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Chapter 1.
General Introduction

Phosphor materials have been widely used in lighting applications, especially
phosphor converted white LEDs (pc-wLEDs)."10 The pc-WLEDs have many
advantages in terms of lower energy consumption, mercury free, longer lifetime
in comparison with traditional fluorescent lamps and incandescent bulbs. Before
the development of pc-wLEDs, phosphors were primarily considered as another
optical applications such as scintillators for X-ray and plasma displays for vacuum
ultraviolet (VUV) or UV excitation.1-26 However, since the pc-wLEDs consisted of
yellow emitting Y3Als012:Ce3* (YAG:Ce?*) and blue emitting semiconductors (6H-
SiC/GaN) was firstly reported by P. Schlotter et al in 1997, many phosphors for

pc-WLEDs had been developed over the past two decades.?”
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Fig. 1-1 Schematic diagrams of (a) c-Si solar cells and (b) p-n junction.

Recent years, phosphors have also been investigated as energy conversion
materials in crystalline silicon (c-Si) solar cells.?8-34 The first c-Si solar cells were
reported by Chapin et al. at Bell Telephone Laboratories in 1954.35 36 |n solar

cells generates the electric energy using photoelectric effect, which has been
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firstly found by Becquerel in 1839. The initial conversion efficiency reported by
Chapin et al. was found to be 6%, however, modern c-Si solar cells have achieved
a conversion efficiency of 26.7%.3” The schematic diagram of the c-Si solar cell
is shown in Fig. 1-1(a). The c-Si solar cell consists of two distinct layers, n- and
p-types. In the depletion layer, which is formed by the p-n junction, neither
electrons nor holes can move. The schematic diagram of the p-n junction is also
illustrated in Fig. 1-1(b). Holes and electrons are formed when sunlight irradiates
the c-Si solar cells. As increasing the amounts of electrons and holes, the slope
is formed in the depletion layer because the charge equilibrium becomes
imbalance. Moreover, the difference between Fermi levels in n and p-types
dominates the electromotive force Since the solar energy has the largest potential
among renewable energy such as geothermal, tide and water, alternative
photovoltaic (PV) systems have been proposed such as tandem and perovskite
types.3843

Fig. 1-2 shows the sunlight spectrum (AM = 1.5) and the spectral response of c-

Si. Sunlight spectrum has the maxim spectral irradiance around 550 nm, while



the spectral response of c-Si has the peak top around 1000 nm. This spectral
mismatch between the sunlight and spectral response of c-Si causes the lower
actual conversion efficiency than the theoretical value (29%), which is also called

the Shockley-Queisser limit.44 45
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Fig. 1-2 Sunlight spectrum (AM = 1.5) (black solid line) and spectral response of

c-Si (red dashed line).
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Fig. 1-3 Three different emission mechanism of phosphors: (a) downshift, (b)

down-conversion and (c) up-conversion.

The improvement of conversion efficiency in current c-Si solar cells is expected
to be achieved by phosphor materials. Phosphors can be classified into three
different categories: (a) downshift, (b) down-conversion and (c) up-conversion,
respectively (refer to Fig. 1-3).46 In the case of downshift phosphors, a photon in
the ground state is transferred to an excited state. After the relaxation process,
the photon in the excited state returns to the ground state and an emission is
observed. In contrast, the down-conversion involves the division of an excited
photon into two photons. As a result, the quantum efficiency of the down
conversion phosphors is possibly reached to 200%.4” Up-conversion shows that
the photon in the low excited level moves to the higher energy levels, resulting in
visible emission under the infrared light excitation. Developed down - and up -
conversion phosphors are summarized in Table 1-1(a) and (b). Down - and up -
conversion phosphors commonly use Yb3* ion, which is one of the rare earth
elements. The Yb3* ion not only shows the infrared emission around 1000 nm
due to the 4f - 4f electron forbidden transition, but also acts as the energy donors
in up - conversion phosphors. However, the quantum efficiency of current Yb3+-

activated down- and up-conversion phosphors are still low. Moreover, the optical
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properties of the Yb3* ion are independent of the host material due to internal 4f
-4f transitions, which limits the material design for spectral convertor in c-Si solar
cells.

Table 1-1 Reported down-conversion phosphors.

Host Donor Acceptor Ref.
Y203 Tb3+ Yb3+ 48
CaSc204 Ce3* Yb3* 49
CaMoO4 Erd* Yb3* 50
YOF Pr3* Yb3* 51
Lu20s Hod* Yb3* 52
Y3Al5012 Ce?* Yb3* 47
Y203 Bi3* Yb3* 53
LuPO4 Tm3* Yb3* 54
CagY(PO4)7 Eu?* Yb3* 55
CaxMgWOs Cr3* Yb3* 56

Table 1-2 Reported up-conversion phosphors.

Host Donor Acceptor Ref.
B-NaYF4 Yb3* Tb3* 57
LazMo20g Yb3+ Er3* 33
ZnTiO3 Yb3* Er3* 58
BasGdsZnsOo4 Yp3+ Er3* 59
NaLuF4 Yb3* Ho3* 60
LiGasOs NiZ* Tms* 61
(Ba,Ca)2ScAlOs Yb3* Er3* 62

From these viewpoints, the downshift phosphors are adopted as a spectral
convertors for c-Si solar cells. Moreover, in this study, Eu?* and Ce?®* ions are
mainly used as activator ions to develop the downshift phosphor. The optical

properties of these phosphors are dependent on the host material because the



outer 5d orbitals are affected by ligands.®3 As a result, the quantum efficiencies
of Eu2* or Ce3*-activated phosphors are higher than those of phosphors doped
the rare earth ion with 4f - 4f forbidden transition. Although these emission ions
are often used as pc-WLEDs, the development of Eu2*- or Ce3*-activated
downshift phosphors for c-Si solar cells may leads to the novel material design
concept. Therefore, this study is aimed to develop novel Eu2*- or Ce3*-activated
downshift phosphors for c-Si solar cells.

This thesis discusses the development of Eu?*- or Ce3*-activated downshift
phosphor for c-Si solar cells and consists of the following six chapters.
In Chapter 2, the novel blue-yellow multicolor emitting phosphors,
LisNaSiO4:Eu?* (LNS:Eu?*) are described. The emission mechanism of Eu2* ion
in LNS host is deeply discussed. Moreover, the thermal quenching behavior of
LNS:Eu?* is assisted by two different alkaline defects.
In Chapter 3, the blue-emitting Na;Mg,SisO+5:Eu?* with the high thermal stability
are written. Eu?* ions are located on two different alkaline sites and exhibit the
excellent thermal stability compared with the reported Eu2*-activated phosphors.
In Chapter 4, the emission color shift from yellow-green to reddish-orange of
CagBaP4017:Eu?* is discussed. Moreover, the emission lifetime, thermal
quenching behavior, the fabrication of prototype white LEDs is systematically
conducted to validate its potential.
In Chapter 5, yellow-emitting SroBay(PO4)2:Eu?* synthesized by melt quenching
method using an special furnace is described. This crystal structure and optical
properties are deeply discussed.

In Chapter 6, near ultraviolet light excitable Ce3*-activated green emitting
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BasLazMgAl;045 (BLMAO) are described. The crystal structure of BLMAO is
isotype with BaglLayAj1sFe25015 and the optical properties of Ce3* ion in this
crystal structure is discussed.

In Chapter 7, all results in this study and knowledges are totally summarized and

discuss the potential of downshift phosphors for c-Si.
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Chapter 2.
Blue-Yellow Multicolor Phosphor, Eu?*-activated Li;NaSiOy:
Excellent Thermal Stability and Quenching Mechanism

2-1 Introduction

In Chapter 2, we focus on phosphors in which Eu?* is substituted for alkaline
sites, and on the expected emergence of multi-color emissions through a site-
engineering effect. A few studies on this topic have been reported, such as for
NazScy(PO4)s:Eu?*, NaScSi,Os:Eu?*, NaMgPO4:Eu?*, and NaAISiO,4:Eu2+.64-69
With these phosphors, Eu2* is substituted for a Na site to achieve a good
performance in terms of the thermal stability and efficient fluorescent properties.
Nevertheless, the emission mechanism in phosphors with Eu?* substituted for the
alkaline sites remains obscure. Furthermore, Wen et al. proposed that the
emission wavelength of (Sr,Ba).SiO4:Eu?* is shifted when adding a Ba flux during
the synthesis process. They concluded that Ba can be substituted for a Sr site,
and thus, Eu?* is likely to be replaced with another type of Sr site, which is
responsible for a shift in the emission wavelength.”®

From these two viewpoints, we focused on LizNaSiO4 (LNS), as reported by
Nowitzki et al., which has several types of alkali sites substitutable for Eu2*.7!
LiMAI3N4 (M = Ca, Sr) and MMgSi3N4 (M = Ca, Sr) have the same crystal structure
as that of LNS, indicating that LNS has the probability to be a good host lattice of
Eu?*-doped phosphors.”275 |n this study, we prepared LNS:Eu2* powder through
a conventional solid-state reaction with and without a flux. Moreover, single LNS

crystals were synthesized using a flux method. We conducted several types of
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measurements to elucidate the characteristics of the phosphors, measuring their
photoluminescence properties, emission decay curves, thermal quenching
properties, and thermoluminescence curves. These experimental consequences
indicate that LNS:Eu?* synthesized with a flux is capable of emitting multiple

colors consisting of yellow and blue lights through Eu?* doping only.
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2-2 Experimental

Reagents. Li,CO3; (Kanto Chemical, Co., Inc., 99%), Na,CO3 (Kanto Chemical,
Co., Inc., 99.8%), SiO, (Kanto Chemical, Co., Inc., 99%), and Eu,O3 (Shin-etsu
Chemical Co., Inc., 99.99%) were used as raw materials for the cationic
components of the phosphors. Sodium salts, such as Na,COg, Li,CO3;, NH4CI
(Wako Co., Inc., 99.5%), and NaCl (High Purity Chemicals Co., Inc., 99.9%), were
employed as fluxes.

Synthesis of powder sample. Herein, Eu2*-doped LNS phosphor powders were
synthesized using a conventional solid-state reaction method. The raw oxide and
carbonate materials (LioCO3, Na,COs, SiO», and Eu,03) were mixed at a ratio of
Li:Na:Si:Eu = 3:1-2x:1:x (x = 0.005-0.04) using an agate mortar with acetone.
After drying, the mixtures were pre-heated at 1,123 K for 6 h in air to remove CO;
and H»O and obtain white precursor powders. Na,CO3 was then added at 40 wt%
as a flux to the precursor powder, followed by mixing in acetone until the powders
dried. Next, these mixtures were heated at 1223 K for 6 h in a reducing
atmosphere (95 vol.% Ar / 5 vol.% Hy) for reduction from Eu3* to Eu?*.
Characterization. Powder X-ray diffraction (XRD) patterns were obtained using
an X-ray diffractometer (MX-Labo, Mac Science Co., Ltd.) with monochromatic
CuKa radiation (A= 1.54056 A) under 25 mA and 40 kV. Rietveld refinement was
carried out using RIETAN-FP software.”® Photoluminescence (PL),
photoluminescence excitation (PLE) spectra, and the quantum yield (QY) were
measured at room temperature using a spectrofluorometer (FP-6500/FP-6600,
Jasco, Inc.) with a 150 W Xenon lamp. The decay curves of Eu?* in the LNS were

measured using a Quantaurus-Tau (Hamamatsu Photonics, Inc.). The
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chromaticity diagram was analyzed using a PMA-12 multi-channel spectroscope
(Hamamatsu Photonics, Inc.). The thermoluminescence (TL) curves were
measured at a heating rate of 1 K/s using the same apparatus used for the
chromaticity diagram. The heating apparatus was made in our laboratory. The
reflection and absorption spectra of the samples were evaluated using a diffuse-
reflectance spectrum (DRS) (V-50, Jasco Co.) based on BaSO4 white powder as

a reference.
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2-3 Results and Discussion
2-3-1 Rietveld refinement
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Fig. 2-1(a) XRD patterns of LisNa1.2xEuxSiO4 (x = 0, 0.005, 0.01, 0.02, 0.03, 0.04)

and (b) Li3Nao,98EUO_01SiO4 (X = 001) with and without NGQCO3 flux.

XRD patterns of LisNasoxEu,SiO4 (x = 0, 0.005, 0.01, 0.02, 0.03, 0.04) are
shown in Fig. 2-1(a). Although a few impurity phases, including LisSiO4, appear
at beyond x = 0.02, LNS predominantly remained the main phase in all our
samples. LisSiO4 may be produced due to the volatilization of the Na component
during the pre-heating or calcination process. In addition, the Eu,O3 peak at
approximately 2 theta = 30° becomes much clearer at above x = 0.03, implying
that solubility limits of Eu2* in LNS exist between x = 0.01 and x = 0.02. The XRD
patterns of LNS:0.01Eu2* synthesized with and without Na,COj; flux are shown in
Fig. 2-1(b). a diffraction peak of LisSiO4 was slightly observed as an impurity in
the sample without flux. Nevertheless, LNS:0.01Eu?* with a NayCOj; flux

(LNSF:0.01Eu?*, where ‘F’ indicates the flux) is obtained as a single phase
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because the Na,COs flux promotes a chemical reaction.
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Fig. 2-2 Observed (black + symbol), calculated (red solid line) and difference

(blue solid line) patterns obtained from Rietveld refinement on X-ray powder

diffraction data of (a) LNS:0.01Eu?* and (b) LNSF:0.01Eu?*.

Table 2-1 Parameters refined through Rietveld analysis for each LNS powder.

LNS:0.01Eu?* LNSF:0.01Eu?*
System Tetragonal
S.G. 144/a (#88)
a (A) 10.7869 (2) 10.7878 (3)
c (A) 12.6387 (3) 12.6361 (4)
Vv (A3) 1470.60 (5) 1470.55 (8)
Z 16 16
Ruwp (%) 13.579 12.846
Ry (%) 10.131 9.882
Re (%) 3.680 3.583
S 3.690 3.585

Fig. 2-2 shows the fitting patterns obtained from the Rietveld refinements for

the LNS, namely, LNS:0.01Eu2* and LNSF:0.01Eu2*in (a) and (b), respectively.

The refined crystallographic parameters from the Rietveld refinements are

18



summarized in Tables 2-1 for LNS:0.01Eu?* and LNSF:0.01Eu?*. In the Rietveld
analysis, the isotropic thermal atomic displacement parameters, Bgq, for certain
ions such as at the Eu1, O2, O3, O4, Li1, and Li2 sites were constrained to having
the same value because the Bgq values in these sites were not refined as positive
values. This may be attributed to an insufficient correction in the preferable
orientation because a preferable crystalline growth is promoted through a flux,
and the raw materials of Na,CO3; and Li,CO3 behave as a self-flux. As a result,
the R, factors for all samples obtained from the Rietveld refinement were slightly
greater than 10%.

2-3-2 Crystal Structure
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Fig. 2-3 Crystal structure of LNS and four different crystallographic alkali sites

illustrated by the VESTA program.

The LNS crystal structure illustrated by the VESTA program is shown in Fig.
2-3.77 The lattice parameters were a = 10.782(3) A, ¢ =12. 6342(17) A, and V =
1468.7(6) A3 for a tetragonal system with a space group /44/a (No.88). This
structure contains one NaOg trigonal prism, two LiO4 tetrahedra, one LiOs

pyramid, and one SiO, tetrahedron, as also shown in Fig. 2-3. Here, Eu?* tends
19



to substitute for Na sites because the ionic radius of Na* (1. 02 A, with a 6-fold
coordination) is similar to that of Eu2* (1.17 A, with a 6-fold coordination).”® It
seems to be difficult for Eu?* to replace the Li* sites because the size of the Li*
(0.59 A, with 4-fold coordination) is smaller than that of Na* (0.99 A, with 4-fold
coordination).”® The ionic radius of Li* for 5-fold coordination has yet to be
reported, whereas the ionic radius of Li* for 6-fold coordination was reported to
be 0.79 A, and thus, the 5-fold coordination value may be estimated to be

between 0.59 and 0.79 A.
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2-3-3 PL and PLE
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Fig. 2-4(a) PL and PLE spectra of LNS:0.01Eu2* and (b) the dependence of the

emission peak intensities on the Eu?* concentration in the LNS:xEu?* phosphors.

PL and PLE spectra of LNS:0.01Eu?* are shown in Fig. 2-4(a). LNS:0.01Eu?*
shows a broad emission at approximately 470 nm, and an excitation peak at
approximately 360 nm. Eu2*-doped LNS can emit a blue emission under a NUV
light. In the previous section, the impurity phase Li;SiO, appeared in LNS:xEu?*
(x = 0.005-0.004). However, Eu3®* ions are unable to reduce Eu2* in Li;SiO4
synthesized in a reduction atmosphere. Hence, the influence of the impurity
phase LisSiO4 can be ignored. The concentration dependence of the excitation
and emission intensities is illustrated in in Fig. 2-4(b). LNS:0.01Eu?* was found
to have the highest emission intensity among all of the samples, and is likely an
optimal dopant concentration. However, even when all Eu?* ions are doped, they
cannot replace the Na sites completely, as can be seen in Fig. 2-1, where the

impurity phase coming from the Eu component occurs at beyond x = 0.02.
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(a) LNS:0.01Eu2*
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Fig. 2-5(a) Emission and excitation spectra of LNS:0.01Eu2* and LNSF:0.01Eu?*,

(b) normalized emission spectra of LNS:0.01Eu?* and LNSF:0.01Eu?* (the
photographs show the emission of each phosphor under black light (Aex = 365
nm)) and (c) Chromaticity diagram of blue-emitting LNS: 0.01Eu?* (black) and

white-emitting LNSF: 0.01Eu?* (red).

In contrast, in the PL and PLE spectra of LNSF:0.01Eu?* and LNS:0.01Eu?*, as
shown in Fig. 2-5(a), the emission and excitation intensities of LNSF:0.01Eu2*
become weaker than those of LNS:0.01Eu?*, which indicates that Eu?* is emitted
from the LNS host lattice through the addition of Na,CO3 as a flux, as well as by

the increase in the Na component in the starting material, leading to a small
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amount of effective Eu?* doping in LNSF:0.01Eu?*. However, the luminescent
colors are remarkably different from each other, as can be seen in the emission
photographs of LNS:0.01Eu2* and LNSF:0.01Eu2* under NUV light (Aex = 365 nm)
shown the photographs in Fig. 2-5(b). The normalized emission spectra of the
two phosphors are shown in Fig. 2-5(b), and a chromaticity diagram is illustrated
in Fig. 2-5(c). The LNSF:0.01Eu?* phosphor has two emission peaks at
approximately 470 and 580 nm, whereas LNS:0.01Eu?* has only one emission
peak at around 470 nm. This indicates that Eu?* in LNSF:0.01Eu2* certainly
substitutes some other sites that can contribute to the long-wavelength emission
assisted by the Na,COs flux. Furthermore, the chromaticity diagram in Fig. 2-5(c)
shows that the emission wavelength of LNS:0.01Eu?* is located within the blue
wavelength region, whereas the emission region of LNSF:0.01Eu?* is positioned
within the white emission region. The (X,Y) coordination in the chromaticity
diagram is summarized on Table 2-2. This means that the emission color of the
phosphor can be controlled through the addition of the Na;COj3; flux.

Table 2-2 (X,Y) coordination of LNS:0.01Eu?* and LNSF0.01Eu?*.

X Y
LNS:0.01Eu?* 0.2300 0.2110
LNSF:0.01Eu?* 0.3420 0.3280

The substitution of Eu?* into the alkaline sites is carried out between different
charges. It is well known that Eu?*-activated phosphor materials substituted in
alkaline sites generate a single alkaline vacancy, thereby maintaining the charge
balance.85 Therefore, the charge balance is neutral in Eu?*-activated LizNaSiO,.
It should be emphasized that the present phosphor makes it possible to emit a
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multi-color light through Eu?* doping only. The quantum yields for the two

phosphors are listed in Table 2-3. At present, we have not optimized the synthesis

method yet, and therefore, the quantum yields can be further improved.

Table 2-3 Quantum efficiency for each phosphor.

Absorption rate

External quantum

Internal quantum

Phosphors
P [%] efficiency [%] efficiency [%]
LNS: 0.01Eu?* 78.20 40.97 52.39
LNSF: 0.01Eu?* 39.18 6.79 17.33

The blue-emission intensity of LNSF:0.01Eu?*is smaller in comparison with that
of LNS:0.01Eu?*, whereas the yellow-emitting intensity at approximately 580 nm
increases in comparison with that of LNS:0.01Eu?*. As a result, LNSF:0.01Eu?*
has two emission regions, blue and yellow, which are complementary to white,
leading to a white emission, as shown in Fig. 2-5(a). The fact that a white color
emission is realized in LNSF:0.01Eu?* indicates that Eu?* occupies not only the
Na site (a single unique type of crystallographically) but also other sites. The LNS
contains five cation sites, namely, one Na site, three Li sites, and one Si site.
According to Henderson et al., the crystal field strength of a cation site, Dg, can
be expressed based on the average bond length for the surrounding sites, R, as

in equation (1) below:?

Dgox— (1)
This relation means that smaller-sized emission sites increase the crystal field
strength, leading to a longer emission wavelength. Based on the equation above,
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a yellow emission should originate from a site smaller than the Na* site.
Zuckerman proposed that the split strengths of the d orbital energy levels in a
square pyramidal site are usually lower than those of tetrahedral and octahedral
sites.80 In addition, Blasse et al. supposed that the d orbital energy levels in a
trigonal prism site are higher than those of an octahedral site.8! Considering these
issues, the LiOs site is quite reasonable as a substitution site of Eu2*. Moreover,
we calculated the value of the bond valence sum (BVS) so as to presume the
valence of the substitutional sites for Eu2*, NaOsg, and LiOs, respectively. The BVS
values for each site in LNS:0.01Eu?* and LNSF:0.01Eu?* are shown in Table 2-4.
In white-emitting LNSF:0.01Eu?*, the BVS values in NaOg in LNSF:0.01Eu?*
decrease. Nevertheless, the BVS value in LiOsis larger than that in LNS:0.01Eu?*.
This indicates that the Na,COs3 flux assists the substitution of Eu?* into the LiOs
sites.

Table 2-4 Bond valence sum values for NaOg and LiOs sites in LNS:0.01Eu?* and

LNSF:0.01Eu?*

Phosphors NaOe LiOs
LNS:0.01Eu?* 0.8646 1.0034
LNSF:0.01Eu?* 0.8237 1.0958
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2-3-4 Fluorescence lifetime
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Fig. 2-6(a) Photoluminescence decay curves of LNS:0.01Eu?* and
LNSF:0.01Eu2* (monitored at 470 nm and excited at 365 nm). The inset shows
the increasing behavior of the decay curves. (b) Photoluminescence decay

curves of LNSF:0.01Eu?* (excited at 365 nm and monitored at 580 nm).

The decay curves of an emission at 470 nm for LNS:0.01Eu?* and
LNSF:0.01Eu?* are shown in Fig. 2-6(a), and enlarged views of the decay curves
for the phosphors are illustrated in Fig. 2-6(b). A single exponential curve is
observed in LNS:0.01Eu?*, whereas LNSF:0.01Eu?* seems to include a multiple
exponential curve, implying the occurrence of an energy transfer. This also
implies that the Eu?* ions in LNS:0.01Eu?* replace only the NaOg site, whereas
those in LNSF:0.01Eu?* substitute the NaOg site and one of the LiOs sites. In the

case of LNS:0.01Eu?*, the lifetime t is estimated through equation (2):82

_ L umt
CCImat (2)
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where t is the average lifetime. From equation (2), the lifetime is found to be
0.647 ps for LNS:0.01Eu?* and 0.619 us for LNSF:0.01Eu?*. The average lifetime
of LNS:0.01Eu?* is slightly longer than that of LNSF:0.01Eu?*, which indicates
that the Eu?*-Eu?* distance in LNSF:0.01Eu?* is shorter than that in LNS:
0.01Eu?*; this difference is likely from the Na,CO3 flux, which not only promotes
a chemical reaction but also assists Eu?* in substituting the LiOs site. As a result,
the blue emission lifetime of LNSF:0.01Eu?* decreases owing to the energy
transfer among the Eu2* emission centers. Furthermore, the difference in lifetime
between LNS:0.01Eu?* and LNSF:0.01Eu?* indicates that, in the case of
LNSF:0.01Eu?*, the energy of Eu?* substituting the NaOgs site is transferred to
Eu?* substituting the LiOs site. Xu et al. suggested that the lifetime of an acceptor
is increased through the energy transfer from the donors. 83.84 To confirm this, we
measured the decay curves of the emission at 580 nm for LNSF:0.01Eu?* (Fig.
2-6(b)). However, the decay curve for LNS:0.01Eu2* could not be measured
because the yellow emission of this sample is too weak to be detected, which is
reasonable based on the fact that the decay curve of LNS:0.01Eu?* is composed
of a single exponential curve. In contrast, the lifetime of LNSF:0.01Eu2* within the
region of a yellow emission was found to be 2.80 ps through equation (2). This
calculated lifetime is much longer than that of the blue emission. This result
indicates that Eu?* replacing LiOs acts as an acceptor ion and can receive energy
from the donor Eu?* ions substituting for the NaOg site. As previously mentioned,
the two Eu?* environments, namely, the sites substituting for the NaOg and LiOs

sites, are completely different.
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2-3-5 Thermal properties of photoluminescence
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Fig. 2-7 (a) Temperature dependence of relative intensities for LNS: 0.01Eu?* and
LNSF: 0.01Eu?* and linear fitting of the relationship of In[(I,/I;)-1] vs. 1/ T for (b)
blue and (c) yellow emissions at low temperature, and (d) yellow emission at high

temperature (all data were obtained from LNSF:0.01Eu2*).

The temperature dependence of the emission intensities for LNS:0.01Eu?* is
shown in Fig. 2-7. As the temperature increases from room temperature, the
emission intensities decrease. At 423 K, the emission intensity of the phosphor
decreases to 70.9% of that at room temperature. Compared with other Eu?*-
activated silicate phosphors (e.g., Ca;SiO4:Eu?* or Sr,SiO4:Eu?*), it can be noted
that LNS:0.01Eu2* has good thermal stability.85-8° The thermal stability data used
to elucidate the activation energy for thermal quenching for LNSF:0.01Eu?* are
illustrated in Fig. 2-7(a). The slope for the yellow emission intensity is gentler than

that of the blue emission intensity. The yellow emission intensity is maintained at
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83.9% even at 423 K. Based on these data, the activation energy (4E) is

calculated through equation (3):90. °1

ln(:—"— )=1nc—§ (3)

T

where [, is the emission intensity at room temperature, /7 is the emission
intensity at temperature T, AE is the activation energy of thermal quenching,
and k is the Boltzmann constant (= 8.62x10° eV). The plots of In [(I,/I)-1]
versus 1/ (kT) for LNS:0.01Eu?* and LNSF:0.01Eu?* are illustrated in Fig. 2-7(b)-
(d). The value of 4Ena corresponding to the activation energy for the Na site is
0.262 eV. In contrast, an interesting behavior was observed in LNSF:0.01Eu?*, in
which the 4En, value in the blue emission is almost equal to that of LNS:0.01Eu2*.
However, the temperature dependence for the yellow emission could not be fitted
by equation (3) using a single exponential component. Thus, we tried to fit the
data using two components. As the results indicate, the activation energy A4E|;is
0.201 eV for the low-temperature region and 0.351 eV for the high-temperature
region. The Eu?* emission centers substituting for the Li site can maintain a high-
emission intensity even at high temperatures, as compared with the case of the

Eu?* emission centers substituting for the Na site.

29



2-3-6 Thermoluminescence (TL)
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Fig. 2-8 Fitting of TL curves (red, measured data; black solid line, simulation data;

blue dashed line, first component; green dashed line, second component)

monitored at Ae;m =470 Nnm

Fig. 2-8 shows the TL curves for LNSF:0.01Eu?* at Aemy = 470 nm excited at
254 nm. LNS:0.01Eu?* did not show a curve although the emission intensity of
LNS:0.01Eu?* is higher than that of LNSF:0.01Eu?* at room temperature. This
fact indicates that LNS:0.01Eu2* does not have traps contributing to the high-

temperature emission. TL behavior is consistently observed for LNSF:0.01Eu2*
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at around 400 K within the blue and yellow wavelength regions. The trap depth

was estimated from the curve fitting using equation (3):92-94

b

} X [(b — 1)4%4,;2(1 — a)exp {:—T X T;:m} + Zm] b-1

T—Ty,
Tm

b E
I(T) = I,,,bb-texp {E X

(3)
2kT 2kT,,

A =5 Ay =T,Zm =1+ 0B -14,
where /I, is the maximum emission intensity, T,, is the temperature at the
maximum intensity, b is the kinetics order parameter, E is the trap depth, and m
is the number of TL peaks. Based on equation (3), the shallow trap depth (E,) is
found to be 0.54 eV, and the deep trap depth ((E,) is 1.95 eV. It is reasonable to
consider that the two traps originate from the difference in charge between Eu?*

and Li* or Na*. The defects responsible for TL can be explained using the Kroger-

Vink equation, as in equations (4) and (5):
Eu = Euy, + Vy, (4)
Eu - Euy; +V; (5)

where Vg, and V; are formed when Eu?* is substituted for the NaOg and LiOs
sites, respectively. Sahu et al. suggested that a Li* vacancy makes the trap
deeper in comparison with a Na* vacancy, and that the activation energies

required to release trapped electrons, namely, shallow trap E; and deep trap E,,
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correspond to the energy levels of Vy, and V|; respectively.% % Furthermore,
Wang et al. proposed that, in NazScy(POa4)s:Eu?*, the Vy, defects produced by
Eu?* substituting for Na sites trap the electrons, followed by their release to the
5d emitting levels of Eu2*. Consequently, the emission intensity of NSP:Eu?*
increases as the temperature rises.%® The same situation may be applicable to
the present phosphor, that is, Vg, and V/; in LNSF:0.01Eu?* are capable of
enhancing the emission intensity at high temperatures for a yellow emission.
Based on these considerations, a possible thermal quenching mechanism for
LNSF:0.01Eu?* is proposed, as shown in Fig. 2-9. The band gap for the LNS host
is 5.33 eV, as estimated from the DRS spectra. First, electrons are excited under
360 nm NUV light and move to the conduction band. Second, the electrons are
trapped in shallow or deep traps. As the temperature increases, the traps release
electrons, followed by their recapture by the 5d emitting levels of Eu?* at both Li*
and Na* sites. Then, Eu?* emits two emission wavelengths. At this stage, some
of the electrons in the conduction band are trapped at two types of defects. These
electrons are released at high temperatures, contributing to the Eu2* emission,

providing thermal stability of the yellow emission to the phosphor.
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Fig. 2-9 Thermoluminescence mechanism for LNSF:0.01Eu?*.
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2-4 Conclusion

A novel Eu?*-doped LNS phosphor with a multi-color white emission assisted
through the combination of blue and yellow emissions was synthesized using a
conventional solid-state reaction with a Na,COs3 flux. From the luminescence
lifetime measurements, it can be concluded that the Eu?* emission centers are
located at not only the NaOg sites but also at the LiOs sites. The thermal stabilities
of LNS:0.01Eu?* and LNSF:0.01Eu?* phosphors were found to be much better in
comparison with the reported silicate phosphors. The origin of the high thermal
stability of the phosphors is derived from the substituting Eu?* ions at both alkali
sites producing electron-trapping defects that can be responsible for Eu?*

emissions at high temperatures.
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Chapter 3.
High Thermal Stable Blue-Emitting Alkali Silicate Phosphor,
Eu?*-activated Na,Mg.SisO1s

3-1 Introduction

Eu?* and Ce3* ions are frequently used due to an its attractive luminescent
properties, 4f - 5d transition which can accomplish high emission efficiency.
Moreover, they can change the luminescent properties depending on the crystal
structure of the host lattice.®” For example, BaMgAl10017:Eu?*, Ba,SiO4:Eu?* and
CaAlSiN3:Eu?*, although they consist of the same emission ion, the emission
color shows blue, green and red, respectively due to the 4f - 5d allowed transition.
85,98, 99 |n this Chapter, we focus on blue-emitting phosphor materials. In blue-
emitting phosphors doped emission ions, Tm3* and Eu?* are often included.88 100,
101 However, the emission efficiency of Tm3+*-activated phosphors is inferior to that
of Eu?*-doped blue emitting phosphors owing to the 4f - 4f forbidden transition of
Tm3*. In the previous work, it is well known that Eu2*-activated BaMgAl;cO17
(BAM:Eu?*) has the great emission efficiency.'92 On the other hand, the thermal
stability of BAM:Eu2* at high temperature is poor. In addition, the synthesis of
BAM:Eu?* is difficult due to the high temperature heating (1600°C) for several
hours.03. 104 Thus, novel blue emitting phosphors which can be synthesized
easily have been developed. In this paper, we concentrate on the Eu2*-activated
phosphors substituted into alkaline sites. Most of Eu?*-activated phosphors can
appear the luminescent properties by Eu?* substituting into alkaline earth sites,
Ca?*, Srz* and Ba?* because the ionic radius and the charge state of alkaline

earth elements are similar to Eu?*. Nevertheless, Eu?*-activated phosphors
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substituted alkaline sites such as Na* and K* have been reported recently (Ex.
NaMgPO4:Eu?*, NaScSi,Og:Eu?*, NazScy(PO4);:Eu?* and NaAISiO4:Eu?+).64-67.69,
105 |n these papers, Eu?* ion is occupied for Na* sites because the ionic radius of
Eu?* and Na* are resemble. Even if the reports of Eu2*-activated alkaline
phosphors have a few, the luminescent properties are marvelous in terms of the
thermal stability and efficient fluorescent attribute. In particular, Eu2*-activated
alkali lithosilicate phosphors such as LizNaSiO4:Eu?*, KLi3SiO4:Eu?*,
NaK7[Li3SiO4]s:Eu?*, RbNasLi(Li3SiO4)4:Eu?* and RbLi(Li3SiO4)2:Eu?* have been
reported in this year.196-110 Ey2+-alkaline lithosilicate phosphors have special
characteristics, such as the narrow band emission and high thermal stability.
Hence, Eu2*-activated alkali phosphors have been attentions rapidly due to their
glamorous luminescent properties. In this study, we select the alkali silicate
Na;Mg.SisO+5 as a phosphor host crystal. The crystal structure of Na;Mg,SisO15
shows Tuhualite.’"! However, Eu?*-doped Tuhualite phosphor has not been
reported yet. Hence, the luminescent characteristics of Eu2* ions in Tuhualite
structure are indeterminate.

In Chapter 3, We prepared Eu?*-doped Na;Mg,SisO15 powder by the solid-state
reaction. Moreover, we conducted the measurement of photoluminescence and
thermal quenching properties. As a result, Eu2*-activated Na,Mg,SisO+5 shows
the broad blue emission and higher thermal stability than that of Eu?*-doped

phosphors
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3-2 Material procedure
3-2-1 Experimental

Eu2*-activated Na,Mg,SisO+s phosphors were synthesized by the conventional
solid-state reaction. Na,CO3 (Kanto Chemical Co., Inc., 99.0%), MgO (Kanto
Chemical Co., Inc., 99.99%), SiO, (Kanto Chemical Co., Inc., 99.9%) and Eu,03
(Shin-etsu Chemical Co., Inc., 99.99%) were mixed at stoichiometry ratio using
an agate mortar with acetone. Then, the mixtures were calcined at 1273 K for 6
h in air in order to CO, and H,O. Next, these mixtures were heated at 1273 K for
6 h in a reducing atmosphere (95 Vol. % Ar, 5 vol. % H>) for reduction from Eu3*
to Eu?* using a tube furnace.
3-2-2 Characterization

Powder X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (MX-Labo, Mac Science Co., Ltd.) with monochromatic CuKa
radiation (A= 1.54056 A) under 25 mA and 40 kV. Photoluminescence (PL),
photoluminescence excitation (PLE) spectra, and thermal stability were
measured at room temperature using a spectrofluorometer (FP-6500/FP-6600,

Jasco, Inc.) with a 150 W Xenon lamp.
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3-3. Results and Discussion

3-3-1 XRD and Crystal structure
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Fig. 3-1(a) XRD patterns of Nay1-»MgSisO16:2xEu?* (x = 0.005, 0.007, 0.01, 0.03,
0.05, 0.07, 0.1) and (b) enlarged view (33° - 34°) of the XRD patterns of the Nay-

»Mg2SisO15:2xEu?* (x = 0.005, 0.007, 0.01, 0.03, 0.05, 0.07, 0.1).

Fig. 3-1(a) shows the XRD patterns of Nay(1-xMgSisO16:2xEu?* (x = 0.005, 0.007,
0.01, 0.03, 0.05, 0.07, 0.1). Consequently, the XRD patterns of all samples show
the orthorhombic Na;Mg,SisO+5 simulation pattern perfectly without impurity
phases. Moreover, the enlarged view (33°-34°) of the XRD patterns of the Nay-
»0Mg2SisO15:2xEu?* (x = 0.005, 0.007, 0.01, 0.03, 0.05, 0.07, 0.1) are shown in
Fig. 3-1(b). The diffraction peaks of the majority of samples show a little shift to
lower diffraction angles with increasing the concentration of the Eu?*, which

indicates that the Eu?* succeeds in occupying the substitutional sites in
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Na;Mg,SisO15. Next, we discuss the crystal structure of orthorhombic

Na;Mg.SisO1s5 in order to identify the substitutional sites of Eu?*.

2.752

2.336

/8150 @ Mg O Na

Fig. 3-2 Crystal structure of Na;Mg,SisO+5 and two different crystallographic

sodium sites illustrated by VESTA program

Fig. 3-2 shows the crystal structure of Na;Mg,SisO1sillustrated by using VESTA
program.”” The lattice parameters are a = 14.65 A, b=17.59 A and ¢ = 12.05
A for an orthorhombic system with a space group Cmca (No. 64). This crystal
structure includes two Na sites, NaOg and NaO- polyhedron as shown in Fig. 3-
2. According to Shannon, the ionic radius of Eu2* shows 1.17 A (with a 6-fold
coordination) and 1.20 A (with a 7-fold coordination). Moreover, it reports that
the ionic radius of Na* is 1.02 A (with a 6-fold coordination) and 1.12 A (with a
7-fold coordination), respectively.”® Peng et al. and Pires et al. proposed that the
acceptable percentage difference between the doped and substituted ions must
not exceed +30%.11% 113 The acceptable percentage difference is calculated as

following equation (1):
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[Rm(CN)—Rd(CN)]
Ry (CN)

D, = x 100 (1)

where D, is the ionic radius percentage difference, R,,(CN) means the radius
of the host cation (CN means the coordination number) and R;(CN) is the ionic
radius of doped ion, respectively. Based on the equation (1), Table 3-1 shows the
result of D, values in NaMg,SisO15 structure when Eu?* ion is doping. The ionic
radius of Eu2* with a 4-fold coordination data have not been reported, hence we
carry out the calculation about MgOs, and NaOg and NaO;. Table 3-1 indicates
that Eu2* ion occupies two Na* sites, especially NaO- sites. Although the charge
of Mg?* is the same as Eu?*, it seems to be difficult for Eu2* ion to substitute for

MgOe sites because its D, value exceeds +30%.

Table 3-1 Calculate date of D,in Na;Mg»SigO1s.

lons lonic radius [A] D, [%)]
Eu2* (6—fold coordination) 1.17 -
Eu?* (7—fold coordination) 1.20 -
Na* (6—fold coordination) 1.02 -14.706
Na* (7—fold coordination) 1.12 -7.143
Mg?* (6—fold coordination) 0.72 -62.5
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3-3-2 PL and PLE
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Fig. 3-3(a) PL and PLE spectra of Na4.9ssMg>SisO+5:0.14Eu?* (Insert photograph
of blue-emitting sample under 254 nm excitation) and (b) the dependence of the
emission peak (Aem = 430 nm) intensities on the concentration of Eu2*in the

Na2M928i6015.

Fig. 3-3(a) shows the emission and excitation spectra of
Na1.986Mg2Sis015:0.014Eu2*. All Eu?*-activated Na,Mg,SisO+5 phosphors show a
broad emission band from 400 nm to 550 nm due to 4f - 5d allowed transition of
Eu?*. From the previous section, Eu?*-doped Na,Mg,SisO+5 can emit the blue
emission at approximately 430 nm by Eu2* occupying two Na sites. The charge
imbalance should occur because the substitution of Eu?* into Na* sites is
proceeded between different charge ions. However, previous reports suggests
that Eu2*-doped phosphor materials substituted in Na* sites generate a single

vacancy explained the Kroger-Vink, as following equation (2):
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Eu = Euy, + Vy, (2)

where Vg, isformed when Eu?* is substituted for the Na sites. Hence, the charge
balance in Eu%*-activated Na,Mg,SisO1s is neutral.'%® Moreover, the dependence
of the emission intensity on the concentration Eu?* ion is shown in Fig. 3 (b). It
indicates that the optimal concentration of Eu2* in Na;Mg.SisO15 is 0.7 mol%
because the emission intensity of Na,Mg,SisO15:Eu?* decreases gradually owing
to the energy transfer among Eu?* ions as the concentration of the emission ion
increases from 0.7 mol%. Furthermore, the determination of the mechanism of

the energy transfer among emission ions is suggested by Blasse, as in equation

(3) 91, 114,115

3V ]1/3(3)

Re =2 [47'erZ
where R_ is the critical distance, V means the cell volume, x. is the total
concentration of doping ions and Z refers to the number of formula units per unit
cell, respectively. In the case of Na;Mg,SicO15 structure, V = 254.27 A3, x,. =
0.007, Z =8, thus the critical distance R, estimates 4.43 nm, which is extremely
longer than that of the nearest distance between NaOg and NaOy sites (4.73 A).
It indicates that the energy transfer among Eu?* ions in Na;Mg,SisO15 occurs
actively. Thus, the optimal concentration of Eu2* in Na;Mg.SisO15 structure is
reasonable based on the calculation from the equation (3). Furthermore, the
emission band of Na;Mg.,SicO15:Eu?* is asymmetric shape because Eu?z*

occupies two substitutional sites, NaOg and NaOy. Thus, we carried out the peak
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deconvolution of the emission spectrum. As a result, we succeeded in separating

the emission band as two components (Fig. 3-4).
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Fig. 3-4 The deconvolution of emission spectrum for Na; ggsMg2SisO15:0.014Eu2*.
According to Henderson et al., the relationship between the crystal field strength

of cation sites and the average bond length for the surrounding sites is expressed

by the equation (4):
Dg o= (1)

where Dq means the crystal field strength and R is the average bond distance
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of sites.” Based on this equation (4), the crystal field strength of NaOg is stronger
than that of NaO; because the average bond length of NaOg (2.63 A) is smaller

than that of NaO7 (2.73 &) (Fig.3-2(b)).
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3-3-3 Thermal Stability
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Fig. 3-5 Temperature dependence of relative emission intensity for

Na1 ,985M928i601510.014EU2+_

It is quite important for phosphor materials to measure the thermal stability at
high temperature because the temperature in most of luminescent devices rises
when they are driven.'® Therefore, the temperature dependence of relative
intensities for Naq.9s6Mg2Sis015:0.014Eu?* is shown in Fig. 3-5 in order to evaluate
the influence of the emission intensity in Eu2*-activated Na;Mg,SisO15. The higher
the room temperature increases from room temperature, the more the emission

intensity of Eu?*-activated Na,Mg,SisO+5 decreases due to the thermal quenching.
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However, compared with other Eu2?*-activated phosphors, such as
(Ba,Ca).Si04:Eu?*, NaAlSiO4:Eu?* (Nepheline) and  LisNaSiO4:Eu?* |, the
emission intensity of NaqgssMg2SisO15:0.014Eu2* at 150°C keeps about 85%.68.
109, 117 |t indicates that the thermal stability of NajgssMg2SisO15:0.014Eu2* is
considerably higher than that of other Eu2?*-activated silicate phosphors.
Therefore, Na;Mg,SisO5:Eu?* phosphor can be useful under the high
temperature environment such as driving luminescent devices. According to our
previous study, we revealed that the vacancies that generate when emission ions
dope into alkaline sites act as an electron trap and assist the thermal stability at
high temperature by release the electron from the trap levels to the emission level
of Eu2*.199 |n addition, Kim et al. and Wang et al. proposed that the emission
intensities of NazSc,(PO4)3:Eu?* exceed 100% above 100°C because the sodium
vacancy (Vy,) locates between the valence band and conduction band, which
means this vacancy behaves as the trap level.5* 18 Moreover, although the
relationship between the thermal stability and the substitution of Eu2* into alkaline
sites have not been revealed completely, the thermal stability of Eu2*-activated
alkaline phosphors is quite marvelous, such as LizNaSiO4:Eu?*, NaMgPO4:Eu2*
(olivine), NaAISiO4:Eu?* (Nepheline), KMg4(PO4)s:Eu?* and RbNa3(LizSiO4)4:Eu?*.
67,107, 109, 119 Thys, we must continue to study the mechanism of the thermal

stability in phosphors substituted into alkaline sites.
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3-4 Conclusion

Novel blue-emitting alkaline silicate phosphors, Eu2*-activated Na;Mg,SizO1s
have been obtained by the conventional solid-state reaction for the first time. Eu?*
- activated Na;Mg,SisO+5 phosphors exhibits the broad emission from 400 nm to
550 nm due to the 4f -5d allowed transition. Moreover, it indicates that Eu?* ions
occupy the NaOg and NaOy sites based on the calculation. The thermal stability
of Na;Mg.SisO15:Eu?* is extremely stronger than that of Eu2*-activated phosphors.
Thus, it indicates that novel Na;Mg,SisO15:Eu2* phosphors have excellent

luminescent properties for the luminescent properties.
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Chapter 4.

Emission shift from green yellow to reddish orange in Eu?*-

activated CagBaP4047 by doping high amount of activator ion
4-1 Introduction

Eu?* or Ce3* rare earth ion is often used as activator ions for highly efficient
downshift phosphors due to their characteristic luminescent properties. These
emission ions display the 5d - 4f allowed electron transition with a higher emission
efficiency than rare earth ions with the 4f - 4f forbidden transition (Eu3*, Tb3*, Dy3*
and Tm3*, and others). Moreover, the optical properties of Eu?*- and Ce3*
emission ions are strongly dependent on host materials because the 5d orbitals
are more sensitive to the coordination environment than 4f orbitals, which are
shielded by outer 5s and 5p orbitals.’?® Therefore, it is extremely important for
synthesizing novel Eu?*- and Ce3*- doped luminescent materials to select
appropriate host materials.

Typical red-emission phosphors are often Eu?*-activated nitride phosphors,
such as CaAlSiN3:Eu?*, SrLiAlsN4:Eu?*, and SrpSisNg:Eu?*.75 121,122 |t is well
known that these Eu?*-doped red-emitting nitride materials exhibit high
luminescence efficiency and excellent thermal stability. However, the synthesis of
nitride materials usually requires a special furnace to control high temperatures
(over 2000 °C) and high pressures, hence nitride phosphor materials are
unsuitable for commercial application owing to their high mass-production costs.
Therefore, novel oxide phosphors that can exhibit red emissions under blue light
excitation are desirable because they are easily treated and obtainable via the

conventional solid-state reaction at a lower temperature than that of nitride
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synthesis. 23

Currently, doping high concentrations of Eu?* or Ce3* ions with the 4f - 5d
allowed transition into oxide host materials is one of the most effective methods
for producing red-emitting oxide phosphors.124 125 For instance, the drastic
emission redshift from the green to the yellow of Eu2*-activated (Sr,Ba),SiO4
orthosilicate phosphors occurs by incorporating high concentrations of Eu2*ions.
70,126 Fyrthermore, SrgY2Al;O45 doped with 10 mol% Ce?* showed an abnormal
broad-red emission under blue light irradiation because the cerium ions replaced
the Y3* octahedral sites and formed strong crystal field sites, while the blue
emission owing to Ce3* ions in Sr2* sites was also present.'?” Thus, the
introduction of high concentrations of activators with the 4f - 5d allowed transition
is a useful technique for developing oxide phosphors that are red-emitting under
blue light irradiation.

In Chapter 4, we focus on Eu?*-activated CagBaP,017 phosphors, which can
exhibit a green-yellow emission when excited by blue or ultraviolet light.
Researchers have already thoroughly investigated the unique optical properties
of these phosphors such as thermal quenching behavior and the persistence. 128
131 However, the emission-color tuning of Eu2*-activated CagBaP4047 phosphors
by adjusting the amount of activator ions has not been previously researched.
The crystal structure of the CagBaP4O47 host consists of three different
crystallographic sites, CaO7, CaOs, and BaO+,. Hence, it is expected that the
drastic emission redshift in the Eu?*-activated CagBaP40O+7 phosphor occurs due
to the presence of three substitution locations for the Eu2* ion.

In this section, CagBaP4O+7:Eu?* phosphors were synthesized by the

49



conventional solid state reaction method. The crystal structure, lattice parameters,
and site occupancies in Eu?*-activated CagBaP4O17 were identified by Rietveld
refinement analysis from X-ray powder diffraction (XRD). Moreover, their
emission and excitation spectra, International Commission on lllumination (CIE)
chromaticity coordinates, the quantum yield, the lifetimes of the Eu?* ion, the
thermal quenching properties, and the fabrication of prototype wLEDs were all

systematically investigated.
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4-2 Material procedure
4-2-1 Materials synthesis

Eu2*-activated CagBaP4O+; phosphors were synthesized by the conventional
solid-state reaction. CaCOj3; (Kanto Chemical Co., Inc., 99.99%), BaCO3; (Kanto
Chemical Co., Inc., 99.99%), (NH4),HPO,4 (Kanto Chemical Co., Inc., 99.0%),
Eu,03(Shin-etsu Chemical Co., Inc., 99.99%) were weighted in the stoichiometric
ratioof Ca: Ba:P:Eu=6(1-x):1:4:6x (0<x<0.20). Then, sorted raw materials
were mixed in acetone with an agate mortar. After drying, the mixtures were
pelleted and heated at 1250°C for 6 h in a reducing atmosphere (95 vol.% Ar/ 5
vol.% Hy) for the reduction from Eu3* to Eu?*. Finally, the sintered phosphate

materials were ground and characterized.

4-2-2 Fabrication of prototype wLEDs
The synthesized Cag1.x)EusxBaP4+O47 (x = 0.01, 0.05, 0.10 and 0.20) phosphor
was dispersed in a transparent silicon resin. Then, the mixture was put on a flat-

mount-type blue LED chip (GM5BC03210Z, SHARP Co.).

4-2-3 Characterization

XRD patterns were obtained using an X-ray diffractometer (D2 PHASER,;
Bruker) with monochromatic CuKa radiation (A = 1.54056 A) under 10 mA and
30 kV. Rietveld refinement was carried out using RIETAN-FP software. 7® The
reflection and absorption spectra of samples were evaluated by a diffuse
reflectance spectrum (DRS) (V-700DS; Jasco Corp.) based on BaSO4 white

powder as a reference. Photoluminescence (PL) and photoluminescence
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excitation (PLE) spectra were measured at using a spectrofluorometer (FP-6500
| FP-6600; Jasco Inc.) with a 150 W Xenon lamp at room temperature. The decay
curves of Eu?* in CagBaP40O+7 were measured by Quantaurus-Tau (Hamamatsu
Photonics Inc.). The absolute quantum efficiency (QE) was measured in an
integrating sphere (ISF-834; Jasco Corp.) using a photoluminescence
spectrometer (FP-8500; Jasco Corp.), where a standard halogen lamp (ESC-842;
Jasco Corp.) was used for calibration of this measurement system. The
chromaticity diagrams of Eu?*-activated CagBaP4017 phosphors were analyzed
with a PMA-12 multi-channel spectroscope (C7473-36N, Hamamatsu Photonics
Inc.). The electroluminescence (EL) spectra of the prototype wLEDs was
measured by a DC power supply with a current of 30 mA and a voltage of 2.0V,
and was detected using a PMA-12 multi-channel spectroscope (C7473-36N,

Hamamatsu Photonics Inc.).
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4-3 Results and discussion

4-3-1 XRD measurement and Rietveld refinement

Cay(POy),

Intensity / arb. unit

Simulation-CazBaP,0,,

._u_L.JJU._,JJ.._LLLL_‘_AL_.._mL_

20 40 60 80
2 theta / degree

Fig. 4-1 XRD patterns of Cag1-x)EusxBaP+O17 (x = 0, 0.05, 0.10, 0.20).

The XRD patterns of Cag(1-xEusxBaP4+O47 (x =0, 0.05, 0.10, 0.20) are shown in
Fig. 4-1. The simulation pattern of CagBaPsO1; was calculated from the crystal
information file reported by Komuro et al.’3? The diffraction peaks of the
synthesized materials in this work are mainly in good agreement with the
calculated patterns of CasBaP4O17, while an undesirable diffraction peak owing
to Ca3(PO4), appeared around 2 theta = 30 degrees as an impurity phase in x =
0.20. To determine the phase purity in the host and Eu?*-doped CagBaP;0O+7

samples, Rietveld analysis was implemented for Eu2*-non doped and doped
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CagBaP40O47 samples.
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Fig. 4-2 Raw (black circle symbol), calculated (red solid line), Bragg position

(green solid line) and difference (blue solid line) patterns obtained from Rietveld

refinement on X-ray powder diffraction data of (a) x = 0, (b) x = 0.05 (c) x = 0.10

and (d) x = 0.20. Only the Ca4 goEuq 20BaP4017 sample was refined by multiphase

analysis (first phase: CasBaP4O¢7; (Bragg position: green), second phase:

Ca3(POg4)2 (Bragg position: orange)).

Fig. 4-2(a)-(d) shows the fitting patterns obtained from the Rietveld refinements

for the Cag(1-»EusxBaP4O17 (x = 0, 0.05, 0.10, 0.20). The refined crystallographic

parameters from the Rietveld refinements are summarized in Table 4-1. In the
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Rietveld refinement, the isotropic thermal atomic displacement parameters Bgq
for all anions were constrained to be the same value as the reported
crystallographic data because these parameters could not be refined to be
positive (Table 2). As a result, the R-factor values of the host material were finally
converged to Rup = 8.973 %, Ry, = 6.174 %, Re = 5.106 % and S = 1.7574,
respectively. S is the index for goodness-of-fit calculated by Rup/Re. Consequently,
it indicated that the single phase CasBaP4O+7; host was successfully obtained
without impurities.

Table 4-1 Lattice parameters and R values refined by the Rietveld analysis for

Cae(1-x)Eu6XBaP4O17(x = 0, 0.05, 0.10, 0.20).

x=0 x =0.05 x=0.10 x=0.20
System Monoclinic
S.G. C2/im (#12)
a (A) 12.303(1) 12.322(2) 12.308(2) 12.373(4)
b (A) 7.1044(2) 7.1095(3) 7.1132(1) 7.1396(6)
c (A) 11.7160(8) 11.730(1) 11.7197(8) 11.773(3)
B(°) 134.444(4) 134.465(7) 134.448(3) 134.49(1)
Vv (A3) 731.09(10) 733.3(2) 732.50(8) 741.9(3)
Ruwp (%) 8.973 8.345 7.575 5.954
Ry (%) 6.174 5.705 5.753 4.070
Re (%) 5.106 4.250 3.787 3.295
S 1.757 1.963 2.001 1.807

For the x= 0.20 sample, the lattice and crystallographic parameters were refined
using multiphase analysis (first phase : CagBaP4017, second phase : Caz(PO4),).
As a result, a 12.7 mol% impurity phase, Ca3(PQO4),, remained in the x = 0.20
sample. Furthermore, although it is well known that the Caz(PQO4)2:Eu?* phosphor
exhibits a strong blue emission (Aemy = 416 Nnm) when excited by ultraviolet light
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(Aex = 300 nm), the blue emission was not observed in the = 0.20 sample under
ultraviolet light irradiation. All optical measurements, photoluminescence, lifetime
measurement, thermal quenching behavior are conducted under near ultraviolet
(Aex = 405 nm) or blue light irradiation (Aex = 450 nm) for Eu2*-activated
CagBaP40O+7.Hence, the impurity phase Ca3z(PO4), in the x = 0.20 sample is

negligible for the discussion of its luminescent properties. 133
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4-3-2 Crystal Structure

b o

W a 5 % o BaO,, Ca0, Cao,

Fig. 4-3 Crystal structure of CagBaP4O+7 and substitutional sites for Eu?* in the

host crystal illustrated by VESTA program.

The crystal structure of CagBaP4O17 refined by Rietveld analysis illustrated by
the VESTA program is shown in Fig. 4-3.77 CagBaP,047 formed a monoclinic
crystal structure with the space group C2/m (No. 12). The refined lattice
parameters were a = 12. 303(1) A, b = 7.1044(2) A, ¢ = 11.7160(8) A, B =
134.444(4)° and V = 731.09(10) A3, respectively. This structure contains one
BaO1,, one Ca0y, one CaOg, two PO, tetrahedrons and one isolated oxygen
atom. Eu?* generally substitutes for alkali sites in the host lattice because the
ionic radius of the Eu2* ion is similar to those of alkali earth metal ions Ca?*, Sr2*
and Ba?*. To determine the site preference of the activator ion in the CagBaP40+7
host, the dependence of the cell volumes on the amount of Eu2* ion in the
CasBaP40O17 host was investigated (See Table 4-1). The cell volumes of Cag-
xnEusxBaP4017 expanded linearly with an increase in activator ions, implying that
the Eu2* ions (1.20 A : the 7-fold coordination, 1.25 A : the 8-fold coordination)

preferentially occupy the smaller calcium sites, CaO; (1.06 A : the 7-fold

coordination) and CaOg(1.12 A : the 8-fold coordination) than the barium site
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(1.61 A : the 7-fold coordination). In addition, the site occupancies of the Eu2*
ion in two calcium sites are also listed in Table 4-3. In the Cas_70Euo30BaP4017
sample (x = 0.05) the site occupancies of the Eu?* ion exhibits approximately
equal numbers in two calcium sites. However, as large amounts of the Eu?* ion
were incorporated into the CagBaP40+7 lattice, more Eu?* ions occupied the CaOs
site than the CaOy site. Finally, in the CasgoEuq20BaP4017 (x = 0.20) sample, the
site occupancy of the Eu?* ion in the CaOy site increases to 0.11(1), while that in
the CaOg site is equal to that in the Cas4oEugs0BaP4sO17 sample (x = 0.10). In
contrast, the amount of Eu2* ion in the CaOs site steadily increases. This indicates
that the Eu?* ions are incorporated into the CaO- sites by doping a large amount
of activator ions.

Table 4-3 Site occupancies of the Eu?* ion in two calcium sites on Cag-

X)EUexBaP4O17 (X = 0.05, 0.10, 020)

Sample CaOg (4i site) CaOy7 (8] site)
x =0.05 0.08(1) 0.070(7)
x=0.10 0.20(2) 0.056(7)
x=0.20 0.21(2) 0.11(1)
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4-3-3 Diffuse reflectance spectra of Cag(1-EusxBaP4+O17(x = 0, 0.05) and band

gap calculation

50
IB [® [
100 ol o]
= %30 -
3] =005 £
£ 501 T S0
g 3
U R
GJ -
ko 10 -
xr _
. |
T 6.03eV /|
0 L) I T I L] I 1 I L] I 1 0 I T l T I T
200 300 400 500 600 700 800 5.6 58 6 6.2
Wavelength / nm Photon energy / eV

Fig. 4-4 (a) The diffuse reflectance spectra of Cag(1-»EusxBaP4+O47 (x = 0 and
0.05) and (b) Kubelka-Munk spectrum for the band gap energy calculation of the

CaGBaP4O17 host.

Fig. 4-4(a) shows the reflectance spectra of non-doped and Cas 7oEug 30BaP4017
(x = 0.05) materials. In the non-doped CagBaP4017, the reflectance is higher than
80% around the visible region and drastically decreases from 400 nm, so that the
body color of the host material is white. On the other hand, in the
Cas70Eug 30BaP+O47 sample (x = 0.05) the blue light absorption between 400 nm
and 500 nm owing to the 4f - 5d absorption of the Eu?* ion is clearly observed.
Therefore, the Eu?*-doped CagBaPsO4; powders have a yellow body color.
Moreover, to calculate the value of the band gap for the CagBaP4O+7 host, the

Kubelka-Munk equation (K/S) was adopted in this study and the equation is
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following equation (1):134-136

()2 = = OB (q)

where K is the absorption coefficient, S represents the scattering coefficient
and R is the reflectivity, respectively. As a result, the band gap energy of the
synthesized CagBaP4017 was estimated to be 6.03 eV. (Fig. 4-4(b)) Compared
with previous reports, according to Komuro et al., the band gap was calculated
from the K-S function and the result was 6.2 eV."32 Hence, the estimated band
gap value of the CagBaP4O+7 host in this study is almost same as that in the
previous study. Furthermore, compared with the band gap energies in other Eu?*-
doped phosphate phosphors such as CaxSr(PO4)2 (5.3 eV), Sr4(PO4)20 (5.5 eV),

and KSrPO4 (5.1 eV), the band gap value of the CagBaP40+7 host is slightly larger.

137-139
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4-3-4 PL and PLE
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Fig. 4-5(a) Emission and excitation spectra of Cag(1-xEusxBaP4O47 (x=0.01, 0.05,
0.10, 0.20) and (b) Normalized emission and excitation spectra of Cag-
nEusxBaP4017 (x = 0.01, 0.05, 0.10, 0.20). (c) The dependence of emission peak
top on the Eu?* concentration in the CagBaP,0:; phosphors and (d) the

chromaticty diagram of Cag1-»EusxBaP4O17 (x = 0.01, 0.05, 0.10, 0.20).

PL and PLE spectra of Cag1-»EusxBaP4+O17 (x = 0.01, 0.05, 0.10, 0.20) are
shown in Fig. 4-5(a). Emission bands of all samples were monitored at Aex = 450
nm. Normalized PL and PLE spectra of Cag(1-xEusxBaP4+O17 (x = 0.01, 0.05, 0.10,
0.20) are also exhibited in Fig. 4-5(b). All Eu2*-doped phosphors showed the
asymmetric emission bands from the green to the red region under blue light
irradiation owing to the 5d - 4f allowed transition of the Eu?*ion, implying that the
Eu?*-activated CagBaP4017 is suitable for the blue LED chip to generate pseudo
white light. The emission and excitation spectra of Cas g4Eu 0sBaP4017 (x = 0.01)

are similar to those in the previous report by Komuro et al.’32 However, PL and
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PLE intensities drastically decrease as increasing the amount of Eu2* ion. On the
other hand, as the concentration of the Eu?*ion increased, the excitation intensity
in the blue region around 450 nm becomes slightly stronger than that in the
ultraviolet region. Finally, the emission peak top of Cag(1-x)EusxBaP4O17 is shifted
to the longer wavelength from the green-yellow around 550 nm to the reddish
orange at approximately 610 nm when the doping amount of the Eu2* ion was
varied from x = 0.01 to x = 0.20 (Fig. 4-5(c)). The photographs under ultraviolet
light irradiation (Aex = 365 nm) and the chromaticity diagram of Cag-
xEusxBaP4047 (x = 0.01, 0.05, 0.10, 0.20) are shown in Fig. 4-5(d). The (X,Y)
values of Cag1-x)EusxBaP4O+7arefound to be (0.4460, 0.5058) (x=0.01), (0.4710,
0.4855) (x = 0.05), (0.4955, 0.4638) (x = 0.10) and (0.5012, 0.4344) (x = 0.20),
respectively. As the amount of the activator ion increases, Eu?*-doped samples
were gradually colored from pale to deep yellow. Moreover, the emission color
shift from the green-yellow to the reddish-orange in Eu?*-activated CagBaP4O+7
was also observed. Moreover, According to Henderson et al., the crystal field
strength of cation sites can be expressed by average bond length, as in the

following equation (2):7°

Dg— (2)

where Dgq is crystal field strength and R means the average bond length of
cation sites. This relationship indicates that the crystal field strength of a smaller
site becomes stronger than that of a larger site. As a result, strong crystal field

strength leads to a longer emission wavelength. In the case of CagBaP40O17, the
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host lattice consists of three alkali earth sites to which emission center can
substitute, CaO7, CaOg and BaO1, respectively. As mentioned in the crystal
structure section, the Eu2* ions prefer to substitute for CaO7 and CaOg sites rather
than BaO+; sites, hence the focus is only on the two calcium sites. The average
bond length of CaO- is 2.421 A, while that of CaOg is 2.510 A. Based on equation
(1), CaOy7 has a stronger crystal field strength than that of the CaOg site. Moreover,
Van Uitert proposed the theoretical formula for estimating the emission

wavelength, equation (3):140
v 1/V
E = Q ll _ (Z) 10—(11 ea r)/SOl (3)

where E is the emission energy, Q is the energy of free ions for Eu2* (34,000
cm), V is the valence of emission ions, n is the coordination number around
emission ions, ea means electron affinity, and r is the ionic radius of
substitution sites for emission ions. Based on equation (2), the estimated
emission energies of Eu?* in CaOg and CaO; are 17510.3 cm™' (571.1 nm) and
16406.0 cm™' (609.5 nm), respectively. These calculated emission energies are
in agreement with the prediction from the crystal field strength. In addition, peak
deconvolution of the asymmetric emission band in Cas g4Eug 0sBaP4O+7 (x = 0.01)
was conducted (Fig. 4-6). The emission deconvolution is performed on an energy
scale.'¥! The calculated values from the peak deconvolution for the emission
spectrum are listed in Table 4-4. As a result, the emission band was successfully
fit by two components with Aq= 18,797 cm' (532 nm) and A, = 17,123 cm-' (584

nm), corresponding to the Eu?* ion located in CaO7 and CaOg, respectively. This
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means that the asymmetric emission spectra in the Eu2*-doped CagBaP4017 are
combined with the emission spectra of the Eu?* ions located on two calcium sites.

Table 4-4 Result of the emission peak deconvolution of CasgsEugosBaP4047.

Emission peak position | Emission peak position
(cm™) (nm)
Component 1 18,797 532
Component 2 17,123 584
Raw Calc.
Ry, = 0.0187 ----Component 1 (1,)

Emission intensity / arb. unit

14000 16000 18000 20000
Wavelength /cm-"

Fig. 4-6 Peak deconvolution of emission wavelength of Cas gsEup06BaP4017 (x =

0.01).
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4-3-5 Lifetime measurement
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Fig. 4-7 Photoluminescence decay curves for Cag(1-xEusxBaP4O47 (x=0.01, 0.05,

0.10, 0.20) monitored at (a) 532 nm, (b) 584 nm excited at 405 nm.

Fig. 4-7 shows the measurement of the lifetimes for Eu2* at each emission
wavelength (A = 532 nm, A = 584 nm) under Aex = 405 nm for Cag-
»EusxBaP4047 (x = 0.01, 0.05, 0.10, 0.20). The photoluminescence decay curve
for each emission wavelength shows a linear shape on x = 0.01. As the
concentration of the activator ion increases, the shape of the decay curves
changes from linear to non-linear. Furthermore, we calculated the lifetime of the

Eu?* ion for CagBaP4017:Eu?* with the following the integral equation (4):82.91. 142

_ f:otl(t)t( )
L Imat

where 7 is the average lifetime. Table 4-5 shows the variation of the lifetime of

Eu?* at each emission wavelength for Cag1-xEusxBaP4047 (x = 0.01, 0.05, 0.10,
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0.20). All calculated lifetime values of the Eu2* ion slightly decreased as the
concentration of emission ion increased. In the x = 0.20 sample, the decay time
at A =532 nm is almost the same as that in the x = 0.10 sample, in contrast that
at A, = 584 nm, because it reveals that the incorporated Eu2* ions in the CaOg
site exhibit no difference between x = 0.10 and x = 0.20 samples in the Rietveld
refinement. However, the overall lifetimes in the long emission region are higher
than those in the short wavelength region. According to C. Liu et al., the decay
rates of the activators in the high emission energy region are faster than those in
the low emission energy region owing to the energy transfer.43 In the case of the
Eu?*-activated CagBaP4047, it seems that the Eu2* ions occupied on the CaOsg
site give the energy to other Eu?* ions.

Table 4-5 Calculated average lifetimes in Cag1-xEusxBaP40O17 (x = 0, 0.01, 0.05,

0.10, 0.20) using the equation (5).

Sample T (532 nm) [us] T (584 nm) [us]
x =0.01 1.463 1.487
x =0.05 1.121 1.271
x=0.10 0.868 1.053
x=0.20 0.873 1.032
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4-3-6 Thermal quenching behavior
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Fig. 4-8. (a) The emission spectrum of for CasgsEuposBaP4sO47 at each
temperature (25°C - 200°C), (b) the relative emission intensity depending on the
temperature in Casg4Eug0sBaP4+O+7 (x = 0.01) and (c) the linear fitting of the

relationship of In[(I,/I;)-1] vs. 1/ T.

Thermal durability at high temperatures is also important for Eu2*-activated
phosphors to be used wWLEDs, because the junction temperature reaches
approximately 150°C in LED devices.'#4 Fig. 4-8 implies the thermal dependence
of Casg4EU006P4017 (x = 0.01). This green-yellow emitting phosphor shows a
decreasing emission peak intensity and a blue shift as the temperature increases
from room temperature (RT) to 200°C. As a result, from Fig. 4-8(b), the emission
intensity of Casg4Eu0sBaP4047 keeps 14% at 200°C, indicating that the thermal
quenching behavior of CasgsEuposBaP4O17 is similar to that first proposed by
Komuro et al. The thermal quenching in Cas g4Eup 06BaP4O17 occurs quickly than
in Eu?*-activated phosphate phosphors (e.g. NaMgPO,:Eu?*,

SrsMgLn(POg4)7:Eu?* (Ln =Y3*, La3*) and NazScy(PO4)3:Eu?+).64.145,146 Moreover,
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the asymmetric emission band of Casg4Eug0sBaP40O17 occurs in a blue-shift from
yellow to green color region as the temperature increases from RT. (Fig. 4-8(a)).
The thermal stability of phosphor materials has typically been discussed in terms

of an activation energy 4E (eV), and calculated by the following equation (5):147-

149

where [, and I, are the initial emission intensities of the phosphor at RT and
the temperature T, c is a constant, 4F is the activation energy of thermal
quenching, and k is the Boltzman constant (8.62x10-° eV). The plots of In [(I,/I)-
1] versus 1/( kT) for Cas gsEup06BaP4O47 are illustrated in the insert of Fig. 4-8(c).
The value of A4E in CasgsEuposBaP4O47 is 0.314 eV, as calculated by the
equation (3). In the previous report, J. Ueda et al. proposed that the activation
energy of YAG:Ce3* is 0.77 eV.® Thus, the thermal stability of

Cas g4Eug 0sBaP4017 is lower than that of YAG:Ce3*.
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4-3-7 Fabrication of prototype wLEDs
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Fig. 4-9 Electroluminescence (EL) spectrum of the fabricated prototype based on

the blue LED (InGaN) and (a) x = 0.01, (b) x = 0.05, (c) x=0.10, (d) x=0.20 and

(e) the chromaticity diagram of the fabricated wLEDs.

Table 4-6 (X,Y) coordination of prototype wWLEDs based on blue LED and Cag:-

»EusxBaP4047 (x = 0.01, 0.05, 0.10, 0.20).

X Y
x=0.01 0.2640 0.3080
x=0.05 0.2700 0.2870
x=0.10 0.2890 0.3580
x=0.20 0.3500 0.4260

The electroluminescent spectrum of the fabricated prototype wLEDs based on

the blue LED and Cag(1-xEusxBaP4O47 (x = 0.01, 0.05, 0.10, 0.20) under 30 mA

current is shown in Fig. 4-9(a)-(d). The sharp blue emission due to the blue LED

chip and the broad reddish-orange emission spectrum approximately centered at

600 nm owing to the Eu2*-activated CagBaP4017 phosphor are clearly observed.
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Therefore, pseudo-white light is successfully obtained by combining the blue LED
and the Eu?*-activated CagBaP4017:Eu?* phosphor (inset photograph of Fig. 4-
9(a)-(d))) is the CIE chromaticity diagram of the fabricated prototype wLEDs. The
coordination (X, Y) values of the prototype wLEDs module are listed on Table 4-
6. The (X,Y) values are found to be (0.2640, 0.3080) (x = 0.01), (0.2700, 0.2870)
(x = 0.05), (0.2890, 0.3580) (x = 0.10) and (0.3500, 0.4260) (x = 0.20),
respectively. As a result, all prototype wLEDs show the pseudo-white emission.
This is because WLEDs fabrication using Eu2*-activated CagBaP4O4; has not
been optimized yet in terms of amount of phosphor powder. Consequently,
adjusting the doping amount of Eu2*-activated CagBaP40+7 is a promising method
for developing luminescent materials for optical devices, especially phosphor-

converted LEDs.
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4-4 Conclusion

Color-tunable phosphate phosphors, Cag(1-»EusxBaP4+O17 (x = 0, 0.01, 0.05,
0.10, 0.20) were synthesized by the conventional solid-state reaction as a main
phase. As the amount of Eu?* increased, the emission color of CagBaP4017:Eu2*
showed a red-shift from green-yellow to red emission with a peak top of
emission band at 611 nm. Rietveld refinement showed that the lattice volume of
the CagBaP4O17 host is expanded corresponding to the concentration of the
emission ion because Eu?* predominantly occupied two Ca sites, CaO7 and
CaOgs. This caused the red-shift of the emission bands in CagBaP4O17:Eu?* to
occur. Moreover, the Eu?* decay time implies that the energy migrated among
Eu?*ions. The emission intensity exhibited by the Eu?*-CagBaP,0+7 phosphor
was 14% at 200°C. The fabricated prototype wLEDs exhibit the warm white light
emission. Incorporation of a high amount of the emission ion with the 4f - 5d
allowed transition is a promising method for developing red-emitting oxide

phosphors.
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Chapter 5.
Determination of layer crystal structure Sr,Ba,(P0,),0:Eu?* by
Melt Quenching Technique

5-1 Introduction

Most of Eu?*- or Ce3*-activated phosphors are obtained by the conventional
solid-state reaction under the reductive atmosphere. However, this synthetic
method is difficult for the metastable crystal structure, which is stabilized in a
specific temperature region, because samples become the stable crystal
structure during the cooling process. To obtain the metastable crystal structures,
the melt quenching method using the arc-imaging furnace is a useful technique.
Fig. 5-1(a) shows the schematic diagram of the melt quenching furnace in our

laboratory.
Xe-Arc Lamp Aluminum mirror

(a)

Fig. 5-1 (a) Schematic diagram of melt quenching furnace and photographs of

(b) before and (c) after calcined YAG:Ce3* sample.
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The Xe-Arc lamp emits high energy light, which is reflected by an ellipsoidal
aluminum mirror. The reflected light is simultaneously condensed on a Cu sample
stage. The samples can be rapidly calcined at over 2000°C and cooled by
removing the cu stage from the focus with cooling rate at approximately 100°C/s.
In addition, the reductive gas can be injected into the sample chamber, therefore
the atmosphere control is easily treated. Fig. 5-1(b) and (c) show the photographs
of before and after calcined the YAG:Ce3* sample by melt quenching furnace.
Heated sample forms spontaneously the ball shape. The previous works related
to the arc imaging furnace in our laboratory are listed on Table 5-1. Over the past
a decade, functional inorganic ceramics have been developed by the melt
quenching technique.

Table 5-1 Previous works of the inorganic compounds synthesized by Melt

quenching technique

Samples Ref.

NaMgPO4:Eu?* (Olivine) 67, 146
SrAl,04:Eu?*, Dy®* 151
BaCa,Ys012:Ce®* 152
BagSc,SisO24:Eu?* 153
MsMgSi>Os:Eu?* (M = Ca, Sr, Ba) 154
CalLaGaO4:Eu®* 155
BasScsOg:Ho* 156
Y203:Eu’* 157
MLaAlO4:Eut (M = Ca, Sr, Ba) 157
Sr4ScAlzO1p:Eu?* 158
La,WOg:Eu3* 159

In Chapter 5, we focus on the development of metastable phosphate

luminescent materials. Many Eu2*-activated phosphates have been investigated
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as phosphors for optical devices such as PDPs and LEDs. Recent years,
M4(PO4),0:Eu?* (M = Ca, Sr) have been developed and showed the near infrared
emission under the blue light excitation, indicating that the M4(PQO4).:Eu?*
phosphors can convert into the wavelength which is suitable for c-Si solar cells.
139,160 However, The solid solution system among (Ca,Ba,Sr)4(PO4).0:Eu?* has
not been hitherto investigated, thus the novel crystal phase in the
(Ca,Ba,Sr)4(P04),0:Eu?* solid solution system can be expectably obtained. As a
result of the combinatorial synthesis using the melt quenching furnace, yellow
emitting Sr,Bay(PO,4).:Eu?* phosphor was successfully obtained. Moreover, its
single crystals are also collected in the sample and analyzed. The crystal
structure of Sr,Bay(PO4).:Eu?* contains layered blocks with Sr and Ba. The
refined crystal structure and luminescent properties are greatly different from

reported M4(PO,).0:Eu?*.

74



5-2 Material Procedure
5-2-1 Material Synthesis

SrCO3, BaCO3, NH4H2PO4 and Eu,O3 were weighed in a stoichiometric ratio at
Ba:Sr:P:Eu=2:2(1-x):2: 2x (0<x<0.60). Afterwards, they were mixed in
an acetone solution using an agate mortar to obtain homogeneous mixtures.
Then, they were placed on an alumina boat and preheated at 400°C for 2 h under
ambient air to remove NH3; and H2O. The calcined samples were calcined to form
fine powders and replaced on the copper sample stage. The copper sample stage
was mounted on a horizontal water-cooled stand in a chamber filles with
reduction gas (5 vol. % Ha, 95 vol. % Ar). After that, the samples were melted by
theradiation of the 6 kW Xe arc lamp for about 10 s. The molten phosphor balls
were obtained by removing the stage from the focus of the mirror. The balls were

crushed into the fine ceramic powder to conduct the further characterization.

5-2-2 Characterization

The single crystals were collected using a polarizing microscope with the high
power near ultraviolet LEDs at 365 nm. Single crystal is placed on a glass
capillary. The single crystal analysis was conducted by single X-ray diffraction
(XtaLAB mini, Rigaku). Data collection and cell refinement were output by the
Crystal Clear-SM Auto 2.0 rl (Rigaku, 2010). After the measurement, structural
analysis was performed by WinGX software.'®! An initial structure model of the
polymorph was obtained by a direct method using S/IR2008.1%2 The structural
parameters of the single crystals were refined using the SHELXL2014 program.

163 Powder X-ray Diffraction (XRD) data were collected by an X-ray diffractometer
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(Miniflex; Rigaku Co., Ltd.) with a monochromatic CuKa (1 = 1.54056 A) under
10 mA and 30 kV. Photoluminescence (PL) and photoluminescence excitation
(PLE) spectra, thermal quenching PL, internal and external quantum efficiency
were measured by a spectrofluorometer. (FP-6500/FP-6600; Jasco, Inc.) with a

150 W Xenon lamp.
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5-3 Result and discussion

5-3-1 Crystal structure determination

Phosphor ball

Fig. 5-2 Scheme of single crystal screening in this study. All photographs are took

under 365 nm excitation.

The melt quenched samples form the ball shape and show the strong yellow
emission under 365 nm excitation (Fig. 5-2; right). Then, after crushing the
phosphor balls, fine powders are also obtained. (Fig. 5-2; middle). Then, the
single crystals are screened from the powder samples. Single crystals show also
yellow emission and crystal color is colorless. Afterwards, the single crystals are
mounted on glass capillary and analyzed. The refined crystallographic data and
structure refinement results of the single crystal obtained by the melt quenching
method are shown in Table 5-2. The chemical formula of single crystal is refined
as Srq ggsEup.12BaxP20g. The obtained Srq gsEup.12BaxP209 (SBPO:0.12Eu?*) forms
the orthorhombic crystal structure with Cmce (No. 64). The lattice parameters are
found to be a = 18.408(4) A, b = 7.0971(16) A, ¢ = 7.1420(16) A and V =
933.1(4) A3, respectively. The R[F2 > 20 (F2)] and wR(F2) values are finally

converged to 0.0338 and 0.0631.
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Table 5-2 Crystallographic Data and Parameters for the structural determination

of obtained single crystal by the melt quenching technique.

formula

Sr1 ,88EUO_12882P209 (SBPOO 1 2EU2+)

formula mass (g/mol)

663.56

Crystal color, Habit

colorless, prism

crystal system

orthorhombic

space group

Cmce (No. 64)

cell parameters (A)

a = 18.408(4), b = 7.0971(16), ¢ = 7.1420(16)

volume (A3) 933.1(4)

density (g/cm3) 4.723

Z(-) 4

crystal size (mm3) 0.079 x 0.074 x 0.070
temperature (°C) 20

diffractometer

Rigaku XtalLab mini

Absorption correction

Multi-scan (REQAB: Rigaku, 1998)

radiation type

MoK, (0.71075 A) Graphite monochromated

g (mm)

20.16

20,,.x (degree) 54.9
measured reflections 4173
independent reflections | 554

observed reflections 409

Rint 0.0750

R[F2 > 20 (F?)], wR(F?) 0.0338, 0.0631
APinaso DPmin (€/A3) 0.82,-0.83
Goodness of fit 1.178
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Fig. 5-3(a) Refined crystal structure of SBPO:0.12Eu?*, (without Sr split site for

clarity) (b) Sr and (a) Ba blocks. All images are illustrated by the VESTA program.

Table 5-3 Atomic coordination and isotropic atomic displacement parameters of

SBPO:0.12Eu?*.

atom occ X y z u

Ba1 1 0.16752(3) 1.5 0.5 0.0243
Sr1 | 0.8893 0 1.30377(13) 0.80213(13) 0.0213
Eu1 | 0.0591 0 1.30377(13) 0.80213(13) 0.0213
Sr2 | 0.0516 0 1.206(4) 0.697(4) 0.046
P1 1 0.13807(14) 1.5 1 0.0209
O1 1 0 1.5 0.5 0.071
02 1 0.1841(4) 1.3748(9) 0.8802(9) 0.0703
03 1 0.0882(3) 1.3797(11) 1.1217(12) 0.0786
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Fig. 5-3(a) describes the refined crystal structure of SBPO:0.12Eu?* without Sr
split site for clarity illustrated by the VESTA program.’” The atomic coordinates
and equivalent isotropic displacement parameters of SBPO:0.12Eu2* are also
listed on Table 5-3. The SBPO:0.12Eu?* forms the layered like crystal structure,
which consists of Sr and Ba blocks. Fig. 5-3(a) and (b) illustrate each alkali block
and polyhedral. The Sr block is composed of eight-fold coordination of Sr, SrOg,
while the Ba block is BaOs. Moreover, the refined crystal structure of
SBPO:0.12Eu?* consists of one Sr split site. This Sr split site also forms SrOg and
the polyhedral block. The Sr split site is located on the slightly deviated position
maybe because the stacking fault occurs during the melt quenching synthesis.
From the single crystal analysis of SBPO:0.12Eu?*, the Eu?* ion is occupied on

only SrOg site.

® SBPO  # (Sr,Ba),(PO.)0

@ SBPO:EU (b) 10 mol% f)/\
® (Powder)
= = =
= = =
%
| olPe & . 6 mol% 3
-ch 1. of oy e - -:% 4 mol% % /|
mol
= = 2R - = —__.JM = f/ e
= Calculated pattern = ” g
= = mol% | =
7] 7]
= = A M.M ) . S i
- -~ 0 mol% -
[= [ I [= A
—_ - A A PPy . -
Simulation
_._LA_U.LMMM _j\_
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2 theta / degree 2 theta / degree 2 theta / degree

Fig. 5-4(a) powder XRD pattern of SBPO:Eu?* and (b) all samples. (c) Enlarged

view of the powder XRD pattern around 36°.

Fig. 5-4(a) shows the powder XRD pattern of SBPO:Eu2* and calculated

simulation pattern. Although the diffraction intensity ratio is different from the
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calculation pattern, the diffraction position of SBPO:0.12Eu2* powder sample is
in good agreement with the simulation, including the apatite as an impurity phase.
Fig. 5-4(b) also shows the powder XRD patterns of SBPO:xEu?* (0<x<0.60). The
diffraction pattern of SBPO is appeared in all samples, while (Sr,Ba)10(PO4)s0 is
also obtained. Moreover, the enlarged view of the powder XRD pattern around
36° is exhibited to determine the peak shift by doping Eu2* ion. As increasing the
amount of Eu?* ion, the diffraction peak around 36° is moved to lower-angle

position.
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5-3-2 Photoluminescence properties
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Fig. 5-5(a) Excitation and emission spectra of SBPO:0.12Eu2+. Insert
photograph shows emitting SBPO:0.12Eu2+ under 365 nm excitation and figure
is the concentration dependence of excitation and emission intensities. (b)

Emission peak deconvolution of SBPO:0.12Eu?*.

Fig. 5-5(a) shows the excitation and emission spectra of SBPO:0.12Eu?*. An
insert photograph of Fig. 5-5(a) shows emitting SBPO:0.12Eu?* under 365 nm
excitation. The asymmetric emission band at approximately 580 nm peak top
under the near ultraviolet light excitation around 390 nm. SBPO:Eu?* yellow
phosphor is appliable for near ultraviolet LEDs. As above mentioned, all samples
includes the oxyapatite crystal structure, (Sr,Ba)1oPsO25. We carried out the
synthesis of SrsBas(P04)sO:Eu?* by the same experimental condition. However,
the blue emission is only observed under the near ultraviolet light excitation.
Moreover, as increasing the amount of Eu?* ion in the synthesis of SBPO:Eu?*,
the blue emission is not obtained in all samples. From these viewpoints, the

apatite phase can be ignored in the further discussion. Insert figure of Fig. 5-5(a)
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is the concentration dependence of the excitation and emission intensities of
SBPO:Eu?*. Until 6 mol%, both excitation and emission intensities of SBPO:Eu?*
are enhanced. Meanwhile, they drastically decrease beyond 6 mol%, thus the
optimal concentration of Eu?* ion in SBPO determines 6 mol% in this work. The
asymmetric emission band of SBPO:0.12Eu?* can be deconvoluted into two
emission components and is shown in Fig. 5-5(b). The emission band of
SBPO:0.12Eu?* consists of component 1 (16849 cm-'; 594 nm) and 2 (18035 cm-
. 554 nm), respectively. SBPO crystal structure has two substitutional sites for
Eu?* ion, SrOg and BaOg. The empirical model suggested by P. Dorenbos and L.
G. V. Unitert is adopted to identify the substitutional site of Eu?* ion. The crystal

field splitting (D,) can be explained following the equation (1):164
— Q R—Z 1
SCfS ﬁpol_’y av ( )

where B¢

»o1y Shows a constant depending on the shape and coordination number.

IB;?oly is estimated to be 1.35x10° pm2 cm™' (octahedra; six-fold coordination),

1.20%10° pm?2 cm! (cubal; eight-fold coordination) and 5.67x108 pm2cm-' (cubo;
twelve-fold coordination), respectively. This equation indicates that the crystal
field splitting of the octahedral site is the strongest of sites with high coordination
number. In the case of SBPO, the coordination number of Sr is eight, which is
higher than that of Ba, thus the crystal field splitting of BaOg is stronger than that
of SrOg. On the other hand, the emission energy estimation can be found by the

Uitert empirical model following the equation (2):140

N
E=0Q ll _ (_) 10~ (nea r)/SOl (2)

4
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where E is the emission energy, Q is the energy of free ions for Eu2* (34,000
cm), V is the valence of emission ions, n is the coordination number around
emission ions, ea means electron affinity, and r is the ionic radius of
substitution sites for emission ions. The emission energy of SrOg and BaOg are
found to be 18269 cm-' (547 nm) and 16902 cm-' (592 nm), respectively. Based
on the results, the asymmetric emission band of SBPO:Eu?* has two components

of Eu?* ions located on two different crystallographic sites, SrOg and BaOs.
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5-3-3 Thermal quenching properties

(a) 25°C (b) AE = 0373 eV
50°C 100 - 5 *\*\*
E § \ g \*“*
> > 801 g T
£ z N\ *
~— ] -
z £ ® =
B o \ 1/T/K
C >
8 T 401
= o
- 4 \
20 A S
— ——
T T T - I 0 T T T T T T T T T T T T T T T T T |
500 600 700 50 100 150 200
Wavelength / nm Temperature / °C

Fig. 5-6(a) Emission spectra of SBPO:0.12Eu?* at each temperature excited at
387 nm and (b) temperature dependence of relative intensity for SBPO:0.12Eu?*.

Insert figure shows the Arrhenius plot.

The temperature dependence of the emission intensities for SBPO:0.12Eu?* is
described in Fig. 5-6. As the temperature rises from 25°C to 200°C, the emission
blue shift is observed. The emission peak position of 574 nm at 25°C is shifted to
558 nm at 200°C. Moreover, the relative emission intensity at 200°C maintains
4% compared with that of 25°C (Fig. 5-6(b)). On the other hand, the thermal

activation energy (4E) is also calculated using the equation (3):149. 165-167

ln(l—o— )=lnc—i—;5 (3)

IT

where [, is the emission intensity at room temperature, I; is the emission
intensity at temperature T, 4E is the activation energy of thermal quenching,

and k is the Boltzmann constant (8.62x10-°eV). The plots of In [(I,/I;)-1] versus
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1/ (kT) for SBPO:0.12Eu?* is illustrated in insert figure of Figs. 5-6(b) As a result,

the activation energy of SBPO:0.12Eu?* is found to be 0.373 eV.
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5-4 Conclusion

Eu?*-activated yellow emitting Sr,Ba,(P04).0 (SBPO) phosphors is successfully
obtained by melt quenching method. From the single crystal analysis, the layer
crystal structure with Sr and Ba blocks is formed in SBPO. Powder XRD pattern
of SBPO:Eu?* includes the apatite phase as the impurity phase. Eu?*-activated
SBPO shows the yellow emission at approximately 580 nm under the near
ultraviolet light excitation around 380 nm. The emission peak deconvolution,
emission energy estimation using empirical models indicate that the emission
band of SBPO:Eu?* is due to the substitution of Eu?* ion for SrOg and BaOe. The
thermal quenching properties of SBPO:Eu?* is poor, which the relative emission
intensity keeps 4% at 200°C in comparison with that at 25°C. The melt quenching
technique is allowed to develop the novel soluble system that has not been

synthesized.
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Chapter 6.
Structure and Luminescence studies of Ce®*-activated
BasLas;MgAlIl;045 Green Emitting Phosphor

6-1 Introduction

A garnet crystal structure with AzB,C3012 chemical formula is widely researched
for phosphor host material of Ce3* ion.168.169 |n garnet crystal structure, A forms
a square antiprism with eight oxygen atoms, B shows an octahedral field and C
shows a tetrahedra. Ce3* ion normally substitutes for A site and shows the bright
emission from cyan to orange regions under the blue light excitation. Over the
past a decade, many Ce3*-activated novel garnet phosphors have been
developed and researched for next-generation lighting system such as laser
diodes.70-180 However, in most Ce3*-activated garnet phosphors, their absorption
efficiency in near ultraviolet light around 400 nm, which is approximate emission
peak of near ultraviolet LEDs, is poor, while the longer wavelength excitation near
blue region is highly effective. Moreover, since optical properties of Ce3* ion are
strongly depending on the host material due to the 5d - 4f transition, exploration
of Ce3*-activated phosphors with garnet crystal structure limits to develop highly
near ultraviolet light excitable phosphors. Therefore, novel crystal structures are
desired for Ce3* instead of garnet structure to obtain near ultraviolet light excitable
phosphors.

In this work, Ce3*-activated BasLaMgAl;0¢5 (BLMAQO) with BagLayAlisFe25015
crystal structure is successfully obtained. The crystal structure of
BasLa,Aly sFe» 5015 was firstly reported by |. Rutter et al.’8" Moreover, Similar

crystal structures such as BagLaFesO15 and BasLa,GasO15 show magnetic
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properties of the spin tetramer.'82 Although many kinds of materials with
BasLayAl; sFe> 5015 crystal structure had been synthesized during 1990s, Ce3*-
activated phosphors with BaglLazAli sFez 5015 crystal structure has not been
hitherto developed probably because almost crystal structures consist of
transition metals such as Fe3* and Co®* that act as killer ions for Eu2* and Ce3+.183-
185 Therefore, Mg?* is replaced to transition metal in BagLayAlisFe25015 to
develop the novel phosphor host for Ce3*. Moreover, the chemical formula is
optimized to compensate the charge imbalance between Fe3* and Mg?*.
Consequently, BasLazMgAl;O45 with the isolated Mg?* octahedra instead of
transition metal can be obtained. Ce3*-doped BLMAO shows the broad green
emission peaked around 508 nm under 412 nm excitation with 4,202 cm-' stokes
shift, which is attributed to the 5d - 4f transition of Ce3*. From results in emission
peak deconvolution of BLMAQ:Ce?* and empirical Dorenbos model, Ce3*
preferably occupies on two different crystallographic sites, BaOg and (Ba/La)Os.
Here, the Rietveld refinement, photoluminescence, quantum efficiencies,
emission decay curves and thermal quenching behavior are researched to

evaluate the potential of BLMAO:Ce?* for pc-wLEDs.
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6-2 EXPERIMENTAL SECTION
6-2-1 Material synthesis

The green-emitting phosphors of BasLaz(1.\MgAl;015:3xCe3* (BLMAO:3xCe3*; x
= 0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07) were synthesized by a
conventional solid state reaction. BaCO3 (Kanto Chemical, Co., Inc., 99.9%),
La,O3 (Sigma-Aldrich, 99.99%), MgO (Kanto Chemical, Co., Inc., 99.99%), Al,O3
(Koujundo Chemical, Co., Inc., 99.9%) and CeO, (Kanto Chemical, Co., Inc.,
99.99%) were prepared as raw materials and weighed in a stoichiometric ratio.

Then, we mixed these starting powders in an acetone solution using an agate
mortar. Afterwards, the homogeneous mixtures were pre heated at 1500°C for 6
h in a box furnace under an ambient atmosphere. Then, calcined materials were
grounded. The grounded precursors were annealed at 1400°C for 6 h under a

reductive atmosphere to reduce the valence of Ce from tetravalent to trivalent.

6-2-2 Characterization

Powder X-ray Diffraction (XRD) data were collected by an X-ray diffractometer
(D2 PHASER, Bruker Co., Ltd.) with a monochromatic Cuk, (1 = 1.54056 A)
under 10 mA and 30 kV. Rietveld refinement was conducted using RIETAN-FP
software. 188 Photoluminescence (PL) and photoluminescence excitation (PLE)
spectra, thermal quenching PL, internal and external quantum efficiency were
measured by a spectrofluorometer. (FP-6500/FP-6600, Jasco, Inc.) with a 150 W
Xenon lamp. The PL decay curves of emission from Ce3* in BLMAO:3xCe3* were

monitored by a Quantaurus-Tau (Hamamatsu Photonics, Inc.).
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6-3 Result and Discussion

6-3-1 Crystal structure determination
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Fig. 6-1(a) XRD patterns of BLMAO:3xCe?* (x = 0, 0.005, 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.07) and (b) Rietveld refinement for BLMAO host (+ symbol means
raw data, red line is calculation patterns, blue line shows the difference between
raw and calculation, green vertical line is Bragg position of BLMAO and orange

line is an impurity, BaLaAlO4.)

Fig. 6-1(a) shows XRD diffraction patterns of BLMAO:3xCe3* and simulation
pattern of BasLazAlss5Fe25015 because the crystal structure of BLMAO has not
been reported. Diffraction peaks of BLMAO:3xCe3* are moved to higher angle
than those of BaglLasAlisFe25015. The Rietveld refinement for all products is
conducted to identify the crystal structure. Since the crystal structure of BLMAO
has not been reported, the crystallographic coordination data of
BasLayAls sFe, 5045, which is the prototype for BLMAO, is adopted as s model
structure in the Rietveld refinement. Fig. 6-1(b) shows the Rietveld refinement for

BLMAO. The crystallographic data of BLMAO and the refined parameters of all
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BLMAO:3xCe?* (x = 0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07) are
summarized in Table 6-1 and Table 6-2. The lattice parameters of BLMAO are
found to be a = 11.6745(2) A, c=7.0635(1) A, V=2833.73(2) A3, in a hexagonal
system with space group of P6smc (No. 186). All isotropic displacement
parameters (Beq) are fixed to 1.0. The R-values are converged to Ry, = 8.637%,
Ry = 6.755%, Re = 5.902% and S = 1.463, indicating that the BLMAO is in good
agreement with the BagLasAly sFe, 5015 structure. On the other hand, BaLaAlO4
is also produced with 2.0% as an impurity phase. However, the impurity phase

can be negligible in all BLMAO due to a few amount of impurities below 4%.
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(Ba/La)Ogq4

Fig. 6-2 Refined Crystal structure of BLMAO and four different crystallographic

sites illustrated by the VESTA program.

The obtained crystal structure of BLMAO illustrated by VESTA program is
shown in Fig. 6-2.77 BLMAO has three different crystallographic barium sites with
BaOs, BaO4p and BaO+3. In addition, barium/lanthanum disorder stie, (Ba/La)Os,
is also present. Mg?* is located on specific crystallographic site (2b Wyckoff site)
and forms an octahedral with nearest six oxygens instead of Fe3* ion in
BasLazAl1 5sFe25015. This is because their ionic radiuses show close values (0.720
A, 6-fold coordination of Mg2* and 0.55 A; 6-fold coordination of Fe3*).33 Moreover,
the ionic radius of Ce3* is similar to that of Ba?* and La3*, hence the Ce3* ion
probably occupies on three different crystallographic Ba or Ba/La disorder site.
Fig. 6-3(a) exhibits cell parameters a and ¢ in BLMAO:3xCe?* (x = 0, 0.005, 0.01,
0.015, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07). Cell parameters in BLMAO are not
varied in spite of increasing amount of Ce3* ion, therefore the lattice volume is

the same behavior as cell parameters a and ¢ (Fig. 6-3(b)). As a result, the site
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occupation of Ce3* ion in BLMAO cannot be determined in the Rietveld
refinement. In next PL and PLE section, the site occupation of Ce3* ion in BLMAO

will be discussed using Dorenbos empirical model.
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Fig. 6-3(a) Variation of lattice parameters a and ¢ depending on the concentration

of Ce ion in BLMAO:3xCe3* and (b) cell volumes.
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Table 6-1 Rietveld refinement results in BLMAQO:3xCe3*.

Host Ce0.5% Cel1% Ce2% Ce3%
System Hexagonal
S.G. P63mc (No. 186)
Rwp (%) 8.637 9.821 10.080 11.966 9.792
Ry (%) 6.755 7.363 7.666 9.185 7.116
Re (%) 5.902 8.109 8.610 8.662 8.213
S(-) 1.463 1.211 1.171 1.381 1.192
a (A) 11.6745(2) | 11.6749(2) 11.6754(2) 11.6777(4) | 11.6727(3)
c (A) 7.0635(1) 7.06591(9) | 7.006660(9) 7.0681(2) 7.0654(1)
V (&3) 833.73(2) 834.07(2) 834.23(2) 834.74(4) 833.71
Z(-) 2
Phase 1 (%) 98.0 96.9 97.2 98.1 97.2
Phase 2 (%) 2.0 3.1 2.8 1.9 2.8
Ced% Ce5% Ceb6% Ce7%
System Hexagonal
S.G. P6smc (#186)
Rup (%) 10.722 10.558 8.949 7.012
Ry (%) 7.815 7.555 6.908 5.321
Re (%) 8.675 8.090 5.044 5.192
S(-) 1.236 1.305 1.774 1.350
a (&) 11.6747(3) | 11.6751(4) 11.6754(4) 11.6735(3)
c (A) 7.0665(1) 7.0674(2) 7.0665(2) 7.0652(1)
V (&3) 834.12(3) 834.27(4) 834.21(4) 833.79(4)
Z(-) 2
Phase 1 (%) 98.4 97.2 97.0 98.4
Phase 2 (%) 1.6 2.8 3.0 1.6

95




Table 6-2 Atomic coordination and isotropic atomic displacement parameters of

each ion obtained through Rietveld refinement of BLMAO.

Atom Site Occ. X y z Beq (A?)
Ba1 2a 1 0 0 0 1
Ba2 6c 1 0.1720(1) = -Xx 0.1837(6) 1
Ba3 2b 11 1/3 2/3 0.4852(7) 1
Ba4 6c 0.33 0.4781(1) = -X 0.8586(5) 1
La4 6c 0.67 = (Ba4, x) = (Ba4,y) =(Ba4, z) =(Ba4, B)
Mg1 2b 1 1/3 2/3 0.050(2) 1
Al1 6c 1 0.1807(4) = -X 0.686(2) 1
01 12d 1 0.676(1) 0.068(1) 0.064(2) 1
02 6c 1 0.2435(10) = -Xx 0.878(4) 1
03 6c 1 0.4201(10) = -X 0.197(3) 1
04 6c 1 0.9046(9) = -X 0.280(2) 1
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6-3-2 PL and PLE
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Fig. 6-4(a) PLE (dashed line) and PL (solid line) spectra of BLMAQ:0.06Ce3* (2

mol%). Insert photograph shows an emitting of BLMAO:0.06Ce3* under 365 nm

blacklight. (b) Emission peak deconvolution of BLMAQO:0.06Ce3* by four

components, (c) Energy diagram of Ce3* ion occupied on BaOg and (Ba/La)Og

calculated from empirical Dorenbos model and (d) dependence of the emission

intensities of BLMAQO:3xCe3* on the concentration of Ce ion.

PL (solid line) and PLE (dashed line) spectra of BLMAQO:0.06Ce3* (x = 0.02)

are shown in Fig. 6-4(a). The broad PL spectrum with the peak top around 500
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nm from blue to green regions is observed under the excitation of 412 nm, which
is in good agreement with the emission peak of the near ultraviolet LEDs.
Because PL spectra of Ce3*-activated phosphors can be divided into two
components because the 5d excited electron transfers to two ground states,
’Fs;, and ?F,, with the difference of 2000 cm, the emission peak
deconvolution of PL spectra of BLMAO:0.06Ce3* is conducted.'®. 188 As a result,
the PL spectrum of BLMAO:0.06Ce3* can be deconvoluted into four components
(Fig. 6-4(b)). All Emission peaks in components of BLMAO:0.06Ce3* are
summarized in Table 6-3.

Table 6-3 Result of emission peak deconvolution of BLMAO:0.06Ce3*.

Emission peak (cm™) Emission peak (nm)
Em1 17,580 568
Em2 18,920 528
Em3 20,286 492
Em4 21,172 472

Em1 (blue), Em2 (cyan) Em3 (green) and Em4 (orange) is found to be 17,580
cm (568 nm), 18,920 cm™' (528 nm), 20,286 cm™' (492 nm), and 21,172 cm-"’
(472 nm), respectively. The emission energy differences of Em1-Em3 and Em2-
Em4 are 2,706 cm and 2,252 cm, indicating that their value is in good
agreement with the energy difference between two ground states 2F; s2 and
2F7/2 of Ce3* ion, hence the Ce3* ion substitutes for two cation sites in BLMAO.
However, in BLMAO, four occupational cation sites for Ce3* ion are present and
the site occupation of Ce3* ion cannot be identified by the Rietveld refinement,

therefore the emission energy estimation of Ce3* ion is conducted using
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Dorenbos model. The centroid shift value ¢., which means the difference
between center of gravity of 5d orbital in isolated Ce3* ion and that of the

compound, is calculated from the equation (1) '89;

_ 13 v'N %
e, =179 x10 Zi=1 (R;—0.6AR)® (1)

where R; is the bond distance [pm] between Ce3* and O% atoms in the host
lattice, AR shows the difference between ionic radiuses of Ce3* and
substitutional cations. N means the coordination number of the Ce3* ion with

anions. ag'p is the spectroscopic polarizability, estimated as the equation (2);

al, = 033 + 2 (2)

av

where y,, is the weighted average of the electronegativity of the cations in the

crystal structure. y,, can be calculated from the equation (3);

I (3)

Xav=7-2%i°
N, shows the number of anions in the compound formula. N, is the summation
of cations in the crystal structure, -y and z; are the charge of the anion and the
cation i. y; means the electronegativity of cation i, which is given by Allred*2.
From the eq. (2) and (3), x,, and a;'p in BLMAO are calculated to be 1.948 and
1.595. Consequently, the centroid shift values of BaOg, (Ba/La)Og, BaO4y and
BaOq, are found to be 7,463 cm, 8,000 cm, 6,545 cm™' and 6,239 cm-’

respectively. Moreover, crystal field splitting e.f; is estimated following the

equation (4) 1°0;
— Q R—Z 4
Scfs .Bpoly av ( )

where B¢

»oly Shows a constant depending on the shape and coordination number.
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In the case of the BLMAO, the octahedral B2, = 1.35x10° pm2cm-' (BaO),

octa

the B%, = 0.89B8%, = 1.20x10° pm2 cm” ((Ba/La)Og) and B¢, =

cubal — octa cubo

0.4282,, = 5.67x108 pm?cm™ (BaO1,) are adopted'®’. Because the B2, in

octa

10-fold coordinated polyhedron is not defined, the assumed parameter B .., =

Q

8.84 x108 pm? cm [BaO4g], which is the average value between B, ,,

, and
B is used in this work. R, is the average bond length of the polyhedrons

cubo’

calculated by the equation (5);
1 ¢oN
Ry = ﬁZi=1(Ri — 0.6AR) (9)

where R; represents the bond distance between Ce3* and O%, AR means the
difference of the ionic radiuses between the substitutional cation and Ce3*.
Crystal field splitting values in four cation sites are estimated to be 23,134 cm-1
(BaOg), 19,314 cm- ((Ba/La)Os), 11,320 cm'(BaO4) and 6,560 cm-
1(BaO12)Stokes shift value AS is simply explained following the equation (6);

AS = Aoy — Aem (B)
where A,, and 1., exhibit the excitation and emission energies calculated from
the PL measurement. 1., and A, are found to be 24,254 cm-' and 20,048 cm-
' in BLMAO:Ce?**, hence AS value is found to be 4,206 cm'. The estimated
emission energy of Ce3* ion from the lowest 5d level to the ground state is
calculated by the equation (6);
E(Ce®*,A) = 49,400 cm™ — &, — g.45 — AS (6)
where E(Ce3*,A) means the estimated emission energy of site A in crystal
structure. Finally, the calculated emission energies in BaOg, (Ba/La)Og, BaO+g

and BaO1; are found to be 14,597 cm-! (685 nm), 17,879 cm-! (559 nm), 27,328
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cm' (366 nm) and 32,393 cm-! (309 nm), respectively. Compared with the result
of emission peak deconvolution of BLMAO:0.06Ce3*, the estimated emission
energies in BaOg and (Ba/La)Og are closer than that in BaO1o and BaO1,, Fig. 6-
4(c) represents the emission diagram in BLMAO:Ce3* illustrated based on the
results of Dorenbos model. Consequently, it seems that the Ce3* ion is preferably
occupied on BaOg and (Ba/La)Os sites. Fig. 6-4(d) shows the dependence of
emission intensity on the concentration of Ce3* ion in BLMAO. The emission
intensities are gradually enhanced until 2 mol%, while the decrease of emission
intensity is observed beyond 2 mol%. Consequently, the optimized concentration
of Ce3* ion in BLMAO is 2 mol%. Moreover, internal and external QE in
BLMAO:0.06Ce3* under 412 nm excitation are also measured to evaluate its
potential for pc-WLEDs. Absorbance, IQE and EQE are calculated to be 82%,

27% and 22%, respectively.

101



6-3-3 PL decay measurement
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Fig. 6-5 PL decay curve of BLMAQO:0.06Ce?* monitored at 506 nm emission
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under 405 nm LED light. Insert figure shows the relationship between average

lifetime and the concentration of Ce ion.

Fig. 6-5 shows the PL decay (black) and calculated (red) curves of
BLMAO:0.06Ce3* monitored at 506 nm under the 405 nm LED excitation. Ce3*
ion in BLMAO rapidly decays on nanoseconds order, which is in good agreement
with the PL decay behavior of Ce3* ion. The decay shape of BLMAQO:0.06Ce3*
shows the non-linear mainly because the Ce3* ion is occupied on two different
crystallographic sites in BLMAO. The average lifetimes (z,,) are calculated by

the biexponential equation (7) and (8);192 193
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I(t) = Ajexp (— %) + A,exp (— iz) (7)

T

2 2
Ty = A1TI+A,T3 (8)

AT +ALT,

where A is an amplitude, 7; and 7, mean the lifetime of Ce3* ion. The 1,
value of BLMAO:0.06Ce3* is estimated to be 39.0 ns. Insert figure in Fig. 5 shows
the concentration dependence of the average lifetime in Ce3*-doped BLMAO. The
calculated t,, values are found to be 38.0 ns (0.5 mol%), 39.7 ns (1 mol%), 39.0
ns (2 mol%), 40.4 ns (3 mol%), 42.0 ns (4 mol%), 36.6 ns (5 mol%), 36.4 ns (6
mol%) and 35.8 ns (7 mol%), respectively. In general, the lifetime values rapidly
decrease as the concentration of activator ion increases in host lattice because
the probability of the energy migration which is also called concentration
quenching among ions gradually raises. On the other hand, the remarkable
variation of 7., values in BLMAO:Ce3* cannot be observed. It seems that the
reabsorption of emission energy plays a key role in the decay behavior of
BLAMO:Ce?*. According to V. Bachmann et al., the luminescence decay times of
YAG:Ce3* slightly increases from 63 ns for 0.033% Ce3* to 67 ns for 3.33% Ce?*)
because the spectral overlap between excitation and emission bands leads to the
probability of the reabsorption process.’ In the case of BLMAO:Ce3*, the
excitation and emission tails are clearly overlapped in Fig. 6-4(a). Because the
constant lifetime value of BLMAO:Ce3* is caused by spectral overlap between
excitation and emission spectra, the true average lifetime cannot be determined.
However, it indicates that the lifetime value of BLMAO:Ce3* shows between 36

and 42 ns from the PL decay measurement in this study.
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6-3-4 Thermal quenching property
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Fig. 6-6(a) Temperature dependence of the emission spectra of
BLMAOQO:0.06Ce?* under 414 nm excitation and (b) the relative emission peak
intensity. Insert figure (b) shows the Arrhenius plots and the activation energy of

BLMAO:0.06Ce3*.

Fig. 6-6(a) shows the temperature dependence of the emission spectra of
BLMAO:0.06Ce3* under 414 nm excitation. The emission peak intensities of
BLMAOQ:0.06Ce?* decrease as the temperature rises, indicating that the thermal
quenching actively behaves in BLMAQO:0.06Ce3* at the high temperature region.
Moreover, the relative emission peak intensity of BLMAO:0.06Ce?3* is also shown

in Fig. 6-6(b). The relative emission intensity of BLMAO:0.06Ce3* is reached to
5% at 150°C. The thermal quenching behavior of BLMAO:0.06Ce3* is owing to

the large Stokes shift values (4,206 cm-). Ce3*-activated phosphors with
excellent thermal quenching properties have commonly small Stokes shift values
such as Y3Als042:Ce3* (2,400 cm™), Ca3Sc,SizO42:Ce3* (2,886 cm') and

CaSc,04:Ce?®* (2,561 cm), while the large Stokes shift values cause the rapid
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thermal quenching such as BaCa,YO1,:Ce3* (5900 cm-') and Sr3Sc40:Ce3*
(7,400 cm-1) 115, 152, 194-196  The activation energy 4E of BLMAO:0.06Ce?"* is

estimated to be following the equation (9);109. 197-199

ln(:—"—l) =Inc -2 (6)

T kT

where [, and [; are the emission intensities of phosphor at RT and the
temperature T, c¢ is a constant, 4E is the activation energy of thermal
guenching and k is the Boltzman constant (8.62x10-° eV). The Arrhenius plots of
In [(1,/1)-1] versus 1/T is shown in Insert Fig. 6(b). As a result, the 4E value is

found to be 0.411 eV.
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6-4 Conclusion

Ced*-activated green emission BLMAO was synthesized via the solid state
reaction. The crystal structure of BLMAO forms a hexagonal system, which is
isotype with BagLaAlssFe;5015. Ce3*-activated BLMAO shows the broad green
emission with peak top around 500 nm under 412 nm, indicating that
BLMAOQO:Ce?®* is suitable for near ultraviolet LED. The emission peak
deconvolution and Dorenbos empirical model found that Ce3* ion is occupied on
two different crystallographic sites, BaOg and (Ba/La)Os, in BLMAO. The optimal
concentration of Ce3* ion in BLMAO is found to be 2 mol%. Internal and quantum
efficiencies of BLMAO:0.06Ce?* (2 mol%) are calculated to be 27% and 22%.
The reabsorption process in BLMAO:Ce3* led to the constant average lifetime
value. The emission intensity of BLMAO:0.06Ce3* was rapidly quenched
depending on the temperature due to the large Stokes shift value. Although the
thermal quenching properties of BLMAQO:0.06Ce3* are still poor, it is revealed that
the crystal structure with BaglLaAlisFez5015 type shows the broad green
emission under the near ultraviolet light excitation by Ce3* doping. Hence, the
optimization of the chemical component in BagLasAls sFe2 5015 crystal structure
leads to the near ultraviolet LED phosphors with excellent thermal quenching

properties.
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Chapter 7.

Concluding remarks

Eu2* - or Ce?* - activated phosphor under the near ultraviolet light excitation is

developed for c-Si solar cells. In this study, the Rietveld refinement,

photoluminescence and photoluminescence excitation, quantum efficiencies,

lifetime measurement and thermal quenching behavior have been investigated to

analyze the emission mechanism of Eu?* and Ce3* ions. The results are

summarized as follows;

1.

In Chapter 2 and 3, Eu2*-activated alkaline silicate phosphors are
successfully obtained. In Chapter 2, LisNaSiO4:Eu?* phosphor shows the
narrow band blue emission under the near ultraviolet light excitation.
Moreover, by adding the Na,COs3 flux, both narrow blue and broad yellow
emission bands are observed in LizNaSiO4:Eu?*. Based on the result of the
Rietveld refinement, these two emission peaks are corresponded to Eu?*
ions in NaOg and LiOs site. In addition, two different alkaline defects assist
the thermal quenching property in the yellow emission region. In Chapter 3,
Na;Mg2SisO15:Eu?* shows the asymmetric blue emission band under the
ultraviolet light irradiation. The relative emission intensity at high
temperature region around 150°C is maintained with 85%, indicating that
the thermal quenching behavior of Eu2*-doped Na,Mg.SisO1s is remarkable
in comparison with reported blue emitting phosphors.

In Chapter 4, The emission color shift from green-yellow to reddish orange
in Eu2*-activated CagBaP,017 is discussed. The emission peak redshift

occurs by increasing the amount of the activator ion. Eu2* ions are occupied
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om two different calcium sites, CaO; and CaOs. Moreover, the prototype
LEDs combined with the commercial blue-LED and CagBaP4O17:Eu?* emit
the pseudo-white light.

3. In Chapter 5, Sr,Bay(PO,4),0:Eu?* with the layered crystal structure is
obtained by melt quenching technique. Single crystals of
SrBay(P0O,4),0:Eu?* can be collected from crushed ball samples and
analyzed. The occupation of Eu?* ion on SrOg site is refined. The
Sr;Bay(P0O,4).0:Eu?* powder sample consists of the apatite as the impurity
phase. The yellow emission at approximately 580 nm is observed under
near ultraviolet light excitation around 380 nm.

4. In Chapter 6, Ce3*-activated green emitting BasLazMgAl;045 (BLMAO) are
synthesized and characterized. The refined crystal structure of BLMAO is
isotype with that of BasLazAlis5Fe25015. The Dorenbos empirical model
estimates that Ce3* ions are preferably located on two different
crystallographic sites, BaOg and (Ba/La)Os. The internal and external
quantum efficiencies in BLMAO are found to be 27% and 22%.

All phosphor materials are allowed to convert the light region which is weak
spectral sensitivity of c-Si into the strong absorption light area. Furthermore, the
emission mechanisms of obtained phosphors can be determined based on the
knowledges of crystallography and photochemistry. Therefore, the author believe
that all results assist the development of Eu2*- or Ce3*- activated downshift

phosphor.
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