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CHAPTER 1: Introduction

1.1. General background of phosphors

The phosphor was first invented in the early 17" century called “Bolognian stone”
(BaSOg4), which was the annealed product being BaS known as a host materials for
phosphor. After the discovery of the BaS, same findings were reported from many
places in the world and these species of light emitting stones were named “phosphors”
[1].

Nowadays, the phosphor believed as a substance that exhibits the phenomenon of
luminescence. Depending on the excitation source, the luminescence can be classified
into photoluminescence (PL), cathodoluminescence (CL) and electroluminescence
(EL). Additionally, depending on the lifetime (t) of the phosphors, the luminescence
can be classified as the fluorescence (1<0.01 s) and the phosphorescence (t>0.1 s).

There are two kinds of luminescence mechanisms: first is the luminescence from
the semiconductor; second is the luminescence from the localized center. It is well
known that when semiconductors are doped with impurities, the lattices of the
semiconductors are distorted and the energy level structures of the semiconductors are
also affected, and due to the spontaneous recombination of electronic excitations, the
semiconductor phosphor produces a flux of spontaneously emitted light (e. g.,
donor-accepter pair luminescence in ZnS:Ag*, Cl-).

On the other hand, in the case of the luminescence from the localized center, the
absorption and emission spectra of simple activator centers are related to the activator
atoms. For example, when a phosphor is activated by ions of rare earth elements, the
spectra of the luminescent centers turn out to be line spectra produced by quantum
transitions in the inner electron shells of the ions. The effect of the lattice shifting and
splitting of the spectral lines by the crystal filed, for example, the stark effect and in
the superposition of additional frequencies correspond to lattice vibrations. When a
phosphor is activated by atoms of elements, whose spectra are shown by transitions in

an outer electron shell, the lattice causes the spectral lines to be broadened into band.



1.2. Excitation method

The various types of luminescence are shown in Table 1-1. Photoluminescence
occurs after excitation with light (radiation within the optical range). The
luminescence can be also produced under excitation with an electron beam, and in this
case it is called cathodoluminescence. This technique is traditionally used to
investigate some characteristics of samples, such as trace lattice defects and impurities,
as well as investigate crystal distortion. Excitation by high energy electromagnetic
radiation such as a-rays (helium nuclei), X-ray, B-rays (electrons), or y-rays leads to a
kind of photoluminescence called radioluminescence. On the other hand, the
thermoluminescence happens when a substance emits light as a result of the release of
energy stored in traps by thermal heating. This mechanism is different from the
radiation from the heated blackbody. Electroluminescence occurs as a result of energy
transition by an electric current through a phosphor material, as in nightlight panels.
Triboluminescence is the emission of light by a mechanical disturbance, such as the
light that emerges when some disturbed tapes are unrolled. Acoustic waves passing
through a liquid can lead to the sonoluminescence. Chemiluminescence is the result of
chemical reactions inside an organic material. Bioluminescence is the main source of

light in the deep ocean [2].

Table 1-1. The various types of luminescence.

Name Excitation mechanism
Photoluminescence Light
Cathodoluminescence Electrons
Radioluminescence X-rays, a-rays, B-rays, or y-rays
Thermoluminescence Heating
Electroluminescence Electric field or current
Triboluminescence Mechanical energy
Sonoluminescence Sound waves in liquids
Chemiluminescence and Chemical reactions
bioluminescence




1.3. Energy transfer methods

In the phosphor, there are two kinds of energy transfer method: energy transition
with a band to band model [3] and the energy transition with a localized model [4].

Energy transition with a band to band model: in the solid state physics, the
electronic band structure of a solid explain the ranges of energy, which an electron
within the solid may have and ranges of energy that it may not have. In a
semiconductor, the band structure surrounding with the Fermi level, has been believed
as the band gap [5]. The closest band above the band gap is called the conduction
band, and the closest band under the band gap is called the valence band. Normally,
when the semiconductors are irradiated by the light, the transmission, reflection and
absorption will occur. Normally, the absorption of the light will create the lattice
excitation or electronic excitation in the semiconductor and the electrons are excited
to the higher states. Then, the excited electrons will come back to the original states
after release the excitation energy in the form of lattice vibrations or light emission.

Energy transition with a localized model: when considering optical absorption or
emission within a single ion or a group of ions in a solid, it is normally to treat as an
optical transition with a localized model [6]. Usually, most of the phosphors have
localized luminescent centers and contain a large variety of ions more than
delocalized centers. Normally, the lanthanide based luminescence belongs to the

energy transition with a localized model.

1.4. Lanthanide based luminescence

The photoluminescence properties of the rare earth (lanthanide)-based phosphors
have been attracted so many interesting of the researchers for several years [7].
Because of the narrow emission bandwidths, large Stokes shifts and long fluorescence
lifetimes, the lanthanide-based phosphors have been used in different kinds of fields
[8]. The trivalent ions of the rare earth series have been used as the localized ions in

the phosphor, and the properties of these ions depend on the gradual filling of the 4f
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orbitals which from La3* (sf°) to Lu®* (4f**) as shows in Table 1-2 [8].

Table 1-2. Electronic structure of the trivalent Lanthanide ions.

clement symbol atomic configuration ground
' number (Z) Ln*" state Ln**
lanthanum La 57 [Xe] 'Sy
cerium Ce 58 [Xe]4f! ’Fs),
praseodymium Pr 59 [Xe]4t2 H,
neodymium Nd 60 [Xe]4f? Top
promethium Pm 61 [Xe]4f* 1y
samarium Sm 62 [Xe]4f> °Hs),
europium Eu 63 [Xe]4f® Fo
gadolinium Gd 64 [Xel4f’ 8Sq1
terbium Tb 65 [Xe]4f® Fe
dysprosium Dy 66 [Xel]4f’ H,sp
holmium Ho 67 [Xe]4f!” g
erbium Er 68 [Xe]4f!! Mysp
thulium Tm 69 [Xe]4f'? ‘He
ytterbium Yb 70 [Xe]4f"? ’Fq)5
lutetium Lu 71 [Xe]4f!' IS,

Until now, it is well known that so many rare earth ions can show the very high
color purity light emitting due to the f-f transitions from the inside 4f shell [9].
Depending on the basic color theory, the primary colors are red, green and blue, and
other colors are composed of these three primary colors. For the trivalent rare earth
ions, the Eu®* shows the red color, Tb** shows the green color and the Tm3* shows the
blue color [10]. Except for these primary colors, Sm3" shows the orange light; Er*",
Yb®* and Nd* show the luminescence property in the near infrared range, and the

Gad** without organic ligands can exhibit the light in the ultraviolet region.

1.5. Host materials for the rare earth ions

In the rare earth ions (Ln") doped inorganic materials, the matched host lattices
can give a suitable and stable environment for the Ln®" emitter. Because of the higher

absorption coefficient than the Ln®* emitter, the host materials have been used as an



effective energy absorber and transfer to the rare earth ions. The Ln** emitter doped in
the host materials exhibits luminescence emissions from ultraviolet to the infrared
light region under the excitation [11]. Only for the one kind of rare earth ions Eu®",
several kinds of inorganic host materials like VO4 [12], LaFs [13], NaYFs [14], Y203
[15] and Gd202S [16] can be used as the host materials. For example, due to the high
efficient energy transfer from VO4* groups to the Eu®* ions, the Eu®" doped YVO4
phosphor shows a strong red luminescence. However, each kind of host materials has
its own problems. Because of the high efficient energy transfer, Eu®* doped Gd.0,S
red phosphor has been commercially available. However, during long term utilization,
such red color sulfide phosphors will degrade under electron beams. On the other
hand, the rare earth oxides are excellent phosphor host materials that can offer long
fluorescence lifetimes, narrow emission bandwidths and large Stokes shifts.
Especially, among the rare earth oxides, cubic phase Gd»Os is an excellent host
material because of its good thermal stability, low phonon energy, chemical durability

and the crystal lattice matched with all kinds of the rare earth ions.

1.6. Application of the phosphors

The applications of phosphors can be classified as following: fluorescent lamps,
light emitting diodes (LEDs) and the vacuum fluorescent displays (VFDs).

Fluorescent lamp phosphors convert the ultraviolet emission of a
rare-gas/mercury discharge plasma into visible light. In the 1940s, Cas(POa)s(F,
CI):(Sb, Mn) was developed and came into use as the fluorescent phosphor [17]. This
phosphor has two dominant emission bands, one is the blue band peaked near 480 nm
due to the activator Sb** ions which absorb the 254 nm radiation of the discharge and
emit a part of this energy in the blue band. The excitation energy is also transferred
from Sb%* to Mn?* which resulting in the orange-red Mn?* emission band peaked at
around 580 nm. The blue/orange-red emission ban intensity ratio can be adjusted by

controlling the relative amount of Mn?* to Sb3". A further variation in color can be



achieved by changing the F/CI ratio. However, the energy efficiency was as low as 75
Im/W.

During the 1970s, low pressure mercury fluorescent lamps were developed and
the better color rendering property and higher efficiency were achieved. In the
mid-1970s such fluorescent lamps were commercially available and contained blend
of three rare earth-activated phosphors (namely tricolor or tri-phosphor blends):
Y,03:Eu® (red), MgAl11019: (Ce**, Th3") (green) and BaMgAl10017:Eu* (blue).

The Y20s:Eu®" phosphor absorbs the 254 nm mercury discharge emission
through a charge transfer transition from O? to Eu®*, and exhibits a red emission with
a dominant peak at 611 nm corresponding to the electric dipole transition °Dy -Fo.
The MgAIl11019:Ce®* is an efficient ultraviolet emitter under the excitation at 254 nm,
which is due to the 4f and 5d transition in the Ce®*. The doped-Tb®*" in
MgAl11019:Ce** quenches the Ce3* emission and generates the Th3* green emission as
a result of the energy transfer from Ce3* to Tb%". The BaMgAl10017:Eu?* absorbs the
UV light due to the allowed 4f'5d - 4f55d? transitions and exhibits the high intensity
blue emission at 450 nm ascribed to the 4f-5d transition in the Eu?".

Recently, there is an increasing concern that environmentally hazardous mercury,
which is central to the operation of fluorescent lamps. Thus a significant effort has
been made to develop mercury-free lighting devices, and LEDs have been
successfully put in use as the backlight sources, display screen, electronic equipment
and general lighting, and currently white color LEDs are getting to be very popular. In
addition to the lower environmental load, the LEDs have several advantages such as
high energy efficiency, long lifetime. The Excellent color rendering property of the
white LEDs has been also achieved by the combination of the GaN blue LED chip
with green phosphors such as -SiAION:Eu?* and red phosphors like sulfide
(Ca,Sr)S:Eu®* and oxysulfide Y20,S:Eu®*.

On the other hand, in 1959, the first VFD device was developed by the Philips.
Then in 1962, the Japanese company, Ise Denshi Kogyo Co. (now Noritake Itron Co.)
created the first multi-segment VFD. Compared with the liquid crystal displays, the
VFD exhibits a higher emitting intensity and higher contrast by using multiple color
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phosphors such as  (Zno22Cdo7s)S:Ag and Gd.02S:Eu* for red, ZnO:Zn and
ZnS:Cu,Al for green, and ZnS:Ag and ZnGa,04 for blue emissions [18].

1.7. Objectives of present study

There is continuing interest in phosphors with properties such as sufficient
brightness, fast response and long term stability for use in modern luminescence
devices. As mentioned in the previous section, the commercial red phosphors
currently used for white LEDs and VFDs are (Ca,Sr)S:Eu®", (Zno22Cdo7s)S:Ag,
Y20,S:Eu®" and Gd20,S:Eu®*. However, such sulfide and oxysulfide phosphors are
moisture-sensitive, giving a poor chemical stability, which restricts long term
utilization. Degradation also occurred under the electron beam excitation in vacuum.
Therefore, it is important to develop novel environmentally friendly red-emitting
phosphors that can be excited efficiently under UV or near-UV irradiation for white
LEDs, and under low acceleration electron beam voltage for VFDs.

In this study, Eu* was selected as an efficient activator for red emission, while
both rare earth oxide and oxide semiconductor were selected as stable and
environmentally benign host materials. Especially, we focused on Gd2O3 and Srin,Og.
The useful phase of Gd»0s as the host is cubic, and its crystal lattice is quite similar to
that of cubic Eu20s. On the other hand, Srin.O4 with a reported bandgap of 3.6 eV,
and has a strong absorption band at 396 nm, which perfectly matches with the
emission spectrum of GaN-based LED chips.

The objective of present study is enhancing the red emission intensity of
Eul*-doped Gd20s3 (Gd2-xEuxOs) and Eud*-doped Srin2Os (SrinzO4s:Eu®") for their
practical use in LEDs and/or VFDs, and the effect of the second dopant on the red
emission intensity as well as optimizing the amount of Eu** doped in the two different
host lattice were systematically studied.

In Chapter 2, cubic Gdi.gsEuo.1203 powders were synthesized by the solid state

reaction method at 1200 <C, and the effect of Li*-doping on their PL properties was



investigated and discussed. Effect of the Li*-doping on and thermal stability of cubic
Gd1.esEuU01203 was also discuss form a viewpoint of high-temperature application
exceeding the cubic/monoclinic phase transformation temperature of 1250<C.

In Chapter 3, Li*-doped Gdi.gsEuo.1203 phosphors were synthesized at 1200 °C in
air by co-precipitation (CP) and solid solution (SS) methods. The PL and CL
properties of the synthesized phosphors were studied and discussed based on the
material factors in terms of the average crystallite size, dispersion property of Eu®*
ions in the host Gd>Os and specific surface area of the phosphors.

In Chapter 4, Srin,O4:Eu®* phosphors were synthesized by the solid solution
method at 1400 <€ in air. The Eu®* substitutions at the two different crystallographic
In3* sites and Sr?* site were studied by the X-ray diffraction analysis combined with
PL spectroscopic analysis. Then, to enhance the red PL emission intensity,
optimization of the total amount of Eu®*" doped in the host Srin,O4 was performed.
Moreover, thermal quenching property at the usual LED’s operating temperatures was

studied and discussed.
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CHAPTER 2: Effect of lithium ion doping on cubic Gdi.ssEu0.1203: Enhancement
of photoluminescence and thermal stability

2.1. Introduction

There is continuing interest in phosphors with properties such as sufficient
brightness, fast response and long term stability for use in modern luminescence
devices [1]. The most popular commercial materials currently used for red emission
are sulfide phosphors such as Zno2CdosS:Ag* and Y20,S:Eu®* [2]. However, during
long-term utilization, such sulfide phosphors will degrade under vacuum. The
rare-earth sesquioxides, which exhibit sharp emission lines, high efficiency and
stability in high vacuum, have received increasing attention and their luminescence
properties have been investigated [3-5]. The europium(lll)-doped Gd>O3z phosphor,
Gd03:Eu?* (Gd2-«EuxQs3) is an attractive red-emitting rare-earth sesquioxide phosphor
with potential applications in various lighting and display devices [6, 7]. Both Gd>O3
and Eu203 have three different crystal structures: cubic, monoclinic and hexagonal. It

is reported that the smaller electronegativity of Gd** facilitates charge transfer from
the 2p orbital of O to the 4f orbital of Eu®*, and the °S— °D and °S,, - °l,

transitions of Gd** overlap in the charge transfer band (CTB), which leads to efficient
energy transfer from Gd®* to Eu®" in Gdz-xEuxOs. Thus, cubic Gdz-xEuxOs can exhibit
a stronger and red-shifted CTB of the charge transfer edge, which allows sharper red
emission at 611 nm than the monoclinic phase [8, 9]. However, for practical
applications, further improvement in the red emission intensity is required for
Gd2-xEuxOs. There are two main approaches to improve the luminescence properties
of GdaxEuxOs: control of the morphology and/or structure, and doping with
hetero-element ions. Several phosphors such as Gd.xEuxOz nanotubes [10],
nanowires [11] and nanospherical particles [12] have been fabricated by the first
approach. However, during the preparation of nanometer-sized Gd.-xEuxOs, many
chemical reagents such as urea and dispersants are used, which introduces impurity

ions and leads to the formation of non-radiative centers, and special equipment such
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as autoclaves is required for synthesis under high pressure. For the doping approach,
alkali metal ions are useful dopants to enhance the emission intensity because of the
flux effect and the formation of oxygen vacancies [2, 13-15]. Moreover, the lithium
cation (Li*) is an attractive secondary dopant (compared with the Na* and K*) for
phosphors because its ionic radius is smaller than that of Gd**, which contributes to
induce local distortion of the crystal field surrounding the Eu®* activator.

Gd2xEuxOs3 is also expected to be applied as a high-temperature thermographic
phosphor to detect temperatures, based on variation of the photoluminescence (PL)
emission intensity with temperature, or the temperature dependence of the PL signal
decay time [16, 17]. However, only the cubic phase of Gd2.xEuxOs exhibits suitable
PL properties. At ambient pressure, the transition temperature from the cubic to
monoclinic phase of Gd.0s is 1172-1250 <C, and that from the monoclinic to
hexagonal phase is approximately 2170 <C [8, 18]. On account of the phase transition
temperature, most of the literature reports annealing temperatures lower than 1250 <C,
to maintain the cubic phase of GdzxEuxOs. Gao et al. [6] reported that Gd,-«O3:Eu®"x
left at room temperature under ambient pressure for two years transformed from the
cubic phase to the monoclinic phase due to a gradual release of the residual stresses
developed during synthesis. If there is a method to enhance the thermal stability of
cubic phase Gd>xEuxOs to higher than 1250 <C at ambient pressure, then cubic
Gd2xEuxO3 could be utilized for thermal detection over a wider temperature range and
degradation during long-term utilization could be avoided.

However, to our knowledge, no one has reported on the simultaneous
enhancement of the luminescence and thermal stability of Gd2.xEuxOs. In the present
work, cubic GdigsEuo1203 phosphors were synthesized by the solid state reaction
method with doping different amounts of Li* (0 to 12 mol%). The PL properties and
the thermal stability of cubic Li*-doped GdigsEuo.120s were systematically

investigated.

11



2.2. Experimental details

Li*-doped cubic Gdi.ssEuo.1203 powders were synthesized by the solid solution
method following the procedure reported by Dhananjaya et al. [14]. Gadolinium
oxide (Gd203), europium oxide (Eu203) and lithium carbonate (Li2CO3) were used as
starting materials. All the powders were purchased from Mitsuwa Chemical Company,
Japan (99.99% purity). In a typical synthesis, appropriate amounts of Gd»O3z and

Eu,O3 were mixed with Li,CO3z as a source of Li* from 0 to 12 mol%

Li*mol
Gd*mol + Eu®*mol

(Li*mol% = ) and then stirred in 5 mL of ethanol for 10 min. The

mixed powder was placed into a drying furnace at 100 <C for 5 min to remove the
ethanol. The dried powder was heat-treated at temperatures in the range from 500 to
1300 <T in air for 3 h. To study the thermal stability of Li*-doped cubic Gd.ssEuo.120s3,
additional heat treatment at 1300 <C was performed on the samples synthesized at
1200 <C.

Room temperature X-ray diffraction (XRD; X pert Pro al, Philips) analysis was
performed on the heat-treated samples using Cu Ko radiation (A=0.15405 nm).

The morphology of the heat-treated samples was observed using a scanning
electron microscope (SEM; JSN-6360LV, Jeol) at 25 kV acceleration voltages. PL
excitation and emission spectra were recorded using a spectrophotometer (F-7000,
Hitachi) with a 150 W Xenon lamp as the excitation source. The PL internal and
external quantum efficiencies for the light emission materials were measured through
PL measurements using 60 mm integrated sphere. The Li* content in the phosphors
was determined using inductively coupled plasma spectroscopy (ICP). The specific
surface area (SSA) of the heat-treated samples was measured using a nitrogen (N>)
sorption apparatus (FlowSorb 111 2310, Shimadzu Corporation) and evaluated by the
Brunauer-Emmett-Teller (BET) method.

12



2.3. Results and discussion

2.3.1. Effect of Li*-doping on morphology and PL properties of cubic

Gd1.88Eu0.1203

Figure 2-1 (a) shows the PL excitation spectrum (Aem. = 611 nm) and emission
spectrum (Aex. = 254 nm) for cubic Gdi.ssEuo.1203 synthesized at 1200 <T for 3 h,
while Figure 2-1 (b) shows those for monoclinic GdissEuo1203. The excitation
spectrum has three main peaks at 245, 255 and 277 nm. The highest peak at 245 nm is
attributed to the charge transfer band (CTB) between O? and Eu®* [8, 9]. The peaks at
255 nm and 277 nm superimposed on the CTB of Eu** are due to the Gd2O3 host
excitation, and are assigned to the 8S-°D and #S-°I transitions of Gd**, respectively.
The weak peak at 311 nm can be assigned to the S-°P transition of Gd®*. The peaks in
the excitation spectrum indicate the energy transfer from Gd>Os and Gd** to the doped
Eu®*. On the other hand, the several weak peaks over the range of 350-400 nm are due
to the direct excitation of the Eu®* ground state into the higher level of the 4f orbital

[19].

Intensity (a.u.)

Wavelength (nm)

Fig. 2-1. Excitation and emission spectra for (a) cubic Gdi.gsEuo.1203 synthesized at

1200 <C for 3 h, and (b) monoclinic Gd1.ssEuo.1203 synthesized at 1300 <T for 3 h.

Under excitation of the CTB of Eu®* at 245 nm, typical *Do—'F; (J=0-4)
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transitions of Eu®* at 580, 591, 611 and 628 nm are observed in the PL emission
spectrum. The weak emission peak at 580 nm can be assigned to the *Do—'Fo
transition and the peak at 591 nm is due to the °Do—'F1 magnetic dipole transition.
The most intensive emission peak at 611 nm and another weak peak at 628 nm are
attributed to the °Do—’F2 electric dipole transition. Thus, cubic GdissEuo1203
exhibits red emission.

Li* doping was examined to enhance the PL red emission intensity of cubic
Gd1.88EU0.1203. The PL emission spectra for the 1200 <C-synthesized phosphors doped
with different amount of Li* were shown in Figure 2-2 (a), and the intensity of the
dominant PL red emission peak at 611 nm for the samples was evaluated relative to
the maximum luminescence intensity achieved for the 12 mol% Li* doped-sample,

and is plotted in Figure 2-2 (b) as a function of the Li* content.
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Fig. 2-2. PL emission properties of 1200 <C-synthesized Li*-doped Gdi.gsEuo.1203. (a)
PL emission spectra for the Gdz.ssEuo.1203 doped with different amount of Li* and (b)
the relative emission peak intensity at 611 nm for the Gdi.ssEuo.1203 as a function of
the Li* content.
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The dominant PL red emission peak intensity was significantly increased at 4
mol% Li*, and then increased slightly from 8 to 12 mol% to reach a maximum at 12
to 16 mol%. This intensity was approximately 3 times higher than that for the
undoped sample.

Table 2-1 summarizes the chemical composition analysis results for the 16 mol%
Li*-doped sample. For temperatures up to 600 <C, the sample retained the starting Li*
content. However, at 800 <C and above, the Li* content decreased consistently with
increasing heat treatment temperature, due to the evaporation of Li* species from the
sample. After heat treatment at 1200 <C, no Li* species were detected in the sample. A
series of four 1200 <C-synthesized samples (0O (undoped), 4, 8 and 12 mol%
Li*-doped cubic GdigsEuo1203) were selected and their material properties were

studied to clarify the intrinsic effects of Li*-doping on the PL properties.

Table 2-1. Chemical composition of the heat-treated samples originally prepared with

a nominal composition of 16 mol% Li*-doped Gd1.ssEuo.1203 (Lio.16Gd1.88EU0.1203).

Heat treatment Experimental
temperature (°C) composition
600 Lio.16Gd1.88EU0.1203
800 Lio.12Gd1.88EU0.1203
1000 Lio.01Gd1.88EU0.1203
1200 Lio.00Gd1.88EU0.1203

Figure 2-3 shows the undoped cubic Gdi.gsEuo1203 was composed of fine
particles, approximately 250 nm in size. The microstructure of the cubic
Gd1.8sEuU0.1203 became coarser as the amount of Li*-doping was increased, and the
particle size range of the 12 mol% Li*-doped sample was approximately 800 nm to
1.3 um. As a typical microstructural feature, neck growth at the particle boundaries

was apparent in the Li*-doped samples, which strongly suggests that liquid
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phase-assisted partial sintering occurred to minimize the surface free energy of the
cubic Gd1.ssEun.1203 particles during heat treatment at up to 1200 <C. The degree of
microstructural coarsening was further evaluated by measuring the specific surface
area (SSA) of the sample powders. Figure 2-4 shows the SSA of undoped cubic
Gd1.8sEU0.1203 Was 2.23 m?/g, and the SSA decreased with increasing Li* doping. At
12 mol% Li* doping, the SSA was as low as 0.269 m?/g.

Fig. 2-3. SEM images of 1200 <TC-synthesized cubic Gd1.ssEuo.1203 doped with Li* at
(@) 0, (b) 4, (c) 8, and (d) 12 mol%.
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Fig. 2-4. SSA measured for 1200 <C-synthesized cubic Gd1.ssEug.1203 samples doped

with various amounts of Li*.

Figure 2-5 (a) shows XRD patterns for the 1200 <C-synthesized samples. The
diffraction peaks detected for each sample were identical to those for the standard
powder diffraction file for cubic Gd,O3 (JCPDS No. 86-2477, space group: la-3). No
additional crystalline phases containing Li* species were observed in the Li*-doped
samples, which is consistent with the ICP chemical composition analysis results
shown in Table 2-1.
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Fig. 2-5. XRD patterns for Gdi.ssEuo.1203 doped with various amounts of Li* and
synthesized in air at (a) 1200 <C for 3 h, (b) 1300 <T for 3 h. (c) XRD patterns for (c)
undoped and 8 mol% Li*-doped Gd»Os synthesized at 1300 <C for 3 h, and (d)
Gd1.8sEU0.1203 doped with various amounts of Li*, synthesized at 1200 <C for 3 h and
subsequently annealed at 1300 <C for 72 h.

Besides the microstructural coarsening, the relative XRD peak intensity for the
cubic Gd1.gsEuo.1203 was found to increase by the Li* doping as shown in Figure 2-6
(@). In this study, the XRD peak intensity was evaluated by measuring the sum of the
intensities of the ten characteristic diffraction peaks of cubic GdigsEuo.1203. The
highest value was measured for Gdi.ssEuo.1203 doped with 12 mol% of Li* and a heat
treatment at 1100 <C. This value was set as 100%, and the sums of the peak intensities
for the other samples were evaluated relative to this. The relative cubic phase intensity
for the undoped sample heat-treated up to 800 <C was 40%. At 1200 <C, the relative
intensity was approximately 70%. At 1300 <C, the cubic/monoclinic phase
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transformation was completed, as shown in Fig. 2-5 (b), and no cubic phase was
detected. The relative cubic phase intensities for the Li*-doped samples were almost
the same at all temperatures and were higher than that for the undoped sample above
500 <C. At 1100 to 1200 <C, the intensities reached 98-100%. As shown in Fig. 2-5
(b), even at 1300 <C, the dominant phase of the Li*-doped samples was cubic, and the
relative cubic phase peak intensities were approximately 92%. The decrease in the
intensity is considered to be due to the partial cubic to monoclinic phase
transformation, which was detected for the 4 mol% Li*-doped sample, as shown in

Fig. 2-5 (b).
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Fig. 2-6. Relationship between the heat treatment temperature in air and (a) relative
XRD peak intensities of cubic phase, and (b) PL emission peak intensity at 611 nm
evaluated for undoped and Li*-doped Gdi.8sEuo.1203 (3 h heat-treatment).

The Li* source used in this study was LioCO3z with a melting point of 618 <C.
Above this temperature, the resulting system, such as Li.COz-Li20, could react with
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Gd203 and Euz03 to form a eutectic liquid. Most of the Li* species evaporated from
the samples up to 1000 <C, as shown in Table 2-1; therefore, a certain amount of the
eutectic liquid could be formed at 600 to 1000 <C, which would lead to the enhanced
growth of cubic Gdz.esEuo.1203 polycrystallites caused by Ostwald ripening [20] as a
result of the flux effect.

Figure 2-6 (b) shows the PL emission peak intensities at 611 nm for the four
samples heat-treated at temperatures ranging from 500 to 1300 <C. The intensity of
the dominant PL red emission peak for the undoped sample was well correlated with
the relative cubic phase intensity shown in Fig. 2-6 (a), and rapidly increased above
800 <C to reach a maximum at 1200 <C. However, at 1300 <C, the red emission peak
intensity was negligible, which is attributed to the intrinsic extremely low PL
emission efficiency of monoclinic Gdi.gsEuo.1203, as shown in Fig. 2-1 (b).

The red emission intensity for each Li*-doped sample also increased with the
relative cubic phase intensity, and reached a maximum at 1200 <C, then decreased at
1300 <C. Among the three Li*-doped samples, the red emission peak intensity for the
12 mol% Li*-doped sample was slightly higher than those for the two other samples
heat-treated at 900 to 1200 <C.

In this study, the PL red emission intensity was increased by the growth of cubic
Gd1.8sEU0.1203 polycrystallites, which is similar to the results obtained in our previous
study on LiAlsOg:Eu®" [21]. Evaluation of the internal quantum efficiency (IQE) and
external quantum efficiency (EQE) was performed for the undoped and 12 mol%
Li*-doped samples. The IQE and EQE for the undoped sample were 69 and 29.2%,
respectively, while those for the 12 mol% Li*-doped sample were 85 and 60.9%,
respectively. In particular, the EQE was significantly improved by the growth of cubic
Gd18sEu0.1203 crystallites. As an idiographic factor to improve the EQE, larger
Gd1.88Eu0.1203 crystallites could reduce the scattering effect and improve the photon
absorption efficiency. The effect of Li* doping on the PL red emission intensity was
further studied by evaluation of the asymmetry ratio. The emission for the °Do—'F2
transition at 611 nm is due to an electric dipole transition that is only allowed by the
lack of inversion symmetry at the Eu®* site [22], while that due to the °Do—"F1
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transition at 591 nm is attributed to a magnetic dipole transition, which is not affected
by the inverse site symmetry. It is well known that the relative intensities of the
°Do-"F1 and °Do-'F, emissions are strongly dependent on the local symmetry of Eu®*,
and the °Do-F2/°Do-F1 emission intensity ratio (asymmetry ratio) indicates the degree
of distortion from the inversion symmetry of the local environment around the Eu®*
ion in the host lattice [23]. Figure 2-7 shows that the asymmetry ratio evaluated for
the 1200 <C heat-treated samples increases monotonically with the amount of Li*
doping.

In the cubic structure of Gd2O0s, Gd*/Eu** ions are located in two
crystallographically nonequivalent sites with 6-fold coordination [24]. The C:
symmetry site has Gd**/Eu®" in the center of a distorted cube with two oxygen
vacancies on the face diagonal, while the Sg symmetry site is the inversion symmetry
that results from two oxygen vacancies lying on the body diagonal [20,25,26]. The
dominant PL red emission peak at 611 nm attributed to the electric dipole transition is
allowed only on the condition that the Eu®* ion occupies a site without an inversion
center, i.e., the C site in the host cubic Gd.Oz. The numbers of the C; and Se sites in
one unit cell of cubic Gd.O3 sites are typically 24 and 8, respectively, and the C2/Se
site ratio is determined as 3.

The ionic radii of Gd®*" and Eu®* are 0.094 and 0.095 nm, respectively [27]. The
difference between the two ionic radii is as low as 1.05%; therefore, Gd2Oz and Eu>O3
with the same group space (la-3) can form solid solutions at any proportion, and the
occupation probabilities of the Eu®* ion in the two symmetric sites are the same [28].
However, as shown in Fig. 2-7, the asymmetric ratio increases with the amount of the
Li* doping. In addition to an enhancement of cubic Gdi.ssEuo.1203 crystallite growth,
the C2/Ss site ratio occupied by Eu®*ions increases with the amount of Li* doping in

the range from 0 to 12 mol%.
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Fig. 2-7. Asymmetry ratio of the 1200 <C-synthesized cubic GdigsEuo.1203 as a

function of the Li* content.

2.3.2. Enhanced thermal stability of cubic Gdi.ssEuo.1203 by Li* doping

The thermal stability of cubic GdigsEuo1203 was found to be significantly
improved by Li* doping. After heat treatment at 1300 <C (higher than the reported
cubic/monoclinic phase transition temperature of 1250 <C), the dominant phase in the
Li*-doped samples was cubic (Fig. 2-5 (b)). To exclude the effect of Eu** ions on the
thermal stability, Eu®* ion-free 8 mol% Li*-doped Gd2Os and pure Gd2Os were
heat-treated at 1300 <C under the same conditions. Figure 2-5 (c) shows that 8 mol%
Li*-doped Gd»0s exhibited typical diffraction lines identical to cubic Gd.0s, while
the cubic/monoclinic phase transformation of pure Gd,Os was completed. Therefore,
these results indicate that the thermal stability of both cubic Gd>Os and cubic
Gd1.88EU0.1203 can be improved by Li* doping.

To examine the potential for high-temperature applications, the
1200 <T-synthesized cubic Gdi.gsEuo.1203 samples were annealed at 1300 <TC for up to
72 h and the phase transformation behavior was monitored. As shown in Fig. 2-5 (d),
the dominant phase for the 12 mol% Li*-doped Gdi.ssEuo.1203 after 72 h was cubic,

and compared with the 8 mol% and 4 mol% Li*"-doped samples, the thermal stability
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of cubic GdissEuo.1203 was significantly improved. The cubic/monoclinic phase
transformation behavior of the four samples during annealing at 1300 <TC is shown in
Fig. 2-8. Initially, all four samples were single phase cubic, as shown in Fig. 2-5 (a),
and the phase transformation of these samples began within the first 3 hours. However,
the phase transformation rate decreased with increasing Li* doping. The times to
complete the phase transformation for the undoped and 4 mol% Li*-doped samples
were 3 and 36 h, respectively. In contrast, the relative cubic phase fractions of 40 and
90% remained in the 8 mol% and 12 mol% Li*-doped samples, respectively, even

after annealing for 72 h.
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Fig. 2-8. Variety of the cubic phase ratio during additional heat-treatment at 1300 <C
for the 1200 <C-synthesized Gd1.ssEuo.1203 samples doped with various amounts of
Li*.

The enhanced thermal stability of the cubic phase is considered to be due to the
presence of impurities and/or lattice defects, which increase the energy to complete
the phase transformation, as previously discussed for quartz [29]. However, the
1200 <C-synthesized cubic GdigsEuo.1203 samples were free from Li*; therefore, the
role of Li* as an impurity can be excluded, while one possible reason to explain the
enhanced thermal stability is the formation of additional oxygen vacancies. Li* is
considered to be sufficiently small to diffuse into the host Gd»O3 lattice, which could

promote the formation of oxygen vacancies to compensate for the valence difference
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between Li* and Eu®*. The number of additional oxygen vacancies is thus considered
to increase with the amount of Li*-doping, which leads to an increase in the degree of
local distortion around the Eu®* ion in the host Gd.Os lattice, as evident from the
increase in the asymmetric ratio. As a result, the C2/Ss site ratio occupied by Eu®* ions

increased with the amount of Li* doping.

2.4. Conclusions

In this study, cubic Gdi.gsEuo1203 powders were synthesized by the solid state
reaction method at 1200 <C, and the effect of Li* doping on their PL properties and

thermal stability was investigated. The results are summarized as follows:

(1) Under excitation of the CTB of Eu®" at 245 nm, cubic GdissEuo.1203 exhibits a
dominant PL emission peak at 611 nm, which is attributed to the electric dipole

transition °Do—'F» of Eu®*.

(2) The dominant PL red emission peak intensity increased with the amount of the Li*
doping and achieved a maximum for Li*-doping from 12 to 16 mol%. This

intensity was approximately 3 times higher than that for the undoped sample.

(3) The PL red emission peak intensity increased with the heat treatment temperature
and reached a maximum at 1200 <C. This behavior was well correlated with the
temperature dependency of the relative intensity evaluated from the XRD peaks

attributed to cubic Gd1.gsEuo.120s.

(4) ICP analysis results revealed that the doped Li* was completely evaporated from
the sample during heat treatment up to 1200 <C, while at 600 to 1000 <C,
Li*-doping could promote the formation of a liquid phase, which enhanced the
crystallite growth of cubic Gdi.gsEuo.1203 by Ostwald ripening. As a result, the
relative XRD peak intensity of the cubic phase increased by the Li*-doping in the

range from 4 to 12 mol%.
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(5) The IQE and EQE for 12 mol% Li*-doped cubic GdigsEuo.1203 were 85 and
60.9%, respectively. In particular, the EQE was significantly improved by the
growth of cubic GdigsEuo1203 polycrystallites, which was achieved by a
reduction of the scattering effect, thereby improving the photon absorption

efficiency.

(6) As another effect of Li* doping on the PL properties, the asymmetric ratio
evaluated for the PL emission spectrum of cubic GdigsEuo1203 monotonically

increased with the amount of Li* doping in the range from 4 to 12 mol%.

(7) In addition to the enhanced PL emission intensity, the thermal stability of the
cubic Gdi1.8sEun.1203 was significantly improved with increasing Li* doping, and
even after annealing for 72 h at 1300 <C, which exceeds the cubic/monoclinic
phase transformation temperature, the relative fraction of the cubic phase in the 12

mol% Li* -doped sample was measured to be 90%.

(8) The improved thermal stability of the cubic phase at 1300 <C could be explained
by the formation of additional oxygen vacancies, which increases the energy to
complete the cubic/monoclinic phase transformation. The number of additional
oxygen vacancies was considered to be increased with the amount of Li* doping.
This could lead to an enhancement of the local environment distortion around the

Eu®* ion in the host Gd20s, which was evaluated as the asymmetric ratio.
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CHAPTER 3: Photoluminescence and cathodoluminescence properties of Li*
doped Gdi.ssEu0.1203

3.1. Introduction

Field Emission Displays (FEDs) have been widely used for televisions, personal
computers and cell phones in our daily life to replace the conventional cathode ray
tube (CRT) displays [1]. In the past decades, most of the interest has been focused on
the materials for FEDs operating at low electron beam excitation voltages (<10 kV)
[2]. However, under the low excitation voltages, there is no ideal material with
sufficient brightness, fast response and long term stability used for the modern
luminescence devices [3]. Former researches have mainly used sulfide red phosphors
such as Y202S:Eu®, SrGazS4:Eu®", ZnS:Ag,Cl, (Zn/Cd)S:Cu etc. [4-7]. Unfortunately,
the sulfide phosphors are unstable under electron bombarding in vacuum, which leads
to the chemical degradation of phosphor layers and emit sulfide-containing gases
under the operation condition [3, 8]. On the other hand, due to the sharp lines, high
efficiency and stability in high vacuum, rare-earth sesquioxides have received
increased attention and their luminescence properties have been investigated [9-11].
Europium(l11)-doped Gd20s phosphor (Gd2xEuxO3) is one of the attractive red
emitting rare-earth sesquioxide phosphors with potential applications in various
lighting and display devices [12]. Both Gd203 and Eu203 have three different kinds of
cubic, monoclinic and hexagonal phases. It is reported that the smaller
electronegativity of Gd** permits an easier charge transfer from the 2p orbital of O*
to the 4f orbital of Eu®*, and the 85—°D and 8S7,—°®I; transitions of Gd** overlap in
the charge transfer band (CTB), which leads to efficient energy transfer from Gd®* to
Eu®" in Gd2xEuxOs. Therefore, cubic GdzxEuxOs exhibits stronger and red-shift CTB
of the charge transfer edge, which allows sharper red emission at 611 nm than the
monoclinic Gdz-xEuxO3 [13-14].

However, compared with commercial red phosphors like Zno2CdosS:Ag* and
Y20,S:Eu®* [2], the red emission intensity of GdzxEuxOs is not sufficient for practical

applications. There are two main approaches to improve the luminescence properties
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of Gd.-xEuxOs: morphology and/or structure controlling, and with hetero-element ions.
Several Gd2xEuxOs phosphors like nanotubes [15], nanowires [16], and nanospherical
particles [17] have been synthesized. However, during synthesis of the
nanometer-sized Gd»>xEuxOs, lots of chemical reagents like urea and dispersant are
used, which introduces impurity ions and leads to form non-radiation centers. For the
second approach, alkali metal ions are useful dopants to enhance the emission
intensity because of the flux effect and the formation of oxygen vacancies [2, 18-22].
Moreover, due to the radius smaller than the Gd**, Li* is an attractive secondary
dopant (compare with the Na* and K*) for host Gd>Os, which contributes to increase
local distortion of the crystal field surrounding the Eu®* activator [23]. As mentioned
in Chapter 2, in our previous study on GdzxEuxOs with optimized Eu** concentration
of 12 mol% (Gdz.8sEu0.1203), the PL red emission intensity was found to increase
approximately three times by Li*-doping at 12 to 16 mol%. Moreover, the thermal
stability of the cubic Gd1.gsEuo.1203 was significantly improved by the Li*-doping, and
even after annealing for 72 h at 1300 <C, which exceeds the cubic/monoclinic phase
transformation temperature, the relative fraction of the cubic phase in the 12 mol%
Li* -doped Gd1.8sEuo.1203 was measured to be 90% [23].

As a part of our study on luminescent properties, PL and cathodoluminescence
(CL) properties of Li*-doped cubic Gd1.gsEuo.1203 were further studied. In the present
work, Gd>0s-Eu203 mixed powder was prepared by using co-precipitation technique
and cubic Gd1.gsEug.1203 phosphors with different amounts of Li* were synthesized by
heat treatment at 1200 <€ in air for 3h. PL properties were evaluated by using a
conventional spectrophotometer, while CL emission properties under low excitation
voltage were investigated by mounting the synthesized Gdi.ssEuo.1203 phosphor on a
vacuum fluorescent display (VFD). The resulting PL and CL properties were
discussed by comparison with those synthesized by the conventional solid solution

method.

28



3.2. Experimental procedures

3.2.1. Synthesis of Li*-doped cubic Gdi.ssEuo.1203 phosphors

Gadolinium oxide (Gd20z), europium oxide (Eu203) and lithium carbonate
(LioCO3) were used as starting powders. All the powders were purchased from
Mitsuwa Chemical Company, Japan (99.99% purity). Appropriate amounts of Gd>O3
and Eu203 were completely dissolved in a HNOs aqueous solution with pH =1.
Through the whole process, the aqueous solution was stirred by a magnetic stirrer.
The precipitation was carried out by adding aqueous NH4OH solution until the
solution reached a pH of 8. The precipitate was separated by filtration and dried at
100 °C for 3 h. The dried powder was calcined at 1200 °C in air for 3 h. In a typical
synthesis, a proper amount of the calcined powder was mixed with LioCOz as a source

Li*mol

of Li* from 0 to 20 mol% (Li"mol% = — -
Gd*'mol + Eu™"mol

). Then, the mixed powder

(about 2 g) was stirred with 5 ml ethanol for 10 minutes and subsequently placed into
a drying furnace at 100 °C for 5 min to remove the ethanol. The dried powder was
heat-treated at 1200 °C in air for 3 h.

To study the effect of synthesis method on luminescence properties, Li*-doped
cubic Gdi.ssEuo.1203 phosphors were also synthesized by conventional solid solution
method [19, 23]. Appropriate amounts of Gd.Oz and Eu203 were mixed with Li2CO3
and ethanol followed by stirring in the same manner shown above. After drying in a

furnace at 100 °C, the mixed powder was heat-treated at 1200 °C in air for 3 h.

3.2.2. Characterizations

Room temperature X-ray diffraction (XRD; X pert Pro al, Philips) analysis was
performed on the 1200 °C heat-treated samples using Cu Ka radiation (4 =0.15405
nm). The average crystallite size of GdigsEuo.1203 phosphors was evaluated by the

Scherrer equation [24-25]:
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where D is the average crystallite size, 4 is the X-ray wavelength (A =0.15405
nm), B is the full width at half maximum of the observed peak, and the factor of 0.9
for spherical objects was used in this study.

Morphology and microstructure of Li*-doped Gdi.gsEuo.1203 phosphors was
observed using a scanning electron microscope (SEM, JSN-6360LV, JEOL) at 25 kV
acceleration voltages.

PL excitation and emission spectra were record by a spectrophotometer (F-7000,
Hitachi) with a 150 W Xenon lamp as the excitation source. CL emission properties of
the synthesized Li*-doped Gdi.ssEuo.1203 phosphors were studied by mounting the
phosphor on a VFD operated at an anode voltage of 50 VDC (Pulse Width of 100
msec. and Pulse Duty of 1/60 generated by FC110, YOKOGAWA, Japan) with an
average current density of 1.3 mA/cm?. The CL emission spectrum and the luminance
intensity at room temperature were recorded and measured, respectively by a
spectroradiometer (TOPCON SR-3A, Topcon Technohouse Corporation, Japan). This

VFD mount test was performed at Noritake Itron Corporation, Japan.

3.3. Results and discussion

3.3.1. Crystalline phase and morphology

Powder XRD patterns for 1200 °C-synthesized GdiggEuo.1203 synthesized by
co-precipitation (CP) and solid solution (SS) methods are shown in Fig. 3-1. The
diffraction peaks detected for each sample were identical to those for the standard
powder diffraction file for cubic Gd203 (JCPDS No. 86-2477, space group: la-3).
Even for the samples with 20 mol% Li*, no additional crystalline phases containing

Li* species were detected.
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Fig. 3-1. XRD patterns for Gdi.ssEuo1203 doped with different amounts of Li*
synthesized by CP and SS methods after heat treatment at 1200 °C in air for 3h (e
indicates cubic Gd203).

Figure 3-2 shows the average crystallite size for Gdi.ssEuo.1203 doped with
different amounts of Li* synthesized by SS and CP methods, and typical SEM images
of the Gd1.8sEu0.1203 are shown in Fig. 3-3. At all the amount of Li*-doping from 0 to
20 mol%, the average crystallite size for the Gd1.ssEuo.1203 synthesized by CP method
was close to that synthesized by SS method. The average crystallite size
monotonously increased with increasing the amount of Li*-doping. Finally at 20

mol%, the average crystallite size reached approximately 2.3 pum.
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Fig. 3-2. Average crystallite size for Gdi.ssEuo1203 doped with different amounts of
Li* synthesized by CP and SS methods after heat treatment at 1200 °C in air for 3h.

The morphologies of the Li*-doped GdissEuo1203 synthesized by CP method
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were similar to those synthesized by SS method. The Li*-free sample was composed
of round-shaped grains with several hundred nanometers in size. With increasing
amount of Li*-doping, the grain size increased and the neck growth at the grain
boundaries became apparent. This microstructure coarsening could be due to the flux
effect which promoted liquid phase-assisted sintering for minimizing the surface free
energy of cubic Gdz.gsEuo.1203 grains (Fig. 3-3).

£ € . CP 20 mol%
»

CP 0 mol%

Fig. 3-3. SEM images of GdigsEuo1203 doped with different amounts of Li*
synthesized by heat treatment at 1200 °C in air for 3h (CP and SS indicate CP method
and SS method, respectively).

The degree of microstructural coarsening was further evaluated by measuring the
specific surface area (SSA) of the GdigsEuo.1203. The SSA values were plotted as a
function of amount of Li*-doping and are shown in Fig. 3-4. The SSA for the Li*-free
Gd18sEu0.1203 synthesized by SS method was 2.230 m?/g, then decreased with
increasing amount of Li* doping. At the 20 mol% Li*-doping, SSA became as low as
0.254 m?/g. The samples synthesized by CP method also showed the same tendency.
However, at the Li* doping from 0 to 8 mol%, the SSA for Gdi gsEuo.1203 synthesized
by CP method was apparently lower than that by SS method. Above 8 mol%, SSA
values were lower than 0.4 m?/g and compatible with those synthesized by SS

method.
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Fig. 3-4. Variation of specific surface area (SSA) for GdigsEuo1203 doped with
different amounts of Li* synthesized by CP and SS methods.

3.3.2. PL properties

Figure 3-5 demonstrates PL excitation spectrum (Aem. = 611 nm) and emission
spectrum (Aex. = 245 nm) for 12 mol% Li*-doped GdissEuo.1203 synthesized by CP
method. The spectra were well consistent with those synthesized by SS method in our
previous study [23] and the excitation spectrum exhibits three main peaks at 245, 255
and 277 nm. The highest peak at 245 nm is attributed to the charge transfer band
(CTB) between O and Eu®* [13-14]. The peaks at 255 nm and 277 nm superimposed
on the CTB of Eu* are due to the Gd.Os host excitation, and are assigned to the
895D and 85—"°I transitions of Gd®*, respectively. The weak peak at 311 nm can be
assigned to the 8S—°P transition of Gd**. The peaks in the excitation spectrum
indicate the energy transfer from Gd,O3 and Gd** to the doped Eu®*. On the other
hand, the several weak peaks at 350-400 nm are due to the direct excitation of the

Eu®* ground state into the higher level of the 4f orbital [19].
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Fig. 3-5. PL excitation and emission spectra for 12 mol% Li*-doped Gdi.gsEuo.1203
synthesized by CP method.

Upon an excitation at 245 nm, typical °*Do—'F; (J=0-4) transitions of Eu®* at 580,
591, 611 and 628 nm are observed in the PL emission spectrum. The weak emission
peak at 580 nm can be assigned to the °Do—'Fo transition and the emission peak at
591 nm is attributed to the °Do—'F1 magnetic dipole transition. The most intense
emission peak at 611 nm and another weak peak at 628 nm are due to the °Do—'F>
electric dipole transition.

Typical PL emission spectra (dex =245 nm) for the GdigsEuo.1203 phosphors
synthesized in this study are shown in Fig. 3-6. There was a tendency for the
dominant red emission peak intensity at 611 nm to increase consistently with the
amount of Li*-doping. Then, the values of the peak intensity at 611 nm for the
Gd1.88Eu0.1203 phosphors were plotted and analyzed. As shown in Fig. 3-7 (a), the
intensity for the phosphor synthesized by SS method increased with increasing
amount of Li*-doping and reached a maximum at 20 mol% Li*-doping. On the other
hand, the intensity for the Li*-free Gd1.ssEuo.1203 synthesized by CP method was high
and compatible with that achieved for the 16 mol% Li*-doped GdigsEuo1203
synthesized by SS method. Then, the intensity increased slightly to reach a maximum
at 8 to 20 mol%, and was close to that for the 20 mol% Li*-doped Gdi.gsEuo.1203

synthesized by SS method.
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Fig. 3-6. PL emission spectra (Aex. = 245 nm) for Gd1.ssEu0.1203 phosphors doped with
different amounts of Li* synthesized by CP and SS methods.

The dominant emission peak at 611 nm due to the *Do—F, electric dipole
transition is hypersensitive to the symmetry of local environment around Eu®* ion [26],
while that due to the *Do—'F1 transition at 591 nm is attributed to a magnetic dipole
transition, which is not affected by the inverse site symmetry. It is well known that the
relative intensities of the *Do—'F1 and °Do—'F2 emissions strongly depend on the
local symmetry of Eu®*, and the 5Do—'F2/°Do—'F1 emission intensity ratio
(asymmetry ratio) indicates the degree of distortion from the inversion symmetry of
the local environment around Eu®* ion in the host lattice [27]. In our previous study
on Li*-doped GdigsEuo1203 synthesized by SS method [23], it was experimentally
demonstrated that the dominant PL red emission peak intensity at 611 nm was
proportional to the asymmetric ratio, and the asymmetric ratio increased consistently
with the amount of Li*-doping. Then, the asymmetric ratios were evaluated for the
phosphors synthesized by CP method. The values were plotted as a function of
amount of Li*-doping and compared with those synthesized by SS method. As shown
in Fig. 3-7 (b), the asymmetric ratio increased with the amount of Li*-doping,
however at all the amount of Li*-doping in the range of 0 to 20 mol%, the asymmetric
ratio for Gd1.ssEuo.1203 synthesized by CP method was found to be lower than that

synthesized by SS method.
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Fig. 3-7. PL emission properties of GdigsEuo1203 as a function of amount of
Li*-doping: (a) Dominant red emission intensity at 611 nm under UV excitation at
245 nm and (b) asymmetry ratio.

Generally, large surface area carries large number of defects into the host lattice.
Defects have a serious drawback in PL emission intensity since they provide
non-radiative recombination routes for the electrons and holes. If the defect density is
sufficiently reduced by crystallite growth, PL emission intensity would be improved
[20, 28-30]. In the present study, PL red emission intensity for the GdiggEuo.1203
synthesized by SS method was successfully enhanced by host Gd.Oz crystallite
growth via liquid phase-assist sintering. However, as shown in Figs. 3-2 and 3-3, the
Li*-free GdigsEuo1203 synthesized by CP method exhibited a fine-grained
microstructure with an average crystallite size of approximately 400 nm. One possible
reason for the high PL emission intensity is due to the improved dispersion property
of Eu®*" ions doped in the host Gd,Os. During the synthesis process using
co-precipitation technique, Gd>Oz and Eu>Os were converted to Gd(NOz); and
Eu(NOz3)s, respectively. The resulting soluble salts could be well and uniformly mixed
at the molecular level, which leading to minimize the energy trapped by the
non-radiative recombination center during the energy migration process between one
Eu®* ion to another one caused by segregation of Eu®* ions in the host Gd,Os. As a
result, relatively high PL emission intensity was thought to be achieved for the

Gd1.8sEu0.1203 at the Li*-doping from 0 to 8 mol%.
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3.3.3. CL properties

The Li*-doped GdissEuo1203 was mounted on a VFD, and under the VFD
operating condition at an anode voltage of 50 V, CL properties were studied. As a
typical result, figure 3-8 presents a CL emission spectrum for 8 mol% Li*-doped
Gd1.88EU0.1203 synthesized by SS method. Characteristic emission peaks due to the f-f
transition of Eu* ions are observed. The dominant emission peak is located at 611 nm
assigned to the °Do—'F2 electric dipole transition of Eu®*. Thus, the Gdi.ssEU01203

exhibits intense CL red emission under the VFD operating condition in this study.

Intensity / a.u.

Wavelength / nm

Fig. 3-8. CL emission spectrum under VFD operating condition at an acceleration
voltage of 50 V for 8 mol% Li*-doped Gd1.ssEuo.1203 synthesized by SS method.

Figure 3-9 (a) shows luminance intensity evaluated for the dominant CL red
emission of Li"-doped GdigsEuo.1203. In contrast to the liner relation between the
amount of Li* and PL emission intensity shown in Fig. 3-7 (a), Li"-doped
Gd1.88EU0.1203 synthesized by SS method exhibited a maximum luminance intensity at
8 mol% Li*, while above this amount, the intensity decreased with the amount of Li".
On the other hand, when Gdi.gsEuo.1203 was synthesized by CP method, the initial
luminance intensity (at 0 mol% Li*) remarkably improved to 31.3 cd/m?, and the
intensity achieved a maximum at 4 mol% Li*. However, this intensity (37.3 cd/m?)

was apparently lower than that achieved for the 8 mol% Li"-doped Gdi.gsEuo.1203
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synthesized by SS method (53.9 cd/m?).

Figure 3-9 (b) demonstrates relation between the SSA and the luminance
intensity for GdigsEuUo.1203 phosphors investigated in this study. Regardless of
synthesis method, the luminance intensity reaches a maximum at around 0.8 m?/g,

while below this value, the intensity decreases with increasing amount of Li*-doping.
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Fig. 3-9. CL emission properties of Gd1ssEuo1203 doped with different amounts of
Li* synthesized by CP and SS methods: (a) Luminance intensity evaluated for the
dominant CL red emission at 611 nm as a function of amount of Li*-doping, and (b)
Relation between SSA and luminance intensity for GdigsEuo1203 phosphors
investigated in this study (Numbers in parentheses indicate the amount of Li* doping).

At electron beam excitation voltages ranging from 1 to10 kV, the penetration
depth of electrons into the solid is well described by Feldman [31] using the
high-energy excitation model. Based on the model, for example, Liu et al. reported
that the electron penetration depth at 5 kV for rare-earth cation-doped Srin2Os was

estimated as 67.44 nm [32]. At high excitation voltages, CL properties should be
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governed by material factors such as crystallinity of host material and dispersion
property of activator ions in the host lattice. On the other hand, under our present
VFD operating condition at an anode voltage of 50 V, the electron penetration depth
must be extremely shallow. Therefore, it is essentially required for enhancing the
luminance intensity to maintain a sufficient surface area of a phosphor mounted in a
VFD. In this study, crystallinity of GdissEuo1203 and dispersion property of Eu®* in
the host lattice could be improved in association with decreasing surface area of
Gd1.8sEU0120s. Thus, the SSA value of 0.8 m?/g is considered as an approximate

lower limit that can offer possibilities for enhancing luminance intensity.

3.4. Summary

In this study, Li*-doped Gdi.ssEuo.1203 phosphors were synthesized at 1200 °C in
air by co-precipitation (CP) and solid solution (SS) methods. The PL and CL
properties of the synthesized phosphors were studied and discussed based on the
material factors in terms of the average crystallite size, dispersion property of Eu®*
ions in the host Gd>Oz and specific surface area (SSA). The results are summarized as
follows:

(1) The average crystallite size for Gdi.gsEuo.1203 synthesized by CP method was
closed to that synthesized by SS method at all the amount of Li*-doping from 0 to
20 mol%. The average crystallite size at 0 mol% Li* was approximately 400 nm,
then increased consistently with amount of Li*-doping. The maximum average
crystallite size achieved at 20 mol% Li* was about 2.3 um.

(2) Under the excitation of charge transfer band between 0% and Eu‘at 245 nm,
Gd1.88EU0.1203 exhibited a dominant red emission peak at 611 nm attributed to the
*Do—'F electric dipole transition, and the intensity of the dominant red emission
peak increased consistently with the average crystallite size of Gd1.ssEuo.1203.

(3) The dispersion property of Eu** ions doped in the host Gd.O3 was thought to be
improved by using CP method, which could lead to the relatively high PL red
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emission intensity achieved for the GdissEuo.1203 at the Li* doping from O to 8
mol%.

(4) The Li*-doped cubic GdigsEuo1203 phosphor mounted on a VFD showed
room-temperature red CL at an anode voltage of 50 V, and the maximum
luminance intensity for the CL red emission was achieved for 8 mol% Li*-doped
Gd1.88EU0.1203 synthesized by SS method.

(5) Under the present VFD operation condition at the low excitation voltage, the
penetration depth of electrons into the GdigsEuo1203 was considered to be
extremely shallow. Therefore, it could be essential for enhancing the luminance
intensity to maintain a sufficient surface area of the Gdi.gsEuo.1203 mounted on a
VFD. As a result, the SSA value of approximately 0.8m?/g was suggested as a

lower limit required for improving CL emission intensity.
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CHAPTER 4: Relationship between Eu®* substitution sites and
photoluminescence properties of Srin204:Eu* spinel phosphors

4.1. Introduction

For the past dedicate, because of the good thermal and chemical stability, rare
earth ion-doped oxide phosphors have attracted much attention as they can be used in
various type of display devices, solid-state lasers, medical devices, lighting apparatus
and so on [1-4]. Furthermore, the white light-emitting diodes (white LEDs) have been
expected as the next generation solid-state lighting sources to replace the conventional
incandescent and fluorescent lamps. The white LEDs become more and more popular
owing to the favorable properties like the excellent luminescent characteristics, high
energy conversion efficiency, low cost and long operation time [5, 6].

The white LEDs have been fabricated by covering blue LED chips with a yellow
emitting phosphor, cerium-doped yttrium aluminum garnet (YAG:Ce*) [7, 8].
However, the white LEDs fabricated in this way have drawbacks such as the low
color rendering index (less than 80) and high correlated color temperature (higher
than 7000 K), which restricts their wide range of applications. As one of promising
approaches to overcome the drawbacks, ultraviolet (UV) or near-UV LED chip
excited tri-color (blue, green and red) phosphors have been considered and studied as
a better combination for white LEDs which can offer a color rendering index higher
than 90 [9, 10].

However, commercially available red-emitting phosphors are sulfides such as
(Ca, SPS:Eu** and Y20.S:Eu®* [11]. Due to the lower chemical stability,
sulfide-based phosphors degrade in the white LED devices during operation.
Therefore, it is important to develop efficient novel phosphors, particularly
red-emitting phosphors that can be excited efficiently under UV or near-UVv
irradiation. As one of the famous red emitters in the rare earth ion-doped materials,
Eu* ion primarily presents highly efficient emissions due to the large energy gap
between the emitting state °Do and the excited states ’F; (J=0-5) for the contribution of

the extraordinary red composition. In addition to the excellent chemical stability, wide
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band gap semiconducting oxides with active Eu®" ion are promising red color
phosphors [12, 13]. Among these oxide phosphors, indium compounds such as
Calnz04 [14-20] and Srin2O4 [21-29] have been reported as excellent host materials
for rare earth metal cations doped phosphors. Caln2Os is a kind of semiconductor with
a reported bandgap of 3.9 eV, and belongs to ordered CaFe>Os structures with the
Pca2l or Pbcm space group and the lattice parameters of a=0.970 nm, b=1.130 nm
and ¢=0.321 nm for Z=4 [30]. Several dopant cations such as Th*" [14-16] and Pr*
[16] for green emission, Dy®* [16] for blue-white emission and Eu®* for white [17, 18],
yellow [18], orange [18], reddish orange [20] and red [18, 19] emissions under
ultraviolet (UV) and/or vacuum-ultraviolet (VUV) excitation have been investigated
for developing field emission displays (FEDs), cathode ray tube display (CRTs) and
white-LEDs. The chemical composition of these phosphors were mainly designed and
synthesized to occupying Ca?* sites with the dopant cation in the host Caln,Oa. For
tuning the emission colors except for red emission, the dopant concentrations in these
phosphors were very low and in the range of 0.12 to 0.32 mol%, while the intense red
emission was achieved for 15 mol% Eu®" doped CalnOs; with 5 mol% Sm®*
co-doping (CaogIn204:0.15Eu%*, 0.05Sm*") [19].

Another indium compound, Srin2Os4 is also a semiconductor with a reported
bandgap of 3.6 eV, and the red-emitting Srin,O4:Eu®* has attracted much attention for
application to white LEDs, because Srin2O4has a strong absorption band at 396 nm,
which perfectly matches with the emission spectrum of GaN-based LED chips
[21-23]. The crystal structure of Srin2O4 is an orthorhombic CaFe;O4-type structure
with Pnam (D2n1°) space group and the lattice parameters of a=0.981 nm, b=1.145 nm
and ¢=0.327 nm for Z=4 [24]. In the structure of Srin,O4 (Fig. 4-1), two kinds of
distorted InOs octahedra are connected to form a network by sharing edges and
corners, and the In®* ions are in six coordination with the ionic radii of 0.080 nm [25,
26]. On the other hand, Sr?* ions located in the middle of the formed pentagonal prism
tunnel are in eight coordination with the ionic radii of 0.126 nm [24]. Baszczuk et al.
[26] reported that Eu ions can occupy all the Sr?* and two different In3* sites in the
host Srin20s. From the results of luminescence spectroscopic analyses for
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Srin204:Eu®, they concluded that Eu®* ions occupy two different In3* sites, while a
part of Eu®* ions in the host Srin,Os4 could be reduced to Eu?* even under
non-reducing atmosphere, and the in-situ produced Eu?* could occupy the Sr?* site.

If dopant Eu®* ion preferentially occupies the Sr?* site in the host SrinzOs, the
resulting charge imbalance may be compensated by formation of Sr?* vacancies,
which would increase the nonradiative process and result in the reduction of
luminescence intensity. Because the luminescent property of phosphor arises from the
complex interaction among host structure, activators, defects and interfaces. Wang et
al. [27] reported that alkali ions are effective as a co-dopant to compensate the charge
imbalance caused by the Eu®* substitution at the Sr?* site in the host Srin2Oa, and a
remarkable improvement in the PL emission intensity was achieved for
Sr1xIN204:XEu®, xNa* (x=0.1).

However, to our knowledge, there is no systematic study on the PL red-emitting
properties related to the dominant Eu®* occupying site, and the total concentration of
Eu®* ions which may occupy all the Sr?* and In®* sites in the host Srin2Oa4. In this
work, we have investigated the fabrication and photoluminescence (PL) properties of
Srin,04:Eu®* phosphors. The relationship between the PL emission peaks due to the
dopant Eu®*, the site substituted by the Eu®*, oxidation state of the doped Eu®* and the
critical Eu®* concentration in the host SrinO4 lattice were studied. Moreover, the
temperature quenching effect is also measured from room temperature to 227 <€ (500
K), and the results were discussed from a viewpoint to develop an efficient

red-emitting phosphor for white LED applications.

4.2. Experimental procedures

Eu*-doped SrInO4 phosphors were synthesized by the solid solution method
following the procedure reported by Lakshminarasimhan et al. [28]. Strontium
carbonate (SrCOs), indium oxide (In20Oz) and europium oxide (Eu.O3) were used as

starting materials. All the powders were purchased from Mitsuwa Chemical Company,
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Japan (99.99% purity). In a typical synthesis, appropriate amounts of the three starting
powders (totally about 2 g) were mixed and then stirred in the 5 mL ethanol for 10
min. The mixed powder was placed into a drying furnace at 100 <C for 5 min to
remove the ethanol. The dried powder was heat-treated at 1400 <C in air for 4 h. The
chemical compositions of the Eu*-doped Srin,Oa investigated in this study were

shown in Table 4-1.

Table 4-1. Chemical composition of Srin,O4:Eu®* phosphors investigated in this

study.
Sample Molar ratio of starting materials
Formula X y Composition SrC  In20s Eu203
Os
Srin2xO4:XEU®* 0.005 - Sr1.001N1.99504:0.005Eu%* 1 0.9975 0.0025
0.01 - Sr1.00In1.9904:0.01Eu3* 1 0.995 0.005
0.10 - Sr1.00ln1.9004:0.10EU%* 1 0.95 0.05
0.15 - Sr1.00ln18504:0.15EU%* 1 0.925 0.075
0.20 - Sr1.00n1.8004:0.20Eu%* 1 0.9 0.1
0.25 - Sr1.00In1.7504:0.25Eu%* 1 0.875 0.125
0.30 - Sr1.00In1.7004:0.30Eu%* 1 0.85 0.15
Sr1.yIn2.x04:0.1EU3* 0.09 0.01 Sro.99ln10104:0.10EU* | 0.99  0.955 0.05
(x+y=0.1) 0.07 0.03 Sro.g7In10304:0.10EU* | 0.97  0.965 0.05
0.05 0.05 Sro.951n1.9504:0.10EU3* 0.95 0.975 0.05
0.03 0.07 Sro.931n1.9704:0.10EU%* 0.93  0.985 0.05
0.01 0.09 Sro.911n1.9904:0.10EU3* 091 0.995 0.05
- 0.10 Sro.901N2.0004:0.10EU3* 0.90 1 0.05
Sr1-yIn1.7504:(y+0.25) 0.25 0.02 Sro.981N1.7504:0.27Eu%* 0.98 0.875 0.135
Eu®* 0.25 0.04 Sro.961n1.7504:0.29Eu%* 0.96 0.875 0.145
(x=0.25) 0.25 0.06 Srooaln17504:0.31Eu®* | 0.94  0.875 0.155
0.25 0.08 Sro.g2In17504:0.33EU%* | 0.92  0.875 0.165
0.25 0.10 Sro.g0ln17504:0.35EU%* | 0.90  0.875 0.175

Room temperature X-ray diffraction (XRD; X pert Pro a1, Philips) analysis was
performed on the heat-treated samples using Cu Ka radiation (A=0.15405 nm). The
morphology of the heat-treated samples was observed using scanning electron
microscopy (SEM; JSN-6360LV, JEOL) at 25 kV acceleration voltages. Evaluation of

oxidation state for the doped-Eu ions was performed by measurements of X-ray
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absorption near edge structure (XANES) spectra at the Eu LIII absorption edge with
X-ray absorption spectrometer (Rigaku, R-XAS Looper). The obtained XANES
spectra were analyzed by the software (Rigaku, REX2000).

PL excitation and emission spectra were recorded at room temperature using a
spectrophotometer (F-7000, Hitachi) with a 150 W Xenon lamp as the excitation
source. The temperature dependence of the red PL of the phosphor was evaluated

under the excitation at 393 nm.

4.3. Results and discussion

4.3.1. Crystalline phases of 1400 °C heat-treated samples

The XRD patterns for Srin,xOs:xEu®" (x=0.005, 0.01 and 0.1) and those for
Sr1.yIN2-(0.14)04:0.1Eu3* (y=0.01, 0.03, 0.05, 0.07, 0.09 and 0.1) are shown in Figs. 4-2
(@) and 4-2 (b), respectively. The diffraction peaks detected for each sample except for
Sro9In204:0.1EW3* (y=0.1 in Fig. 4-2 (b)) were identical to those of the standard
powder diffraction file for orthorhombic Srin,Os (JCPDS No. 01-072-0801, space
group: Pnam (D21'%)). As previously reported [26], no systematic shifting of XRD
diffraction peaks with increasing x was observed for Srin,.xO4:Eu®* (x=0.005 and 0.01
in Fig. 4-2 (a)), which is due to that variation of the unit cell by small amount of Eu®*
dopant is within the detection limit of the equipment used in this study. The lattice
parameters determined for these two compositions were a =~ 0.982 nm, b = ~ 0.1148
nm, and ¢ = ~ 0.327 nm. When x was increased to 0.1(x=0.1 in Fig. 4-2 (a)), the
lattice parameter in the ¢ axis almost unchanged, while those in the a and b axes
slightly increased to ~0.985 nm and ~0.115 nm, respectively, which indicates that

doped Eu®" (0.095 nm) occupied In®* (0.080 nm) site as designed.
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Fig. 4-1. Crystal structure of orthorhombic SrinzOa.

On the other hand, Srosln,04:0.1Eu®* exhibited additional diffraction peaks
assigned to indium oxide (In203, JCPDS card of No. 00-044-1087), while the rest of
five compositions exhibited SrIn.O4 single phase without formation of strontium
oxide (SrO) and other phases of Eu* ion, thus the doped Eu®* ion was well dissolved
into the Srin,O4 host lattice. These results indicate that Eu®* ion principally occupies
In®* site, then occupies Sr?* site as a secondary substitution site in the host Srin,Oa.
Since the size difference between In®* (0.080 nm) and Eu®* (0.095 nm) in six
coordination is 18.8%, which is rather larger than that between Sr?* (0.126 nm) and
Eu®* (0.107 nm) in eight coordination (15.1%), this order is thought to be governed by

the valence difference between Sr2* and Eus*, which leads to the intrinsic Eu®* content

restriction in the host Srin204 [22, 27].
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Fig. 4-2. The XRD patterns for (a) Srin,x04:0.1Eu®* (x=0.005, 0.01, 0.1) and (b)
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Sr1yIN2.01404:0.1Eu® (v =0.01, 0.03, 0.05, 0.07, 0.09 and 0.1).
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4.3.2. PL properties

As shown in Fig. 4-1, there are one Sr?* site and two different In®* sites in the
host Srinz0a, the dopant Eu®* ion in the five compositions of Sri-y IN2-(0.1-y)04:0.1Eu3*
(y=0.01, 0.03, 0.05, 0.07, 0.09) can be substituted in all of them. Then, their PL
properties were further studied. As a typical result, Fig. 4-3 (a) presents the excitation
spectrum  (Aem= 611 nm) and emission spectrum (Aex= 393 nm) for
Sro.951n1.9504:0.1Eu* (y=0.05). In the excitation spectrum, a broad peak at around 345
nm can be observed and is ascribed to the band gap transition of Srin2O4 host lattice
[29]. The intense excitation peaks at 393 and 464 nm can be attributed to the "Fo—°Ls
and the 'Fo—°D;, excitations, respectively [26]. In addition to its relatively higher
intensity, the excitation peak wavelength of 393 nm well matches with the emission
spectrum of GaN-based LEDs, which offers a possibility for white LED applications.
Thus, the excitation at 393 nm was employed for evaluating PL emission properties of
the phosphors investigated in this study.

Upon an excitation with 393 nm, the emission spectrum exhibits several peaks
due to the °Do—'F; (J=0-4) transitions of Eu** over the range of 570-730 nm, and the
main emission attributed to the °Do—'F- electric dipole transition are observed as
three peaks at 611, 616 and 623 nm (Fig. 4-3 (b)). Thus, Sro.95In19504:0.1Eu® exhibits

red emission.
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Fig. 4-3. PL excitation spectrum (Aem. = 611 nm) and emission spectrum (Aex. = 393
nm) for Sro.esIN1.9504:0.1EU%* (Sr1-yIN,-(0.1-1)04:0.1Eu®*, y=0.05).
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PL emission spectra (Aex. = 393 nm) for Sri-yINs-0.14)04:0.1Eu®" phosphors (y=0,
0.01, 0.03, 0.05, 0.07, 0.09 and 0.10) are shown in Fig. 4-4 (a). All the samples
exhibited dominant red emission peaks at 611-623 nm. These spectra were
curve-fitted and the relative intensities for each emission peak centered at the 611, 616
and 623 nm were evaluated and are plotted in Fig. 4-4 (b) as a function of vy, i.e.
amount of Eu®" at Sr* site (Sri-yInz-0.14)04:0.1Eu®"). Initially at y=0, the relative peak
intensity was in the order of 611 nm > 623 nm > 616 nm. However, the intensity at
616 nm significantly increased with increasing y, and became highest at y= 0.05.
Then, the intensity slightly increased above y=0.05 to reach a maximum at y=0.09.
Conversely, the relative peak intensities at 611 and 623 nm decreased with increasing
y, i.e. with decreasing amount of Eu®*ions at In® site. At y=0.1, intensities of the
three peaks were lowest, which could be due to the secondary phase formation of
In,O3 as shown in Fig. 4-1 (b). These results reveal that the emission peak intensity at
616 nm largely depends on the amount of Eu* ion at Sr?* site, while those at 611 and

623 nm are dominantly governed by the amount of Eu®* ion at the two different In®*

sites.
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Fig. 4-4. (a) PL emission spectra (kex. = 393 nm) for Sriylnz.o1.,)04:0.1Eu®*
phosphors (y=0, 0.01, 0.03, 0.05, 0.07, 0.09 and 0.10), and (b) variation of relative
emission peak intensities at 611, 616, 623 nm in the spectra shown in (a).

To investigate the possibility of the PL emission ascribed to Eu®* ion at the two
different In®" sites, further analysis of the PL emission spectrum (Lex. = 393 nm) was
performed on Srinig904:0.01Eu®", since no SrO diffraction peaks was found in the
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XRD diffraction pattern for this composition and the doped Eu®* ions was thought to
mainly occupy the In®" sites. As shown in Fig. 4-5, only the characteristic f-f
transition peaks of Eu®" can be seen in the spectrum. There are several PL emission
peaks due to the large energy gap between the emitting state °Do and the excited states
F; (3=0-2) which contribute the red emission. The details of the PL emission peaks

are summarized and shown in Table 4-2.

Table 4-2. PL emission peaks due to Eu®" measured for Srini.9904:0.01Eu3* under
excitation at 393 nm.

Transition Peak (nm) Transition Peak (nm)

*Do—'Fo 578 *Do—'F2 611
584 614

*Do—'F1 586 616
590 618
592 624
595 627

611

excited by 339 nm

Intensity (a.u.)

550 575 600 625 650
Wavelength (nm)

Fig. 4-5. PL emission spectrum (kex. = 393 nm) for Srin1.9904:0.01Eu3*.

When the rare earth (RE) ion is incorporated in a host material the energy level of
the RE ion is generally splitted into number of sublevels due to the ligand field/
crystal field. These sublevels are known as the Stark sublevels, and the maximum
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number of the f-f transition peaks due to RE ion can be given as 2J+1 (where J is the
electronic angular momentum). Therefore, there should be only one peak for the “Fo
level, while there are two different peaks at 578 and 584 nm due to the °Do—'Fo
transition (Table 4-2). It is also well known that the maximum numbers of the Stark
sublevels depend on the symmetry of the crystal field surrounding RE ion [31, 32]. As
shown in Fig. 4-5, the high emission intensity achieved by the hypersensitive °Dg to
"F, transition reveals that the point symmetry of Eu®* ion at In®* site is low. Therefore,
there should be less than three and five peaks for the splitting of 'F1 and 'F2 levels,
respectively. However, as shown in Table 4-2, there are four and six peaks attributed
to the *Do—'F1 and the °Do—'F- transitions, respectively. These results demonstrate
that the dopant Eu* ion randomly occupied the two different In®" sites in the host

Srin204 investigated in this study.

4.3.3. Optimization of PL red emission intensity

To improve the performance as a red-emitting phosphor, optimization of the
dopant Eu* ion concentration in the host Srin,O4 lattice was further investigated
according to the following strategy based on the results obtained shown above: (1)
optimizing total amount of Eu®* ion at the two different In®* sites, then (2) optimizing
the amount of Eu®* ion at Sr?* site for the Srin,O. with the optimized amount of Eu®*
ions occupying the two In®*" sites. Figure 4-6 shows PL emission spectra for
SrinyxO4:XEU®* (x = 0.1, 0.15, 0.2, 0.25 and 0.3) upon an excitation at 393 nm.
Among the three dominant red emission peaks at 611, 616 and 623 nm attributed to
the ®Do—'F transition, the most intensive one at 611 nm was selected, and the inset
shows variation of the relative peak intensity at 611 nm. The intensity of the red
emission peaks increased consistently with Eu®* concentration and reached a
maximum at x=0.25, then became lowest at x=0.3. The XRD analysis revealed that all
the SrinzxO4:XEu®* phosphors were composed of SrinoO4 single phase, and the

degradation at x=0.3 was thought to be due to the concentration quenching.
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Fig. 4-6. PL emission spectra excited at 393 nm for Srin,.xOs:XEu®" with different
amount of Eu®* (x = 0.1, 0.15, 0.2, 0.25 and 0.3). Inset shows relative intensity of the
emission peak at 611 nm as a function of Eu®* content.

Then, a series of Sri-yIn17504:(y+0.25)Eu®" (y=0.02, 0.04, 0.06, 0.08 and 0.10)
were synthesized and characterized by comparing with Sriny7504:0.25Eu%*. As shown
in Fig. 4-7, all the phosphors exhibited the same XRD pattern identical to
orthorhombic Srin2O4 phase. As typical morphological features, SEM images of
SriyIni75:(y+0.25)Eu®* (y=0, 0.04, 0.08 and 0.1) are shown in Fig. 4-8. All the
phosphors exhibited a similar microstructural feature, and presented crystallites

having a size range of about 1 to 4 um.

Sr,In, c0,:(y+0.25)Eu™
% =0.10
P ST
- =0.08
E 'ul J\ ) I O A y
> y=0.06
a l“ J—, M AM A
S _
E YU‘\ ) . y—0.04
| y=0.02
FJ 0 M M A
I y=0
M A
10 2‘0 30 45 50 (;0 70 80

Diffraction angle 20 (degree)

Fig. 4-7. The XRD patterns for Sr1.yIn17504:(y+0.25)Eu®" (*: Orthorhombic Srin20s4).
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Fig. 4-8. SEM images of Sri.yIn1 7504:(y+0.25)Eu®* (y=0, 0.04, 0.08 and 0.1).

Figure 4-9 (a) illustrates PL emission spectra for the Sri.ylni 7504:(y+0.25)Eu®*
phosphors (y=0, 0.02, 0.04, 0.06, 0.08 and 0.10) upon an excitation at 393 nm. The
variations of relative peak intensities at 611, 616 and 623 nm, and the resulting red
emission intensity evaluated as the total intensity of the three emission peaks due to
the SDo—F> transition are shown in Figs. 4-9 (b) and 4-9 (c), respectively. In this
optimization study, the Eu®* concentration at the In®" site was optimized and fixed as
25% prior to increasing the amount of Eu®* at the Sr?* site, and the relative peak
intensities at 611, 616 and 623 nm were found to keep the initial intensity order (611
nm > 623 nm > 616 nm) at all the compositions (Fig. 4-9 (b)). The relative peak
intensity at 616 nm increased consistently with the amount of Eu®" ion-doping, and
reached a maximum at y=0.08 to 0.1, while those at 611 and 623 nm increased to
reach a maximum at y=0.08, then apparently decreased at y=0.1 (Fig. 4-9 (b)). As a
result, the maximum red emission intensity ascribed to the *Do—'F- transition was
achieved for Sro.g2In17504:0.33Eu®" (y=0.08). This intensity was 2.2 times higher than
that of Sriny.7504:0.25Eu%* (y=0) (Fig. 4-9 (c)).
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Fig. 4-9. PL emission properties of Sri.yIni 7504:(y+0.25)Eu®*. (a) PL spectra exited at
393 nm. Composition dependences of (b) relative emission peak intensities at 611,
616 and 623 nm and (c) the total emission intensity.

The oxidation state of the doped Eu ions was investigated by the XANES
spectroscopy. The spectrum obtained for Srog2In17504:0.33Eu®* is compared with that

for the reference sample of Eu>Os and shown in Fig. 4-10. Both of the two samples
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exhibit a single band peak centered at 6988 eV assigned to Eu®" [33], and thus the
oxidation state of the Eu ions in the Srog2In1.7504:0.33Eu3* synthesized in this study

was determined as trivalent.

Intensity (a.u.)

Eu,O; (reference)

1 :. 1 1 " 1 " N L "
6950 7000 7050 7100
Energy (eV)

Fig. 4-10. XANES spectra for Sro.21n1.7504:0.33Eu" and reference sample of EuOs.

The emission peak intensity at 616 nm increased associated with a simultaneous
increase in the emission peak intensities at 611 and 623 nm, which could be due to the
preferential Eu®* substitution at In®* sites as discussed above. Thus, a part of the
additionally doped Eu®*" ion occupied the In®" sites, and the exact Eu®* ion
concentration at Sr?* site in the Sro.g2In1.7504:0.33Eu®* could be less than 8 mol%.

When the dopant Eu®"ion occupies Sr?* site, the resulting charge imbalance may

be compensated by formation of Sr>* vacancies as follows:
Eu,03 — 2Eu®si+ 30*0+ V"s* Q)

As previously discussed for Na'-codoped SrixIn204:xEu®*  phosphors
(Sr1-xxIN204:XEU®* xNa®) [27], under such a low Eu®* concentration below 8 mol%,
the degree of charge imbalance formed by the Eu®* substitution at Sr?* site could be

low. Thus, the red emission intensity successfully increased without a serious
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reduction in the emission intensity caused by the formation of Sr?* vacancies.

The optimized total amount of dopant Eu®* ion in the host Srin,Os4 was
determined to be 0.33, above which the red emission intensity decreased due to the
concentration quenching. Since the concentration quenching is caused by energy
transfer from one activator to another one, there is a critical energy transfer distance

(R¢). In oxide phosphors, the R¢ can be estimated by the following equation [34, 35]:

Rc — z(i)lm
47X N

()

where V is the volume of the unit cell, Xc is the critical concentration of the dopant
ions and N is the number of host cation in the unit cell. By using appropriate values of
V (0.376 nm®), X (0.33) and N (4) [24, 36], the critical energy transfer distance of
Eud*ion in the Sro.g2In1.7504:0.33Eu®* (Rc) is determined to be 0.817 nm.

Park et al. [37] reported that the melilite structure CaYAI307 has a high Eu®*
concentration without concentration quenching compared to other host materials, and
the optimized Eu® ion concentration and the Rc for the red-emitting
CaY1xAlsO7:XEu®* were determined to be approximately 35 mol% (x=0.35) and 0.9
nm, respectively. The values obtained in this study are compatible with those reported
for the CaY1xAlsO7:xEu®', and relatively high dopant Eu®* ion concentration was
achieved for the Srin,04: Eu®*phosphor by the simultaneous optimizations of the Eu®*
ion concentrations at the Sr?* and In®* sites, respectively.

The non-radiative energy transfer from one Eu®* ion to another Eu®* ion may
occur by exchange interaction, radiation reabsorption or electric multipolar interaction.
The exchange interaction usually occurs when the donor level has a substantial
overlap with the acceptor one. This overlap is responsible for the short critical
energy-transfer distances (R¢) less than 0.5 nm [38, 39] and makes a part of forbidden
transitions to be allowed one. In the present Srog2In17504:0.33EU®* phosphor, the Rc
value was estimated to be 0.817 nm, which reveals that the exchange interaction is not

the dominant mechanism for the concentration quenching observed for the present
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Sr1yIn1 7504:(y+0.25)Eu®* phosphors. On the other hand, the radiation reabsorption is
only effective when the fluorescence and absorption spectra are broadly overlapping.
Since such a broad spectral overlap was not observed for the Sro.g2In17504:0.33Eu*
phosphor as seen in Figs. 4-3 and 4-9 (a), this mechanism can be excluded in the
present case. Therefore, the electric multipolar interaction should be the dominant
mechanism for concentration quenching of PL emission due to Eu®* ions in the
Sr1-yIn1.7504:(y+0.25)Eu®* phosphors.

In this study, the PL red-emitting properties related to the dominant Eu®*
occupying site were clarified. Then, for the PL red emission, the optimized total
concentration of Eu®* ions which occupied all the Sr?* and In®'sites in the host
Srin,04 was determined as 33%, and the Eu®* substitutions in the host Srin,Oa4 can be
summarized as follows: The In®" site in the host Srin,Os could be selectively
substituted by Eu®* ions by controlling the chemical composition as Sring-xOa:XEu*
(x: up to approximately 0.3), while it was impossible to replace Sr?* with Eu®*
selectively by controlling the chemical composition as Sra-In204:XEu*. As a result,
Srinx)04:XEu® formed accompanied by the phase separation of In,Os. On the other
hand, the Sr?* in the Srine-004:XEu®* was found to be replaced with Eu®*, and the
Eu* concentration at the Sr?* site could be increased to 10 %
(Sr1-yIn1.7504:(y+0.25)Eu®*, y=0.1). Formation of Srin@-«O4:XEu®* lead to the lattice
expansion of the host Srln.O4, which was thought to be one of critical factors for the
Eu®* substation at the Sr?* site to form Srq.y)Ine-xOa4:(X+y)Eus*.

Finally, to examine the potential for white-LED applications, the temperature
dependence of emission intensity under excitation at 393 nm of Sro.g2In17504:0.33Eu"
phosphor was studied. The intensities evaluated up to 500 K (227 <€) were
normalized by that at room temperature and plotted as a function of temperature (Fig.
4-11). The PL intensity decreased slowly with increasing temperature, however the
normalized PL intensities at 400 K (127 <€) and 440 K (167 <€) remained
approximately 90 and 85 %, respectively. Thus, the Sro.s21n17504:0.33Eu* was found
to have a good thermal-quenching property compatible with that of Caln,Os:Eu®*
phosphor [20] at the usual LED’s operating temperatures.
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Fig. 4-11. The PL intensity of the Sro.g21n1.7504:0.33Eu* under excitation of 393 nm at
temperatures from room temperature to 500 K (227 °C).

4.4. Summary

In this study, SrinoO4:Eu®" phosphors were synthesized by the solid solution
method at 1400 <€ in air. To optimize the performance as a red-emitting phosphor for
white LED applications, the relation between the Eu®* substitution site and
photoluminescence (PL) properties was investigated. The results are summarized as

follows:

(1) The dopant Eu®* ions principally occupy two different crystallographic In®* sites,
which is thought to be governed by the valence difference between Sr?* and Eu®*,
which leads to the intrinsic Eu®* content restriction in the host SrinzOa.

(2) Sr** in the SrinexOs:xEu®* was found to be replaced with Eu®". The lattice
expansion induced by the Eu®* substation at the In3* site was thought to be one of
critical factors for the Sr(.y)Ine-xOa:(x+y)Eus* formation.

(3) Under excitation of the "Fo—°Ls transition of Eu®* at 393 nm, the SrinO4:Eu
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exhibits dominant red emission peaks at 611, 616 and 623 nm, which are
attributed to the electric dipole transition *Do—'F2 of Eu®".

(4) The red emission peak intensities at 611, 616 and 623 nm were dominantly
governed by the total amount of Eu* ion at the two different In®" sites, while a
small amount (< 10 mol%) of Eu®" ion at Sr?* site was found to contribute to
enhance the red emission peak intensity at 616 nm.

(5) The highest red emission intensity evaluated as the total emission peak intensities
at the 611, 616 and 623 nm was achieved for 33 mol% Eu®*"-doped Srin2Ox
phosphor in which Eu®* ion concentrations at the In® and Sr®* sites were
simultaneously optimized as 25 and 8 mol%, respectively (Sro.21n17504:0.33Eu®").
This red emission intensity was 2.2 times higher than that of the phosphor without
contribution of the Eu®* at the Sr?* site (Sriny.7504:0.25Eu%").

(6) The oxidation state of the doped Eu ions in the Sros21n17504:0.33Eu" synthesized
in this study was determined as trivalent by the XANES spectroscopic analysis.

(7) The critical energy transfer distance of Eu®" ion in the Srog2Ini7504:0.33Eu%*
phosphor was determined to be 0.817 nm, and the electric multipolar interaction
was suggested as the dominant mechanism for concentration quenching observed
for the Eu**-doped Srin,O4 phosphor investigated in this study.

(8) Sro.21n17504:0.33Eu* phosphor synthesized in this study exhibited a good

thermal-quenching property at the usual LED’s operating temperatures.
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CHAPTER 5: Summary

In this study, luminescence properties of Eu®*-doped oxide phosphors were
investigated for their practical use in LEDs and/or VFDs. It was expected to be
essential to replace the present commercial sulfide- and oxysulfide-based red
phosphors which have some drawbacks such as high sensitivity toward moisture and
degradation under electron beam excitation. As chemically stable and environmentally
benign host materials, Gd20s and Srin,O4 were selected from rare earth oxides and
oxide semiconductors, respectively. To enhance the red emission properties of the
Eu*-doped Gd20s; (Gd2xEuxOs), the effect of Li* co-doping on the red emission
intensity as well as optimizing the amount of Eu®* doped in the host Gd,O3 were
intensively studied. On the other hand, Eu®* substitution behaviors at the two different
In®* and Sr?* sites were investigated by systematically varying the chemical
composition of the Srin,O4:Eu®" and XRD analysis combined with PL spectroscopic
analysis. Then, the optimized total amount of the Eu®* doped in the host Srin2Os to
achieve the maximum PL red emission intensity was experimentally determined.

In Chapters 2 and 3, Li* co-doped Gd..xEuxO3z phosphors were synthesized by
conventional solid state reaction method and the co-precipitation method at 1200 °C
in air.

In Chapter 2, 0 to 20 mol% of Li" doped cubic GdigsEuo1203 powders were
synthesized at 1200 <C by the solid state reaction method. Under excitation of the
charge transfer band of Eu®* at 245 nm, the Gdi.ssEuo.1203 exhibited a dominant PL
red emission peak at 611 nm attributed to the electric dipole transition °Do—'F2 of
Eu®*. The dominant PL red emission peak intensity increased with Li* doping and
reached a maximum in the range from 12 to 16 mol%. This intensity was
approximately 3 times higher than that of undoped GdissEuo120s. Chemical
composition analysis revealed that the Li* species was completely evaporated from
the samples by the heat treatment up to 1200 <C, and the resulting Li*-free cubic
Gd1.8sEu0.1203 materials were found to show enhanced thermal stability with respect

to the amount of Li* doping. Even after annealing at 1300 <C (higher than the

65



cubic/monoclinic phase transformation temperature of 1250 <C) for 72 h, the XRD
analysis indicated that the relative fraction of the cubic phase in the 12 mol%
Li*-doped sample was as high as 90%. The relationship between the amount of Li*
doping and the asymmetric ratio evaluated for the PL emission spectrum and PL
quantum efficiency of the cubic Gdi.ssEuo1203 samples suggested that, in addition to
enhanced crystallite growth, the formation of additional oxygen vacancies promoted
by Li* doping contributed to simultaneous enhancement in the PL red emission
intensity and the thermal stability of cubic Gd1.gsEuo.120s.

In Chapter 3, Li*-doped cubic Gd1.ssEuo.1203 phosphors were synthesized at 1200
°C in air by co-precipitation and solid state reaction methods. The XRD analysis
revealed that, regardless of synthetic method, the average crystallite size for Li*-free
Gd1.83EU0.1203 was approximately 400 nm, then increased with the amount of Li* and
at 20 mol%, reached about 2.3 um. PL spectroscopic analysis revealed that the
dominant red emission peak intensity at 611 nm increased consistently with the
amount of Li*-doping, while CP method was found to be effective in improving the
red emission intensity at lower amounts of Li*-doping from 0 to 8 mol%. CL property
was studied by mounting the synthesized phosphor on a VFD operated at an anode
voltage of 50 V. The Gdi.ssEuo.1203 exhibited a similar spectrum with an intense red
emission peak at 611 nm, and the highest luminance intensity for the CL red emission
was achieved for 8 mol% Li*-doped Gd1.gsEuo1203 synthesized by SS method. The
evaluation results of PL and CL properties suggested that, besides the crystallite size
of Gd1.8sEU0.1203, dispersion property of Eu®* ions in the host Gd2O3 was an important
factor for improving luminescent properties of Gdi.gsEuo.120s. Moreover, under the
present VFD operating condition at the low excitation voltage, it was thought to be
essential for improving CL emission intensity to maintain a sufficient surface area of
Gd1.83EU0.120s3.

In Chapter 4, Eu®*-doped SrinOs phosphors were synthesized by the solid
solution method at 1400 < in air. The chemical composition of the phosphors was
systematically changed to study the relation between the Eu®" substitution site and
photoluminescence (PL) properties. Under excitation of the ‘Fo—°Lsg transition of

66



Eud* at 393 nm, the Srin04:Eu®* exhibited dominant red emission peaks at 611, 616
and 623 nm which were assigned to the electric dipole transition *Do—'F, of Eu®".
The results of X-ray diffraction analysis combined with PL spectroscopic analysis
revealed that Eu®* ions occupied two different crystallographic In®* sites in the host
Srin,04, while it was found to be impossible to substitute Sr?* with Eu**prior to the
Eu®* substitution at the In®* sites in the host Srin,O4. The intensity of the red emission
peaks increased with the total amount of dopant Eu®* ion at the two In* sites, and
reached a maximum at 25 mol% Eu®*-doping (Srln2-«O4:XEu®*, x=0.25). Moreover, a
small amount (<10 mol%) of Eu®* at the Sr?* site in the Srin,.«O4:XEu** was found to
contribute to enhance the red emission peak intensity at 616 nm. As a result, the
highest red emission intensity evaluated as the total emission peak intensities at the
611, 616 and 623 nm was achieved for Srog2In17504:0.33Eu®* in which Eu®" ion
concentrations at the In®* and Sr?* sites were simultaneously optimized as 25 and 8
mol%, respectively (Sriyln,xOa:(Xx+y)Eu®", x=0.25, y=0.08). This red emission
intensity was 2.2 times higher than that of the phosphor without contribution of the
Eud* at the Sr?* site (SrinyxOs:XEu®*, x=0.25). The critical energy transfer distance of
Eu®* ion in the Srog2In1 7504:0.33Eu®* phosphor was determined to be 0.817 nm, and
the electric multipolar interaction was suggested as the dominant mechanism for
concentration quenching of PL emission due to Eu* ions in the Eu**-doped Srin,0a4

phosphors.
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