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Preface

As optical interfaces between technology and humans, display devices play an
indispensable role. In particular, plasma display panels (PDPs) have become prevalent enabling
manufacture of large-sized displays for use in indoor and outdoor applications. Phosphors are
very important factors influencing on PDP device performance. The particle size and
morphology of phosphor particles play an important role for high resolution and good image
quality. Nowadays, the size of commercial phosphors is in the micrometer range and there is a
significant expectation of superior performance using nanosized phosphors to replace the
existing commercial ones. In this dissertation, mainly new synthesis methods and surface
treatment are studied for high efficiency in nanophosphors. |

In Chapter 1, fundamentals and current applications of phosphors are briefly introduced.

Chapter 2 gives a general overview of theory and background for luminescence and luminescent
materials. The concept of configurational coordinate diagram model of luminescence centers is
explained to better understand the spectral shapes of luminescence spectrum. On the basis of this
model, the origin of spectral lines and broad bands are described. After absorption and emission
process, energy transfer mechanism from localized and unlocalized centers is described and rare
earth ions which are localized type luminescence center at the end of this chapter.
\ Chapter 3 and 4 constitute the backbone of this Ph. D study introducing new synthesis
methods and surface treatments. In Chapter 3, a cellulose templated synthesis that we called
liquid phase precursor (LPP) method is described and experimental flowcharts and schematic
diagrams are provided to explain this process.

Unlike nanoparticles produced from “bottom-up” approach, their milling process can be
conducted by a “top down” approach. Such nanoparticles exhibit a weak luminescence intensity
as the milling process leads the formation of defects on the surface. Improvements in surface
state of nanoparticles may also offer the practical and alternative approaches for high efficiency
by eliminating the surface defects caused mostly by ad§9rbed chemical species or low
crystallinity. Therefore, experiments that we perform for enﬁancement luminescence intensity
related to surface treatments and functionalization of nanoparticles are presented in chapter 4.

Finally, all those results were summarized in Chapter 5.
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CHAPTER 1
Introduction

In modern society, people rely heavily on rare-earth based devices. In almost any office,
light is produced by fluorescent lamps in which UV radiation from plasma is converted into
visible light by rare-earth based phosphors. In addition, in our information society, vast
amounts of information are read from displays. In this sense, plasma display panel has the
potential to revolutionize the display technology by providing large and flat displays that can
be hung on the wall. Since luminescent materials are a key component for this emissive
display concept and lighting applications, research in the field of rear earth phosphors has
been extensively studied to obtain ideal physical properties such as high brightness, good
color quality, high UV absorption and quantum efficiency. Although activities to produce
novel phosphors have almost come to an end, there is still room to further boost the PDP
screen efficiency. It seems future work will concentrate on the improvement of a few
standard materials in terms of particle size and morphology, surface design and high quantum
efficiency.

For the application in plasma display panels (PDPs), phosphors with a high quantum
efficiency and light output (high absorption, i.e. low reflection) under vacuum ultraviolet
(VUV) excitation are required, since in these devices a Xe or Xe/Ne discharge emitting in the
range 140—190 nm is employed. Well-known VUV phosphors that are nowadays used are
BaMgAl 0017 : Eu (BAM) as a blue-emitting phosphor, LaPO, : CeTb, CeMgAl;;015 : Tb
(CAT), GdMgBsOyo: CeTb (CBT) or Zn,SiO4: Mn (ZSM) as a green-emitting one, and
Y,0; : Eu (YOE), (Y,Gd)BOs : Eu (YGB), and Y(V,P)Oy4: Eu‘ (YVE) as a red-emitting one

[1].



Herein, blue emitting BAM:Eu and red emitting Y(V,P)O4:Eu phosphors are selected as
standard materials and new synthesis and surface treatment concepts are introduced for high
efficieny of phosphor particles at nanoscale.

There are numerous chemical methods for preparing nanomaterials; those including co-
precipitation, sol-gel processing of colloids, spray pyrolysis, hydrothermal methods, gel
processing of organic polymers or polymerizable media in the presence of metal complexes
[2]. In this dissertation the author focuses on template based synthesis approach. The use of
organic compounds as templates is realized and cellulose fiber or polymerized gel is
employed since they have the unique characteristics of possessing many reactive functional
groups. The presence of such functional groups makes cellulose or other polymeric gel a
promising material to be used in stabilization of nanoparticles. In addition, immobilization of
metal ions in such rigid organic polymer may reduce segregations of particular metal ions,
thus ensuring the compositional homogeneity [3].

In the initial of synthesis part, liquid phase precursor method in which solid polymer
network (cellulose pulp) is used as a template is presented. Secondly, gel routes involving
formation of polymeric resin through the polyesterification process between metal complexes
using an a-hydroxycarboxylic acid such as citric acid and propylene glycol is introduced. For
the high efficiency not only intrinsic property of phosphor itself surface property also plays
an effective role. Finally, we have performed surface treatment experiments and results are

reported in Chapter 4.
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CHAPTER 2
Theory and Background

A phosphor is a luminescent material that emits radiation when undergoes to energized
particles such as electrons or ultraviolet photons. Excitation could be achieved by exposure to
electromagnetic radiation (visible, ultraviolet, X-ray or gamma photon), particle beams
(electrons, neutrons or ions) or as the case of semiconductors electrical current. Those are
reflected in expressions the type of luminescence such as photo-, electro-, chemi-, thermo-,

sono- or triboluminescence. In addition to excitation source, sometimes decay time (T) is also
used to classify luminescence; fluorescence (T <10 ms) and phosphorescence (T >0.1 s) [4].

Nowadays, luminescent materials are manufactured for variety of applications. This includes
displays such as television tubes, computer monitor tubes, ossiloscopes, radar screens and
displays in electron microscopes. There are also many lighting applications, such as standard
fluorescent lAamps and compact fluorescent lamps. The other important applications are X-ray
intensifying and scintillation (e.g., for medical X-ray detection monitors) [5].

Most of phosphors are composed of a transparent host lattice and intentionally added
impurity atoms (Figure 2.1.1). In general, the excitation energy is absorbed by the host lattice
and subsequently transferred to activator ion or directly absorbed by activator ion. Then
visible light is produced depending on the energy level position of activator ion and its
interactions with host lattice. After absorption of excitation energy, the energy transfer
process may occur in the fallowing way: migration of electric charge (electrons, holes), or

migration of excitons, resonance between atoms with sufficient overlap integrals,

reabsorption of photons emitted by another activator ion or sensitizer [4, 5].




2.1. Absorption process

As we mentioned above, a phosphor material consist of host lattice and activator ion, both
of which play a role in defining electronic structure. When we consider host lattice (bulk
crystal), a huge number of atoms located close enough to interact. In the absence of such
interactions, the energy levels of each atom are well defined and separated. However, as the
number of interacting atoms increases energy levels split, consequently, a single level in
isolated atom is converted into a band structure that is continuum of closely spaced energy
levels. Many different types of interactions are involved in holding atoms together. Those

can be in ionic, covalent or relatively weak van der Waals character [6].

~_ Emission
O—9 ¢

Excitation

Host latlice

Figure 2.1.1 Light emission process in phosphor crystal
e




The shape of optical absorption band, narrow or broad, can be explained by using the
configurational coordinate diagram (Figure 2.1.2). This diagram is built up from potential
energy curves (vibrational energy modes) of absorbing center regarding its configurational
coordinate. When we consider metal-ligand system as absorbing center, since the vibrations
change instantaneous distance between metal and ligand ions, they influence energy of their
electrons. For the simplicity, if we consider harmonic oscillator approximation in which the
force F, and energy E, operating between the metal and ligand ions are related to R-Ro

displacement as fallow:

F=k(R-Ry) (D

E=1/2k(R-Ro)? )
where k is the force constant.

The quantum mechanical solution of harmonic oscillator gives a series of vibrational

energy levels for a specific electronic state in the fallowing form:
Ev=hv(v+1/2) 3)

Energy is quantized into discrete states characterized by quantum number v=0, 1, 2,...n.

In figure 2.1.2 from first to nth vibrational levels of configuration are given along with the

squares of wave functions which represent the probabilities of finding the system at the
o%

distance of R. These show that most probable position for ‘the system is at Ry distance

between atoms, when v=0. As the v value increases the edge of the parabola represents

probable distance between atoms. This consideration is held for ground states of system. In
5




the case of excited state, since nuclear position of system may differ due to new electronic
configuration, both equilibrium distance between atoms and the force constant k differ.
However, as the case of lanthanides, 4f electrons are well shielded by outermost filled 6s and

5p orbitals and equilibrium distance between atoms will remain unchanged [7].

Energy ——

hu’

"""‘F:

Figure 2.1.2 Configurational coordinate diagram
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Figure 2.1.3 depicts the absorption process for both cases as discussed; the first (a) in
which the parabolas for ground and excitation states are not shifted, (b) the parabolas exhibits
a shift in equilibrium distance. As it was illustrated in both diagrams, the shape of absorption
band strongly depends on the displacement between ground state and excited state of
parabolas. The greater Ro — Ro displacement results in the broader absorption band [8].

To illustrate the effect of activator ion on the spectral shape of absorption spectrum Lu,O;
crystal was selected as host lattice and emissions from Eu and Tb dopand ions were examined
(Figure 2.1.4) [9]. The narrow lines in both spectra arise from 4f configuration
(intraconfigurational transitions) of Tb and Eu ions. However, origin of the broad band in the
UV region differs for both spectra. In the case of Tb doped crystal, a broad band lying
between 240-420 nm exhibits three peaks at 265, 290 and 305 nm due to interconfigurational
4f* 4’54 transitions (Figure 2.1.4 (a)). After excitation, an electron has to be raised an
orbital, beyond 4f configuration. An electron from the ground state of 4f configurations is
being raised to one of the 5d states. This leads an expansion in the equilibrium distance
between Tb-O ions. The situation is slightly different for Eu doped crystal. In this case broad
band in UV region does not exhibit several peaks suggesting that it results from the charge
transfer (CT) transitions. This kind of transition happens in metal-ligand system when an
electron is transferred from orbital located on a ligand into orbital belonging to Eu3+. Here,
the most important thing is that we have to point out how to distinguish CT state and 4f'5d
state. Although, both cases involve changes in the equilibrium distance between metal and
ligand ion, the Ro — R¢" displacement (Figure 2.1.4 (b)) is much larger in the CT case. This

reflects on the absorption spectrum as a much broader line shape.
¥
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Figure 2.1.3 Schematic description of absorption process between the states in (a) same

equilibrium distance (b)longer metal-ligand distance in excited state. This reflects as a band

broadening on the spetrum.
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Figure 2.1.4 Excitation spectra of (a) Tb emission, (b)and red Eu emission[9].
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When we consider host lattice absorption the situation is rather different. For example, as
a result of optical absorption in ZnS free charge carriers (electrons and holes) are created in
conduction and valance band. However, not every host lattice yields free carriers upon optical
absorption. In the case of CaWOQs, under ultraviolet excitation energy is absorbed in the
WO, groups and electrons (on oxygen) and holes (on the tungsten) remain bounded without
dissociation. Their interaction energy is strong enough to prevent delocalization like in ZnS.
Such a strongly bounded electron-hole pair is known Frenkel exciton. In the case of high
energy excitation process such as cathode rays, X-rays or gamma rays, situation is rather
complicated. After excitation, ionization occurs and many secondary electrons are -released.'

When these electrons thermalised electron hole pairs remain as like in ZnS [9].

2.2 Emission process from a luminescent center

A common property of matter is that a system possessing excess energy seeks a way to
release out of it. In the case of luminescent materials this may occur in two main group: (1)
radiative and (2) nonradiative relaxation. In reality, light emission may occur in the presence
of both relaxation and they influence material luminance quality.

It is obvious to make a simple subdivision into two classes of optical transitions which
resulted in free charge carrier (electron and hole) and localized luminescence centers.

Luminescence can be categorized as unlocalized and localized types, regarding to
whether excited electrons and holes (free charge carrier) of host lattice participate in
luminescence process or whether excitation and emission process are confined to localized

centers [8].

10




2.3 Unlocalized type luminescence

In semiconductors, most important impurities are donors and acceptors that dominate
semiconductive properties, and those act as luminescence centers. There are two types of
luminescence transitions, i.e., the transition of a bound electron at donor to bound hole at
acceptor (donor —acceptor pair luminescence).

Donor —acceptor pair luminescence is an intermediate type between localized and

unlocalized luminescence [8].

2.4 Localized type luminescence

When metallic impurities (activator) intentionally incorporated in a host crystal often
create localized luminescence centers. Localized luminescence centers may exhibit (a)
allowed type transition, and (b) forbidden type transition, in regard to electric dipole
transitions.

The electric dipole transition can take place between energy levels with different parities.
Thé selection rule for this transition in atoms is for the azimuthal quantum number Al= £1.
When foreign atoms and ions incorporated in crystal, the forbidden character of dipole
transition is altered by the perturbation of crystal electrical field, so that the forbidden
transition becomes allowed to some degree. Here are the typical examples for localized type
luminescence center.

(a) Allowed transition type,

(i) s « p transition — F center (an electron trapped at an anion vacancy)

(ii) s? <> sp transition — TI", Sn**, Pb*", Sb>*, Bi*"

(iii) f <> d transition — Eu**, Ce**

Oscillator strengths of this types of transitions are of the order of magnitude of 10"- 102,

(b) Forbidden transition type

11




(i) d « d transition — Ti’*, Cr**,Cr**, Mn**, Mn*, Fe**, Fe®*
(ii) f « f transition — Pr*, Nd**, Sm**, Ev**, Tb*Y, Tm’”, Er*t (and other trivalent rare
earth ions)

These transitions are partially allowed and oscillator strengths are 10102,

2.5 Rare earth phosphors

Lanthanide ions as light emitters are characteristic because of their sharp emission lines.
In the free ions, underlying electric dipole f-f transitions are parity forbidden. In crystalline
environments this restrictions is partially allowed by mixing with orbitals having different
parity. This results in comparably long excited states lifetimes. Magnetic dipole transitions
are not parity forbidden, however they exhibits rather lower oscillator strengths. Exceptions
to these general rules are possible with transitions of d-f character and then show quite short
lifetimes. For application in display, phosphors having slow transitions are unfavourable. On
the other hand sharp emission spectra which were concentrated in the visible region may
provide the optimization of luminous efficacy. In the case of red emitting phosphor in display
application, aforementioned conditions can be achieved through the Eu’" lanthanide ions [9,
10].
Figure 2.5.1 shows the energy levels of main activator ions used in phosphor materials.
2.5.1 Ce* luminescence

Although Ce’* has very low transition energy, energy gap between 5d states to nearest
level *Fyp is large enough for efficient light emission (Figure 2.5.1). The luminescence
depends strongly on the structure of the host crystal through __t@he.crystal field splitting of the

5d states and two emission peaks can be observed due to transition from “F;and *F; energy

12



levels of Ce ions. The decay time is the shortest in the lanthanides (107 to 10®) since d—f

transitions are both parity allowed and spin allowed [9, 10].

2.5.2 Ev’' luminescence

Luminescence in Eu’" ion originates due to °D;— ’F; transitions. The emission in the
vicinity is due to magnetic dipole transitions from ’Dy—F 1, which is insensitive to local

environment. However, emissions around 610-630 nm due to electric dipole transitions are
induced by the lack of inversion symmetry at the Eu’" site. If the inversion symmetry exists
at the Eu®" site, magnetic dipole transitions became stronger than electric dipole transitions

(Figure 2.5.1) [ 11].

2.5.3 Eu** luminescence

Eu?* usually gives broad band emission due to f~d transitions and exhibit short decay time.
The wavelength positions of emission bands highly dependent on host lattice due to crystal
field splitting of 5d levels. As the crystal field strength increases the emission bands shift

towards to longer wavelength side (Figure 2.5.1) [11].

2.5.4 Gd*>" luminescence
Gd**ionhas a half filled 4f shell which gives a sharp line luminescence at ~315 nm and
can be used as sensitizer since energy levels of the charge transfer states are the highest

among the rare earth ions (Figure 2.5.1 ) [11].
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2.5.5 Tb®" luminescence

The luminescence of Tb*> ions due to °D;— F; transitions generally results in many
sharp lines. Sp;— ’F; transitions also may contribute to emission and intensities decreases as

Tb** ion concentrations increase (Figure 2.5.1) [1 1].
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Fig. 2.5.1 Energy level diagram of rare earth ions
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CHAPTER 3
Cellulose templated synthesis methods for phosphor nanoparticles

The basic idea behind the template based synthesis method is to use organic polymers, in
the present study mostly cellulose, as a template due to their distinct nanosize porous
structure. The abundant hydroxyl groups of cellulose not only anchor metal ions tightly in
cellulose chain via ion—dipole interactions, but they also stabilize metal nanoparticles by
strong bonding interaction with their surface atoms. Figure 3.1 illustrates the schematic
description of stabilization of metal ions in a cellulose fiber. In this chapter, three different
approaches are introduced for the preparation of phosphor nanoparticles according to
template based synthesis method as follows.

i) Liquid phase precursor method,

ii) Polymerizable complex method,

iif) Hydrothermally polymerized gel method.

An important aspect of the aforementioned method is use of organic polymers having

- nanosize porous structure. This facilitates us to produce nanosize high efficient phosphor

particles.
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Figure 3.1. Schematic description of stabilization of metal ions in a cellulose fiber
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3.1 Experimental
3.1.1 Liquid phase precursor (LPP) method)

In the LPP method a cellulose fiber was used as a template for the formation of phosphor
nanoparticles. In this method, cellulose pulp was used to synthesize the nanoparticles due to
the distinct porous structure of cellulose fibrils. It is expected that these pores may allow
physical absorption of the metal ion contained in solution into the cellulose inner space. Most
of the metal ions incorporated were bound to the cellulose chains probably via electrostatic
(ion-dipole) interactions because the electron-rich oxygen atoms of the polar hydroxyl groups
on the cellulose chains are expected to interact with the electropositive metal ions [12]. -

YPV:Eu phosphor synthesis: Raw materials; (VO(SO3)-nH;0, > 99.99 %), phosphoric
(HsPO4, 99.99 %), yttrium chloride (YCl;:6H,O, > 99.99 %) and europium chloride
(EuCl3:6H20, > 99.99 %) were dissolved in deionized water. Aqueous solutions of those
metal salts were mixed at a molar ratio of Yo 99Po 70V0.5004:Euo 1, and 100 g of cellulose pulp
was impregnated into 100 ml of the resulting mixture solution. The impregnated pulp was
dried at 80 °C in a dry oven, and then rapidly calcined at 800 °C for two hours to remove the
cellulose template. Finally, the calcined powder was heated from room temperature to
1150 °C at a heating rate of 200 °C. h™' in air.

BAM:Eu phosphor synthesis: Raw materials, barium chloride (BaCl,:6H,0, > 99 %),
magnesium nitrate (Mg(NOs),-6H;0, > 99 %), aluminum nitrate (AI(NO3)3:6H,0, > 99 %)
and europium chloride (EuCls-6H,0, > 99.99 %) were dissolved in deionized water. The
BAM solutions were prepared by mixing these metal salt solutions corresponding to the mol
ratio of Bayg 87.0.00Mg0.95-0.01A110017-17.05:Eug 0s. A cellulose pulpsand BAM solution were used
in the proportion of 1:1. The pulp was impregnated by insé}ting it into the mixed water

solution and then dried at 80 °C in a dry oven to evaporate the water. The second step was

conducted at 800 °C. The conditions were as follows: heating from room temperature to
17




800 °C a heating rate of 333 K/ h™!, maintaining the temperature at 800 °C for 1h and cooling
to room teinperature. At the last step, the calcined powder was heated from room temperature
to 1400 °C at a heating rate of 333 K/ h™! under 5 % of H, containing N atmosphere.
Aqueous solutions of those metal salts were mixed at a molar ratio of
Yo99P070V05004:Eu1, and 100 g of cellulose pulp was impregnated into 100 ml of the
résulting mixture solution. The impregnated pulp was dried at 80 °C in a dry oven, and then
rapidly calcined at 800 °C for two hours to remove the cellulose template. Finally, the
calcined powder was heated from room temperature to 1150 °C at a heating rate 0of 200 °C. h’

Vin air.

(1) Solution preparation:
Rz
{2} Impregnation of mixed solution into pulp
Aqueous N2
solution of raw {3 Drying at rcom temperature for %h

PN materials R

(CGHIOOS)R 5 o . L.

{4) Calcination at 800 C for thinair

-
o X RZ
®s S R Impregnation

{53Firing at process temperature fordh {mder 13%H N

1 »e
e 3":? el Hid 24N

o

~300°C
~g-
B ;\] _’-\-’,;)j J\g Cellulose
~ e~ decamposition

~800°C

Figure 3.1.1.1. A schematic representation of the if‘mpregnation process




3.1.2 Polymerizable complex method
The basic chemistry involved in PC method is based on the formation of metal complexes

with polymer network through the esterification reactions between a-hydroxycarboxylic acid

and polyhydroxy alcohol. This method was first invented in 1967 by Pechini and closer
approaches have been developed by Anderson et al. [13] and Zhang et al [14]. Recently,
Kakihana’s group also successfully synthesized high performance multicomponent oxide
materials ranging in size from ~30 to ~250 nm modifying aforementioned methods.
According to PC method, esterification reactions occur in the presence of citric acid and

propylene glycol as shown in fallowing formula.

CH,-COOH

|
HO-C-COOH  + HO-CH,CH,-OH —

i
CH,-COOH
' CH,-COOH
|
HO-C-CO-0-CH,CH,-OH + H,0 (1)

i
CH,-COOH

Upon heating, citric acid undergoes esterification reaction with glycol. Then chain formations

begin. However resulting product still contains (OH) and (COOH), so that it can react further

e
with glycol or citric acid to form polymeric resin (network typé structure).
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BAM:Eu phosphor synthesis: The BAM solutions were prepared by mixing these metal
salt solutions corresponding to the mol ratio of Bag g7 Mgpe1Al10017:Euges as outlined in
Figure 3.2.2. BaCl,, Mg(NOs), and AI(NO;); were selected as starting metal sources.
Propylene glycol (PG) and methanol (MeOH) were used as solvents, and anhydrous citric
acid (CA) was used as a chelating agent to stabilize Ba, Mg, and Al ions. BaCl,, Mg(NOs3),
and AI(NO;); were first dissolved in MeOH, followed by the addition of CA and PG with
continuous stirring at 80 °C. After achieving complete dissolution, heating temperature was
increased to at ~130 °C to promote polymerization between CA and PG, while stirring
continue. The solution became more viscous with time, and finally after several hours a
honey-like gel was obtained without any visible precipitation. The honey like gel was heated
at 300 °C for two hours and resulting powder was ground and heated at 800 °C to remove
residual solvents and to burn out unnecessary organics. Note that 1 batch was prepared for 5
gr oxide. This can guarantee no deviation from the initially fixed metal composition in the

starting solution.
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Figure 3.1.2.2. Flowchart for the polymerizable céfnplex procedures
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3.1.3 Hydrothermally polymerized gel method

Herein, Eu doped blue emitting BAM phosphor was synthesized by combining PC
method with hydrothermal treatment. In this process, our aim is to preserve homogeneous
metal ion distribution by using PC method and provide crystalline powder formation at lower
temperature using autoclave.

BAM:Eu phosphor synthesis: Carboxymethyl cellulose (CMC) is selected for the
formation of polymeric template as outlined in Figure 4.2.1. 0.5 gr CMC were dissolved in
citric acid containing water mixture. Predetermined mol ratio of BaCl,, Mg(NOs;), and
AI(NO3); of metal sources were dissolved in methanol to obtain Bag g7.Mgo91Al10017:Eugos
compound followed by the addition of CMC-citric acid complex with continuous stirring at
80 °C. After achieving complete dispersion of partially misseble CMC, heating temperature
was increased to at ~130 °C to promote polymeric gel formation. The solution became more
viscous with time, and finally after several hours a honey-like gel was obtained without any
visible precipitation. The honey like gel was sealed in a teflon lined autoclave and heated at
200 °C for 5 hours. The resulting powder was washed with ethanol several times to remove
residual solvents and unnecessary organics. Finally, the present sample dried at 80 °C and

heated at1400 °C for 4h in reduction atm. (5%H-95%N5,).

3
Y
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Figure 3.1.3.1. Flowchart for the PC combining hydrothé’;"ir,mal treatment procedures
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3.2 Results and discussions
3.2.1 YPV:Eu nanosized phosphors by LPP method and their luminescence properties

Field emission scanning electron microscopy (FESEM) was used to examine the
morphology and particle size of the sample and commercial product. In the case of the
present sample, the particles were spherical in shape and ~200 nm in size. In contrast, the
commercial product showed large irregular shaped particles, ~5-7 pm in size (Figure 3.2.1.1
(a, b)).

Figure 3.2.1.2 shows HRTEM micrographs of Y099P070V05004:Eug;1 sample revealing
smooth surface and perfect crystalline structure with well defined lattice fringes (Figure
3.2.1.2(a, b)).

The XRD patterns of the Yo99P070V0.5004:Euo; sample (Figure 3.2.1.3) showed that a
pure tetragonal xenotime phase was obtained and all recorded peaks were between the
standard YVO4 (JCPDS, 72-0274) and YPO4 (JCPDS, 11-0254) pattern, agreeing with the
Vegard law [15].

Figure 3.2.1.4 shows the excitation (Aem= 618 nm) and emission spectra (Aexc= 254 nm)
of the YosPo7VosO4:Eu’ samples. In these figures, the luminescence intensities were
normalized with respect to the micron sized commercial product. The excitation spectrum
exhibited a broad band extending from 225-350 nm, corresponding to the charge transfer
from oxygen ligands to the central vanadium atom insides the VO4* group ions and weak
bands at 380 and 395 nm in the longer wavelength region, originating from the f-f transitions
of the Eu®* ions (Figure 3.2.1.4(a)).The intensity of those peaks was weak because of
multiphonon relaxations [16]. Figure 3.2.1.4(b) shows the em@fsion spectrum (Aexc= 254 nm)
of the YPV:Eu powder synthesized using LPP method at lﬁi.SO °C. The emission spectra

consisted three peaks assigned to *Dy—"F; (magnetic dipole transition) and *Dy—"F; 4 (forced

electric dipole transitions). The samples exhibited ~100.5 % emission intensity at 621 nm
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compared to the micron-sized commercial product without line broadening. The strong
luminescence intensity was attributed to a ’D,~F,transition due to the absence of inversion
symmetry at the Eu’* lattice sites [17]. According to Judd-Ofelt theory, the intensity of
transitions different J-number levels depends on the local environment of europium ion. It
was reported that the ratios of the integrated intensities of *Dy—'F> and ’Dy—"F| transitions
under ultraviolet (UV) excitation can be considered indicative of the asymmetry of the
coordination polyhedron of Euv’? ion as °Dy-"F transitions are hypersensitive [18-21]. Table
3.1.3 shows the calculated asymmetry ratios (R) of the micron sized commercial product, the
present sample and previous work [22]. The size of present sample is comparable to that of
previous one, but at least ten fold smaller than that of commercial product. It was expected
that the differences in particle size may induce changes in crystal field experienced by Eu**
ions as a large fraction of Eu’" ions would reside on or toward the surface of nanoparticles
[23]. However, the R value of the present sample is comparable to commercial product. In the
case of previous work this value is ~2 fold larger indicating the higher asymmetry of Eu**
jons due to structural distortions. On the other hand, even if structural distortion exists on the
surface it should appear as line broadening on the luminescence spectrum [24]. Those results
suggest that the present sample exhibits high crystallnity as a concequence of high synthesis
temperature and, less structural distortions because extra thermal energy released during the
burning of cellulose enhance the incorporation of Eu’* ions into the inner shell of the particle

surface.
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Table 3.2.1.1. Calculated asymmetry ratios for the YPV:Eu sample and commercial produc

Particle size Dy Fa Do Efficiency
Asymmetry ratio
Yo.99P0.70V0.5004:Eup ~200 nm 3.98 100.5%
YPV(Commercial) 5-7 um 2.78 100%
YPV(Ref 4) 30-250 nm ~6 ~20%
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Figure 3.2.1.1. FE-SEM images of the Y.99P07V 0. 504:Eu3Jr samples and commercial product
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Figure 3.2.1.2. HR-TEM observations of the Yy, 90P0.7VosOxEw’™ samples (a) surface state

and (b) lattice structure.
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Figure 3.2.1.3. XRD patterns of the Y0.99Po.7V. sOLEw" sample synthesized by LPP method
at 1150 °C.

30




(8) ——YPV{Com.)

3+
- :
" Y0P Y% OBy

Relative intensity

A,

200 250 300 350 400

Wavelength (nm)

+ 3+
i Yesepo.?vo.soas 'EUM
%s A, =254 nm
; o
9
£
5 7
- o &
© .
E :
o

570 600 630 660 690 720 750
Wavelength (nm)
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3.2.2 BAM:Eu nanosized phosphors by LPP method and their luminescence properties

Blue emitting Eu*" doped BAM phosphors have been widely used in fluorescent lights
(FL) and plasma display panels (PDPs) [25-28]. Despite recent efforts to fabricate PDPs with
a large screen, low energy consumption and wide viewing angle, some problems still exist to
provide optimum brightness, color purity and resolution. Small-sized phosphor particles with
good dispersibility have advantages for patterning small pixels. Small pixels with a high
packing density contribute to obtain is high resolution and luminescence efficiency. All of
these factors are influenced by the phosphor material itself or by the morphology of the
phosphor layer. The porosity of the layer detérmines whether Vacuum Ultraviolet -(VUV)
photons can be transmitted through the phosphor layer. For instance, the existence of
pinholes results in the absorption of VUV photons at the back plate leading to a reduction of
the pixel efficiency. Therefore, the phosphor layer should be optically dense. This is
optimally achieved with small (2~4 pm) and spherical particles [29].

Apart from the morphology, further improvement on the luminescence efficiency can be
achieved by studying the defect mechanism. The earlier studies reported that a profound
influence on the luminescence efficiency of Eu2+ doped BAM was obtained by a
compositional variation or by introducing defects [6, 12]. The ternary phase diagram for the
BaO-MgO—-AlL,0Os system was reported by Goebbels et al. [30] and solid solutions between
BAM and Bag75Al11101725:Eu”” (BAL) were prepared to provide some important insight into
the relationships between the structure and the compositional change. BAL has been known
as a highly Ba®" deficient aluminate which forms at the end of the solid solution of Ba-poor
hexagonal aluminates. The hexagonal aluminates are cl_z:ssiﬁed as the P-alumina and
magnetoplumbite type structures. Both types consist of spirfél blocks and conduction layers.
The difference in the atomic arrangement of the conduction layer defines the type of structure.

Generally, the emission peaks of hexagonal aluminates shifts in the longer wavelength as the
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type of structure alters from magnetoplumbite to B-alumina. In addition, by changing the
composition from BAM to BAL, emission peaks shift towards the same direction [31, 35].

So far, commercialized BAM has been prepared by a solid state reaction method with
high luminescence intensity. However, this method has some disadvantages, such as
inhomogeneous dispersibility of the dopant ions, the formation of polyhedral shaped large
size particles [36]. Our aim in this paper is to develop BAM phosphors with high
luminescence efficiency of nanosize, and also to control the particle morphology.

The emission spectrum was measured at room temperature using a Kr-excimer lamp as a
source of Photoluminescence (PL) spectrophotometer in the ranges of 350—-700 nm for 200
msec. under 2.664 X 10-3 Pa. The excitation spectrum was measured using a deuterium lamp
and a VUV monochromator in the ranges of 120-340 nm with 2 nm scanning step. A powder
X-Ray Diffractometer (XRD, Cu Ko, 30kV, 100 mA, Rigaku) was used to determine the
crystalline phases of synthesized specimens. The morphologies of the phosphor particles
were observed using a Field-Emission Scanning Electron Microscope (FESEM, JEOL
JSM6700F).

Figure 3.2.2.1shows the XRD pattern of the BAM specimens. The diffraction peaks are
in agreement with the XRD pattern of barium magnesium aluminum oxide registered in
JCPDS card No: 26-0163 with a hexagonal crystal structure in the space group P63y/mmc.
These peaks are less intense and broader due to their crystallite sizes compared with the
commercial product.

Figure 3.2.2.2 shows a FESEM image of the rod shaped BAM particles contained within
thin layers. The rod shaped phosphor particles were crystalligfd in a particular direction; in
this case, horizontally along the thin layer. It can be assumed V’alat this type of morphology is

developed due to the micro fibrous structure of the pulp. The pulp was used as a template to

alleviate the agglomeration of the particles and to restrict the crystal growth direction. By
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inserting the pulp into the BAM solution, liquid nano-droplets that will be the seeds of the
nano-sized particles are impregnated into the pulp, owing to the pulp’s micro fibrous
structure [37]. The impregnated liquid nano-droplets are surrounded by the fiber walls.
Therefore, the nano-droplets tend to crystallize along the direction of the fiber until another
fiber intersects it. During the initial step of the calcination process, the growth speed is fast
and, therefore, the growth is suppressed by the pulp until it vaporizes at around 600 °C [38],
then growth continues in the free space.

Figure 3.2.2.3 shows the FESEM images of the rod shaped phosphor particles having the
compositions of (a) BAM-11, (b) BAM-12 and (c) BAM-13 as shown in table 1. They have a
similar morphology, but their particle size slightly differs. The diameter of individual rod
shaped nano-phosphor particles varies in the range of 60-100 nm and 400-700 nm in length.

Figure 3.2.2.4 shows the PL emission spectrum of BAM specimens and the commercial
BAM phosphor excited at (a) 147 and (b) 254 nm. The commercial BAM phosphor has a
broad emission band with a maximum of around 450 nm corresponding to the blue emission
in visible region of the electromagnetic spectrum. This broad band originates due to the
transitions of Eu®" ions from the 4f°5d" excitation state to the 4f' ground state. However, our
specimens have a peak shift towards the longer wavelength direction at around 465 nm in
both emission spectra. Our specimens, labeled BAM-11 (BapgoMgoosAli0O17.0s:Eugos),
BAM-12 (BagssMgoo3Ali1001696:Eugos), and BAM-13 (BaggsMgoo1Al1001693:Eugos) each
have a non-stoichiometric composition. A shift in the emission band towards a longer
wavelength direction was obtained as the concentration of Ba and Mg ions decreased. This
type of shift can be called a red shift because the red Wavelen__%th is the end of the visible
electromagnetic spectrum. In our specimens, the red shift increaézd due to Eu-O associations.

As the concentration of Ba*" or Mg2+ ions decreases in the composition, 0% ions replace the

Ba sites. This results in a variation in the crystal field of Eu*" ions. The red shift was obtained
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on the both emission spectra because the interactions of Eu-O complexes in such short
distances suppress the position of the excited 5d levels to the lower energy position. On the
other hand, when Eu ion has multiple location in crystal, a line broadening may occur in
emission spectrum because multiple location of Eu ion effects the crystal field [35, 37]. Apart
from the red shift, another notable feature is the decrease of the maximum emission
intensities of our specimens on the PL spectra excited at 147 and 254 nm compared with the
commercial BAM. It is suggested that the presence of Ba®" vacancies made the emission
intensity drop in our specimens as shown in fig. 3.2.2.4. Stevels [39] reported that the
deficiency of Ba>" ions in the conduction layer may cause a decrease in the emission intensity
because the deficiency of Ba®>" ions may lead to formation of traps. The absorption of UV
photons from these traps causes the decrease in the luminescence intensity. This explains why
the luminescent intensity is very low when the Ba*" is highly deficient in BAM phosphors.
On the other hand, the substitution of O ions for Ba®* sites leads to the migration of AP*
ions next to the conduction layer to compensate the charge neutrality. This may cause a
formation of the AIl-O-Al bridges, the so-called Reidinger defects. The formation of
Reidinger defects leads to a decrease of intensity due to the non-radiative transitions [35].
The particle size also primarily affects the luminescence efficiency. As the particle size
decreases the defects on the surface will increase due to the larger surface area of the smaller
particles. In our experimental results, 80 % of PL intensity was obtained as shown in figure
3.2.2.4. 1t is expected that this lower intensity originates from the defects on the surface of the
smaller particles.

Figure 3.2.2.5 shows the relative emission intensities of BAM specimens under 147 and

254 nm wavelength excitations. It was found that there was essentially no big difference in

the emission spectra between that excited at 147 and 254 nm. It is expected that the energy

transfer takes place via exciton emission because there is no big difference in the relative
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intensities of the emission centers in both emission spectra, if the transfer mechanism was
dependent on the local Eu** environments [34].

Figure 3.2.2.6 shows the excitation spectra of BAM specimens. It was found that the
excitation mechanism of each specimen showed a different behavior as the excitation
wavelength changed. As shown in fig. 3.2.2.6, there are three regions in the excitation
spectrum. The first region extends from 125 to 147 nm where the excitation takes place
through the spinel block. In the second region, the excitation takes place into the Ba’" 5d
level and energy transfer comes true over self-trapped exciton (STE) at Ba-O groups in
between 147 to 185 nm; beyond 185 nm, excitation takes place directly at Eu®* via 4f —
4£%5d transitions. Beyond 185 nm the samples have similar spectral shapes since all samples

have the same Eu”" ion concentrations [40].

¢
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Table 3.2.2.1. BAM compositions of specimen’s in mol percent

Specimen compositions (mol %) Code

0.90 BaO + 0.95MgO + 5 Al,O; + 0.05 Eu,05 BAM-11
0.88 BaO+ 0.93MgO+ 5 ALOs;+ 0.05 Eu,03 BAM-12
0.87BaO+ 09IMgO+ 5ALO;+ 0.05Eu,0; BAM-13
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Figure 3.2.2.1. The XRD patterns of commercial BaMgAl10017.'Eu+Z phosphor and BAM
specimens prepared at 1400° C with different composition (BAMI1, BAMI2, BAM13) and
spectral lines of BaMgAlO;;  registered in JCPDS card no: 260163 .
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Figure 3.2.2.2. FESEM image of the rod shaped BAM particles.
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o Figure 3.2.2.3. FESEM images of the rod shaped phosphor ;;artz’cles having the compositions
of (a) BAM-11, (b) BAM-12 and (c) BAM-13.
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Figure 3.2.2.4. Emission spectrum of BAM specimens excited at (a) 147 nm and (b) 254 nm.
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Figure 3.2.2.6. Excitation spectra of BAM samples at room temperature, with the emission
maintained at 450 nm.
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3.2.3 BAM:Eu nanosized phosphors by polymerizable complex method

Figure 3.2.3.1 shows the XRD patterns of Bag §7-090Mg0.95-091A110017-17.05:Elg 05 powders
prepared by the PC method at 1400 °C for 4 h, confirming formation of BaMgAl;O17
registered in JCPDS card no: 260163 . No reflections from extraneous phase were observed.
However peak positions exhibits a shift slightly to lower theta degree indicating lattice strain
due to smaller particle size.

FESEM images of present sample shows a uniform particle size with average diameter of
50 nm (Figure 3.2.3.2). This sample images was obtained after calcination at 800 °C. When
sample was heated in reduction atmosfer to reduce Eu ion at 1400 °C, particle size 2-3 times

increased.
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Figure 3.2.3.1. X-ray diffraction pattern of the BAM powder produced by PC method at
1400 °C.
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Figure 3.2.3.2. FESEM micrographs of the BAM powder produced by PC method at (a)
800 °C and (b) 1400 °C.
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3.2.4 BAM:Eu nanosized phosphors by hydrothermally polymerized gel method
Figure 3.2.4.1. shows the XRD patterns of Bag s7.0.90Mg0 95-091A110017-17.05:Eug 05 powders
prepared by the PC method at 1400 °C for 4 h, confirming formation of BaMgAl;cO17
registered in JCPDS card no: 260163 . No reflections from extraneous phase were observed.
FESEM images of present sample shows a spherical morphology with average particle
size of 1ym (Figure 3.2.4.2.a.). After heating the present sample at 1400 °C in order to reduce
Eu ion, particle size decreased to 500 nm (Figure 3.2.4.2.a.). This implies that heating process

lead formation of denser particles. In addition, aggregation was not observed despite high

temperature.
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Figure 3.2.4.1. X-ray diffraction pattern of the BAM powder produced by PC combining
hydrothermal treatment at 1400 °C.
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Figure 3.2.4.2. FESEM micrographs of the BAM powder produced by (a) PC method
combining hydrothermal treatment (b) after annealing at 1400 °C




3.3 Summary

Blue emitting Eu®* doped barium-magnesium aluminate (BAM) nano-phosphors were
synthesized using liquid phase precursor (LPP) method corresponding to Bag 87.0.90Mgo.o1-
L0Al1g017-17.05:Eug 0s. The rod shaped phosphor particles ~60 nm in diameter and 400-700 nm
in length were obtained. The phosphor particles emission peaks shifted towards a longer
wavelength with 80 % luminescence intensity compared with the commercial BAM.

A polymerized complex method invented by Prof. Kakihana was used to support LPP
method. We have synthesized BAM nanoparticles with average diameter of 50 nm using
prophylene glycol and citric acid. First polymerized gel was produced through the
esterification process between prophylene glycol and citric acid. This gel has short length
chain compared to cellulose. Therefore we think that, chain length is effective on particle size.

A hydrothermal synthesis of BAM nanoparticles was performed using polymerized gel as
a template. The important thing that we performed in here is the use of carboxymethyl
cellulose instead of prophylene glycol.

It was found that the prepared particles had a spherical shape and homogenous particle
size distribution. After annealing sample at 1400 °C, the morphology of the powders retained

and particles size decreased from 1 pm to ~500 nm due to densification.
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CHAPTER 4
Surface treatments and functionalization of nanoparticles

Over the last 30 years, the design of new materials on the nanometre scale has been
considerable of interest in fundamental science and technology. As the size of materials
decreases to the sub micron range, they begin to exhibit interesting electrical, optical,
chemical and magnetic properties that are different from their bulk counterparts [41]. In this
sense, size controlled synthesis is of key importance, because optimization of the material
properties may provide opportunities to increase their areas of application. For example,
while single crystal orthovanadates can be applied as a host crystal to solid state lasers, there
is also the possibility of some special applications of bio-imaging and biosensors by feducing
the crystallite size to the nanoscale [42, 43]. Accordingly, colloidal chemistry presents an
effective way of synthesizing materials over a wide size range. However, nanoparticles
exhibit a lower luminescence efficiency (~20%) compared to their micron size counterparts
due to the increases in structural distortion on the surface with a size reduction [44].

Unlike nanoparticles produced from “bottom-up” approach such as self-assembly and
templated synthesis, nanoparticles from mechanical attrition can be produced by a “top
down” approach. Such nanoparticles are prepared in a mechanical device, generically
referred to as a “mill,” in which energy is imparted to a course-grained material to reduce
particle size. However, the resulting phosphor materials exhibit weak luminescence intensity
as the milling process leads the formation of defects on the surface. In the case of
luminescent nanoparticles, the surface plays an important role in energy transfer and defects
act as a sink for the radiative energy transitions by produc%&g levels in the forbidden gap.
Generally, these states are closely spaced to local levels that reduce the efficiency of the

phosphors enhancing the non-radiative transitions [45].
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Many attempts have been made to compensate for this large loss of intensity and
significant increase in quantum yield was observed after either capping with a silica shell or
functionalization with organic surfactants [46-48].The aim of ;ChiS study was to purify the
surface of Y(P,V)O4 with an alkali solution treatment, which is used widely in ceramic
applications to improve the surface states. Abrupt crystal growth was observed at room
temperature with a ~23% improvement in luminescence intensity. This interesting result
motivated us to clarify the mechanism of luminescence enhancement of Y(P,V)O4:Eu

nanoparticles when treated with an alkali solution.

4.1 Experimental
4.1.1 Milling of BAM:Eu nanosized phosphors and surface capping with organic
functional group

Herein, nanoparticles of BAM:Eu”" phosphor were prepared by ball-milling process.
Formerly, micron-sized BAM:Eu®" phosphor particles were synthesized by LPP method at
1450 °C under a 5% Hy/N, atmosphere, as described elsewhere [50]. A mixture of ®1.5 and
3mm glass beads, phosphor powder and deionized water with a beads/powder/water weight
ratio of 1:0.03:1 were sealed in a plastic vial. The vial was rotated at a speed of 300 rpm for
15 h. Two different milling conditions were selected. In the case of first condition (A), 0.2%
dispersant agent (Flowlen G700, Kyoeisha chemical co, Itd.) containing deionized water was
used to functionalize the particle surface. The other sample (B) was milled only in deionized
water. After separating the glass beads, the milky powder solutions were poured into a
centrifuge tubes and centrifuged at a speed of 4000 rpm ?for 10 min. In order to purify the
particle surface, half of sample S2 was dispersed in a 5% KOH solution, stirred for 10 min

and centrifuged again (C). The resulting precipitates were dried at 80 °C for one day.
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1- BAM:Eu phosphor preparation by LPP method
at 1450 °C

NS

2- Ball milling BAM:Eu phosphor powder with DI

water or,

N\

3- Ball milling BAM:Eu phosphor powder with DI
water+ (G700)

NS

***Keeping BAM:Eu nanophosphaor for a day in
KOH solution

NS

4- Drying at 80 °C for a day

Figure 4.1.1.1 Flowchart for milling process and surface treatments
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Figure 4.1.1.2 Schematic description of milling process and surface treatments.
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4.1.2 Surface treatment of YPV:Eu nanosized phosphor

The cellulose pulp was used to synthesize YxPo70Vos5004:Eug; (x=0.96, 0.99, 1.05)
nanophosphors using the liquid phase precursor (LPP) method [18]. The raw materials
(VO(SO3)'nH,0, > 99.99 %), phosphoric acid (H3POs, 99.99 %), yttrium chloride
(YCl5-6H>0, > 99.99 %) and europium chloride (EuCl3-6H,0, > 99.99 %) were dissolved in
deionized water.

Aqueous solutions of these metal salts were mixed corresponding to a molar ratio of
Y«Po.70Vo.5004:Eug; (x=0.96, 0.99, 1.05) and 100 g of cellulose pulp was impregnated into
100 ml of the resulting mixture solution. The impregnated pulp was dried at 80 °C in a dry
oven, and calcined at 800 °C for two hours to remove the cellulose template. Subsequently,
the calcined powder was heated from room temperature to 1150 °C at a heating rate of
200 °C. h™' in air. The resulting as-grown phosphor nanoparticles were dispersed in a 5%
KOH solution and kept for one day at room temperature.

The emission spectrum was measured at room temperature using a xenon lamp (500 W)
as the source of the PL spectrophotometer (PLE/PL Drasa PRO 5300, Korea) over the range,
350-700 nm, and 220-380 nm. Powder X-ray diffraction (XRD, Cu Ka, 30 kV, 100 mA,
Rigaku) was used to determine the crystalline phases of the synthesized samples. The
surface morphology and crystallinity of the resulting particles were observed by scanning
electron microscopy (FESEM, XIL-30, Philips) and high resolution transmission electron
microscopy (HR-TEM, JEOL 300kV). The elemental content was analyzed by inductively
coupled plasma emission spectrometer (Perkin-Elmer Optima 5300 DV ICP-OES). Fourier
transform infrared (FTIR) spectra were collected in the mid-I;B range (4000—500 cm—1) with
a spectrophotometer (Nicolet 200-FTIR) in absorbance mode to deduce functionality of

surface with organic residue.
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4.2 Results and discussions
4.2.1 Milling effect and enhanced luminescence property of BAM:Eu

Figure 4.2.1.1 shows the XRD patterns of the BAM:Eu®" powder samples prepared by
LPP method before and after ball-milling. All the main diffraction peaks of the samples were
well indexed to hexagonal structured BaMgAl;o0;7 according to the JCPDS card (no. 26-
0163). The maximum peak intensity of the crude sample (Fig. 4.2.1.1.1 (a) at 33.3° 26 was
slightly narrower than that of the ball-milled samples (Fig. 4.2.1.1 (b-d)), indicating a larger
primary particle size. In the case of the dispersant agent containing sample (Fig. 4.2.1.1 (d)
no extraneous phase was detected because amount of dispersant was very small and the
unattached polymers were probably removed after centrifugation.

Figure 4.2.1.2 shows FESEM images of the BAM Eu”* samples. Fig. 4.2.1.2 (a) presents
the crude BAM:Eu®* powder synthesized using the LPP method. The synthesis resulted in
highly aggregated rod shaped particles. After ball-milling, the particles size decreased to the
sub-micron range with an irregular morphology (Fig. 4.2.1.2 (b-d). The state of
agglomeration and size distribution were deduced from electrophoretic light scattering
analyses (Figure 4.2.1.3) of BAM:Eu** powders dispersed in deionised water. The mean
particle size of the crude sample was approximately 2.3um with an inhomogeneous size
distribution profile, which was 2-3 times larger than FESEM images of same sample (Figure
42.1.2 (a)). After ball milling of this crude sample for 15h, the mean particle size decreased
to 442.5 nm in diameter with a broad size distribution. This was also 2-3 times larger than
FESEM images of same sample (Figure 4.2.1.2 (b) indicating aggregation problem. In order
to improve surface state of ball milled sample, KOHi?solution treatment and surface
modification with organic surfactant was applied, individually. In the case of KOH solution

treatment, particle size analyses showed an increase in particle size from 442.5 to 3472.6 nm

in diameter due to aggregation mediated particle growth which was caused by inter particle
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interactions through hydrogen bondings [49]. The organic surfactant (Flowlen G700,
Kyoeisha chemical co, ltd.) was used to modify the particle surface to enhance the
luminescence efficiency and good dispersibility. In the case of dispersion agent-containing
sample exhibited several size distributions with a mean particle size of 705.6 nm. This value
seems reasonable since an increase in particle size is expected after modification of particle
surface with organic surfactant. However, observed several size distributions above than
micron range are a sign of aggregation problems. It was reported that when submicron-sized
particles are exposed to polymeric agents, the dispersions become unsuitable because the
molecular size of the polymer is comparable to the size of the particles, leading to
particle—particle bridging that may result in aggregation [50]. Therefore, further experiments
are reguired to optimize the conditions related to the homogenous size distribution and good
dispersibility.

The surface state of the particles with regard to the functionality of the organic surfactant
and hydrogen bonding were analysed by Fourier transform infrared (FTIR) spectroscopy
(Figure 4.2.1.4). No peaks related to organic functional groups were observed in the ball
milled sample (Fig. 4.2.1.4 (a)). After KOH solution treatment, this sample exhibited a broad
band peaking at 1365 cm™ (Figure 4.2.1.4 (b)). The origin of this peak was not clear because
no organic was used. However, O-H stretching vibration due to hydroxyl group
funtionalization at around 3340 cm™ was observed with a negligible intensity. On the other
hand, C=0, C-H and C-O stretching modes belonging to carboxylic groups appeared at 1740,
1365 and 1218 cm-1 in the dispersion agent containing sample (Figure 4.2.1.4 (c)) agreeing
well the functionalization of particles surface with organic surfacfé;nt [51].

Figure 4.2.1.5 shows the emission spectrum (Aexe= 254 nm) of the BAM:Eu** powder
before and after the milling process. The emission spectra exhibited a broad band at 458 nm,

which was assigned to the transitions of Eu®* jons from the 4{°5d level to the 4f ground state
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[52]. The crude sample emission intensity decreased sharply after the milling process due to

the large surface area to volume ratio and the formation of significant amount of defects.
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Figure 4.2.1.1. XRD patterns of (a) crude and (b-d) ball- milled BAM:Ev*" samples .
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Figure 4.2.1.2. FESEM images of the BAM:Ev** samples (a) before and (b-d) after  ball-
milling with deionised water.  After milling, the sample surface was purified with a 5%
KOH solution, as shown in fig.2 (c). Figure 2 (d) shows FESEM images of the sample milled
with the dispersant agent (Flowlen G700, Kyoeisha chemical co, Itd.).
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Figure 4.2.1.3. Electrophoretic light scattered (ELS) size distribution analyses of the crude
and ball-milled samples.
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Figure 4.2.1.5. The photoluminescence emission spectrum (exc= 254 nm) of the BAM:Eu**

samples.
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4.2.2 Surface treatment and luminescence property of YPV:Eu nanosized phosphors
The XRD patterns of the YyPg7V(504:Eu’" (x=0.96, 0.99, and 1.05) samples, as shown in
figure 4.2.2.1, was measured before and after the KOH solution treatment. All the recorded
peaks were between the standard YVO, (JCPDS, 72-0274) and YPO,; (JCPDS, 11-0254)
pattern, which agree well with the Vegard law [15]. Before the treatment (for sample S1, S2
and S3), all diffraction peaks narrowed with increasing Y concentration. After treatment, no
extraneous phase could be detected that can show the dissolution of smaller YPV:Eu particles
in KOH solution and there was no clear difference in the peak position, width and intensity.
The particle size and morphology of the YyPg7VosOsEu’" (x=0.96, 0.99, and 1.05)
samples before and after the 5% KOH solution treatment were examined by FESEM (Figure
4.2.2.2). The samples named S1, S2, and S3 correspond to 0.96, 0.99, and 1.05 mol percent
of Y. The as grown particles had a round shaped with sizes increasing with increasing Y
concentration (Figure 4222 (a, b and c¢). This illustrates the lattice expansion in
Y. Po.7VosO04:Eu’" (x=0.96, 0.99, and 1.05) samples as regard to Y>" concentration [20]. After
dispersing particles in a KOH solution treatment, the samples were named S1-KOH, S2-KOH,
and S3-KOH, and abrupt crystal growth was observed at room temperature from ~50 to ~300
nm, ~150 to ~300 nm and ~300 to ~500 nm, - respectively (Figure 4.2.2.2 (ﬁ-f)). This
interesting growth phenomena at room temperature seemed to be originated from Ostwald
ripening effect at a first glance. However, ICP elemental analyses of powder mixed KOH
solution showed YPV:Eu sample was insoluble since no Eu®", Y**, P and V*' ions
regarding to YPV:Eu compound were detected (Table 4.2.2.1). This implied that the growth
mechanism of the YPV:Eu nanocrystals in a KOH solution did nét fallow Ostwald ripening
process in which molecules on the surface of a small particle tend to detach and diffuse

through solution and then attach to the surface of larger particle. Even if there was some

dissolution, according to Ropp and Carroll [53], the temperature should be high enough for
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the recrystallization of orthovanadates. An alternative approach, so-called aggregation-
mediated crystallization, can occur through interactions, such as hydrogen bonding, van der
walls or electrostatic interactions between the preformed nanoparticles [54, 55]. Accordingly,
S. Erdei et.al [56] developed a method for the synthesis of YVOy4 powder. In their report, the
particles were first hydrolyzed during the collisions and a partially ionized surface of each
particle resulted in hetero-aggregation due to electrostatic interactions. Afterwards, this
hetero-aggregated colloid underwent a further reaction to form orthovanadate when excess
hydrolysis was accessed under high pH conditions. In the case of the current sample crystal

growth was assumed to be originated due to the electrostatic interactions of colloidal particles.

The KOH solution is believed to act as a hydrolyzing agent and each particle was partially

ionized. Subsequently, the particles flocculate due to electrostatic interactions, which results
in rapid crystal growth.

In order to understand effect of KOH solution on the surface state of nanoparticles, a
comparative surface analysis of sample S1 before and after KOH solution treatment was
made by FTIR spectroscopy (Figure 4.2.2.3). Both samples exhibited two strong bands
extending between 700—950 em™ and 950-1200 cm™, correspond to Y-O and V-O stretching.
In addition to these two bands, small peaks were observed at 1402 and 1531 cm™ due to
symmetric and asymmetric vibrations of carboxylate group for sample S1 [57]. These two
bands vanished after treading sample with KOH solution, suggesting that a considerable
quantity of organic residue presented on the surface of as-grown nanoparticles was removed.

In addition to FTIR spectroscopy the surface state of sample S1 before and after the KOH
solution treatment was examined by HR-TEM (Figure Figure 4.2.2.4 (a, b). The residue on
the surface, as indicated by arrow in Figure 4.a, was removed by the KOH solution treatment,
and the surface became quite smooth. In addition, SAED pattern of sample S1 confirmed

the smoothness by indicating disappearance of additional diffraction spots which means the
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removal of a layered structure near the surface (inset of Figure Figure 4.2.2.4 (b)). This
suggests that the KOH solution treatment both purifies the surface and causes smoothing.
Figure 4.2.2.5 shows that the excitation (Aem= 618 nm) and emission spectrum (Aexc=
254 nm) of the YyPo7Vos504Eu’" powder samples before the KOH treatment. In this
figure, the luminescence intensities were normalized with respect to the micron sized
commercial product. The excitation spectrum exhibited broad‘band extending between
225-350 nm and weak bands in the longer wavelength region (inset figure 4.2.2.5). The
former band was ascribed to a charge transfer from the oxygen ligands to the central
vanadium atom insides the VO4* group ions, and the latter bands peaking at 381, 395, and
400nm originated due to f-f transitions of Eu’" ions. It has been reported fhat the
multiphonon relaxation by VO, is not able to bridge gaps between higher energy levels
Dy, ’D,’°Ds) to Dy level resulting weak emissions from these levels [58]. The positions
of charge transfer band sligthly shifted towards longer wavelength direction as increasing
Y concentration except for sample S3. The reason for this may be due to lattice disorder
and variation of V-O avarage bond length as a result of large ionic radii of Y atom [59].
On the other hand, compared to the commercial sample there must be a difference in peak
position. Because, the V-0 average distances for smaller nanoparticles are longer than for
larger nanoparticles, and the excitation energy required 1is higher for
V0, "—V*0, 2™ However, excitation peak intensity of commercial sample
interestingly lies a position same with the our samples eventhough its particle size one
order larger. This implies the particle size may not have influence on the V-O average
bonding length [60]. The emission spectra consisted of tl%ﬁee peaks assigned to *Dy-"F;
(magnetic dipole transition) and D¢~ 'F54 (forced electric dipole transitions). The absence

of inversion symmetry at the Eu’" lattice site (D.g symmetry) resulted in strong

luminescence intensity at 621 nm through ’Dy~"F, transitions [61, 62]. The integrated
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emission intensities of the YPV:Eu samples at 621 nm showed an increase in PL intensity
with increasing Y concentration. After the solution treatment luminescence intensity of
5D0—7 F, transitions further improved and ~5 and ~23% increases were obtained for
samples S1 and S2. However ~9% luminescence intensity loss was observed for sample
S3 (Table 4.2.2.2). Based on TEM and FTIR analyses an improvement in luminescence
intensity after alkali solution treatment can be described by the fallowing: the removal of
residue may reduce the number of non-radiative transitions and smoothing of the surface
may leads to a decrease in the scattering of UV light from the surface. In the case of
sample S3 the reason of intensity loss was not clear. However, the evaluation of intensity
ratio of hypersensitive transitions may bring some insigth for understanding tile energy
transfer mechanism. A direct relationship was reported between the structural distortion
and the ratios of the *Dy—"F, and °Dy-"F,; integrated transition intensities, so-called
asymmetry [63]. Table 4.2.2.2. shows the emission intensity of all samples at 595 and 621
nm corresponding to the ’Dy-"F; and’Dy"F; transitions and the calculated asymmetry
ratios. Considering higher surface/volume ratios in nanocrystals, more Eu’" ions locate on
the surface or near the surface with disorder compared to interior Eu’* ions. These
reasons lead to a high luminescence intensity and the asymmetry for initial nanoparticles.
When nanoparticles grow, which reduces the Eu’" ions on the surface.Therefore, it is
expected that asymmetry ratio should decrease after the KOH treatment because the
growing crystal recover the structural distortion near the surface. However, after the
solution treatment, the asymmetry ratio is sligthly larger within this growing shell layer.
This implies that this growing layer is formed due to aggregation of smaller particles not
due to better crystallization. This is consistent with the appearance of a higher

luminescence intensity of the *Do—'F, transition. The reason of the intensity loss for

sample S3 may be originated from hard aggregation which is known as luminescence
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quencher due to formation of traps near the surface. It can be inferred from these results
that the asymmetry is quite effective on the luminescence efficiency.

This study examined the interesting crystal growth mechanism and enhanced
luminescence property of YxVo.70P0.5004 (x=0.96, 0.99, 1.05) nanophosphors. A 5% KOH
solution was used to purify the surface of the as grown nanoparticles. Interestingly,
significant grain growth occurred at room temperature due to partial electrostatic
interactions between the partially ionized surface of the nanoparticles. After the solution
treatment, a higher emission intensity of Eu’" ions corresponding to the ‘Dy—"F;
transition was observed due to purification of surface from organic residue and high

asymmetry of Eu’* ion sites within the growing shell layer.

Table 4.2.2.1 ICP analyses of YPV:Eu powder. The samples were analyzed after 24 h and
after sedimentation in the 5% KOH solution.

Concentration(ppm) Y P v Eu

24 h Not detected 2.4 3.7 Not detected

i
5

67




i

Table 4.2.2.2 The emission intensity of all samples at 595 and 621 nm corresponding to Do

’F, and’Dy—"F) transitions, calculated asymmetry ratios and improvement in emission

| efficiency.
Dy-"F;(595nm) °Dy"F,(621 nm) ‘D F, Ds"F; Efficiency
increments
! s1 1007 4014 3.98 +52%
i; S1-KOH 1003 4224 421
f} s2 1066 4248 3.98 +23.4%
$2-KOH 1302 5550 4.26
if S3 1346 5534 4.11 -9.3%
S3-KOH 1237 5018 4.05
P}
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Figure 4.2.2.1 The XRD patterns of VP 7V, 504 Eu’t (x=0.96, 0.99, and 1.05) before and

after the 5% KOH solution treatment. A commercial product is used as a reference.
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Figure 4.2.2.2 FE-SEM images of Y<Po.7V0. 504:Eu3+ samples. The yttrium concentration
increased from the upper to lower part (a) x=0.96, (b) x=0.99 and (c) x=1.05 and the right
column shows images of particles after KOH solution treatment (d), (e), and (f).
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Figure 4.2.2.4 HR-TEM images of Y, Py 7Vo. 504 Ew’* samples (a) before, and (b) after KOH
g % |
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treatment. SAED pattern is given in the inset.
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CHAPTER 5. Conclusions

In this dissertation, we intend to synthesis of high efficient blue emitting BAM:Eu and
red emitting Y(V,P)O4:Eu nanophosphors by using template based synthesis methods. Firstly,
LPP method was introduced and highly efficient Y¢.99P070V0.5004:Eu1 phosphor particles,

~200 nm in size, were synthesized at 1150°C using cellulose pulp. Strong ’Dy—"F; emission

of Eu’" ions was observed at 621 nm, and its intensity was ~100.5% of the commercial
product. The comparable asymmetry ratios (R) and the absence of line broadening on the
luminescence spectrum indicated less structural distortion and high crystallinity of the present
sample. In addition to the photoluminescence spectrum, HRTEM demonstrated | perfect
crystallinity with clear lattice fringes.

Blue emitting Eu*" doped barium-magnesium aluminate (BAM) nano-phosphors were
synthesized using LPP method corresponding to Bag s7-090Mg0.91-1.0A110017-17.05:Eugos. The
rod shaped phosphor particles ~60 nm in diameter and 400-700 nm in length were obtained.
The phosphor particles exhibited 80 % luminescence intensity compared with the larger size
commercial BAM and luminescence peak positions shifted towards a longer wavelength
(~465 nm) due to compositional difference. PL emission spectra excited at 147 and 254 nm
revealed that this shift and broad band was not related to multiple locations of Eu®* ions.

Despite the high efficiency, BAM sample produced by LPP method exhibited aggregation
problem. In order to solve this problem, various methods were also performed. A
polymerized complex method invented by Prof. Kakihana was used for this purpose. In his
method, a polymerized gel as a template was used for the formation of nanoparticles. We
have synthesized BAM nanoparticles with average diameter of 50 nm using polymerized gel
as a template instead of cellulose. First polymerized gel was produced through the

esterification process between prophylene glycol and citric acid. This gel has short length
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chain compared to cellulose. Therefore, it is expected that chain length is effective on particle
size.

A hydrothermal synthesis of BAM nanoparticles was performed using polymerized gel as
a template. The important thing that we performed in here is the use of carboxymethyl
cellulose instead of prophylene glycol. It was found that the prepared particles had a spherical
shape and homogenous particle size distribution. After annealing sample at 1400 °C, the
morphology of the powders retained and particles size decreased from 1 pm to ~500 nm due
to densification.

In order to improve the surface states, the particles were treated with either a KOH
solution and dispersion agent, individually. The KOH treated sample exhibited. a 40%
increase in luminescence intensity, whereas 87% increase in luminescence intensity was -
obtained from dispersion agent-containing sample. Although the energy transfer mechanism
was not clear, the resulting increase in luminescence intensity may be originated due to
passivation of surface defect with organic functional groups [2-3]. In addition, light
scattering was prevented by smoothing the surface of particles with alkali (KOH) solution

treatment.
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