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Abstract 

The objective of this thesis is to investigate the photoluminescence characterization 

and morphologic control of inorganic phosphor partic1es. Both solidldense and porous 

partic1es of europium-doped yttrium oxide (Y203:Eu3+)， and newly synthesized 

carbon-based boron oxynitride (BCNO) phosphors were selected as model materials. 

The major conc1usions ofthis thesis can be summarized as follows. 

Chapter 1 discusses the background， previous research， methods used to investigate 

photoluminescence phenomena， current state of the field， and problems associated with 

inorganic phosphors. 

Chapter 2 describes the re1ationship between photoluminescence and both the 

partic1e and crystallite size of Y 203:EU3+ fine partic1es. The crystallite and partic1e sizes 

played different roles in the control of the photoluminescence characteristics of the 

phosphors. The blue-shift of the charge transfer band in the excitation spectra was 

most1y due to the partic1e-size effect. In contrast， the decrease in the crystal symmetry 

ratio， which is the ratio of the C2 to C3i sub-lattice populations in the photoluminescence 

emission spectra， was primarily due to the effect of crystallite size. 

Chapter 3 demonstrates the effect of porosity on the photoluminescence of 

Y203:Eu
3+ fine partic1es. The porous partic1es exhibited greater red-emission rendering 

properties than that of non-porous partic1es， based on the CIE chromaticity diagram. 

The photoluminescence intensity and quan旬m efficiency exhibited by the porous 

partic1es are greater than that of non-porous partic1es because the porous partic1es are 

hollow. Porous partic1es have unique photophysical properties， such as a 4-nm blue-shift 

in the charge-transfer and a lower symmetry ratio of 2.7， which were not exhibited by 
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the non-porous partic1es with a partic1e size of 757 nm and a crystallite size of 

approximately 30 nm. The properties of sub-micrometer porous partic1es were identical 

to those of non-porous partic1es， which have reduced partic1e and crystallite size 

compared with porous partic1es. 

Chapter 4 presents a detailed chemical analysis and photoluminescence 

characterization of the BCNO phosphors. The resulting powder has high extemal 

quan加mefficiency with a direct band-gap transition. The BCNO phosphors have these 

properties because the atomic distances ofthe BCNO are less than those of conventional 

BCN compounds， which have an indirect band-gap transition and low quan旬m

efficiency. The smaller atomic distances of the BCNO result from the presence of 

oxygen atoms， which have higher electron affinity and smaller covalent-bond radii 

compared with boron， carbon and nitrogen. 

A simple summaηr and comments regarding白知reinvestigations are provided in 

Chapter 5. 

II 



Contents 

Abstract..一・……・・・…...・H ・..…………・・・…………ー…・・・・………・……・・・・… I 

Contents.……・・・……一-…………・…一一…・・……・…・…...・H ・...…・……ー・… 111 

1. Introduction 1 

1.1 Background 1 

1.2 Photoluminescence Phenomena 2 

1.2.1 Principles of Photoluminescence Phenomena 2 

1.2.2 Time-resolved Photoluminescence Analysis 5 

1.3 Previous Research on Inorganic Phosphor Partic1es 14 

1.3.1 Inorganic Phosphors 14 

1.3.2 Preparation Methods 18 

1.3.3 Photoluminescence Characterization 21 

1.3.4 ControlofMorphology 29 

1.4 Objectives 31 

1.5 Outline of the Thesis 31 

References 33 

2. Photoluminescence Properties of Submicrometer Phosphors 

with Different Crystallite/Particle Sizes 39 

2.1 Introduction 39 

2.2 Experimental Procedure 40 

2.3 Results and Discussion 40 

2.3.1 Morphology， Partic1e Size and Crystallinity Characterization 41 

2.3.2 Excitation Spectrum Characterization 44 

2.3.3 Emission Spectra Characterization 48 

wd a
 
m

s

 

m

ヱ

一HU
m

p
、

」

戸

』
V
且-e 

4

e

 

z
R
 

52 

53 

III 



3. Photoluminescence Characteristics of Ordered Macroporous 

Eu・doped Yttrium Oxide Particles Prepared by Spray 

Pyrolysis 

3.1 Introduction 

3.2 Experimental Procedure 

3.3 Resu1ts and Discussion 

3.3.1 Morphology， Partic1e Size and Crystallinity Characterization 

3.3.2 Photoluminescence Spectra 

3.3.3 Color Rendering Properties 

3.4 Summary 

References 

4. Chemical and Photoluminescence Analysis of New 

Carbon-based Boron Oxynitride Phosphor Particles 

4.1 Introduction 

4.2 Experimental Procedure 

4.3 Resu1ts and Discussion 

4.3.1 Chemical Analysis 

4.3.2 Photoluminescence Characterization 

4.4 Summary 

References 

5. Summary 

5.1 Conc1usions 89 

5.2 Suggestions for Further Investigations 91 

Acknowledgements 92 

Appendix 1: List of Figures..…・………・……・・…………・・・…・・ー…・…・・ 93 

Appendix 11: List of Tables...………………・…一...…・・…・・・……・…・…・・ 97 

Appendix 111: List of PubIications..……………………………………・ 98

IV 

5

5

6

8

8

4

0

2

3

 

5

5

5

5

5

6

7

7

7

 

5

5

6

7

7

1

5

6

 

『

I

勺
I

勺

t

勺

，

勺

J

0

0

0

0

0

0

89 



Chapter 1 

Chapter 1 

Introduction 

1.1. Background 

Light is ubiquitous， and it is of great importance. For example，“Let there be light，" is a 

well-known sentence from the Bible. Amaterasu， a Japanese goddess， represents the sun. 

For living things， the sun is the source ofboth energy and light. 

In addition， investigations of luminescent phenomena have made significant 

contributions to the evolution of scientific knowledge， and practical application of the 

results of these studies have improved our lives. The 2008 Nobel Prize for Chemistry 

was awarded for the discovery and development of green f1uorescent protein (GFP). 

Applications of GFP have been developed， including its use in the development of 

induced pluripotent stem (iPS) cells， which could be an achievement that wins another 

Nobel Prize. 

Regarding the development of electronic devices， the cathode ray tube (CRT) was 

invented by Karl F. Braun in 1897. Since then， novel displays such as liquid crystal 

displays (LCD)， plasma display panels (PDP)， field emission displays (FED)， and 

organic and inorganic electroluminescence (EL)， have been developed. These displays 

are critical components of instruments that serve important functions in our daily lives. 

In addition to these displays， luminescent devices have been invented， including 

f1uorescent lamps， light-emitting diodes (LED)， and laser diodes (LD). Inorganic 

phosphor particles play an important role in the development of these devices. 

-1・
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1.2 Photoluminescence Phenomena 

1.2.1 Principles of Photoluminescence Phenomena 

The development and improvement of these devices requires an understanding of basic 

luminescent phenomena. Luminescent phenomena occur due to interactions between 

atoms and photons. The many types of luminescent phenomena are classified by their 

excitation source， as follows: photoluminescence by photon (electromagnetic wave); 

cathode luminescence by electron beam; electroluminescence by electronic potential; 

chemiluminescence by chemical energy; bioluminescence by chemical energy from 

adenosine triphosphate (ATP); and， trioboluminescence by friction. The terms， 

fluorescence and photoluminescence， are synonymous. Generally， fluorescence is used 

in chemistry， while photoluminescence is used in physics. The applications of these 

phenomena are listed in Table 1.1. 

The electronic absorption and emission spectra of a molecule/atom provide important 

information about the structure， energetics， and dynamics of the electronically excited 

state. The interaction between light and a molecule/atom depends on resonance. The 

oscillations of the first system are related to the oscillations of the second system. Strict 

requirements exist for the achievement of effective resonance: the systems must 

interact; and， the law of energy conservation must be satisfied: 

sE=hv 、‘，ノ
4
E
E
A
 

• '
E
E
A
 
〆，‘、

Here， sE is the energy gap between two electronic states of a molecule， h is Plank's 

constant， and v is the frequency of the oscillation of the light wave. According to 

equation (1-1)， the possible interactions between light and a molecule/atom depend on 

the energy gap of the oscillations that are possible for the electrons of the 

molecule/atom. (Tuη0， 1978) 

U sing equation (1-1)， only the absorption and emission spectra of atoms come close 

to being "sha中 lines，"as shown in Fig.1. l(a). This sharpness exists because the 

electronic states of atoms can be accurately described by specification of the orbits of 
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T'able 1.1 Luminescent Phenomena (Kobayashi， 2000) 

Phenomena Energy Source 

Photoluminescence Lightl Electromagnetic Wave 

Cathode luminescence Electron beam 

Electroluminescence Electronic potential 

Ca凶ermdection

X-ray luminescence X-ray 

Chemiluminescence Chemical energy 

Bioluminescence Adenosine triphosphate (ATP) 

/ LuciferinlLuciferase 

Ca ionlaequorin 

Triboluminescence Friction 

Mechanical shock 

Thermoluminescence Heat 

Chapter 1 

Applications 

Fluorescent lamp， 

PDP 

CRT 

EL Display 

LED， LD 

Scintillator 

Chemicallaser 

Firefly， Firefly squid， 

Aequorea Victoria / 

Ca sensor 

None developed to 

date 

Tungsten lamp 

PDP = Plasma Display Panel， CRT = Cathode Ray Tube， EL = Electroluminescence， 

LED = Light Emitting Diode， LD = Laser Diode. 
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Chapter 1 

their valence electrons. In a molecule， an electronic transition is not as “pure" as it is in 

an atom. The motion of nuclei relative to one another， e.g.， vibrations， rotations and 

collisions， must be taken into account. A molecular electronic transition does not 

correspond to a well-defined quan佃mof energy because both the initial and final states 

may consist of an ensemble of different nuclear shapes. As a result， both the absorption 

and emission spectra of a molecule may involve the transitions shown in Fig.l.l (b). 

Given the molecular transition mechanism， the shape of the excitation spectrum is 

similar to that of the absorption spectrum in Fig.1.2. Absorption spectra cannot be 

obtained for solid samples， because light is not transmitted between atoms in the solid 

state. When the material exhibits photoluminescence， the excitation spec仕um，which is 

measured at a fixed wavelength with variable excitation， is used instead of the 

absorption spectrum. The mechanism responsible for the excitation spectrum is the 

same as that which results in the absorption spectrum. 

-4・
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1.2.2 Time-resolved Photoluminescence Analysis 

Measurement of absorbance and photoluminescence reveals the energy levels of the 

atoms/molecules. Time-resolved measurements allow for determination of the 

energy-transfer rate of each energy level. As an example， we will describe one method 

by which the rate constant can be measured (O'Conner et al.， 1985). When molecule 

[M] is excited to [M牢]，then [M勺losesthe energy to [M]. The decay ofthe excited state 

is expressed using three rate constants: photoluminescence (kp)， non-radiative transition 

(knr)， and energy transfer (ke). The concentration of the excited species is represented as 

[M*]. The decay ofthe excited state is represented schematically in Fig.l.3: 

-d[M*] / dt = (kp+knr+ke)[M*] (1-2) 

r-1 / (kp+knr+ke) (1・3)

Here，τis the photoluminescence lifetime， which expressed by the reciprocal of the 

sum of the three rate constants. Time-resolved photoluminescence is a very useful tool 

for the investigation of a particular system. Photoluminescence lifetime is the 

expression used to describe photoluminescence decay. 

F(t)=JotL(t)e(的 dt' F(t)=IAi e(仇 i) (1・4)

Here， t is time， F(t) is photoluminescence decay， L(t) is the pump pulse used for 

excitation， Ai is the pre-exponential factor for each 'tj， and τi is i-th photoluminescence 

lifetime. Examples of photoluminescence lifetimes (τ) for various compounds are 

shown in Table 1.2. Because τdepends on both the specific molecule and the 

environment (solvent， degassed and undegassed)，τdescribes the molecular 

envlfonment. 

Non-exponential photoluminescence decay is common in real systems， especially in 

heterogeneous systems， such as interfaces， polymers， biological systems， etc. 

Time-correlated single photon counting (TC-SPC) has enabled reliable measurement of 

-5・
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Chapter 1 

(a) 
Absorption Phololuminescence 

ムミ11 
(b) 

K
A
切
』
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Dis祖nceof Photoluminescent atoms 

Fig.1.2 Relation between (a) abso中tionand photoluminescence spectra， 

and (b) energy diagram of the ground and excited bands 
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Chapter 1 

photoluminescence lifetime. However， because the TC-SPC method is based on 

statistical principles， it requires a longer data acquisition time than other techniques 

(O'Conner et al.， 1985). 

Consequently， it is extremely difficult to obtain non-exponential decay curves using 

the TC-SPC method for a sample that suffers from significant bleaching during analysis. 

Therefore， a reliable and fast method other than the TC-SPC method is required. For 

example， the intrinsic disadvantage of the TC-SPC technique can be overcome by use of 

a streak camera. 

Currently， several methods for the measurement of photoluminescence lifetime are 

available (Lakowicz， 1991). Two types of instrumentation that both provide high-quality 

photoluminescence decay curves and determination of lifetime are discussed as 

examples of how to analyze the photoluminescence mechanism presented in Fig.l.4 and 

Table 1.3. 

For example， a solid-state sample of tetra phenyl porphyrin (TPP) powder was 

measured using either a streak camera or the TC-SPC method. Figure 1.4 shows a 

typical three-exponential decay curve， and the photoluminescence lifetimes are shown 

in Table 1.3. These methods yield the same range of photoluminescence lifetimes， but 

di旺erin time-division and method. Therefore， both methods yield high-quality 

measurements of photoluminescence lifetime. In solution， this sample exhibits one 

exponential decay curve. For the solid state in air， oxygen molecules collide with the 

TPP surface， and energy transfer occurs from the excited state of TPP to the ground 

state of the oxygen molecule. Thus， TPP surface in the solid state shows the shortest 

photoluminescence lifetime. In the solid crystallite， oxygen does not act as a quenching 

agent， resulting in the longest photoluminescence lifetime. The photoluminescence 

lifetime of the crystallite boundary is intermediate to that of the solid state in air and the 

solid crystallite. Since chemical species has three kinds of environments， crystallite 

inside， crystallite surface， and particle surface which is attacked by oxygen， then it 

exhibits three different photoluminescence lifetimes. Similar phenomenon is observed 

in photoluminescence character for inorganic phosphors. This will be discussed in 

chapter 2. 

-8・
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Fig.1.3 Schematic representation of the energy diagram of the species， M 
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Table 1.2 Photoluminescence lifetimes of various materials in liquid (1 x 10・5M)

measured using a streak camera and the TC-SPC technique. (Minami et al.，1990) 

Sample Solvent Streak camera TC-SPC Literature 

τ(ns) τ(ns) τ(ns) 

Erythrosin H20 0.092土0.001 0.085土0.004 0.081 (Rogers et al.，1983) 

0.115 (Fleming et al.，1977) 

EtOHd 0.624土0.007 0.64土0.01 0.565 (Fleming et al.，1977) 

Rhodamine B H20 1.29土0.03 1.41土0.03 1.97 (Ware et al.，1983) 

EtOHd 2.72土0.09 2.80土0.04 2.85 (Lampert et al.，1983) 

ZnTPP AcetoneU 1:96土0.06 2.01土0.04 1.9 (Blondeel et al.，1984) 

Acridine Orange EtOHd 3.49土0.12 3.63土0.05 2.8 (Stich et al.， 1979) 

TPP Benzened 12.99土0.20 12.75土0.15 13.6d (in Methy1cyc1ohexane) 

(Harriman et al.， 1980) 

The syrnbols d and U indicate degassed and undegassed solutions， respectively. TPP = tetra phenyl 

po中hyrin.
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Table 1.3Photoluminescence lifetimes ofTPP deposit (Minami et al.， 1990) 

Condition Photoluminescence Method 

lifetime* 

τ(ns) 

0.08土0.01(36.1) 

0.29土0.02(61.1) 
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A second example is TPP associated with quinone in solution (Osuka et al.，1987). 

Because quinone has high elec仕onaffinity， excited electrons transfer energy to quinone， 

and luminescence is quenched. TPP associated with para-substituted quinone has a 

luminescence lifetime that differs from TPP with meta-substituted quinone， due to the 

steric hindrance of the meta-substituted compound. A more detailed analysis of the 

energy-transfer mechanism requires an artificial photosynthesis system. These methods 

are now common in photoluminescence research， and these instruments are 

commercially available (Yokoyama et al.， 1992). 

-13・
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1.3 Previous Research on Inorganic Phosphor Particles 

1.3.1 Inorganic Phosphors 

Phosphor is the tenn used for a material that exhibits luminescence， including 

luminescent powders and thin-film materials. Inorganic phosphors are the most 

common luminescent material used in fluorescent lamps. Solid-state lasers， optical 

amplifiers in fiber optics， rare-earth elements， and lanthanides， are widely used to 

activate luminescent and photonic materials. Generally， a phosphor is made by addition 

of a luminescent activator to a host crystal. Take， for example， Y203:Eu
3+. The 

compound on the left-hand side of the colon (in this case， Y 203) represents the host 

crystal， while the compound to the right of the colon (in this example， Eu勺問presents

the luminescent ion， which is added in a trace amount to the host crystal. Fluorescent 

lamps use phosphors such as Ca2(P04h・Ca(F，Clh:Sb3+，Mn2+ ， BaMgAlIO017:Eu
2+ 

(blue)， LaP04:Tb3+ (green)， and Y203:Eu
3+ (red). In addition， PDP use phosphors such 

as BaMgAlI0017:Eu2+ (blue)， Zn2Si04:Mn2+ (green)， and YB03:EU3+ (red). 

Conventional CRT use ZnS:Ag (blue)， ZnS:Cu， Au， Al (green) and Y202S:Eu
3+ (red). 

The most common inorganic phosphors are shown in Table 1.4. (Kobayashi， 2000) 

Rare earth elements are included specific mineral resources and specific geological 

area， on the contrary typical metal elements are spread out on earth for geologically. 

Rare earths do not mean rare in the earth， but they are still expensive to get， because 

they have difficulties to extract from the source minerals， which have low contents of 

rare earth， and they are similar physical property such as solubility， melting point and so 

on. If we can use phosphor， which made by light elements and easier synthesis 

condition， it is very use白1phosphor for industry. 

Y203:Eu
3+ has a body-centered cubic structure shown in Fig.1.5. Eu is commonly 

about 6 % substituted Y. Since the coordination number of Y is 6 for oxygen， two 

oxygen vacancies are in one unit lattice. Y203 has two kinds of sub-Iattice， C2 and C3i 

according to symmetry theoly. They have different photophysical properties， and it will 

be discussed in chapter 2 and 3. 

-14・
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Table 1.4 Luminescence Phenomenaand Inorganic Phosphors (Kobayashi， 2000) 

Phenomena Energy Source Material Example Applications 

Photoluminescence Lightl Ca2(P04)2・Ca(F，Cl)2: Fluorescent 

Electromagnetic Sb3+. Mn2+ ， .......&..&.& lamp， PDP 

Wave BaMgAlIOOI7:Eu
2+ (blue)， 

LaP04:Tb3+ (green)， 

Y203:Eu3+ (red) 

Cathode Electron beam ZnS:Ag (blue) ColorCRT 

luminescence ZnS:Cu， Au，Al (green) 

Y202S:Eu3+ (red). 

Electroluminescence Electronic ZnS:Mn2+(orange) ELDisplay 

potential 

Carrier injection GaP:N (green) LED 

InGaAsP(1.3μm，1.5μm) LD 
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. YS+ or Eu3+ 

O obO ovamc 

CS1 (S6) C2 

Fig.1.5 Schematic diagram OfY203:EU3+ lattice and its sub-lattices 
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Another useful inorganic phosphor is carbon-based boron oxynitride (BCNO). This 

compound is analogous of compound semiconductor， which has specific character. 

BCNO compound is designed based on graphite. Adding B and N elements to graphite， 

its character is changed to semiconductor and PL emission property. BCN has low 

efficiency of PL emission， adding 0 elements to make BCNO phosphor， it has high 

efficiency of PL emission. 

We propose the use of BCNO compounds because these compounds are 

semiconductors， emit at a variety of wavelengths， and exhibit high-intensity 

luminescence. Additional studies of the PL mechanism will continue to produce 

improved luminescent phosphors. 

-17・
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1.3.2 Preparation Methods 

To extend the use of phosphors to high-resolution and rendering applications， fine 

spherical phosphor partic1es with unifonn composition and good surface properties are 

highly desirable. A variety of methods have been applied to the preparation of 

phosphors， as follows: hydrothennal (Wan et al.， 2005)， sol-gel (Zhang et al.， 2002)， 

copolymer micro-gel methods (Martinez-Rubio et al.， 2001); precipitation (Jing et al， 

1999; Silver et al. 2001); bi・continuouscubic phase processes (Chien， 2006); 

combustion (Kottaisamy et alI996); and， spray pyrolysis (Kang et al.， 1999; Kang et al.， 

2000; Hong et al.， 2003; Lenggoro et al.， 2003). Among these methods， the spray 

pyrolysis method shows promise， as it is an inexpensive， simple， rapid， and continuous 

process that can be used in the fabrication of diverse materials， inc1uding phosphors， 

with controllable size and composition (Xia et al.， 2002). Partic1es prepared using the 

conventional spray pyrolysis (CSP) method is spherical with highly unifonn size and 

composition. In addition， they are resistant to agglomeration because they are 

synthesized via micro-scale reactions that proceed within a single droplet. 

Submicrometer-to・micrometersized partic1es are typically produced via the CSP 

method based on the one-droplet-to-one-partic1e assumption (ODOP) (Wang et al.， 

2007). 

Many investigators have used additional treatments to improve PL intensity， such as 

addition of additives and f1ux materials to the precursors (Kang et al.， 1999; Hong et al.， 

2003; Jung et al.， 2005). The present study used the CSP method， which is ・shown

schematically in Fig.l.6， (Wang et al.， 2007)， to prepare solid and porous Y 203:EU3+ 

partic1es without additional treatments. This method can realize independent control 

of crystallite size and partic1e size. The crystallite size is controlled by the prepared 

temperature and the partic1e size is controlled by the precursor concentration. 

In addition， a facile liquid process was used for the preparation of a BCNO phosphor. 

The BCNO phosphors were synthesized from the following precursors: boric acid 

(H3B03)， as the boron source; urea ((NH2)zCO)， as the nitrogen source; and， 

polyethylene glycol (PEG)， (H(EG)nOH， with Mw = 20，000 and EG = OCH2CH2)， as 

-18・



Chapter 1 

J
割
問
/
υ
u可

dc fixed. dp changed 
(Cp variable) 

Exhal刈

Cold Trap! 

! dp fixed. dc changed 
(T， vanable) 

rtね
・ー

で3Lfb 

A
V
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Fig.1.6 Schematic diagram of the experimental 印刷pand procedures (Wang et al.， 

2007) 
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the carbon source. The precursors were mixed in pure water and the resulting solution 

was heated at 700-900 oc for 30-60 min to obtain BCNO particles. The detailed 

explanations were described in the previous paper (Ogi et al.， 2008). 
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1.3.3 Photoluminescence Characterization 

A schematic representation of the fluorescent mechanism of a rare-earth-doped Y203 

inorganic phosphor using a coordinate model is shown in Fig.1.7. Fig. 1.7(a) shows the 

radiation transition， and the observed photoluminescence. Fig.l.7. (b) shows the 

non-radiation transition; no photoluminescence was observed. 

The mechanism ofthe photoluminescence ofthe Y203:Eu3+ phosphor can be explained 

as follows: (Liu et al.， 2005) 

1) Exeitation of the host crystal (Y203) absorbs light energy (hv) in the Y-O bonding 

orbital. 

2) The absorbed energy is transferred to the activator (Eu3+). 

3) The energy absorbed by Eu3+ promotes the transition from the ground state to the 

excited state. 

4) The excited state loses energy as heat and lattice vibration， and retums to the bottom 

of the excited state curve. 

5) In the case of Y203:Eu3+， excited Eu3+ and 02・forma metastable state， which is 

called the charge-transfer (CT) state. This metastable state then loses energy as light 

(hv')丘omthe bottom of the excited state to the ground state. 

Because electronic motion is much faster than nuclear motion， electronic transitions 

are facilitated when the nuclear structures of the initial and final states are most similar. 

In Fig.l. 7， both excitation and emission of light (electronic transitions) are vertical， 

consistent with the Frank-Condon principle. Fig. 1.7(b) shows a radiation-less transition. 

In this system， the coordination difference between the ground and excited states is 

large. The bottom of the excited state curve diverges from the ground state curve， and 

the excess energy is lost as heat resulting from lattice vibration. 

In the case ofthe transition metal， Mn2+， Zn2Si04:Mn2+ exhibits green luminescence and 

MgSi03:Mn
2+ shows red luminescence. The difference in luminescence occurs because 
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of the disparate crystal field splitting of the 3d orbital of Mn2+. However， for rare earth 

elements， the wavelength of luminescence is not entirely dependent on the crystal field. 

The electron configuration of a trivalent rare earth element is [Xe]4fちS25p6;therefore， 

the 4f orbital is shielded by the outer shell， 5s25p6. 

In crystals， magnetic hyperfine splitting of Eu3+ is absent in both the 7Fo ground state 

and the metastable 5Do excited state. Nuclear electric quadruple interactions split the 

J=O crystal field singlet into three hyperfine levels (m=土1/2，土3/2，土512)that are 

separated by 10-100恥1Hz.

These applications capitalize on the unique properties of the 4f electrons that have 

localized states and exhibit both weak coupling to ligand electrons and lattice vibrations. 

Thus， the 4f spectroscopic properties， including the energy-level structure and the 

dynamics of the electronic transitions of rare earth ions in solids， largely define the 

optical properties of a rare-earth-activated device. With energy levels more than 30，000 

cm-I above the ground states of the 4~ configurations， there are 5d， 6s， 6p orbitals in 

the rare earth ion electronic structure. The 5d states are less localized， but have stronger 

coupling g-lattice vibrations. Because the inter-configuration 4~-to・4~-15d transitions 

are parity-allowed in the rare earth ions， they have intensities up to 10，000・foldstronger 

than the strongest. 4 ~・to・4~ transitions. Due to these electronic properties， 

4~・to-4~-15d transitions have become increasingly important in recent years for 

applications in fast scintillators and ultraviolet laser sources. A unique spectroscopic 

property of the solid-state rare earth elements is that the electronic energy level structure 

is established primarily using the quan同mtheory of atomic spectroscopy. Therefore， all 

collective solid-state effects can be viewed as a perturbation known as the crystal-field 

interaction. This simple approximation works very well for rare earth ions in a 4~ 

configuration， in which the electrons in the partially occupied 4f shell are shielded by 

the electrons in the 5s and 5p shells from ligand interaction and， therefore， participate 

only minimally in chemical bond formation. 

When a 4f electron is excited into a 5d orbital that extends beyond the 5s and 5p 

orbitals， the spectroscopic properties of the rare earth ions in an electronic configuration， 
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transitions between the 4~ and 4~ぢd states， through either absorption or emission of 

photons， are expected to exhibit characteristics that are very different from transitions 

within the 4~ configuration. A modification of the crystal-field theory is necessary for 

modeling stronger ion-lattice interactions in the analysis of both energy-level splitting 

and excited-state dynamics. 

The electronic configuration of the Eu ground state is 4f， 7Fo. Both the energy levels 

of the 4~ configurations and the binding energies are expressed relative to the host 

band. Charge-transfer bands are often observed in rare-earth materials. These bands are 

associated with excitation of a ligand electron into a 4f orbital. For some ions， 

especially Eu3+， the charge transfer bands in many host crystals are located at energies 

less than the 4 fト15dstates. For these仕ansitions，the vibronic coupling in the excited 

state is very large and the transitions are completely dominated by the vibronic coupling. 

The excited state has one more 4f electron and a hole in the ligand orbitals. van 

Pieterson et al. (2000) extensively measured charge-transfer absorption and emission. 

The results shown in Table 1.5 demonstrate that the peaks of the CT band are dependent 

on the host crystal. Investigations of the CT band for the Y 203: Eu3+ phosphor particle 

will be discussed in Chapters 2 and 3. 

Another inorganic phosphor， carbon-based boron oxynitride (BCNO) has been 

proposed as a novel inorganic phosphor. This phosphor is analogous to compound 

semiconductors， such as GaP， which is an extremely useful III-V compound 

semiconductor with an indirect band-gap. BCNO is a derivative of both boron nitride 

(hexagonal BN(h・BN))and boron carbon nitride (BCN). BN is an insulator， but BCN is 

a semiconductor. Their original structure is hexagonal carbon base framework， such as 

graphite， which is a conductor since its conduction band and valence band are 

overlapped with 0.04. eY. The difference in the conductive properties of BN and BCN 

exists because of the difference in the band-gap. The band-gap of BN is greater than 3.8 

eV (326 nm)， while that ofBCN depends on impurities. These photophysical characters 

and their structures are shown in Fig. 1.8. BCNO compounds are less expensive than Si 

compounds. Therefore， BCNO compounds have a potential to become the most widely 

used light-emitting semiconductor material ofthe印刷re.
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The PL properties of BN and BCN are shown in Table 1.6. Because BCN compounds 

are a mixture of B/CIN atoms， the PL wavelength of a BCN compound varies with its 

components. Studies of the BCNO phosphor will be discussed in Chapter 4. 
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Table 1.5 Position of the Eu3+ charge-transfer band of the 5Do→7Fj photoluminescence 

after excitation in the charge-transfer band. (van Pieterson et al.， 2000) 

Host crystal CT Band 

(nm) 

Y2U3 ・

Y202S 

La202S 

別
一
問
一
知
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Table.l.6 Photoluminescence wavelengths ofBN/BCN 

Material PL wayelength peak Reference 

(nm) 

h-BN 300-350 Kanaev et al.， 2004 

h-BN， t-BN 370・ Yang et al.， 2006 

BN 370 Kawaguchi et al.， 1991 

B2CN 374 He et al.， 2001 

BCN nanotubes 370-470 Bai et al.， 2000 

BCN nano partic1e 430 Cao et al.， 2003 

BCN nano tube 400-500 Zhietal.，2002 

520-600 

BC2N 337 Guo et al.， 2005 

620 Watanabe et al.， 1996 

h-BN = hexagonal Boron Nitride， t-BN = turbostratic Boron Nitride 

BCN= Boron Carhon Nitride. 

-28・



Chapter 1 

1.3.4 Control of Morphology 

It is well known that， in the engineering of phosphors， there are three principal 

properties that must be both studied and controlled for the development of improved 

powder phosphors: 

(a) particle morphology and size (dp); 

(b) stoichiometry and composition; and， 

(c) surface chemistry. 

To use phosphors in high-resolution applications， fine spherical phosphor particles 

with both homogeneous composition and good surface properties are highly desirable. 

(Wang et al.， 2007) 

However， only a few studies of morphologic control have been reported. In this thesis， 

the morphology of the phosphors will be controlled to produce either solid or porous 

particles for the following reasons. Recently， porous materials have attracted increasing 

attention for their potential use in electrochemistry， nanomaterials， photonic crystals， 

and in drug delivery for determination of the efficiency of drug release. The advantages 

of porous materials include their high surface area， low density， and hierarchical 

structures. Similar to nanomaterials， the material properties of ordered porous particles 

are preserved on the submicrometer scale. However， ordered porous particles have 

advantages over nanomaterials: superior surface and thermal stability， ease of handling， 

and shape preservation. 

We selected Y203:Eu3+ as the model material. To prepare porous particles， a mixture of 

an yttrium and europium nitrate solution and colloidal polystyrene latex (PSL) particles 

was used as the precursor. The precursor was atomized into micrometer-sized droplets 

using an ultrasonic nebulizer. The droplets then un.derwent evaporation， precipitation， 

thermolysis， and solidification to form the final product. Example SEM images of both 

non-porous and porous particles are shown in Fig.1.9. PL characterization is discussed 

in detail in Chapter 3. 
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Fig. 1.9 SEM images of (a) non-porous and (b) porous particles. 
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1.4 Objectives 

The primary objectives ofthis thesis are: 

1) To investigate the relationship between photoluminescence and both the particle and 

crystal1ite size ofthe Y203:Eu3+ fine particles; 

2) To investigate the relationship between photoluminescence and the porosity of 

Y203:Eu
3+ phosphor fine particles; and， 

3) To investigate the cause ofthe high luminescence ofBCNO phosphors. 

1.5 . Outline of the Thesis 

The thesis consists offive chapters. The organization ofthis thesis is shown in Fig. 1. 10. 

Chapter 1: Introduction 

も|一斗 Chapter2: Partic1e/句 stallitesize 
凶

会ト-fCh叩同3:Porous /non porous partic1e 

Chapter 5: Summむy

Fig. 1.10 Structure of chapters ofpresent thesis 

The objective of this thesis is to investigate the photoluminescence characterization 

and morphologic control of inorganic phosphor particles. Both solid/dense and porous 

particles of europium-doped yttrium oxide (Y203:Eu勺， and newly synthesized 

carbon-based boron oxynitride (BCNO) phosphors were selected as model materials. 

The major conclusions ofthis thesis can be summarized as follows. 

Chapter 1 discusses the background， previous research， methods used to investigate 

photoluminescence phenomena， current state of the field， and problems associated with 
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inorganic phosphors. 

Chapter 2 describes the relationship between photoluminescence and both the 

particle and crystallite size of Y 203 :Eu
3
+ fine particles. The crystallite and particle sizes 

played different roles in the control of the PL characteristics of the phosphors. The 

blue-shift of the charge transfer ba.nd in the excitation spectra was mostly due to the 

particle-size effect. In contrast， the decrease in the crystal symmetry ratio， which is the 

ratio of the C2 to C3i sub-lattice populauons in the PL emission spectra， was primarily 

due to the effect of crystallite size. 

Chapter 3 demonstrates the effect of porosity on the photoluminescence of 

Y203:Eu3+ fine particles. The porous particles exhibited greater red-emission rendering 

properties than that of non-porous particles， based on the CIE chromaticity diagram. 

The photoluminescence intensity and qu印刷m efficiency exhibited by the porous 

particles are greater than that of non-porous particles because the porous particles are 

hollow. Porous particles have unique photophysical properties， such as a 4・nmblue-shift 

in the charge-transfer and a lower symmetry ratio of 2.7， which were not exhibited by 

the non-porous particles with a particle size of 757 nm and a crystallite size of 

approximately 30 nm. The properties of sub-micrometer porous particles were identical 

to those of non-porous particles， which have reduced particle and crystallite size 

compared with porous particles. 

Chapter 4 presents a detailed chemical analysis and photoluminescence 

characterization of the BCNO phosphors. The resulting powder has high extemal 

quan加mefficiency with a direct band-gap transition. The BCNO phosphors have these 

properties because the atomic distances of the BCNO are less than those of conventional 

BCN compounds， which have an indirect band-gap transition and low quan旬m

efficiency. The smal1er atomic distances of the BCNO result from the presence of 

oxygen atoms， which have higher electron a伍nityand smaller covalent-bond radii 

compared with boron， carbon and nitrogen. 

A simple summary and comments regarding白旬reinvestigations are provided in 

Chapter 5. 
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Photoluminescence Properties of 

Submicrometer Phosphors with Different 

Crystallite/Particle Sizes 

2.1 Introduction 

Rare earth doped inorganic phosphors are of technological importance because they are 

widely used in color displays and t1uorescent lamps， due to their sharp color rendering 

properties. Microcrystalline戸triumoxide doped with Eu3+ (Y 203:Eu3+) represents a 

typical example and is considered to be one ofbest red phosphors currently available. 

The spray pyrolysis method is potentially promising， since it is a rapid， continuous， 

low cost process and can be used in the fabrication of diverse materials， inc1uding 

phosphors， with controllable size and compositions (Kang et al.，1999; Xia et al. 2002). 

Partic1es prepared using the conventional spray pyrolysis (CSP) method are highly 

uniform in size and composition， with a spherical morphology， and have 

non-agglomeration characteristics， because of the microscale reactions that proceed 

inside each droplet. 

Wang et al.， (2007) reported a systematic experimental study regarding the effects of 

partic1e size/crystallinity， chemical composition，. and surface properties on the 

photoluminescence (PL) intensity of submicrometer dense Y203:Eu3+ partic1es by a 

spray pyrolysis method. However， a detailed investigation of the effects of 

partic1e/crystallite sizes on the PL properties， in' particular the excitation spectra， was 

not carried out， and these effects are considered to be very important to an 
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understanding of the properties of submicrometer phosphor particles. 

In this s佃dy，負lrtherinvestigations into the effects of the crystallite and particle sizes 

were carried out， by studying the charge transfer (CT) band shift in the excitation 

spectra and the variation of crystal s戸nmetryratio of C2 to C3i in the emission spectra. 

2.2 Experimental Procedure 

Aqueous solutions of yttrium nitrate (Y(N03)3・6H20) and europium nitrate 

(EU(N03)3・6H20)were used as precursors. Europium atoms were added， to a doping 

level of 6 mol% relative to that of yttrium atoms. All chemicals were purchased from 

Kanto Chemical Co.， Tokyo， and were used without further purification. The solutions 

were then atomized by means of an ultrasonic nebulizer operated at 1.7 MHz (NE-UI7， 

Omron Co.， Tokyo)， and the mist was carried by air at 2 Llmin into a tubular alumina 

reactor (L = 1 m， I.D. = 30 mm) maintained at predetermined tempera同町s.The aerosol 

products were collected in an elec仕ostaticprecipitator. The CSP setup has been 

described in detail in our previous papers (Kang et al.， 1999; Wang et al.， 2007). 

The morphology and grain size of the resulting particles were examined using 

field-emission scanning microscopy (FE-SEM， S-5000， Hitachi Co中.， Tokyo). 

Crystalline phases were characterized by X-ray diffraction (XRD， RINT 2200V， Rigaku 

Denki， Tokyo). Crystallite size was ca1culated using the Scherrer equation. The 

calculation was based on the measurement of full-width at half-maximum (F，WHM) 

values of the peak (222) at 29.10 in the corresponding XRD patterns. PL spectra of the 

phosphors were recorded at room tempera加reby means of a spectrof1uorophotometer 

(RF-5300PC， Shimadzu Corp.， Kyoto) excited at 254 nm with the band width resolution 

less than 3 nm and the S/N higher than 150. 

2.3 Results and Discussion 

To examine the effect of crystallite size， precursors with the same concentration， 0.10 M， 

were atomized to prepare phosphor particles at various synthesis temperatures ranging 

from 8000C to 1400oC. On the other hand， to investigate the particle size effect， 
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precursors with different concentrations， 0.01 -0.20 M， were sprayed at a constant 

synthesis tempera加re(14000C). The sizes ofthe resulting partic1es were in the range of 

390 to 940 nm， following the one-droplet-to-one-partic1e (ODOP) principle. This 

approach for independent control of partic1e and crystallite sizes in the spray route was 

described in detail in our previous work (Wang et al.， 2007). 

2.3.1 Morphology， Particle Size， and Crystallinity Characterization 

FE-SEM images of the resulting Y 203:EU3+ submicrometer partic1es are shown in Figs. 

2.1 and 2ユItcan be seen from these images that all samples obtained via the spray 

route were non-agglomerated spherical partic1es， which is considered.1o be beneficial in 

enhancing PL properties. When precursors with the same concentration were sprayed at 

various synthesis temperatures， the product partic1e sizes remained nearly constant at 

around 900 nm (see Fig.2.l). For example， the partic1e sizes were 920， 1040， 880， and 

940 nm at 800oC， 1000oC， 1200oC， and 1400oC， respectively. The slight variation in 

partic1e size was due to the sampling error from their corresponding SEM images. 

XRD pattems ofthe resulting partic1es are presented in Figs. 2.1 and 2.2 as well. The 

diffraction peaks of 28 were observed at 20.5， 29.1， 33.8， 35.9， 40.0， 43.5， 48.6， 53.2， 

and 57.7， which can be indexed to the pure body-centered cubic (bcc) Y203phase. No 

impurity peaks and no transition to monoc1inic phases were observed， indicating that the 

partic1es were pure in both chemistry and crystalline phase. The crystallite size was 

ca1culated from XRD pattems using the Scherrer equation. As seen in Fig. 2.1， the 

crystallite size was ca1culated to range from 16.4 nm at 8000C to 37.3 nm at 1400oC. 

This was due to the higher energy supply from the high synthesis tempera印re，which 

improved nuc1eation and crystallite growth. On the other hand， when precursors with 

various concentrations were sprayed at 1400oC， the crystallinity did not vaηr 

significantly since the energy supply was constanf. From Fig. 2.2， for example， the 

crystallite size of the partic1es is relatively constant at around 35 nm. The slight 

difference in crystallite size was caused by differences in energy receiving of precursors 

at vanous concentratlOns. 

-41・



Chapter2 
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Fig. 2.1 XRD pattems (Ieft) and FE-SEM images (right) OfY203:Eu3+ particles 

prepared from 0.1 M precursor at (a) 800oC， (b) 1000oC， (c) 1200oC， and (d) 1400oC. 

The average particle sizes (Dp) are nearly COl1stant at around 900 11m 
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Fig. 2.2 XRD pattems (Ie白)and FE-SEM images (right) OfY203:Eu3+ particles 

prepared from precursors with different concentrations (a) 0.20 M， (b) 0.10 M， (c) 0.05 

M， and (d) 0.01 M at 1400oC. The average crystallite sizes (Dc) are neariy constant at 

around 35 nm. 
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2.3.2 Excitation Spectra Characterization 

The excitation spectra of Y203:Eu
3+ particles prepared at different synthesis 

temperatures and precursor concentrations， representing different crystal sizes and 

particle sizes， respectively， are shown in Fig. 2.3. These excitation spectra were 

measured at an emission of 612 nm (}Iunt et al.， 1985). 

The broad excitation spec仕umpeak located at around 250 nm is assigned to the 

excited charge-transfer (CT) band of Eu3+. The CT band of Y203:Eu
3+ corresponds to 

the electronic transition from the 2p orbital of 02
・

tothe 4f orbital ofEu3+ and is closely 

related to the covalency beれ問en02-and Eu3+ and the coordination environment around 

Eu3+ (Wang et al.， 2007). The日rstfactor to be mentioned is covalency. For increasing 

covalency the interaction between the electrons is reduced， since they spread out over 

wider orbitals. Consequent1y， electronic transitions between energy levels with an 

energy difference that is determined by electron interaction shift to lower energy， i.e.， 

larger wavelength (red shift)， for increasing covalency. Another factor responsible for 

the inf1uence of the host lattice on the optical properties of a given ion is the crystal 

field. This is the electric field at the site of the ion under consideration due to the 

surroundings (Blasse et al.， 1994) 

In Fig. 2.3， a blue shift of the CT band was observed. Van Pieterson et al. reported 

that the peak wavelength shift of the CT band by different host crystals， such as Y 203， 

Y 202S， YP04， etc.， is determined by the nature of the ligand， the metal ion， the 

coordination and the size of cation site (van Piterson et al.， 2000). In Y203:Eu3+ the CT 

band is closely related to the covalence between 02-and Eu3+ and the coordination 

environment around Eu3+. The Eu-O distance is the main factor that inf1uences the CT 

band position. When the Eu-O distance becomes shorter， the crystal field splitting 

becomes larger， and the energy from the valence band to the CT band increases， leading 

to the blue shift of the CT band. Fu et al. also reported that the CT band of Y203:EU3+ 

nanocrystals， prepared by a combustion method， showed a 7 nm blue shift compared 

with that of bulk material (Fu et al.， 2007). However， only the effect of crystallite size， 

not that of particle size， was considered in that s印dy.

The CT band peak wavelengths as a function of crystallite/particle sizes of the 
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Fig. 2.3 Excitation spectra OfY2U3:Eu3+ particles with (a) different crystallite sizes and 

(b) different particle sizes. 
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Y203:Eu
3
+ particles prepared in this study are shown in Fig. 2.4. In Fig. 2.4(a)， the CT 

band peak wavelengths were almost constant at difTerent crystallite sizes. The slight 

variation in the bandwidth was caused by the difTerence in particle size， as discussed 

above. This phenomenon can be explained as follows. It has been reported that the CT 

state of Eu3+ can be created by rec~iving one electron from its ligand， i.e.， oxygen. A 

submicrometer particle prepared by the spray pyrolysis method is actually an aggregate 

of many primary nanocrystallites. The surfaces of these crystallites may have defects 

that can absorb CO2 and H20企omthe atmosphere (Wang et al.， 2007; Song et al.， 

2003a). When the lattice defect is located in the crystallite boundary， Eu3+ has no proper 

ligands， and Eu3+ cannot reach the CT state. In this case， the Eu-O distance may have 

only a minor inf1uence. Therefore， the crystallite size shows no significant efTect on the 

peak wavelength shift of the CT band. 

However， the plot of the CT band peak wavelength and the particle size followed a 

linear relationship， as shown in Fig. 2.4(b). A 6 nm blue shift of the CT band peak 

wavelength at the particle size of 390 nm was observed， compared with that of bulk 

material. The efTect of the blue shift in this case was due to the bond length of Eu-O and 

its bond covalency. Fu et al. 2007 reported that the energy band-gap in Y 203 base 

crystal in the submicrometer particles is higher than that of bulk state by band energy 

calculation using the first-principles. The distance of Y-O， hence the Eu-O， becomes 

shorter with the decreasing grain size. 

Thus we can conclude that the CT band peak wavelength is dependent on the particle 

size， but independent of the crystallite size. 
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Fig. 2.4 The excitation wavelength as a function of (a) crystallite size and (b) partic1e 

size ofY 2U3:Eu3+ partic1es. 
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2.3.3 Emission Spectra Characterization 

Figure 2.5 shows PL emlSSlon spectra of the Y 203:Eu3+ particles with different 

crystallite sizes (a) and particle sizes (b)， which were recorded under excitation at 254 

nm. The emission lines of Eu3+ are assigned to 5Do to 7FJ (1=0， 1，2， 3， 4， 5， 6， not in all 

cases). It is well known that rare ~arths doped in戸仕iumoxide incorporate into two 

non-equivalent crystal sites having different symmetries of C2 and C3i (also called S6) 

(Wang et al.， 2007; Hunt et al.， 1985). A total of 75% of these sites are 

noncentrosymmetric having a C2 symmetry， and the remammg 25% are 

centrosymmetric having C3i symmetry (Wang et al.， 2007). Due to the presence of a 

center of symmetry， only magnetic transitions (selection rule .dJ=O，土1，J=O > J=O 

forbidden) are allowed for the Eu3+(C3i) ion. These wavelength lines， ranging from 580 

to 600 nm， are listed according to Hunt et al. 1985 in Fig. 2.5. PL emission peaks from 

Eu3+ at 587.7 nm eDO(C2)→7F Ia(C2)) and 582.4 nm eDO(C3i)→7Fla(C3i)) were 

transformed from the C2 and C3i sites， respectively， because the 5Do level for the C2 site 

is predicted to be 87 cm-I lower in energy than the 5Do level of the C3i sub-lattice， and 

the 7F la level for the C2 site is predicted to be 69.4 cm-
I higher in energy than the 7F la 

level of the C3i sub-lattice (Hunt et al.， 1985). The ratio of PL emission peak intensity at 

587.7 nm to that at 582.4 nm thus exhibited the symmetry ratio of C2 to C3i sub-lattice. 

The ratio around 3 indicates that there is no preferential occupation by Eu3+ of the C2 

and C3i sites (Satoh et al.， 2005; Haber et al.， 1973). 

In our previous work (Wang et al.， 2007)， we have reported the correlations between 

the PL peaks and the particle/crystallite sizes. The PL intensity has a linear relationship 

between crystallite sizes from 10 nm to 50 nm， and has a constant value over 50 nm. In 

this region， the PL intensity increased twice from the crystallite size of 15 nm to 50 nm. 

The same results were observed in Fig.2.5(a)， where the PL intensity doubled from the 

prepared tempera同resof 8000C to 1400oC， corresponding to the crystallite sizes from 

16.4 nm to 37.3 nm. The PL intensity and particle size have another relationship. The 

particles with the size of 500 nm have the PL intensity three times that of 200 nm， and 

they reached a constant value from 500 nm to around 900 nm (Wang et al.， 2007). In 

Figユ5(b)，we showed the same relationship between the PL intensity and the particle 
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size， i.e.， the PL intensity increased with increasing particIe size. 

Figure 2.6 shows the relationships between the s戸nme仕yratio ofC2 (at 587.7nm) to 

C3i (at 582.4nm) and different crystallite/particIe sizes. In Fig. 2.6(a)， the s戸nme仕y

ratios increased with the crystallite size from 16.4 nm to 31.6 nm， and then decreased. 

The ratio for the crystallite size .larger than 20 nm was around 3， indicating a 

non-preferential condition of Eu3+. For the crystallite size smaller than 16.4 nm， the 

ratio of C2 to C3i was less than 3， which is not a preferential condition compared with 

that in bulk materials. 

As discussed above， more atoms are located on the particle surface of submicrometer 

particIes， compared with bulk materials， and the surface defects of the crystallite may 

occur to a greater degree. These defects may increase the degree of disorder and lower 

the local symmetry of Eu3+ ions located near the surface (Song et al.， 2003b). This lower 

local symmetry may lead to differences in the intensity ratio of Y203:Eu3+ phosphor 

particIes. As explained before， spray pyrolyzed particIes are aggregates of 

nanocrystal1ites with amorphous phase and defects (Wang et al.， 2007). These 

amorphous/defected parts exhibit local distortion on some of the sites around Eu3+， 

causing the symmetry ratio to differ from 3. However， in Fig. 2.6(b)， the symmetry 

ratios for different particIe sizes were almost constant. This means that the particle size 

does not affect the ratio of C2 to C3i， since the amorphous/defect parts are located 

around the crystallite surfaces， not around the particIe surfaces. 
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Fig. 2.6 The s戸nmetryratio ofC2 (at 587.7nm) to C3i (at 582.4nm) as a function of (a) 

crystallite size and (b) particle size OfY203:Eu3+ particles. 
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2.4 Summary 

The effects of crystallite and partic1e sizes on the CT band in the excitation spectra and 

PL emlSSlon characteristics of submicrometer Y203:EU3+ were investigated. The 

resulting phosphor partic1es were analyzed with CT band spectra and PL emission 

spectra. The results showed that the blue wavelength shift of the CT band peak for the 

submicrometer partic1es is dependent mainly on the partic1e size， since the dominant 

factor， Eu-O distance， is dependent on the partic1e size. On the other hand， the crystal 

symme仕yoccupation ratio of C2 to C3i is dependent on the crystallite size， since the 

dominant factor， the surface defect， exists on the crystallite surfaces. 
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Photoluminescence Characteristics of 

Ordered Macroporous Eu-doped 

Yttrium Oxide Particles Prepared by 

Spray Pyrolysis 

3.1 Introduction 

Rare earth doped phosphor materials have been used in many applications such as field 

emission display， cathode ray tube， and plasma display panels. Among these materials， 

europium-doped yttrium oxide (Y203:Eu
3l is one ofthe most promising red phosphors 

due to its stability under vacuum， high thermal conductivity and high melting point 

(Wang et al.， 2007a; Jones et al， 1997). Mostly non-porous Y203:Eu3+ particles， i.e.， 

dense/filled particles， can be prepared using a variety of methods， and the corresponding 

photoluminescence (PL) characteristics of the particles with regard to different factors， 

such as morphology， particle size， crystallinity， and composition， have been investigated 

(Wang et al.， 2007a; Jones et al.， 1997， Shea et al.， 1998; Joffin et al.， 2005， Minami et 

al.，2008). 

In contrast， porous materials recently have attracted increasing attention for 

applications in electrochemistry (Wang，F. et al.， 2007)， nanomaterials (Wang， H.Q. et al.， 

2007; Liu et al.，2006)， photonic crystals (Yan et al.， 2005)， and drug delivery for 

tracking the efficiency of the drug release owing ~o their high surface area， low density， 

and hierarchical structures (Yang et al.， 2007). Similar to nanomaterials， ordered porous 
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particles maintain material properties on the submicrometer scale. However， ordered 

porous particles have advantages over nanomaterials: superior surface and thermal 

stability， easy handling and shape preservation (Okuyama et a1.， 2006). 

Recent1y， our group reported the preparation of various porous materials， such as silica 

(Si02)， titania (Ti02)， alumina (Ab03)， zirconia (zr02) ， and. yttria (Y203) particles， 

using a spray pyrolysis method. This method is promising for the following reasons: it 

is continuous， rapid， low cost， and the ability to control stoichiometry， size， and 

compositions is good (Abdullah et a1.， 2004; Wang et a1.， 2008). In the spray method， 

precursors of inorganic salt solutions mixed with colloidal polystyrene latex (PSL)， as 

templates， are often used to prepare porous particles. The porosity and pore size can be 

easily controlled by changing the PSL contents and sizes， respectively (Iskandar et a1.， 

2001， 2002). The synthesis of other porous particles or films have been extensively 

investigated by many groups using various methods， such as dip-coating and sol gel 

methods (Iskandar et al.， 2004; Mann et a1.， 1997). Recent progress in the various 

methods， available for producing macroporous particles was reviewed by Studart et a1. 

2006. 

However， to the best our knowledge， few studies have investigated the preparation and 

characterization of macroporous phosphors， in particular， the rare earth-doped oxide 

phosphors. In this study; the PL characteristics of macroporous phosphor Y 203:EU3+ 

particles synthesized using a spray pyrolysis method were investigated. The effects of 

porosity and particle size on the PL characteristics， including PL intensity， charge 

transfer peak shift， s戸nmetryratio， quan旬mefficiency (QE)， and XY CIE chromaticity 

values were examined in detai1. 

3.2 Experimental Procedure 

The spray phyrolysis experimental se旬pused in the present study was described in 

detail in our previous work (Wang et a1.， 2007a， 2007b). Yttrium nitrate 

[Y(N03)3・6H20)]and europium nitrate [EU(N03)3・6H20](Kanto Chemical Co.， Inc.， 

Tokyo) were used as precursors. and were dissolved in ultrapure water to form 
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homogeneous aqueous solutions. Europium atoms were added to a doping level of 6 

mol% relative to yttrium atoms. To prepare porous yttrium oxide partic1es， yttrium and 

europium nitrate aqueous solutions were mixed with 300-nm PSL colloids (Japan 

Synthetic Rubber Co.， LtdふThecontent of the PSL (vol%) added to the precursor， 

which represents“porosity" in this paper， was calculated based on the volume ratio of 

PSLN 203 in the final product partic1es. The precursor solutions were atomized into 

droplets using an u1trasonic nebulizer (NE-UI7， Omron Hea1thcare Co.， Ltd， Tokyo). 

The mean droplet diameters of the pure yttrium nitrate solution and the mixture of 

yttrium nitrate and PSL were 5.12 and 5.18μm， respectively， based on laser diffraction 

measurements (Spraytec， Malvem Instruments， Ltd.， Worcestershire， UK). This resu1t 

indicates that the presence of PSL colloids in the precursor does not significantly affect 

the droplet size distribution. The droplets were then carried into atubular alumina 

reactor by nitrogen gas at a flow rate of 2 Llmin. The tubular reactor was 1 m in length 

with an inner diameter of 13 mm. The tempera同resof five controllable fumace zones 

were set to 700， 1000， 1400， 1400， and 1400 oC. Prior to entering the fumace， the 

droplets passed through a 20・cm-longzone heated to 160 oC to evaporate water. The 

resu1ting partic1es were collected in an electrostatic precipitator. 

The morphology of the synthesized partic1es was observed using a field emission 

scanning electronic microscope (FE-SEM， S-5000， Hitachi Corp.， Tokyo) operated at 20 

kY. The crystallinity was analyzed using X-ray diffraction (XRD， RINT 2200V， Rigaku 

Denki， Tokyo) with Cu Kαradiation in the range of 10-800 at 40 kV and 30 mA. PL 

properties were examined using a spectrofluorophotometer (RF-5300PC， Shimadzu， 

Corp.， Kyoto) with an excitation wavelength of 254 nm， a bandwidth resolution less 

than 3 nm， and a signal/noise (SIN) ratio greater than 150. Excitation spectra were 

recorded under emlSSlOn at 611 nm using the same equipment. Extemal quan佃m

efficiency (EQE) and CIE chromaticity measurements (C9920-02， Hamamatsu 

Photonics， Shizuoka) were performed to analyze PL characteristics in detail. Al1 

measurements were carried out at room tempera加re.
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3.3 Results and Discussion 

To investigate the efIect of porosity， particle size was calculated and kept constant based 

on the typical one droplet to one particle principle (ODOP)(Wang et a1.， 2007)， by 

changing the concentrations of yttrium and europium nitrate aqueous soIutions and 

corresponding PSL contents from 0.5， 0.3， 0.2， 0.15 to 0.1 M， and 0， 40， 60， 70 to 80 

voI%， respectively. On the other hand， to examine the efIect of particle size， precursor 

concentration was altered from 0.0375， 0.1 to 0.15 M with the same PSL content of 80 

vol%. The experimentaI conditions are summarized in detailed in Table 3.1. 

3.3.1 Morphology， ParticIe Size， and Crystallinity Characterization 

Figure 3.1 shows FE・SEMimages of the particles prepared from precursors with 

difIerent PSL contents with approximately the same particle size， i.e.， 770 nm. 

Non-porous particles were produced from the precursor without using PSL colIoids for 

comparison. As shown in Fig. 3.1(a)， the particles were sphericaI and dense， as 

confirmed by computing the particle size based on the one droplet to one particle 

(ODOP) principle (Wang et a1.， 2007b). In Fig. 3.1(b)， holIow rather than porous 

particles were generated due to the low PSL contents (40 vol%)， which tended to 

migrate to the center of droplets before decomposition at high tempera印res.Increasing 

the PSL content increased the pore number， as shown in Figs. 3.1(c) and 3.1(d). with 

addition of 80 voI% PSL to the precursor， pores were seen both inside the particles and 

aIso on the particle surface. This result indicates that the PSL particles were welI 

spontaneously welI-dispersed during droplet evaporation. 

The efIect of porous particle size was aIso investigated by maintaining the constant 

porosity with addition of 80 vol% PSL colIoids to the precursors. Particle size was 

controlIed by varying the concentration ofthe nitrate soIution， i.e.， 0.0375， 0.1 to 0.15M， 

resulting in the average particle sizes of 650， 757， and 886 nm， respectively， as 

measured from the FE-SEM images shown in Fig. 3.2. 
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Table 3.1 Effect of porosity and particle sizes on crystallite size， EQE and ca 

coordinates. 

EQE ca coordinates 
Sample C [M] PSL[vol%] じら[nm] dc [nm] 

[%] X Y 

Y-l 0.5 。 757 29.3 60 0.632 0.347 

Y-2 0.3 40 757 31.6 74 0.642 0.343 

Y-3 0.2 60 757 31.6 76 0.642 0.342 

Y-4 0.15 70 757 31.6 77 0.642 0.342 

Y-5 0.1 80 757 30.4 79 0.641 0.341 

Y-6 0.0375 80 650 29.3 65 0.642 0.340 

Y-7 0.15 80 886 34.2 80 0.641 0.340 
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Fig. 3.1 FE-SEM images of particles prepared from precursors with PSL contents of 

(a) 0， (b) 40， (c) 60， and (d) 80 vol% 
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Fig. 3.2 FE-SEM images of particles prepared from precursors with different 

concentrations of 80 vol% PSL (a) 0.0376， (b) 0.1 and (c) 0.15 M. 
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XRD pa口emsof the generated particles are presented in Fig. 3.3. Al1 particles were 

characterized as pure body centered cubic (bcc) Y203 phase corresponding to JCPDS 

NO.41・1105with no impurities nor phase transition. In addition， clear peaks were 

observed for all particles， indicating that the selected fumace tempera印reprofile was 

effective for the synthesis of both dense and porous particles with relatively high 

crystallinity. The crystallite sizes were ca1culated using the Scherrer equation based on 

full width at half maximum (FWHM) values at 2θ= 29.1 0
• The crystallite size was 29.3 

nm for non-porous particles. For most porous particles that were similarly sized as 

non-porous particles， crystallite size was relatively constant at approximately 31.6 nm. 

For porous particles with higher porosity synthesized from precursor with 80 vol% PSL 

contents， the crystallite size declined slightly to approximately 30.4 nm. The slightly 

higher crystallinity in porous particles might be due to the relatively lower inorganic salt 

content in the precursor under the same heat treatment. However， in the case of particles 

with high porosity， more energy is required for evaporationldecomposition of the PSL 

particles (e.g. 80 vol%)， resulting in a decrease in crystallite size. The crystallite size of 

different sized particles was also shown by the XRD pattems in Fig. 3.3. It is evident 

that increasing particle sizes from 650 to 886 nm by increasing the precursor 

concentrations from 0.0375 to 0.15M with the same heat treatment leads to an increase 

in crystallite sizes from 29.3 to 34.2 nm. This phenomenon occurs because crystallite 

growth is affected by the number concentration of Y203 primary particles (nuclei) and-

the solvent concentration that must be evaporated. At equivalent droplet energy， the 

nucleation occurs earlier for more concentrated precursors， consequent1y the time 

available for crystal growth is longer， resulting in higher crystallinity. Another reason 

that particles prepared from less concentrated precursors is that less energy is available 

for crystal growth， as more energy is needed for solvent evaporation. 
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3.3.2 Photoluminescence Spectra 

Figure 3.4 shows PL emission spec仕aof Y203:Eu3+ partic1es with different porosities 

(i.e.， different PSL contents) (a) and partic1e sizes (b). A strong emission peak at 611 nm 

in PL emission spectra is due to 5 Do to 7 F2 allowed electrical dipole transition of Eu
3+. 

The intensity of the main emissio~ peak increases with increasing porosity， i.e.， PSL 

contents. The relative PL intensity of the strongest emission peak at 611 nm and 

crystallite size as a function of porosity is shown in Fig. 3.5(a). The PL intensity of 

non-porous partic1es was assumed as the base (100%) for comparison. As shown in the 

figure， the relative PL intensity increased significantly from non-porous partic1es to 

porous partic1es with addition of 40 vol% PSL. The relative PL intensity for porous 

partic1es continued to increase to 133% that of non-porous partic1es with addition of 70 

vol%. In the case of porous partic1es with addition 80 vol% PSL， approximately 135% 

relative PL intensity was achieved. The crystallite size also tends to increase with 

increasing the porosity and then it maintains a relatively constant value for 40-70 vol% 

PSL in the precurso工 Thecrystallite size decreases for porous partic1e that were 

synthesized using >70 vol% PSL in the precursor， as explained above. 

Based on the results of the present s旬dy，it is obvious that the crystallinity is not the 

main reason for the greater PL intensities of the porous partic1es. Therefore， the primary 

explanation for the phenomenon is their porous structures. The Y 203 base crystal has 

two symmetry types， C2 and C3i. The PL emission peaks at 587.7 nm 

eDO(C2)→7F/a(C2)] and 582.4 nm [5Do(C3i)→7F/a(C3i)] were transformed from C2 and 

C3i states， respectively shown in Fig. 3.4(c). The ratio ofthe PL emission peak intensity 

at 587.7 nm to that at 582.4 nm is defined as the symmetry ratio ofC2 to C3i sub-lattices， 

which is the basic parameter by which PL emission spectra are evaluated. As stated in 

our previous pape巳asymmetry ratio of approximately 3 indicates that Eu3+ does not 

preferentially occupy the C2 and C3i sites (恥1inamiet al.， 2008). Porous particles exhibit 

lower symmetry than non-porous particles. For example， the symmetry ratios were 

calculated to be 2.7 and 3.1 for porous particles with 80 vol% PSL addition and 

non-porous particles of the same particle size， respectively. Compared with non-porous 

particles， porous particles have 
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high surface area， and the surface defects in the crystalIites may occur more frequently. 

Porous particles showed as a character of small crystallite size of non-porous particles， 

if the crystalIite size and particles size of both of them are same. These defects may 

increase the degree of disorder and lower the local s戸nmetryof Eu3+ ions located near 

the surface. The reduced local symmetry， in other words， the increased a symmetry， will 

lead to differences in the intensity ratio of Y 203:Eu3+ phosphor particles， and hence the 

increase ofPL emission intensity (Wang et.al.(2007)a， Minami et.al.) 

Figure 3.5(b) shows very similar PL emission spectra of Y203:Eu
3+ porous particles 

with different particle diameters. The PL emission intensity increases significantly when 

the particle size was increased from 650 to 757 nm， but remained constant for particles 

larger than 800 nm [Fig. 3.5(b)]. This phenomenon was also observed and explained by 

our previous investigation for non-porous Y 203:Eu3+ particles (Wang et al.， 2007a). 

To further investigate the PL characteristics of the porous particles， the excitation 

spectra were also recorded for particles with different porosities and particle sizes 

(Figure 3.6(a) and 3.6 (b)， respectively). The broad excitation spectrum peak located at 

around 250 nm in Fig. 3.7(a) was assigned to the excited charge-transfer band (CTB) of 

Eu3+. The CTB peak wavelength of the non-porous particles locates at 250 nm， which is 

the same value as that of the bulk. CTB peak wavelengths of the porous particles with 

addition of 40， 60， 70， and 80 vol% PSL were blue-shifted from 248， 247， 246 to 246 

nm， respectively. In our previous report (Minami et al.， 2008)， Y 203:Eu3+ particles has 

blue shifted CTB peak proportional to the diameter of the particles less than 600 nm. 

Results of our previous study revealed that the CTB peak wavelengths of Y 203:Eu3+ 

590-nm and 390-nm non-porous particles were 247， and 244 nm， respectively (Minami 

et al.， 2008). As shown in Fig. 3.6(b)， the porous particles with an average size of770 

nm (with addition of 60 and 70 vol% PSL) show approximately the same CTB 

wavelength as the 590-nm non-porous particles. Van Pieterson et al. 2000 reported that 

the peak wavelength shift of the CTB by different host crystals， such as Y 203， Y 202S， 

and YP03， is determined by the nature of the ligand， the metal ion， the coordination， and 

the size of cation site (van Piterson et al.， 
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The Eu-Q distance is the primary determinant of the CTB peak position. Crystallite 

size has a minor inf1uence， and particle size has major inf1uence， on the CTB peak shi白

(Minami et al.， 2008). For porous particles， the blue-shift was due to the bond length of 

Eu-Q and its covalency. For porous particles， the porous structure may be the primary 

determinant of the coordination environment of Eu3+ and， hence， the Eu-Q bond 

distance. Therefore， porous particles show a CTB blue-shift. In Fig. 3.6(b)， the PL 

excitation peak was maintained at approximately 246 nm， indicating that CTB did not 

change with particle size in this region. 
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3.3.3 Color Rendering Properties 

The effects of porosity and particIe size were also examined using EQE measurements. 

The EQE values of all samples are listed in Table 1. The EQE values increase with 

increasing porosity. For example， the EQE value of non-porous partic1es increases 

significantly from 60 to 74% for the particIes synthesized using addition of 40 vol% 

PSL to the precurso工 TheEQE value reached 79% for particIes s戸lthesizedusing 

addition of 80 vol% PSL. In the case of particIe EQE measurements confirmed the PL 

intensity measurements. 

The CIE 1931 XY chromaticity coordinate graph was plotted to characterize the color 

rendering properties of the samples， as shown in Fig. 3.7. The CIE chromaticity 

coordinates of saturated red phosphors based on the standard of National Television 

Standard Committee (NTSC) is at x = 0.67 and y = 0.33 (Niu et al.， 2005). As shown in 

Table 1， the chromaticity coordinates of all samples were very cIose to the standard x 

value， indicating that high quality red-emitting phosphor particIes， efficient for most 

applications， were generated. Moreover， the quality the red， ordered macroporous 

particIes were slightly superior to that of non-porous particIes， even if the mass density 

of the macroporous particIes was reduced due to high porosity. 
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3.4 Summary 

Ordered macroporous， red-phosphor particles with high quan加mefficiency and sharp 

red-emission indicated by XY CIE chromaticity were synthesized by spray pyrolysis. 

The Porous particles had unique photophysical properties， such as a 4・nmblue-shift of 

CTB wavelength， and a lower symmetry ratio of 2.7， that were not shown by 

non-porous particles with approximately the same particle and crystallite sizes. The 

structure of these porous particles is considered the main reason for the phenomena. 

These results suggest that the porous phosphor particles are promising for a variety of 

applications in advanced industries due to their high PL characteristics， low density， and 

hierarchical structures. 
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Chemical and Photoluminescence 

Analysis ofNew Carbon-based Boron 

Oxynitride Phosphor Particles 

4.1 Introduction 

Much effort has been devoted to the development of carbon-based luminescent 

materials， such as carbon-based boron nitride (BCN) for use as phosphors. These 

investigations begin with BN materials. BN is an insulator that has several kinds of 

conformation， such as h-BN， t-BN (Guo et al.， 2005)， r.・BN，c-BN， and w-BN. Several 

methods have been applied for synthesis of BCN materials. The resulting BCN 

materials revealed some luminescence properties. (Kawaguchi， 1997). F or example， 

BCN nanotubes were investigated as a tunable luminescent material having 

wavelengths from 370 nm to 470 nm (Bai et al.， 2000)， B3CN3 fibers also exhibited two 

photoluminescence (PL) peaks at 370 nm and 700 nm (Yang et al.， 2006). However， the 

PL intensity and quan回mefficiency (QE) of the BCN phosphors remained very low 

(reported QEく 0.5%)(Chen et al.， 1999). Further， the BCN phosphors were generally 

prepared under severe conditions， such as high pressure and high tempera加re(Hubert et 

al.， 1997). 

Therefore， the development of a facile method for the preparation of carbon-based 

phosphors is essential. We recent1y reported on the successful preparation of 

carbon-based ox戸litride，i.e.， BCNO phosphor powders using a one-step liquid process 

at relatively low tempera佃re(below 900 OC) under ambient atmospheric conditions. 

The prepared powders exhibited tunable photoluminescence spectra from violet to 
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near-red regions and possessed high extemal QE (Ogi et al.， 2008). Howeveζdetailed 

characterization of the BCNO phosphors has not been developed. In this thesis， 1 report 

further analysis of chemical configuration and PL properties including QE ofthe BCNO 

phosphors. A possible formation mechanism ofBCNO phosphors was proposed as well. 

4.2 Experimental Procedure 

The BCNO phosphors were synthesized from the following precursors: boric acid 

(H3B03)， as the boron source; urea ((NH2)2CO)， as the nitrogen source; and， 

polyethylene glycol (PEG)， (H(OEG)nOH， with Mw  = 20，000 and EG = OCH2CH2)， as 

the carbon source. All chemicals were purchased from Wako Chemicals Co.， Ltd.， Japan， 

and were used without further purification. The precursors were mixed in pure water 

and the resulting solution was heated at 700・900oC for 30-60 min to obtain BCNO 

particles. The detailed explanations were described in the previous paper (Ogi et al.， 

2008). 

The chemical composition of the prepared phosphors was characterized using an 

electron energy-loss spectrometer (EELS) with transmission electron microscopy (TEM， 

JEM・3000F，JEOL， Tokyo， Japan) at 300 kY. EELS involves the measurement of the 

energy imparted to a thin (= 200 nm) specimen by fast (= 100 keV) incident electrons， 

and is well adapted to light-element analysis， from which high spatial resolution of 

chemical information can be gained (Brydson et al.， 1991 ;Keast et al.， 2001; Garvie et 

al.， 1999).The PL spectra were recorded at room tempera旬reby means of a 

spectrofluorophotometer (RF-5300PC， Shimadzu Corp.， Kyoto， Japan) equipped with a 

xenon lamp source. The extemal quan佃mefficiency was analyzed using an absolute PL 

qu印刷m yield measurement system (C9920・02，Hamamatsu Photonics， Shizuoka， 

Japan). All PL analyses were performed at an excitation wavelength of 365 nm. 
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4.3. Results and Discussion 

4.3.1 Chemical Analysis 

Representative EELS spectra 0 the resulting BCNO phosphors， which were prepared at 

800 oC for 30 min， are shown in Fig. 4.1. Four ionization edges of B， C， N and 0 are 

indicated in a low-resolution spectrurn (Fig. 4.1(a)). Each atorn has at least two 

ionization peaks in its corresponding spectrurn， with lower energy is typically assigned 

toπ* bonds and the higher belonging toσ* bonds， since the forrner (i.e.，πキ bonds)is 

generally weaker than the latter (i.e.，σ* bonds) according to the classical valence bond 

theory (McMurry et al.， 2001). 

Figure 4.1 (b) shows two sharp peaks ofB-K ionization at 193 and 201 eV for 1t* and 

σ* electrons， respectively. As Garvie et al. (1999) reported， in the case of a BCNO 

cornpound， if the B-K ionization for π* electrons has three peaks of 189.3， 192.1， and 

194.1 e V， the B atom is surrounded by three elernents， i.e. three Cs， three Ns， and three 

Os， respectively. Frorn our results， since the B-K ionization for π* electrons has only 

one peak between 192 and 194 e V， it rneans that the B atorn is interrnediately 

surrounded by Ns and Os atorns， which also irnplies that there are no clear B-C 

chernical bonds in the BCNO particles. 

Figure 4.1(c) presents the spectrurn ofthe C-K ionization edges. The peak at 285 eV is 

assigned toπ本 bands，while those at 288 and 295 eV are assigned toσ* bands， in which 

the peak at 288 eV has C-H* features (Keast et a1.2001). Previous research showed that 

rnaterials with weak Sp2 hybrid orbitals， such as arnorphous carbon， graphite， and solid 

benzene， can have a π* feature; while those having stronger Sp3 hybridization (McMurry 

et al. 2001)， such as a diarnond and solid cyc1ohexane， exhibit only σ* (inc1uding C-H*) 

features with no π寧 bands.The C-H* feature can usually be found in organic rnaterials， 

such as solid benzene and cyclohexane (Keast et al.， 2001; Garvie et al.， 1999). In the 

present study， the C-H bonds are supposed to corne frorn the organic residue of 

decornposed PEG. Since these data are evidence that the C atorns in the BCNO 

phosphors have πand σbonds， they should have Sp2 hybridization (McMurry et al.， 

2001). The Sp2 hybrids lie in a plane and are oriented toward the corners of an 
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equilateral triangle at angels of 1200 to one another and have a framework 

consisting mainly of a 6・memberedcarbon ring (McMurry et al. 2001). Previously 

reported EELS data (Keast et al.， 2001; Garvie et al.， 1999) of C-K edges from 

different carbon sources supported the above hypothesis that the carbon in the BCNO 

compound has an amorphous structure with trances of C-H groups (organic residue). 

They should not have a Sp3 structure that is rigid and hard， which can be obtained only 

under severe conditions (Hubert et al.， 1997) In the present study， the BCNO 

compounds were prepared at low temperature (below 900 OC) and under ambient 

atmospheric conditions， resulting in powder with a soft framework (Sp2 hybridization). 

Fi思lre4.1(d) shows the ionization peak of N for π* character at 403.5 eVand σ* 

character at 410.5 eY. Since σ* peak intensity of N is higher than that of π* peak， this 

means that the major of the N atoms have σ* bonds with other elements. The ionization 

peak spectrum ofO is shown in Fig. 4.1(e)， where the peak at 537 eV is for π* character 

and 545 e V is for σ*. The results indicate that the N and 0 atoms are chemically bonded 

with B atoms in the BCNO phosphors. 

A comparison ofthe shapes ofB， C， N， and 0 K edges was made as shown in Fig.4.2. 

Each EELS spectrum of B， C， N and 0 was shifted by setting their corresponding rising 

edges ofK ionization spectra at 0 eV (Keast et al.， 2001). The shapes and positions ofB， 

N， and 0 are almost the same at the relative energy loss of around 3 eV and 10 eV， 

suggesting a similar bonding environment (π* and σ* characters) and covalency of each 

element. The shape of C-K edges is distinct due to presence of amorphous and organic 

carbon. From these EELS spectra， we can thus conclude that the prepared BCNO 

powder has covalently bonded B， N， and 0 atoms with soft (Sp2 hybridization) carbon 

framework. 
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.5 。5 10 15 20 25 30 
Relalive Energy Loss (eV) 

Fig. 4.2 Relative energy loss spectra of K edges of BCNO phosphor. All spec仕aona 

common energy scale and shifted to align relative to their signal ofElectron energy loss 

spectroscopy. Dotted line is indicating relative energy loss of 2 and 10 e V. 
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4.3.2 Photoluminescence Characterization 

In addition to the above chemical analysis， a detailed PL characterization of the 

prepared BCNO phosphors was caηied out. Figure 4.3 shows the PL emission spectra 

and the figures of the corresponding emission peak wavelength as well as the quan加m

efficiency of the BCNO phosphor partic1es as a function of the synthesis temperature. 

Several PL peak wavelength has a linear relationship with the process tempera加re-

they blue-shifted from 485 nm to 387 nm as the process temperatures increased from 

700 to 900 oC. From these resu1ts， we find that the maximum QE of 79% was obtained 

at 800 oC with a PL peak wavelength at around 470 nm. The effect of heating time was 

investigated as well (Fig.4.4). Similar results， th剖 is，blue shift of PL wavelength peak 

and enhanced quan同mefficiency were obtained as heating time increased from 30 to 60 

mm. 

The above phenomena can be explained by a possible BCNO formation mechanism 

as follows. The precursors， i.e.， boric acid， PEG and urea， first react to form a BCNO 

compound in a hexagonal structure with water as a byproduct. In the case of low energy 

input， i.e. low heating tempera加re(e.g. 700 OC) or short heating time (e.g. 30 min)， the 

chemical reaction for BCNO formation is incomplete. Subsequently， the resulting 

phosphors have hydroxyl groups on the surface. Due to the presence of the excess OH 

groups， the partially formed BCNO has fewer free electrons to share in the total 

molecule compared with completely formed BCNO. Thus， the bond strength and length 

of partially formed BCNO is weaker and longer， respectively， than that of completely 

formed BCNO. This means the energy gap of partially formed BCNO also is lower than 

that of complete BCNO， which is the main reason for the PL red shift of partial1y 

formed BCNO. After an increase of input energy， the OH groups are removed， which 

resu1ts in a relatively pure BCNO compound with.a hexagonal framework. A Further 

increase in the input energy， for example， 900 oC， resu1ts in a BCN phosphor by 

releasing 0， and， finally， BCxN or BN will be formed. Our very recent results also 

confirmed that BCNO formed at 900 oC has no B-O bonds from their FT-IR spectra 

(Kaihatsu et. al. 2009). 
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Since the resulting BCNO compounds show a very high QE， it can be inferred that 

they are， at least partially， direct bandgap phosphors. In semiconductor physics， a direct 

bandgap means that the minimum energy of the conduction band lies directly above the 

maximum energy of the valence band in momentum space. A direct bandgap phosphor 

always has very high PL properties. (Nara et al. 2006， Neamen 2003). For the present 

study， we assumed that the atomic distances of BCNO were relatively shorter than those 

of BC2N， because 0 has a higher electron a節目tyand has a smaller covalent bond 

radius than those of B， C or N atoms. Since the atomic distance is shorter， the valence 

band and the conduction band shifted c1oser. Accordingly， the energy difference 

between them becomes larger. The small difference in atomic distance makes a direct 

bandgap character and the larger energy difference creates a blue shift for BCNO 

phosphor. 
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4.4 Summary 

4. Conclusions 

The chemical and PL properties of BCNO phosphor particles were investigated. The 

EELS results showed that the prepared BCNO has covalently bonded B， N， and 0 

atoms with a soft (Sp2 hybridization) carbon framework. They exhibit a high quan回m

efficiency of 79% with a partially direct bandgap transition， since the atomic distances 

of the BCNO atoms. are smaller than that of BCN compounds. The smaller atomic 

distances ofBCNO are due to the presence of oxygen atoms， which have a high electron 

affinity and a smaller covalent bond radius compared with boron， carbon and nitrogen. 

The above results and discussions suggest that the BCNO phosphors are versatile， 

which shows promise for advanced industry application. 
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Summary 

5.1 Conclusions 

Inorganic phosphors as functional materials， are used for the devices for our daily lives， 

such as， CRT and f1uorescence lamp. Moreover， white LED， LD， and organic and 

inorganic electroluminescent devices are now available; intensive investigation of 

phosphors is continuing. The requirements of phosphor materials are high luminescence， 

high efficiency and desirable emission wavelength. In order to exhibit these properties， 

phosphor materials may have high crystallinity， uniformity of composition， 

non-agglomeration， etc. To achieve the above requirements， a spray pyrolysis method is 

potentially promising， since it is a simple， rapid， and continuous process， low cost， and 

can be used in the fabrication of diverse materials， inc1uding phosphors， with 

controllable size and compositions. 

Moreover， phosphors should have a character of economical and environmental 

advantages， since rare earth elements are expensive and they have limitation of 

production area. 

In this thesis， solidldense and porous partic1es of rare earth doped yttrium oxide 

(Y203:Eu勺 phosphorpartic1es by using spray pyrolysis， and newly synthesized 

carbon-based boron oxynitride (BCNO) phosphors by one-step liquid process at 

relatively moderate conditions are selected as model materials. 

Chapter 1 discusses the background， previous research， methods used to investigate 

photoluminescence (PL) phenomena， current state of the field， and problems associated 

with inorganic phosphors. 
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Chapter 2 describes the relationship between photoluminescence and both the 

partic1e and crystallite size OfY203:Eu3+日nepartic1es. The crystallite and partic1e sizes 

played different roles in the control of the PL characteristics of the phosphors. The 

blue-shift of the charge transfer band in the excitation spectra was most1y due to the 

partic1e-size effect， because the crystallite boundary of the partic1es had no effect on the 

charge transfer. In contrast， the decrease in the crystal symmetry ratio， which is the ratio 

of the C2 to C3i sub-lattice populations in the PL emission spectra， was primarily due to 

the effect of crystallite size， because the amorphous/defect parts were located on the 

surface of the crystallites/partic1es. 

Chapter 3 demonstrates the effect of porosity on the photoluminescence of 

Y203:Eu
3+ fine partic1es. The porous partic1es exhibited greater red-emission rendering 

properties than that of non-porous partic1es， based on the CIE chromaticity diagram. 

The submicrometer partic1es were prepared by spray pyrolysis using a mixture of an 

yttrium and europium nitrate solution and colloidal polystyrene latex (PSL) partic1es as 

the precurso工Thephotoluminescence intensity and quan加mefficiency exhibited by the 

porous partic1es are greater than that of non-porous partic1es because the porous 

partic1es are hollow.. Porous partic1es have unique photophysical properties， such as a 

4-nm blue-shift in the charge-transfer and a lower symmetη， ratio of 2.7， which were 

not exhibited by the non-porous partic1es with a partic1e size of 757 nm and a CIγstallite 

size of approximately 30 nm. The properties of sub-micrometer porous partic1es were 

identical to those of non-porous partic1es， which have reduced partic1e and crystallite 

size compared with porous partic1es. 

Chapter 4 presents a detailed chemical analysis and photoluminescence 

characterization of the BCNO phosphors. The BCNO phosphors were synthesized from 

precursors of boric acid， urea， and polyethylene glycol (PEG) under relatively moderate 

conditions， low temperature， and an atmospheric environment. The resu1ting powder has 

high extemal qu印刷m efficiency with a direct band-gap transition. The BCNO 

phosphors have these properties because the coordinates of the BCNO are less than 

those of conventional BCN compounds， which have an indirect band-gap transition and 

low quantum efficiency. The smaller coo 
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of oxygen atorns， which have higher electron affinity and srnaller covalent-bond radii 

cornpared with boron， carbon and nitrogen. 

This chapter provides a sirnple surnrnary of the resu1ts that photolurninescence 

characterization and rnorphology control of inorganic phosphor partic1es are use白l

rnethods for developrnent of new functional rnaterials. 

5.2 Suggestions for Further Investigations 

y 203:Eu3+ is used as phosphor for long tirne， but with spray pyrolysis rnethod， it is 

added new possibility for next generation lurninescent rnaterial with porous character 

for cost saving and high functionality. We need to investigate rnore detail 

photolurninescence property to create next lurninescent rnaterial. 

BCNO is a newly synthesized rnaterial， which rnade by easy synthesis procedure and 

does not inc1ude rare earth and any rnetal elernents. To reveal the generation rnechanisrn 

and to exhibit high efficient PL for all ernission wavelengths，白rtherinvestigation is 

required. 

PL rnethod is a high sensitive and adequate rnethod to investigate phosphors， but tirne 

resolved technique has rnore irnportant role in investigating these rnechanisrns. 
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