-033-0040
(YAG, Y3Al5O12), JCPDF No. 00-055-1088 (YAM, Y4Al2O9) and JCPDF No. 04-006-5199 (YAP, YAlO3)
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The SEM images presented in Figure 5.17 indicate that the particles synthesized
in the 47.5 mm tube setup with 0.8M urea are smaller than the particles synthesized
without urea in the precursor. Further the particles are also not sintered despite flowing
through the high temperature central zone in the tube-insertion setup. Thus, adding lower
concentrations of urea in the precursor helps to reduce the size of the particles without
causing agglomeration even with the tube insertion setup.

(a)

(b)

Figure 5.17: SEM images of particles synthesize in the 47.5 mm tube inserted setup (a) without urea, (b)
with 0.8M urea in the precursor
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5.4

Effect of Changing Precursor Properties
As described previously, the precursor atomization process involves shearing the

liquid column that is flowing centrally in the probe with a jet of gas. Laser imaging
analysis of the precursor spray indicated that with the typical flow conditions used in
experiments, the gas does not completely shear the liquid column. This leads to the
formation of large blobs of liquid droplets which possibly result in large particles. A
possible method to improve the liquid atomization process is to reduce the viscosity and
surface tension of the liquid. Liquids with lower viscosity and surface tension have less
resistance to deformation by shearing, which aids in the formation of smaller droplets
with the atomizer.
A possible approach to reduce the surface tension of a liquid precursor is to add a
surfactant in it. Among the several available choices for surfactants, the secondary
alcohols are preferred because in the plasma they would dissociate and form gaseous
products. This would prevent issues of particle contamination due to the addition of
surfactants in the precursor. For water based precursors, we used Tergitol 15-S-9. It has
the advantage of being cheap and effective in terms of reducing surface tension of water,
since a concentration of less than 0.01% is enough to reduce the surface tension of pure
water by ~65% [89]. Experiments were performed to determine the effect of adding the
surfactant in the precursor, on the size of the particles. Nitrate salts of yttrium, aluminum
and cerium nitrates dissolved in water was used as the precursor. Tergitol (1 vol. %) was
added to the precursor and mixed well on a stir plate at 100 rpm for 5 min. The precursor
was injected in Ar/H2 plasma maintained at 21 kW power and 20 kPa pressure.

The

synthesized powder was characterized through SEM and XRD.
Figure 5.18 compares the SEM images of the particles synthesized without
surfactant and with surfactant in the precursor. The size ranges of particles are broad in
both the cases, varying from 100s nm to few µm. This indicates that adding surfactant in
the precursor does not significantly affect the particle sizes. The large particles
synthesized with surfactant in the precursor are porous, therefore the BET measurement
technique cannot be reliably used to compare the average particle sizes. XRD analysis of
the synthesized particles also did not indicate any significant difference in both cases and

76

showed the presence of only the YAP phase.

Thus adding surfactant does not

significantly affect the size and phase of the particles. Similarly reducing the viscosity of
the precursor by increasing its temperature up to 90o before injection does not affect the
size and phase of the particles.
(a)

(b

Figure 5.18: SEM images of particles synthesize in the Ar/H2 plasma (a) without Tergitol, (b) with Tergitol
in the precursor
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5.5

Novel Precursor Synthesis

5.5.1 Introduction
A novel liquid precursor synthesis technique, developed by Nitto Denko Tech.
Corp., has been used to directly synthesize the Ce:YAG phosphor particles through the
RF plasma system. As discussed previously (Chapter 2), most synthesis techniques
require a two-step process to synthesize YAG particles irrespective of the precursors used.
The as-synthesized particles, which generally do not contain the YAG phase, have to be
post heat-treated to convert them to YAG. For example efforts to directly synthesize
YAG particles or thin films with RF thermal plasmas, using precursors such as chloride
or nitrate salts of Y, Al [69], hybrid sols [68,70], regular reverse co-precipitated sols [70],
and citrate–nitrate solutions [70], have been unsuccessful. The as-synthesized particles in
these investigations did not contain the YAG phase and required annealing at high
temperatures (>900oC) for at least one hour to obtain the YAG phase. Our efforts to
synthesize Ce:YAG particles directly with the plasma system by in-flight annealing of the
particles (Chapter 4) was only partially successful.
Here we describe a novel liquid precursor synthesis technique that was used to
study the direct synthesis of Ce-doped YAG through different methods including the RF
plasma. The precursor synthesis recipe, as developed by Nitto Denko Tech. Corp., is
described in the next section. This is followed by the description of TG/DTA and XRD
measurement study of the YAG crystallization process from the precursor. Experimental
efforts to synthesize the Ce:YAG particles with the precursor through different methods
and the results obtained are discussed in the later sections of the chapter.

5.5.2 Precursor Synthesis Method
To synthesize the precursor, yttrium (III) acetate tetrahydrate, triethanolamine
aluminate (alumatrane) and cerium (III) acetate monohydrate were mixed in the ratio of
2.97:5:0.03 and suspended in a mixture of 1,5 pentanediol and water (30 ml, volume
ratio=10:1). The mixture was placed in a glass vessel of a 100-ml autoclave, and
additional solvent (1,5-pentanediol) was poured in between the autoclave wall and the
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glass vessel. Then the autoclave was purged with N2 gas for 15 min and charged with N2
until the absolute pressure reached 2.07 MPa. The mixture was then heated to 300°C at a
rate of ~3°C/min while stirring at 300 rpm. During the heating process, the autoclave
pressure was gradually increased to 4.14 MPa. After maintaining the mixture at 300oC
and 4.14 MPa for 3 hours it was allowed to cool to room temperature. The precursor thus
obtained was a viscous liquid miscible in both water and methanol.

5.5.3 Precursor Annealing Study
Thermogravimetric (TG/DTA) measurements were performed with the dried precursor to
study the YAG crystallization process. The precursor was heated at 400oC for about one
hour to obtain a powder residue that was used for TG/DTA analysis with the Pyris
Diamond 6300 instrument (Perkin Elmer Instruments). Powder samples of ~25 mg each
were heated to 1000oC at four different rates between 3-10oC/min in N2 flow. Figure 5.19
shows the heat flow and weight loss of the powder as a function of the temperature of
powder for the heating rate of 10oC min-1. The endothermic peak observed around 250oC
is possibly due to the evaporation of the adsorbed water on the particles. The sharp
exothermic peak observed around 850oC is due to the crystallization of the YAG phase,
as indicated by the XRD pattern of the powder shown in Figure 5.20. The XRD patterns
indicate that the dried precursor is amorphous while the annealed powder is pure YAG.
XRD of the powder heated to 700oC did not indicate formation of any crystallization
phase which indicates that the exothermic peak at 850oC corresponds to the YAG
crystallization process. Similarly, XRD analysis of the powders annealed at different
heating rates indicated the presence of YAG phase and the corresponding DTA curves
showed exothermic peaks that could be correlated to the YAG formation process. The
data obtained by annealing the dried precursor at different heating rates were analyzed
using Kissinger theory [90] to characterize the kinetics of the crystallization process and
to determine the activation energy of the YAG formation process. According to Kissinger
theory, [90] some thermal decomposition reactions of solids can be described by the
equation,
−E
dx
,
= A(1 − x) n e RT
dt
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(4.1)

where dx/dt is the reaction rate, x is the fraction reacted, A is the pre-exponent factor, n
is the empirical order of the reaction, E is the activation energy, R is the universal gas
constant and T is the Kelvin temperature. Typically, this equation can be applied to the
exothermic peak observed in the DTA curves and through a series of data reduction steps
and least square fitting the activation energy of the reaction can be determined. The
details of the data processing steps followed to determine the activation energy from the
DTA curves can be found in [90].
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Figure 5.19: TG/DTA analysis of the dried precursor heated at 10 oC min-1.

Based on the analysis of the DTA data of the powder, the activation energy
corresponding to the exothermic peak equals 900 kJ/mole. Assuming first-order reaction,
the time required for 99.9% crystallization to occur was calculated over a range of
temperatures. Figure 5.21 indicates that temperatures of 830-850oC require annealing
times of the order of several minutes for complete crystallization to the YAG phase.
Comparison with experimental data from prior work (Table 2.1) indicates that this new
precursor requires much smaller annealing time at moderate temperatures of ~850oC to
convert to YAG. Since much higher temperatures exist in the plasma, the YAG formation
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could possibly occur with residence times on the order of milliseconds for particles
flowing through the reactor.
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Figure 5.20: XRD patterns of the (a) dried precursor, and (b) the powder annealed in DTA at a heating rate
of 10oC/min. The vertical lines correspond to the reference data for the YAG phase, JCPDF No. 00-0330040.
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Figure 5.21: Temperature-time curve for 99.9 % crystallization of YAG on annealing the
precursor.
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The annealed YAG powder was placed on a quartz substrate and was subjected to
UV excitation for photoluminescence (PL) measurements. The PL excitation and
emission spectra of the powder are presented in Figure 5.22. The excitation spectrum,
recorded using emission at 530 nm, shows two peaks at around 340 nm and 450 nm
wavelengths. Both peaks can be assigned to the electron transitions from the ground state
of Ce3+ (2F2/5) to the different crystal field splitting components of the excited 5d state of
Ce3+ [60,82]. On the other hand, the emission spectrum recorded at an excitation
wavelength of 450 nm shows a broad peak at 530 nm, which can be assigned to the
5d→4f transitions of Ce3+, and it agrees well with observations reported in the literature
[82,91].
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Figure 5.22: Photoluminescence measurements of the DTA-annealed YAG particles at 10oC min-1

5.5.4 Experiments: Precursor Injection in RF plasma
Experiments were performed to study the synthesis of YAG with the precursor
through the plasma system. The liquid precursor was diluted with different solvents and
injected in different plasma environments at a feed rate of 5-10 ml/min. The processing
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conditions used for particle synthesis in the different experiments are summarized in
Table 5.1.

Table 5.2: Experimental operating conditions for synthesis of YAG with the precursor injection in the RF
plasma system

Input
Power
(kW)

10-12

Chamber
pressure
(kPa)

Plasma gas flow rates (slm)
Central gas Sheath Carrier gas
Ar
gas Ar
15 slm

Diluting
solvent

Precursor
content
(Vol %)

Water

10, 20

10

35

Methanol

10, 20

10

35

20

Ar
O2
Ar
O2

5.5.5 Results and Discussion
The particles synthesized at different conditions were characterized through X-ray
diffraction (XRD) for phase identification. Figure 5.23 shows the XRD of the particles
synthesized with oxygen as the carrier gas using 20% precursor with both the solvents.
The profiles indicate that only YAG phase is present in the particles in both cases.
However, with methanol as the solvent there is also a significant amorphous content in
the particles. This is possibly due to the presence of carbon residue from the incomplete
burning of the organic solvents. Increasing the methanol content in the precursor
increased the amorphous content of the powder, as observed from the XRD patterns.
Similarly, when Argon was used as the carrier gas the synthesized particles contained
significant amorphous phase along with the YAG phase. The presence of the amorphous
phase may be because the residual carbon from the evaporated solvents does not oxidize
in the absence of oxygen in the plasma. The accumulated YAG particles are then
contaminated causing an increase in amorphous content. Using water as the solvent
reduces the carbon content of the precursor and using oxygen as the carrier gas helps
oxidize the elemental carbon that may be generated from evaporation of the organic salts
in the liquid precursor. Thus, having oxygen present in the reactor zone, YAG phase
could be synthesized from the RF plasma system by using the precursor. This result could
not be achieved by using other inorganic and organic precursors in different plasma
conditions without the tube as mentioned earlier.
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Figure 5.23: XRD patterns of the particles synthesized with 20% precursor in (a) water, (b) methanol as a
solvent injected in argon plasma. The vertical lines correspond to the reference data for the YAG phase,
JCPDF No. 00-033-0040.

Figure 5.24 compares the morphology of the particles synthesized with oxygen as
the carrier gas for 20% precursor in both the solvents. The SEM micrographs indicate
that the particles synthesized using methanol as the solvent are smaller in size as well as
narrower in size-range as compared to those synthesized using water. Smaller sizes with
methanol are possibly due to the fact that the vapor pressure of methanol is much higher
than that of water. Therefore solvent evaporation is much faster in the plasma with
methanol as the solvent than with water. Smaller sized particles are expected to form with
more effective evaporation of the solvents. The methanol content of the precursor was
increased to reduce the particle sizes further, but it also led to increased amorphous
content. To reduce the amorphous content the oxygen flow rate was increased in the
atomizer. It made the plasma unstable due to the enhanced cooling. To increase the
oxygen content of the plasma while maintaining the same flow rate of the atomizer gas,
oxygen was introduced in the plasma through the sheath gas. However, introducing even
small quantities of oxygen into the sheath gas was observed to cause the phase of the
synthesized particles to deviate from YAG. To make nano sized YAG particles with the
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precursor another synthesis method was explored which is described in the following
section.

(a)

(b)

Figure 5.24: SEM images of the YAG particles synthesized with the RF plasma system using 20%
precursor in (a) water, (b) methanol as the solvent.
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5.5.6 Nano YAG Synthesis by Precursor Atomization
DTA analysis of the dried precursor indicated that heating in the range of 830o

850 C required annealing time on the order of 1-10 minutes to convert it to YAG.
Accordingly YAG nanoparticles were synthesized by heating the atomized precursor
droplets collected on a silicon substrate at 850oC for about 10 min. Figure 5.25 shows a
schematic of the experiment.
Gas

~ 850oC
10 min.

Si Substrate

YAG particles

Atomizer
Diluted Precursor

Figure 5.25: Schematic of the precursor atomization and heating process to make YAG nanoparticles.

To synthesize nanoparticles, the precursor, diluted with water (1:4 by volume),
was aerosolized using a proprietary atomizer and argon gas. The droplets were collected
on a silicon substrate placed in the path of the aerosol flow. Then the substrate was kept
in a furnace at 850oC for about 10 min. The particle film on the substrate was
characterized through XRD and SEM. The XRD pattern, shown in Figure 5.26, indicates
the presence of only YAG phase in the particles. The SEM image of the particles, shown
in Figure 5.27 indicates that the particles are non-agglomerated and nano-sized with a
narrow size distribution. Thus, nano size YAG particles could be synthesized with the
precursor in a relatively small processing time. However, scaling up this process for bulk
synthesis of nano size YAG is challenging. The precursor can also potentially be used to
synthesize YAG thin films by coating it over a substrate and heating it at high
temperature. Efforts in this direction resulted in the formation of a non-uniform layer of
YAG-phase thin film by heating a precursor-coated quartz substrate at 900oC in air for
about 20 minutes.
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Figure 5.26: XRD pattern of the nanoparticles synthesized by heating the precursor aerosol droplets. The
vertical lines correspond to the reference data for the YAG phase, JCPDF No. 00-033-0040.

Figure 5.27: SEM image of the YAG nanoparticles on the Si substrate.
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5.6

Summary
The precursor atomization process was studied with the aim of developing

effective methods to control the size of the particles in the synthesis process. A laser
imaging technique was used to characterize the high density spray generated with the
Tekna probe. An optical laser imaging setup was designed to image the spray at about 5
cm below the probe tip using a camera. Images were obtained for several flow-rate
conditions of water and air. Qualitatively, these images indicated that increasing the air
flow-rates decreased the droplet sizes. To obtain quantitative information of the droplet
size distributions from the images, a customized algorithm was developed for imageprocessing in a MATLAB environment. Quantitative analysis of the images indicated that
for a fixed liquid feed rate, higher air flow rates result in narrower droplet size
distributions and smaller mean droplet size. However, increasing the air flow rate beyond
a certain limit creates a strong pressure barrier that obstructs the continuous flow of liquid
and causes pulsations in the spray. Analysis of the effect of changing precursor feed rate
for a fixed air flow rate indicated that increasing the feed rates in the range of 5-20
ml/min does not significantly change the droplet size distributions. Based on the imaging
analysis, a range of optimal flow rate conditions were identified for the precursor and
atomization gas injection.
Experiments were performed to study the effect of changing the atomization gas
flow rates on the size of the particles synthesized in the plasma system. Ce:YAG particles
were synthesized in the Ar/H2 plasma with a fixed precursor feed rate of 5 ml/min and
variable flow rate of the Argon atomizer gas. SEM, BET and XRD analysis of the
synthesized particles indicate that changing the atomization gas flow rate does not
significantly affect the particle size or phase. With increasing atomizer gas flow rates the
heat transfer to the droplets decreases, thereby increasing the possibility of the synthesis
of particles by incomplete droplet evaporation routes. The large porous particles observed
in the SEM images are possibly formed by the partial droplet evaporation and crust
formation process. Laser imaging performed at the atomizer probe tip indicated that with
optimal flow rate conditions the atomization gas does not completely shear the liquid into
uniform small droplets. A trail of liquid column is observed at the probe tip, which
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possibly forms large blobs of liquids that directly convert into oblong shaped large
porous particles. Alternate methods to improve the atomization process by changing the
precursor material properties or by adding organic fuels in the precursor were studied
with the aim of producing smaller particles in the synthesis process.
Adding an organic fuel in the precursor to aid in the secondary fragmentation of
the droplets in the high temperature plasma region is effective in producing smaller sized
particles. Urea was used as the organic fuel with nitrate salt based precursors.
Experiments were performed to synthesize Ce:YAG particles in Ar/H2 plasma with
different concentrations of urea (0-8M) dissolved in the precursor. SEM analysis
indicated that the particles synthesized from the precursor containing urea had
significantly smaller sizes.

Increasing the urea concentrations in the precursor was

observed to further reduce the particle sizes and primarily nano-sized particles were
obtained with very high urea concentrations (8M). The significant decrease in the particle
sizes with the addition of urea in the precursor is hypothesized to be due to the
exothermic combustion reaction of urea in the high temperature zone, causing
fragmentation of the large droplets/particles and enhancement of the evaporation rates.
XRD analysis of the particles synthesized with different urea concentrations indicated
that adding urea also affects the chemical phase of the particles. With urea in the
precursor, the YAM phase was observed to be present along with the YAP phase in the
particles. This is hypothesized to be due to the reducing environment created by urea as it
undergoes chemical reactions in the high temperature zone.
Experiments with the tube-insertion setup and different urea concentrations also
indicated that particle sizes are reduced with increasing urea concentrations. While lower
concentrations (<3M) of urea did not cause agglomeration in the particles synthesized
with the tube-insertion setup, higher concentrations produced nanoparticles <50 nm in
sizes that were agglomerated. The presence of urea in the precursor introduced YAM
phase in the particles due to the oxygen-scavenging action of urea. Phase analysis of
particles synthesized with higher hydrogen flow rates supported the hypothesis that the
YAM phase is introduced due to the stronger reducing environment created by the
reactions of urea in the plasma. The in-flight annealing effect due to the tube-insertion
did not convert the YAM phase into YAG phase. Thus, adding urea in the precursor
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strongly affects the size and phase of the particles. The reducing action of urea may be
useful for the synthesis of phosphor materials in which a reducing environment favors the
formation of the desired phase. Syntheses of such materials with the plasma system are
described in the next chapter.
The effect of changing the surface tension and viscosity of the precursor on the
size and phase of the particles were also investigated. Results indicated that adding a
surfactant to reduce the surface tension or increasing the precursor temperature up to
90oC before injection to reduce the viscosity did not significantly change the size and
phase of the synthesized particles.
Finally, a novel liquid precursor synthesis method has been described. The
precursor was synthesized by autoclaving organic salts of yttrium, aluminum, and cerium
in an organic solvent according to a specific methodology and it was used for direct
synthesis of Ce:YAG nanoparticles. Thermal analysis of the dried precursor indicates that
heating it in the range of 840-870oC for 1-10 minutes can convert it to the YAG phase.
Precursor aerosol was heated at 850oC for about 10 min to synthesize Ce:YAG
nanoparticles. The diluted precursor was also spray-injected into an RF plasma system to
directly synthesize only YAG-phase particles in bulk. This result could not be achieved
by using other inorganic and organic precursors as described in Chapter 2. The liquid
precursor was also dip coated on a quartz substrate and heated at 900oC for about 20
minutes to produce YAG thin films.
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Chapter 6. Synthesis of Different Phosphor Materials
6.1

Overview

Efforts to synthesize YAG nanoparticles with the RF plasma system led to the
development of novel methods to partially control the size and phase of particles in the
synthesis process. Herein, we describe the efforts to synthesize different phosphor
materials with the RF plasma system by employing the methods developed to control the
size and phase to achieve nano-sized crystalline particles. Synthesis of various materials
was explored, ranging from simple metal oxides to complex silicate based phosphors.
The details of the study of different phosphor material synthesis are described in the
different sections below.

6.2

Europium doped Yttrium Oxide

6.2.1 Background
Europium doped Yttrium oxide (Eu: Y2O3) is a red (~610 nm) emitting phosphor
material under UV (~250 nm) and electron beam excitation. This material is most
commonly used in fluorescent lamps and plasma display panels [92,93]. Recent advances
in high resolution display technologies have increased the interest into using smaller Eu
doped yttria particles for benefits of higher screen resolution and density. Several studies
have been reported for the synthesis of nanosized Eu:Y2O3 particles through a variety of
techniques including combustion synthesis [94], chemical vapor deposition [95], laser
ablation [96,97], spray pyrolysis [98-100], and colloidal reaction [101]. Most of these
techniques require a two step synthesis process. The as-synthesized material has to be
post heat-treated at high temperatures in order to achieve crystalline particles with high
luminescence efficiencies. High temperature calcinations cause agglomeration of the
particles which is not desirable. Moreover, these wet-chemistry synthesis techniques are
not preferable for bulk production of particles at high rates. We studied the synthesis of
Eu: Y2O3 nanoparticles with the RF plasma system under different operating conditions.
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This material is chosen as a representative for the study of the synthesis of simple metal
oxide based nano-sized phosphors using the one step RF plasma process.

6.2.2 Experiments
To synthesize Eu doped yttria particles in the plasma, nitrate salts of yttrium and
europium (1 mol%) dissolved in water were used as the precursor. The overall
concentration of the salts in water was 0.4M. Precursor was injected into the Ar plasma
maintained at ~ 21 kW power and 20 kPa pressure. Experiments were also performed
with different urea concentrations in the precursor in order to synthesize nano sized
phosphor particles. The precursor feed rate and total gas flow rates were kept constant at
5 ml/min and 60 l/min in all the experiments.

6.2.3 Results and Discussion
The XRD patterns of particles synthesized in Ar plasma indicate the presence of
crystalline yttrium oxide phase as shown in Figure 6.1. Morphology of the particles
analyzed through SEM indicates the presence of a broad size range of particles varying
from 100s of nanometers to a few micrometers as shown in Figure 6.2. The
photoluminescence (PL) excitation and emission spectra of the raw powders are
presented in Figure 6.3. The excitation spectrum, recorded using emission at 611 nm,
shows a peak at around 254 nm. On the other hand, the emission spectrum recorded at
excitation wavelengths of ~254 nm, shows a sharp peak at ~610 nm with multiple low
intensity peaks around it. The emission peaks correspond to the 5D0→7FJ line emissions
(J = 0, 1, 2...) of the Eu3+ ion with the strongest emission for J=2 at 611 nm [92,102].
Similar PL characteristics have been reported in the literature for the Eu: Y2O3 particles
synthesized by various routes [100,102,103]. Thus crystalline yttria particles which
exhibit photoluminescence could be synthesized directly from the RF plasma process.
However the size distribution of the particles is broad without using urea in the precursor.
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Figure 6.1: XRD pattern of the Eu doped Y2O3 particles synthesized in Ar plasma. The vertical droplines
are the reference peaks of Y2O3 phase data from JCDPF No. 00-025-1200 and 00-044-0399.

Figure 6.2: SEM image of the Eu doped Y2O3 particles synthesized in Ar plasma
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Figure 6.3: Photoluminescence measurements of the Eu doped Y2O3 particles synthesized in Ar plasma
(Data courtesy: Nitto Denko Tech. Corp.)

To reduce the particle size, experiments were performed with 1M and 5M urea
added in the precursor. Figure 6.4 compares the SEM images of the particles synthesized
in the two cases. The images indicate significant reduction in the particle sizes with
increasing urea concentrations. Primarily nanosized particles are synthesized with 5M
urea concentration in the precursor. The XRD analysis of the particles indicates the
presence of crystalline Y2O3 phase in both the cases as shown in Figure 6.5. While
adding urea reduces the size of the particles, it does not significantly affect the phase. The
synthesized particles exhibit similar emission characteristics with a sharp high-intensity
peak at ~611 nm when excited with a ~250 nm source, as shown in Figure 6.6. Thus
nanosize crytalline Eu:Y2O3 particles that exhibit photoluminescence could be
synthesized

directly

from

the

one-step

RF

plasma

process.

However,

the

photoluminescence intensities of the synthesized particles were low. The quantum
efficiency of the particles could not be measured because the available instrument cannot
measure efficiency for excitations below 300 nm. Therefore, further efforts were not
pursued to study methods of improving the photoluminescence of the particles. Also,
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Eu:Y2O3 material is not attractive for applications in LEDs due to the requirement of high
UV excitation source. Therefore, study of the synthesis of Eu:Y2O3 nanoparticles was not
pursued further.

Figure 6.4: SEM images of the Eu:Y2O3 particles synthesized in Ar plasma with (a) 1M, (b) 5M urea in the
precursor.
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Figure 6.5: XRD patterns of the particles synthesized with (a) 1M, (b) 5M urea in the precursor. The
vertical droplines are the reference peaks of Y2O3 phase data from JCDPF No. 00-025-1200 and 00-0440399
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Figure 6.6: Emission spectrum recorded at excitation wavelength of 250nm for the particles synthesized
with (a) 1M, (b) 5M urea in the precursor
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6.3

Cerium doped Calcium Scandium Oxide

6.3.1 Background
Cerium doped CaSc2O4 is a green emitting phosphor with emission peak at 520
nm and excitation peak at 450 nm wavelength. The oxide host crystal has an
orthorhombic CaFe2O4 structure in which the Ce3+ ion substitutes for the Ca2+ sites.
Shimomura et al. [104] reported that the luminescence efficiency of Ce:CaSc2O4 was
greater than that of commercial Ce:YAG, demonstrating that it is a good candidate for
color conversion of a white LED. Further, they also investigated the effect of varying the
concentration of Ce3+ ions in the host material and observed that the emission intensity is
highest for 1 mol% concentrations. Moreover, the phosphor is chemically stable with
little solubility in acids, has high color-rendering index and small temperature-quenching
when used in a high power white LED [105,106]. Thus, it is an attractive material for
white LED applications.
However, synthesis of Ce:CaSc2O4 through solid state reaction requires annealing
the raw powders at ~1500oC for 3-4 hours [104,107]. Similarly, synthesis of the phosphor
material through co-precipitation method requires post-annealing at 1300oC [107]. The
high temperature calcination processes causes sintering of the particles, which is
undesirable. To the best of our knowledge, synthesis of nano-sized Ce:CaSc2O4 particles
has not been investigated. We pursued the bulk synthesis of Ce:CaSc2O4 nanoparticles
through the RF plasma process.

6.3.2 Experiments
To synthesize Ce: CaSc2O4 nanoparticles in the plasma, liquid precursor were
injected in Ar/H2 (1%) plasma at a feed rate of 5ml/min. For all the experiments nitrate
salts of Ca, Sc, and Ce dissolved in water in a molar ratio of 0.99:2:0.01 with an overall
concentration of 0.4M was used as the precursor. Experiments were also performed with
urea in the precursor and with the tube-insertion setup in order to achieve nanoparticles
that exhibit photoluminescence. The processing conditions used for the synthesis in the
different experiments are summarized in Table 6.1.
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Table 6.1: Experimental operating conditions for synthesis of Ce:CaSc2O4 particles with the plasma system

Carrier
gas, Ar

Central
gas, Ar

0

Tube Size
Inner
diameter
(mm)
-

0, 5M, 8M

69

15

10

8M

47.5, 20

Urea
concentration

Plasma gas flow rates (slm)
Sheath gas
Ar
H2

35

0.5

Input
Power
(kW)

Pressure
(kPa)

21-23

20

6.3.3 Results and Discussion

Figure 6.7 shows the SEM images of the particles synthesized without the tube
and with the 69 mm tube insertion setup. The micrographs indicate the presence of broad
size range of particles with significantly higher concentrations of the nano sizes in both
cases. Similarly, XRD analysis indicates the presence of CaSc2O4 phase along with the
Sc2O3 phase in both cases as shown in Figure 6.8. The presence of Sc2O3 phase in the
particles is because the residence time of the particles in the high temperature zone is not
long enough for complete reactions to occur. The synthesized particles from the plasma
were annealed at 1450oC for 5 hrs. XRD analysis of the annealed particles also indicated
the presence of Sc2O3 phase in trace amounts as shown in Figure 6.9. Shimomura et al.
[104] also observed the presence of Sc2O3 phase with CaSc2O4 in the particles
synthesized by heating raw materials at 1400oC for 3 hr. However, at higher temperatures
(≥1500oC) the Sc2O3 phase disappeared, indicating that lower temperatures were
insufficient for reaction to complete in 3 hr. Since particle residence times are on the
order of milliseconds in the plasma reactor, therefore much higher temperatures may be
required to convert the Sc2O3 phase in the particles.
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Figure 6.7: SEM images of the particles synthesized (a) without the tube, (b) with 69 mm tube insertion
setup
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Figure 6.8: XRD patterns of the particles synthesized (a) without the tube, (b) with the 69 mm tube
insertion. Comparison with the reference data JCPDF No. 00-020-0234 (CaSc2O4) and JCPDF No. 00-0050629(Sc2O3).
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Figure 6.9: XRD pattern of the CaSc2O4 particles synthesized in the plasma and post heat-treated at 1450oC
for 5 hours. Comparison with the reference data JCPDF No. 00-020-0234 (CaSc2O4) and JCPDF No. 00005-0629(Sc2O3). (Data courtesy: Nitto Denko Tech. Corp.)
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Experiments were performed with different urea concentrations in the precursor to
eliminate the bigger particles (≥1µm) and to increase the heat transfer to the particles.
SEM analysis indicates the formation of nano-sized particles with 5M and 8M urea
concentrations as shown in Figure 6.10. Higher resolution images indicate that the
nanoparticles are mostly <50 nm in size. XRD analysis of the particles synthesized with
different urea concentrations indicates the presence of Sc2O3 with CaSc2O4. The
increased enthalpy due to the exothermic reaction of urea in the plasma was not sufficient
to convert the Sc2O3 phase. Efforts to reduce the Sc2O3 phase by using the smaller sized
tube insertion and 8M urea for the synthesis were also unsuccessful. The synthesized
nanoparticles contained Sc2O3. Further, increasing the plasma enthalpy significantly by
increasing the H2 flow rates in the sheath gas to 1.5 slm also did not completely eliminate
the Sc2O3 phase in the synthesized particles. Thus much higher temperatures or longer
residence times are required to make only CaSc2O4 phase particles
(a)

(b)

(a)

(b)

Figure 6.10: SEM images of the particles synthesized with (a) 5M, (b) 8M urea in the precursor. The top
images are at lower magnification whereas the bottom images are at higher magnification.
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Photoluminescence (PL) measurements performed on the particles synthesized
with different experimental conditions indicated that inserting the tube improves the PL
properties. The particles synthesized without the tube insertion and without urea in the
precursor did not exhibit any PL. However, particles synthesized with the tube insertion
exhibited emission peak at ~520 nm when excited with a source of 450 nm as shown in
Figure 6.11. The in-flight annealing of particles in the tube insertion is helpful to improve
the PL characteristics. The nanoparticles synthesized with urea and the tube insertion also
exhibited similar emission characteristics. Thus, Ce:CaSc2O4 nanoparticles that exhibit
photoluminescence could be synthesized directly from the RF plasma system. However,
the internal quantum efficiencies of the nanoparticles (~45%) were significantly lower as
compared to the bulk particles (~80%) synthesized through the solid state reaction
method. Further efforts are required to increase the temperature of the annealing zone in
the tube insertion setup in order to synthesize single phase CaSc2O4 nanoparticles with
higher efficiencies. Possible approaches to increase the temperature of the annealing zone
in the tube inserted reactor are proposed as future recommendations in Chapter 7.
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Figure 6.11: Photoluminescence measurements of the Ce:CaSc2O4 particles synthesized with the 69 mm
tube insertion setup, (a) without urea, (b) with 5M urea in the precursor. (Data courtesy: Nitto Denko Tech.
Corp.)
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6.4

Europium doped Strontium Aluminum Oxide

6.4.1 Background
Strontium aluminum oxide (SrAl2O4) exists in monoclinic and hexagonal crystal
lattice structures at room temperature. The monoclinic phase is known to be more stable
at room temperature and it transforms to the hexagonal phase above 650oC [108]. The
monoclinic phase of SrAl2O4 is a well known host material for high-efficiency phosphors,
when doped with europium (Eu) [109-111]. The Eu2+ ions in the material emit at ~520
nm wavelength when excited with ~365 nm wavelength source. The phosphor material
possesses several attractive properties including high radiation intensity, long lasting
after-glow and excellent chemical and thermal stability. Due to these attractive properties
Eu:SrAl2O4 is used in various applications such as in display devices, luminescent paints,
glow signs, emergency escape route guidance system, detection for structural damage etc.
[40,112,113].
Several techniques have been investigated for the synthesis of Eu:SrAl2O4
material including chemical precipitation [114], combustion synthesis [115-117], sol–gel
process [118-120], microwave heating techniques [121], and hydrothermal synthesis
[122]. All these techniques require multiple steps to produce Sr2AlO4 particles. The assynthesized particles generally contain amorphous or mixed Sr, Al oxide phases, which
require post heat-treatments at high temperatures to achieve the desired phase. For
example, Wu et al. [121] reported that using the sol-gel process with organic rawmaterials produces an amorphous gel which requires post heat-treatment at 700oC in air
followed by microwave oven heating at temperatures in the range 750-1000oC for 0.5-3
hr to form only SrAl2O4 phase. Further, they also observed that the formation of the
desired monoclinic phase, which exhibits photoluminescence, is strongly affected by the
processing parameters. Varying the annealing temperature and time, urea concentrations
in the precursor, and the heating/cooling rates varied the fraction of the hexagonal phase.
Accordingly, with increasing hexagonal phase content in the particles, the
photoluminescence intensities decreased significantly. Thus, optimal operating conditions
were reported to exist for the formation of the monoclinic phase.
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The formation of the hexagonal phase of SrAl2O4 is favored in general by high
temperature (>700oC), rapid heating or cooling rates, and quenching conditions
[121,123,124]. For the particle synthesis in the plasma, conditions of high temperatures
(>1000oC) and rapid heating and cooling rates exist. Therefore, it may be expected that
the plasma operating conditions would favor the formation of the hexagonal phase.
However, the synthesis of Eu: SrAl2O4 with the RF plasma has been pursued to
determine the ability of the process to directly produce SrAl2O4 particles in a single step
and to study the effect of varying the operating conditions on the phase of the particles
with the aim of controlling it in a desirable manner.

6.4.2 Experiments
The synthesis of the strontium aluminum oxide powders were carried out in the
plasma with different operating conditions. To determine the effect of plasma gas
composition, preliminary syntheses were carried out in Ar/O2 (1%) and Ar/H2 (1%)
plasma without the tube insertion. Particles were synthesized at 21 kW power and 20 kPa
pressure. Nitrate salts of Sr, Al and Eu dissolved in water in stoichiometric ratio of
0.98:2:0.02 (overall 0.4M) with 1M urea were used as the precursor. Subsequent
experiments were performed in Ar/H2 (1%) plasma. The particles were synthesized with
varying concentrations of urea, at different RF powers and with different tubes. These
parameters were systematically varied to determine their influence on the phase and
photoluminescence efficiencies of the particles. Table 6.2 summarizes the range of
operating parameters used for synthesis in different experiments.

Table 6.2: Range of different parameters used for synthesis of Eu:SrAl2O4 particles in different experiments

Tube
Gap from
nozzle
(mm)

RF power
(kW)

Urea
concentration

Inner
diameter
(mm)

14, 21

0, 1M, 4M

47.5, 32, 20

0, 40, 80

104

Plasma gas flow rates (slm)
Carrier
gas, Ar

Central
gas, Ar

15

10

Sheath gas
Ar
H2
40

0.6

6.4.3 Results and Discussion
Figure 6.12 shows the XRD patterns of the particles synthesized in two different
plasma environments. The profiles indicate that particles synthesized in Ar/H2 plasma
have only SrAl2O4 single phase whereas those synthesized in Ar/O2 plasma have metallic
Sr with the SrAl2O4 phase. In both the cases the particles exhibit photoluminescence (PL)
with a broad excitation spectrum around 365 nm and emission peak at ~515 nm as shown
in Figure 6.13. However, the particles synthesized in the Ar/O2 plasma exhibit weaker
emissions as compared to those synthesized in Ar/H2 plasma. The weaker emissions are
partially due to the presence of Eu3+ ions and phase impurities of the material generated
with the Ar/O2 plasma. While the broad emission band observed around 515 nm with 365
nm excitation in both cases corresponds to the 4f65d1→4f7 transitions in Eu2+ ions
[125,126], several weak peaks observed for the Ar/O2 case are due to the presence of
Eu3+ ions [127]. The oxidizing action of the Ar/O2 gas causes some Eu ions to be present
in the higher oxidization (3+) state. With Ar/H2 gas relatively pure phase particles with
better PL characteristics are synthesized. Therefore Ar/H2 gas is preferable for the
synthesis of Eu:SrAl2O4 particles in the plasma.
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Figure 6.12: XRD patterns of the particles synthesized in (a) Ar+H2 (1%), (b) Ar+O2 (1%) plasma.
Comparison with the reference data JCPDF No. 00-034-0379, 00-031-1336 (for SrAl2O4) and 04-003-4790
(for Sr)
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Figure 6.13: Photoluminescence measurements of the Eu:SrAl2O4 particles synthesized in (a) Ar+H2 (1%),
(b) Ar+O2 (1%) plasma. (Data courtesy: Nitto Denko Tech. Corp.)

SEM analysis of the particles synthesized in Ar/H2 plasma indicates the presence
of primarily submicron sized spherical particles as shown in Figure 6.14. To reduce the
particle size, experiments were performed with higher concentrations of urea in the
precursor. The effect of different urea concentrations on the specific surface area and the
luminescence properties of the particles are summarized in Table 6.3.
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Figure 6.14: SEM image of the particles synthesized in Ar+H2 plasma.

Table 6.3: BET specific surface area and photoluminescence measurements of particles synthesized with
different urea concentrations. (Data courtesy: Nitto Denko Tech. Corp.)

Urea
concentration
0
1M
4M

BET (m²/g)

IQE (%)

Absorbance (%)

3.6 ± 0.2
15.8 ± 0.2
20.5 ± 0.2

19.8
17.5
16.9

30.8
26.2
25.1

Increasing the urea concentrations in the precursor increases the specific surface
area and decreases the luminescence efficiencies of the particles. Higher specific surface
area implies smaller Sauter mean diameter of particles. Thus smaller sized particles could
be synthesized with higher urea concentration. Microscopy analysis indicates that
primarily nano-sized particles are formed with 4M urea as shown in Figure 6.15. Selected
Area Diffraction analysis performed on the nanoparticles ensemble shown in Figure 6.15
indicates that they are crystalline as illustrated in Figure 6.16. The dotted diffraction
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pattern indicates that the nanoparticles are mostly single crystals, as also indicated by
high resolution imaging (Figure 6.15). Thus crystalline SrAl2O4 nanoparticles that exhibit
photoluminescence could be synthesized directly from the plasma in a single step. This
result could not be achieved by other synthesis techniques.

(311)

(021)

(220)

(102)

(210)

Figure 6.15: TEM images of the SrAl2O4 nanoparticles synthesized with 4M urea in the precursor.

Figure 6.16: Selected Area Diffraction pattern of the nanoparticles shown in Figure 6.15
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Decreasing efficiency and absorbance of the particles with increasing urea
concentrations could be due to the formation of higher fractions of the hexagonal or the
amorphous phase. XRD analysis of the particles shown in Figure 6.17 indicates
qualitatively that the amorphous and the hexagonal phase increase with increasing urea
concentration. The monoclinic (M) and the hexagonal (H) phases are difficult to
distinguish from the XRD profiles due to their reflection peaks being very close to each
other. To quantify the proportion of the M and H phases in a sample Henderson and
Taylor [128] proposed to use a parameter, R, defined as;
(6.1)

In equation 6.1 I[211] and I[220] are the intensities of the highest peaks of the M phase while
I[102] is the intensity of the highest peak of the H phase. According to the JCPDF files for
the reference peaks of the M and H phases the (102) hexagonal reflection overlaps with
the (220) monoclinic peak, while the (211) is not superposed to any hexagonal peak.
Therefore, R aims to establish the ratio of the M and H polymorphs. If only M phase is
present, R would equal ~1.09, while R<1.09 would indicate an increase in the H phase
content. Based on the R values, the XRD profiles in Figure 6.17 indicate an increase in
the proportion of the H phase with the increasing urea concentration. However, this
observation is tentative due to the poor resolution of the XRD profiles and the presence
of amorphous phases as well.
In combustion synthesis of SrAl2O4 particles decreasing luminescence intensities
have been observed with high urea concentrations (urea to salt ratio >2) due to the
formation of higher fractions of the H phase. Higher urea concentrations lead to higher
heat release and increased combustion temperature, which favor the formation of the H
phase [129,130]. Since primarily the monoclinic form of SrAl2O4 shows luminescence
properties when doped with rare earth ions [131,132], increasing H phase decreases the
luminescence. Thus, high urea concentrations reduce the particle sizes but also reduce the
luminescence efficiency. However, without urea, large particles (>1 µm) are formed,
therefore 1M urea is preferable to use in the synthesis. Efforts were pursued to improve
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the photoluminescence (PL) of the particles by varying the input power and using
different size tube insertions. Table 6.4 lists the PL measurement results of the particles
synthesized in different conditions
Monoclinic

240

Hexagonal
Normalized Intensity (a.u.)

200

R≈ 0.68
(c)

160
R≈ 0.70
(b)

120
80

R≈ 0.74
(a)

40
0
10

20

30

40
50
60
70
Two Theta (degrees)
Figure 6.17: XRD patterns of the particles synthesized (a) without urea, and with (b) 1M, (c) 4M urea.
Comparison with the reference data of SrAl2O4 JCPDF No. 00-034-0379 (Monoclinic phase) and JCPDF
No. 00-031-1336 (Hexagonal phase)

Table 6.4: PL measurement results for particles synthesized with different operating conditions (Data
courtesy: Nitto Denko Tech. Corp.)

Tube

Results

Input
power (kW)

Urea
content

Size (ID,mm)

Gap (mm)

IQE(%)

Abs (%)

21
21
21
21
21
21
21
14
14
14
14
14
14
14

No
No
1M
1M
1M
1M
1M
No
1M
1M
1M
1M
1M
1M

No Tube
47.5
No Tube
47.5
47.5
47.5
20
47.5
No Tube
47.5
47.5
47.5
20
No Tube

70
70
130
180
70
70
70
40
0
130
-

19.8
5
17.5
8.1
8.3
8.0
2.9
9
5.2
20.6
8.8
5.96
2.1
5.2

30.8
19.9
26.2
22.3
22.8
19.8
16.4
25.9
14.2
28.6
23.2
25.6
4.1
14.2
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The following observations can be made from comparison of the results obtained with
different synthesis conditions
-

For synthesis without the tube insertion, increasing the power improves the PL

-

At low power introducing the 47.5 mm tube at a gap of 70 mm improves the PL
significantly irrespective of the urea content. However reducing the gap degrades
the PL

-

At high power, introducing the tube even at large gaps degrades the PL
significantly

-

Decreasing the tube size degrades PL irrespective of the input power

The observed changes in the PL properties of the particles with the different
parameters can be correlated with the change in the phase of the particles. XRD analyses
of the synthesized particles indicated that in general, luminescence efficiency improves
with increase in the fraction of the M phase (R value) or with the reduction of the
amorphous phase. Figure 6.18 compares the XRD patterns of the particles synthesized
with 1M urea for three different cases – (i) without the tube at 21kW power, (ii) without
tube at 14 kW power, (iii) with the 47.5 mm tube at 70 mm gap and 14 kW power. The
analysis of the profiles indicates that reducing the power reduces the fraction of M phase
in the powder and thus degrades the PL significantly. But inserting the 47.5 mm tube at
70 mm gap with low power significantly increases M phase, thereby improving the PL.
However, reducing the gap to extend the high temperature zone in the tube increases the
amorphous phase rather than the M phase, thus reducing the PL as shown in Figure 6.19.
Similarly, using the tube-insertion at high power (21kW) also degrades the PL due to
significant increase in the amorphous content as shown in Figure 6.20. On the other hand,
increasing the gap to 180 mm at high power causes reduction in the proportion of the M
phase. These observations indicate that an optimal temperature zone exists for the
formation of the M phase. While the tube-insertion helps to improve the proportion of the
M phase in the powder at low power (14 kW) and moderate gap (70 mm), increasing the
power or reducing the gap increases the amorphous or the H phase content. It appears that
the extended high temperature zone created in the tube by increasing the power or
reducing the gap is not favorable for the formation of the M phase. Similarly, reducing
the tube size also decreases the M phase content of the particles (Figure 6.21), possibly
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due to rapid drop in the temperatures across the length of the smaller tube. Thus, the
formation of the M phase of particles is strongly dependent on the temperature zones
present in the reactor. It is because the temperature zones determine the annealing
temperature and the heating/cooling rate of the particles as they flow through the reactor.
Other researchers have also observed that annealing temperatures and heating/cooling
rates strongly influence the phase of the SrAl2O4 particles and only a narrow range of
operating conditions favor the formation of the M phase [121,123,124]. Since there are
several parameters that influence the thermal environment in the reactor, it is challenging
to achieve the optimal annealing temperature conditions for the short residence times
(few ms) of the particles. However the phase and PL of the particles could be improved
by using the tube-insertion setup at low power and moderate gap. Thus, partial phase
control could be achieved with the tube insertion by using it with suitable operating
conditions.
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Figure 6.18: XRD patterns of the particles synthesized with 1M urea (a) without the tube at 21kW power,
(b) without tube at 14 kW power, (c) with the 47.5 mm tube at 70 mm gap and 14 kW power. Comparisons
with the reference data of SrAl2O4 JCPDF No. 00-034-0379 and JCPDF No. 00-031-1336
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Figure 6.19: XRD patterns of the particles synthesized with 1M urea, 14 kW power and 47.5 mm tube
insertion at (a) 70 mm, (b) 40 mm and, (c) no gap. Comparisons with the reference data of SrAl2O4 JCPDF
No. 00-034-0379 and JCPDF No. 00-031-1336
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Figure 6.20: XRD patterns of the particles synthesized with 1M urea, 21 kW power and 47.5 mm tube
insertion at (a) 70 mm, (b) 180 mm gap. Comparisons with the reference data of SrAl2O4 JCPDF
No. 00-034-0379 and JCPDF No. 00-031-1336
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Figure 6.21: XRD patterns of the particles synthesized with 1M urea, 14 kW power and tube of internal
diameter (a) 47.5 mm, (b) 32 mm, (c) 20 mm. Comparisons with the reference data of SrAl2O4 JCPDF
No. 00-034-0379 and JCPDF No. 00-031-1336

6.5

Summary
Synthesis of different phosphor materials with the RF plasma system is described.

While the metal oxide based phosphor (Eu:Y2O3) could be synthesized easily, phase
controlled synthesis of complex oxides such as Ce:CaSc2O4 and Eu:SrAl2O4 was
challenging. Crystalline Eu:Y2O3 particles could be synthesized directly in an Ar plasma,
although the size range of the particles was broad. Adding urea in the precursor helped to
reduce the particle sizes, while not affecting the phase. The synthesized particles exhibit
photoluminescence characteristics similar to that reported in literature. Thus Eu:Y2O3
phosphor nanoparticles could be synthesized directly from the RF plasma system in bulk.
Efforts to synthesize Ce:CaSc2O4 in Ar+H2 plasma without the tube-insertion
resulted in mixed phase particles that did not exhibit photoluminescence. XRD indicated
presence of Sc2O3 with CaSc2O4, and SEM indicated presence of spherical particles
varying from 100s of nanometer to a few microns in size. Thermal annealing analysis of
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the particles indicated that the presence of Sc2O3 is due to insufficient residence time or
annealing temperature for the reaction to complete. Trace quantities of Sc2O3 remained
even after annealing the as-synthesized powder at 1450oC for 5 hr. Although, using the
tube-insertion setup for particle synthesis did not eliminate the Sc2O3 phase, it improved
the photoluminescence properties of the particles. The as-synthesized particles with the
tube-insertion exhibited an emission peak at ~520 nm when excited with a source of 450
nm. Thus the in-flight annealing with the tube insertion setup is helpful to improve the
optical properties of the particles. To reduce the particle sizes, syntheses were carried out
with different urea concentrations in the precursor. Primarily nanosized particles that
exhibit photoluminescence could be synthesized directly from the RF plasma by using
5M urea with the 69 mm tube insertion. However, the photoluminescence efficiency of
the particles was lower as compared to the bulk particles synthesized through solid state
reaction method. Further efforts are required to increase the high temperature zone in the
rector in order to improve the efficiency of the plasma synthesized particles and get
single phase CaSc2O4 nanoparticles.
Synthesis of Eu:SrAl2O4 was studied with different plasma gas compositions,
input powers, urea concentrations and tube sizes. Compared to Ar/H2, the Ar/O2 plasma
was observed to produce mixed phase particles (Sr and SrAl2O4) with lower
photoluminescence intensities. Moreover, the emission spectra of particles synthesized in
oxidizing plasma exhibited several low intensity peaks due to the presence of Eu in
multiple oxidation states. Thus Ar/H2 plasma is more favorable for the synthesis of
strontium aluminate particles. Synthesis in Ar/H2 plasma without tube insertion or urea
resulted in a mixture of monoclinic (M), hexagonal (H) and amorphous phases of
SrAl2O4 particles with broad size distributions. Although adding urea in the precursor
reduced the particle sizes, it also reduced the photoluminescence efficiency due to
reduction in the proportion of the monoclinic phase. Only the monoclinic phase of the
host material exhibits photoluminescence when doped with rare earth metals. Syntheses
were carried out with different tube-insertion setup configurations and urea
concentrations at two different plasma powers to achieve M phase SrAl2O4 particles.
Without the tube insertion, reducing the input power was observed to reduce the M phase
content and thus the PL efficiency of the particles. At low power using the 47.5 mm tube-
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insertion significantly improved the M phase content and the PL efficiency of the
particles. However, increasing the input power or changing the tube size reduced the PL
efficiency of the particles due to reduction in the fraction of the M phase. Results
indicated that the formation of M phase is strongly affected by the temperature zones
present in the reactor. An optimal uniform temperature zone exists that favors the
formation of the M phase. Since several operating parameters influence the thermal
environment in the reactor, it is challenging to achieve the optimal temperature zones for
the formation of only the M phase particles. However, partial phase control could be
achieved by using the tube insertion at low power. Also, nanosized crystalline SrAl2O4
particles that exhibit photoluminescence could be synthesized directly from the plasma
system by using urea in the precursor and the tube insertion setup.
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Chapter 7. Conclusions and Recommendations
7.1

Conclusion
Direct synthesis of phosphor nanoparticles with an RF plasma system was studied.

This study was motivated by the need for a single step phosphor synthesis technique that
can produce bulk particles in a size and phase controlled manner. RF plasma process is
capable of producing high purity bulk particles of materials such as high temperature
metals and metal oxides. This study has demonstrated that direct synthesis of ceramic
oxide based phosphor materials is also possible with the RF plasma process. However,
with the conventional RF plasma setup, controlling the size and phase of the particles in
order to achieve nano size particles that exhibit photoluminescence is challenging.
Novel methods were developed to control the size and phase of the phosphor
particles in the synthesis process. Inserting an alumina tube in the reactor to create a
uniform high temperature central zone improves the phase of the particles by in-flight
annealing and reduces the average size of the particles by aerodynamic filtering the
bigger sizes. Numerical modeling and experimental studies of the tube-insertion setup
were in agreement and supported the hypothesis regarding the effect of inserting the tube.
The in-flight annealing of particles through the tube insertion setup is useful for
improving the crystalline phase of the phosphor materials synthesized from the plasma
system without causing significant sintering or agglomeration of the particles. This
method could be effective in eliminating the post heat-treatment steps required in
synthesis of phosphor materials with other techniques if sufficiently high temperature
zones can be provided for the given residence times of the particles in the reactor.
An effective method developed to control the size of particles synthesized in the
RF plasma system is the addition of urea in water and nitrate based precursors. The urea
in the precursor droplets decomposes exothermically in the high temperature region,
thereby aiding in the secondary fragmentation and evaporation of the droplets. Smaller
droplets and enhanced evaporation rates increase the gas phase nucleation synthesis route
of particles, leading to smaller particles. Increasing the urea concentrations in the
precursor decreases the particle sizes. Primarily nano size particles (<100 nm) can be
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produced with high urea concentrations (~8M) in the precursor. This method of
producing nanoparticles with the RF plasma system by adding urea in the water and
nitrate based precursors is hypothesized to work irrespective of the material system.
The ability to partially control the size and phase of the particles with the tube
insertion and urea addition methods was demonstrated through the synthesis of phosphor
materials such as Ce:Y3Al5O12, Ce:CaSc2O4, Eu:Y2O3, and Eu:SrAl2O4. Thus, phosphor
nanoparticles that exhibit photoluminescence could be synthesized directly with the RF
plasma system. However, the quantum efficiencies of the phosphor materials synthesized
with the plasma system were low as compared to the bulk materials. A possible reason
for low efficiencies is the inadequate residence time of the particles in the high
temperature zones that are available in the reactor. Although the tube insertion setup
improves the photoluminescence of the particles through in-flight annealing as observed
in the experimental studies, the effect is not sufficient due to non-uniformity of the high
temperature zone or short residence times of the particles in the available temperature
zones. Consequently, single phase Y3Al5O12 (YAG), CaSc2O4 or monoclinic SrAl2O4
could not be synthesized with the tube-insertion setup.

Although single phase YAG

particles were synthesized directly with the RF plasma system by using a novel organic
precursor synthesis technique developed at Nitto Denko Corp., the photoluminescence
from the particles was poor possibly because of residual carbon contamination.
Introducing O2 in the sheath gas to oxidize the residual carbon caused the phase of the
particles to deviate from YAG. Post heat-treatments helped to improve the
photoluminescence of the particles, indicating that higher temperatures or longer
residence times of the particles in the reactor will be helpful to improve their
photoluminescence properties.
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7.2

Recommendations
This study has demonstrated that synthesis of the phosphor nanoparticles is

possible with a single step RF plasma process. Novel methods were developed to
partially control the size and phase of the particles in the synthesis. However, the
synthesized particles had lower photoluminescence as compared to the bulk particles.
Future work in the production of phosphor nanoparticles with the RF plasma system can
be directed towards improving the photoluminescence efficiencies of the directly
synthesized nanoparticles. A possible approach in this regard is to increase the extent

of

the high temperature region in the reactor. Efforts were pursued to increase the
temperature of the central flow in the tube insertion setup by adding a ceramic heater to
preheat the entire tube to a high temperature (~900oC). Experimental studies with the
heater based tube insertion setup indicated that adding the heater improves the in-flight
annealing performance and significantly reduces the amorphous phase content of the
particles synthesized with the 20 mm tube. However, the heater could be added only to
the 20 mm tube due to the design constraint of the reactor. The reactor design can be
modified to incorporate the heater with the 47.5 mm tube to further improve the in-flight
annealing performance. Also, studying alternate methods of preheating the tube to a
higher temperature than that achieved by the ceramic heater is a promising approach in
the direction of improving the phase and photoluminescence of the particles.
Studies can also be performed to optimize the size of the cylindrical tube or to
change the tube configurations in order to improve the performance of the tube insertion
setup in the size and phase control. Experiments with three different size tubes indicated
that an optimal size exists for best annealing performance. This work can be further
extended to determine the optimal size of the tube that exists between 20-69 mm ID.
However, conducting this study experimentally can be expensive and time intensive.
Numerical modeling can be used to vary the size of the tube in small increments between
20-69 mm (ID) and determine a narrow size range for best possible high temperature
central zone. Similarly, different tube geometries such as a conical tube, a cylindrical
tube with a conical inlet, or a double walled cylindrical tube can also be studied through
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numerical modeling with the aim of improving the high temperature central zone for
better in-flight annealing performance.
The precursor atomization study indicated that the atomization process plays an
important role in the size and phase of the synthesized particles. Laser imaging study
revealed that the size distribution of the droplets generated from the Tekna probe is broad,
varying from 10s to 100s of microns. The broad size range of the droplets is hypothesized
to lead to multiple synthesis routes for particles ranging from gas phase nucleation to
single droplet to single particle conversion. Multiple synthesis routes leads to variation in
the morphology, composition and phase of the particles.
A method developed to counter the broad droplet size distribution is to add urea in
the precursor, which is effective in yielding smaller sized particles. However, it requires
very high concentrations of urea to make primarily nanoparticles. With high
concentrations, the phase control becomes challenging since urea acts as a reducing agent
in the chemical reaction processes. Therefore it is desirable to study alternate methods to
atomize the precursor with the aim of achieving uniform small droplets.
This study is based on the hypothesis that the atomization process plays a significant
role in governing the size and phase of the synthesized particles. In order to support the
hypothesis, experiments were performed to synthesize YAG particles with two different
atomization methods. Particles were synthesized in Ar/H2 (1%) plasma using yttrium and
aluminum nitrates (3:5) dissolved in water as the precursor. The precursor was fed at 5
ml/min and the plasma was maintained at 21 kW input power and 20 kPa pressure. The
difference in the precursor atomization method in the two cases is shown in Figure 7.1. In
the conventional atomization mode the precursor is injected centrally in the Tekna probe.
In the switched mode, the flow of the precursor and the atomizer gas in the probe were
switched in order to change the spray formation process. The results obtained from these
experiments indicate strong influence of changing the atomization method on the size and
phase of the particles synthesized.
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Conventional mode

Switched mode
Liquid

Gas

Liquid
f low area

Figure 7.1: Two different precursor atomization modes used for synthesis of YAG particles with the RF
plasma system.

SEM images indicate that for the switched mode case, the particles are more
porous and distorted as shown in Figure 7.2. This is possibly due to the worse shearing
effect of the gas in the switched mode case. XRD indicates that the YAG phase content
of the particles has significantly increased in the switched mode case as shown in Figure
7.3. This is possibly due to increase in the process of direct droplet to particle conversion
through heat-treatment. Further analyses such as laser imaging study of the atomization
methods would be required to understand the how switching the liquid and gas flow in
the atomizer probe affects the spray generation and to correlate it with the morphology
and phase of the particles.
(a)

(b)

Figure 7.2: SEM images of the particles synthesized with the two different atomization modes: (a)
conventional mode, (b) switched mode.

121

Both the results of SEM and XRD analyses indicate that the atomization method
strongly affects the size and phase of the particles in the synthesis process. Based on
these results it is desirable to modify the atomization method in order to improve the size
and phase of the particles synthesized. Possible modifications to the Tekna atomization
probe that could be studied are shown in Figure 7.4.
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Figure 7.3: XRD of the particles synthesized with the two different atomization modes: (a) conventional
mode, (b) switched mode.
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Figure 7.4: Proposed modifications of the atomizer probe that could be studied in order to improve the
precursor atomization process.
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APPENDIX A: Matlab Code for the Image Processing
clear all;
close all;
%PARAMETRIC VARIABLES WITH ASSIGNED VALUES
strel_size = 9;
min_ecc = 0.5;
min_area = 0.80;
max_area = 1.2;
min_perim = 0.80;
max_perim = 1.2;
figdirectory = '/home/msi/jainr/bubbles/images';
folder2read = '20mlpm_14slmAir*'
final_csv = sprintf('results_csv/%s_allvalues.csv',folder2read);
%CALIBRATION SCALE
PS=1.96;%microns
fullpath = sprintf('%s/%s',figdirectory,folder2read);
d = dir(fullpath);
length_d = length(d);
if(length_d == 0)
disp('couldnt read the directory details\n');
disp('check if your files are in correct directory\n');
end
startfig = 1;
endfig = length_d;
fp_csv = fopen(final_csv,'w');
for k = startfig:endfig%For each folder
dirname = sprintf('%s/%s',figdirectory,d(k).name)
fullpath = sprintf('%s/*.JPG',dirname);
d1 = dir(fullpath);
length_d1 = length(d1)
if(length_d1 == 0)
disp('couldnt read the directory details for the individual
image folder\n');
disp('check if your files are in correct directory\n');
end
startfig1 = 1;
endfig1 = length_d1;
for i = startfig1:endfig1
fname = d1(i).name;
fname_input = sprintf('%s/%s',dirname,fname)
im = imread(fname_input);
im_gray =rgb2gray(im);
im_gray =imadjust(im_gray);

133

im_gray = imresize(im_gray,0.5);
im_bw = im2bw(im_gray,graythresh(im_gray));
im_bw = imcomplement(im_bw);
im_bw = imclearborder(im_bw);%clear objects near boundary
se = strel('disk',strel_size);
im_bw = imopen(im_bw,se);
CC = bwconncomp(im_bw);
L = labelmatrix(CC);
RGB = label2rgb(L,'spring', 'c', 'shuffle');
figure;
imshow(RGB);
title(fname);
hold on
stats =
regionprops(L,'Area','Centroid','Eccentricity','EquivDiameter','FilledA
rea','MinorAxisLength','MajorAxisLength','Perimeter');
count = 0;
[B,L] = bwboundaries(im_bw,'noholes');
for k = 1:size(stats,1)
boundary = B{k};
mjr_axis = stats(k).MajorAxisLength/2.0;
mnr_axis = stats(k).MinorAxisLength/2.0;
%perimeter_calc
=2*pi*sqrt((mjr_axis*mjr_axis+mnr_axis*mnr_axis)/2.0);
perimeter_calc=3*(3*(mjr_axis+mnr_axis)sqrt((3*mjr_axis+mnr_axis)*(mjr_axis+3*mnr_axis)));
dia_string = sprintf('%2.2f',stats(k).EquivDiameter*PS);
text(boundary(1,2)65,boundary(1,1)+39,dia_string,'Color','b','FontSize',9,'FontWeight','b
old');
if( (stats(k).Eccentricity < min_ecc) && ...
(stats(k).FilledArea > min_area*stats(k).Area) && ...
(stats(k).FilledArea < max_area*stats(k).Area) && ...
(stats(k).Perimeter>min_perim*perimeter_calc) && ...
(stats(k).Perimeter<max_perim*perimeter_calc) ...
)
count=count+1;
centroid = stats(k).Centroid;
%plot(centroid(1),centroid(2),'ko');
%The equiv diameter and Area are measured in microns
and micron^2 respectively
values =
sprintf('%s,%0.3f,%0.3f\n',fname_input,stats(k).EquivDiameter*PS,stats(
k).Area*PS*PS);
fprintf(fp_csv,'%s',values);
end
end
end
end
fclose(fp_csv);
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fid = fopen(final_csv);
C = textscan(fid, '%s %f %f','delimiter', ',');
fclose(fid);
Dia = sort(C{1,2});
P = zeros(140,1);
[ro,col] = size(Dia);
for i = 1:ro
if isnan(Dia(i,1))
i = i+1;
else a = floor(Dia(i,1)/10);
P(a) = P(a)+1;
end
end
bi = 10:10:1400;
t = sum(P);
Np = P/t;
%figure;
semilogx(bi,Np,'*-')
hold on
%hist(C{1,2},130);%Second column is equiv diameter. The number of bins
is 130
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