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Chapter 1

Introduction



1.1 White-light LEDs

After the discovery of blue light emitting diode (LED) based on high-quality
crystals of GaN, AlGaN, and GalnN in the early 1990s [1,2], the development of white
solid-state lighting with blue, green, and red LEDs was accelerated. However, the
degradation rate of these LEDs was different, causing variations in white color lighting.
In addition, the color rendering index was poor due to the narrow-band-emitting of the
three primary colors. Therefore, it was proposed that the combination of a blue LED and
a broad-band yellow phosphor could produce better white light. These phosphor-
converted LEDs (pcLEDs) have been widely used in lighting applications and social life.
In the 2010s, the cost and supply of rare earth, which is used for activators for phosphors,
had programs due to China's export controls. The development of new phosphors without
rare earth as an activator has been rapidly conducted in terms of cost and supply. There

are some properties required of phosphors for the pcLEDs;

* conversion from blue to other colors, such as red, yellow, and green.

* single phosphor white (a blue LED and a yellow phosphor), or Multi-phosphor white
(a UV LED and blue, green, and red phosphors).

* thermal stability, ideally it will be stable to at least 200 °C.

There are four approaches to realizing the white light from the pcLEDs. It is
difficult to obtain white light LEDs with both a high color rendering index and luminous

efficacy due to trade-off.



(@) A combination of blue, green, and red LEDs, poor color rendering index, and highest
luminous efficacy in (a)~(d).

(b) A pcLED consisting of a blue LED and green and red phosphors, a higher color
rendering index but lower luminous efficacy than that of (a).

(¢) A pcLED consisting of a blue LED and a yellow-orange phosphor, lower color
rendering index but higher luminous efficacy than that of (b)

(d) A pcLED consisting of a UV LED and blue, green, and red phosphors, highest color

rendering index but lowest luminous efficacy in (a)~(d).

It is important to generate the white light to match the requirements of users.
High color rendering of white light is necessary for a commercial or domestic situation,
while the color rendering is not so important to read a book with only black and white
pages. Color rendering index above 80% is acceptable for domestic use. The discovery
of new green and red phosphors is the most important challenge for lighting and display

applications [3].



1.2 Phosphors for pcLEDs
1.2.1 Metal-oxide based phosphor
Some advantages of oxide-based phosphor are good chemical stability and

simple synthetic method compared with other anion-based phosphor.

1.2.1.1 Yttrium Aluminum Garnet Activated by Trivalent Cerium (Y3Als012: Ce*)

The first report of Y3Als012: Ce*" (YAG: Ce*") was in 1967, this material was
used for a cathodoluminescence phosphor [4]. A combination of blue LED and YAG: Ce**
generates white light with low cost and high luminous efficacy.

The excitation and emission peak of YAG: Ce*" is at around 470 nm and 550 nm,
respectively. The emission wavelength is modulated by the element doping such as Gd**
and Ga** to the A-site or B-site of the host material of YAG [5-7]. In summary, the YAG:
Ce’" is applied to generate white light with high luminous efficacy under blue light

excitation, and its emission is controlled by element substitution. However, the other

phosphors are necessary to obtain a high color rendering index.



1.2.1.2 Alkaline earth metal silicates

Barry reported Eu?"-activated AnsMgSi>Os (An = Ca®, Sr**, and Ba®")
phosphors with high luminous efficacy. The emission wavelength is controlled by
changing alkaline earth metal ions in this system [8]. Eu**-activated An,SiO4 (An = Ca?",
Sr**, and Ba*") phosphors were also reported as green to yellow phosphors for pcLEDs.
The cationic size of alkaline earth metal affects the emission wavelength [9-12]. These
phosphors were commercialized, but they have poor stability. The luminescence

properties depend on the condition of their synthesis:

* suitable row materials (purity, reactivity)
+ selection of good flux materials
* reducing atmosphere (N»/H»)

* heating temperature and rate of heating (and cooling)



1.2.2 Metal-nitride based phosphor

There are some advantages of nitrides over oxides:
* highly condensed anionic networks, resulting in high density, good chemical stability,
and greater hardness.
* large red-shift, small thermal quenching.

1.2.2.1 B-sialon: Eu

B-sialon is one of the best green phosphors for LED backlight because of its
narrow emission and high thermal stability. The crystal structure of f-sialon is derived
from B-SizNa, with the solid solution of Sis.:Al:O,Ng. (0 < z < 4.2) [13]. Hirosaki et
al. first reported the luminescence property of Eu®*-activated pf -sialon, which is
synthesized by calcination of powder mixture of Si3Ns, AIN, and Al,O3 and Eu,O3 at
1900-2100 °C ina 1.0 MPa N; atmosphere [14]. The phosphor exhibits the green emission

at 535 nm with the FWHM of 55 nm under blue light excitation of 450 nm.

1.2.2.2 Ca-a-sialon: Eu

The crystal structure of Ca-a-sialon is derived from a-Si3Ns, with the solid
solution of Ca;u2Si12-m-nAlm+nOnNis., (Ca is the modifier, and charge neutral is adjusted
by the value of m) [15]. Eu?"-activated Ca-a-sialon exhibits the yellow emission at 582
nm with the FWHM of 94 nm under UV or blue light excitation with a very low thermal

quenching (The luminescence intensity decreases by 10% at 150 °C).



1.2.2.3 CaAlSiN3: Eu

Eu?-activated CaAlSiN3 exhibits red emission at 658 nm with the FWHM of 94
nm. The excitation band is also broad, and it has a small thermal quenching as well as the
Eu?*-activated Ca-a-sialon. The emission band is modulated by replacing Ca with Sr. The

emission peak is blue-shifted from 650 nm to 610 nm by increasing the amount of Sr [16].



1.3 Host materials for phosphors

The luminescence properties are greatly affected by the coordination
environment around the activator in the host lattice. The coordination environment
depends on the crystal structure of host materials. The polyhedron with different
coordination numbers (such as tetrahedron, octahedron, dodecahedron, tetradecahedron,
etc.) constitutes the various crystal structures. Here, the perovskite-, pyrochlore-, and
garnet-type structures are focused in this study. Ideally, the crystal system of these
structures is cubic. The polyhedron that constitutes these crystal structures is different.

The structural properties are discussed next.

1.3.1 Perovskite-type structure

The general formula of the perovskite-type structure is ABX3: twelve-
coordinated tetradecahedral site (AX2), six-coordinated octahedral site (BXs), and X-site.
Cations with various valence states occupy the A- and B-sites, while anions occupy the
X-site in the perovskite-type structure. The crystal structure of the perovskite-type

structure is shown in Fig. 1.1 [17].

Fig.1.1 Crystal structure of the perovskite.



The Goldschmidt tolerance factor (t) describes the stabilization region of
perovskites. It is written by only ionic radius: Ra (twelve-coordinate radius), Rg (six-

coordinate radius), and Rx as shown below;

o _RatRy
V2(Rp + Ryx)

Goldschmidt suggested that the perovskite-type structure would form when the value of
t is close to 1. Despite its simple equation, the tolerance factor predicts the structural
properties, especially for oxides. Ideally, when the value of t is 1, the crystal system of
perovskites is cubic. If the range of t is 0.9-1, a cubic perovskite would form. If the value
of t is greater than 1, a hexagonal packing of the AX3 layers is preferred. In the case that
the value of t is within 0.71-0.9, the symmetry of the crystal system would be lower due
to the distortion of BXe octahedra tilting. The structure-field map has been proposed as
shown in Fig. 1.2. The stabilization area of perovskites is obtained by the tolerance factor
and the octahedral factor (Rs/Rx) [18].

Cation ordering at the A- or B-site in the perovskite-type structure would affect
properties such as ferroelectricity and piezoelectricity [19]. In the case of the double
perovskite of AoBB’Xs, an ordered arrangement would be present if the valence state
difference between B and B’ is greater than two such as Sr?",Ni?*"W®"Og. Differences in
the cation radius and/or bonding preference also affect the arrangement. The displacement
of the B-site cation is caused by the arrangement or deficiency of the A-site cation. In
compounds such as LaisNbOs3, Lai3TaO3, and Ndi3NbOs3, cation layers of the lanthanoid
and deficiency are arranged alternatively, resulting in the displacement of the B-site cation

to the A-site layer with lower positive charge as shown in Fig. 1.3.
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Fig.1.2 Structure-field maps, schematic; tolerance factor t

versus octahedral factor: (a) oxides; (b) halides [18].

Fig.1.3 The crystal structure of the LisR23.,TiO3; perovskites. The color
scheme is blue (Ti*"), red (O%), and grey (R*"). The large three-colored
spheres are randomly occupied by R3", Li*, and vacancies. The arrows show
the displacements of the Ti*" ions towards the anions in the layer containing

the vacancies [19].
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1.3.2 Pyrochlore-type structure

The general formula of the pyrochlore-type structure is A>B>XeY: eight-
coordinated site (AXsY?2), six-coordinated octahedral site (BXs), and X-site. Cations with
various valence states occupy the A- and B-sites, while anions occupy the X- and Y-site
in the pyrochlore-type structure (usually A is a divalent or trivalent cation and B is a
transition metal). The crystal structure of the pyrochlore-type structure is shown in Fig.
1.4. The crystal system of the pyrochlore-type structure is cubic with a space group of Fd-
3m (No. 227) and unit cell with Z = 8. The pyrochlore-type structure consists of two
polyhedra: eight-coordinated dodecahedral (Wyckoft position: 16d, fractional coordinate
(0, 0, 0)); six-coordinated octahedral sites (Wyckoff position: 16c, fractional coordinate
(1/2,1/2, 1/2)). There are two Wyckoft positions of oxygen: 8b, fractional coordinate (1/4,
1/4, 1/4), and 48 f, fractional coordinate (x, 1/4, 1/4). There is only one adjustable

fractional coordinate x for the X atom. x is usually in the range from 0.320 to 0.345 [20].

Fig. 1.4 Crystal structure of the pyrochlore.
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1.3.3 Garnet-type structure

The general formula of the garnet-type structure is A3B2C3X2: eight-coordinated
dodecahedral site (AXsg), six-coordinated octahedral site (BXg), four-coordinated
tetrahedral site (CX4), and X-site. Cations with various valence states occupy the A- and
B-sites, while anions occupy the X-site in the garnet-type structure. The crystal structure
of the garnet-type structure is shown in Fig. 1.5. The crystal system of the garnet-type
structure is cubic with a space group of Ia-3d (No. 230) and unit cell with Z = 8. The
garnet-type structure consists of three polyhedra: eight-coordinated dodecahedral
(Wyckoff position: 24c, fractional cooordinate (1/8, 0, 1/4)); six-coordinated octahedral
(Wyckoff position: 16a, fractional coordinate (0, 0, 0)); and four-coordinated tetrahedral
sites (Wyckoft position: 24d, fractional coordinate (3/8, 0, 1/4)). The Wyckoff position
and fractional coordinate of oxygen are 96 h and (X, y, z), respectively. The fractional

coordinates of A-, B-, and C-site are fixed, and that of X-site is adjustable [21].

Fig. 1.5 Crystal structure of the garnet.
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Song et al. have proposed the tolerance factor of the garnet-type structure [22].

It is written by only ionic radius as well as that of perovskite:

3Ry + R)? — 4 (R + Ry
2(Rc + Ry)

T =

The value of the tolerance factor is in the range from 0.748 to 1.333. The garnet-type
Ca3;AlxSi3012 is within the range, while Sr3Al>Si13012 and BazAl:Si3012 (T = 0.690 and
0.391) are not reported. This is because the ionic radius of Sr** and Ba®" is larger than

that of Ca®", resulting in the difficulty of connection between polyhedra.
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1.4 Luminescence mechanism of phosphor

When a material is exposed to radiation such as UV light, X-ray, or electron
beam, electrons are excited from ground states to excited states. After relaxation, the
excited electrons fall to the ground states, and the excited energy is released as light; This
phenomenon is called “Luminescence”. The difference between the energy of excitation
and emission is called “Stokes shift”. Phosphor is a material that shows the luminescence.
Fig. 1.6 shows the luminescence mechanism, including excitation of radiation, thermal

relaxation, and emission.

E Excited state
¢ —6

A
“\

o

Ground state
1. Excitation by radiation
2. Thermal relaxation

3. Emission

Fig. 1.6 The luminescence mechanism, including excitation of

radiation, thermal relaxation, and emission.

Inorganic phosphor consists of an activator and host material. In general, small
amounts of activators for the host material (0.5%~1%) are better to optimize the

luminescence property. There are some types of transitions and activators [23]:

14



1. 1se2p transition (ex. F (fluoride))

2. ns’ons, np transition (ex. TI™-type ion, Ga*, In*, TI*, Ge*", Sn**, Pb**, Sb>*, Bi**, Cu,
Ag, Au)

3. ded transition (ex. Transition metal ions)

4. foftransition (ex. Lanthanide and actinide ions)

5. 4fed4f, 5d transition (ex. Ce**, Sm?*, Eu*", Tm?*, Yb**, Pr’*, Tb>")

6. Charge transfer transition

The configurational coordinate model is utilized to understand the luminescence
mechanism in detail as shown in Fig. 1.7. The effect of thermal vibration is considered
during luminescence phenomena. Franck-Condon principle elucidates the electric
transition of luminescence; the displacement of the atom would not occur during the
electric transition. After the excitation of electrons, the atoms in the crystal are displaced
from the initial position to the equilibrium position, which means the distance between
atoms would be longer. This principle implies the electronic transition occurs much faster

than the time required for the nucleus to rearrange into a new configuration [24].

2 2. Thermal relaxation
o— and extend the bond length
‘ \ 3
&
o 1. Excitation 3. Emission
by radiation
Shrink the 4
1 bond Iength
o—

“or ; The bond length between the activator and ligand
Nuclear Coordinates

Fig. 1.7 The configurational coordinate model for understanding the luminescence.
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1.5 Crystal field theory

The energy levels of elements are discrete and represented by quantum numbers:
principle quantum number, orbital angular momentum quantum number (or azimuthal
quantum number), magnetic quantum number, and spin magnetic quantum number.
Quantum number and orbital angular momentum quantum number are mainly used to
represent the energy levels and orbital shape.

When ions are incorporated into liquids or solids, the energy levels are changed
from those of gaseous-free ions. Crystal field theory describes these changes, which
assumes anions (ligands) surrounding the metal ion as a point electric charge. Crystal
field is the interaction between anions (ligands) and the central metal ion. In short, the
electric repulsion between anions (negative point charges) and the orbital of metal ions is
related to the change in energy level. This theory provides us with the luminescence
mechanism of phosphors in which the 3d transition metal ions are used as activators [25].

When the 3d metal ion is incorporated into the six-coordinated site as shown in
Fig. 1.8, these anions (ligands) affect the energy levels of the 3d orbital. The fivefold
degenerate 3d orbitals split into triply degenerate orbitals (tz¢ orbital) and doubly
degenerate orbitals (eg orbital). The energy difference between tag and eg orbital is 10Dq.
The crystal field splitting depends on the coordination environment in a crystal. The
crystal field splitting for regular tetrahedron, octahedron, cube, and cuboctahedron were
calculated to be 40Dq/9, 90Dq/9, 80Dq/9, and 45Dq/9 [26] as shown in Fig. 1.9.
Absorption and emission spectra of metal ions greatly depend on the degree of crystal
field.

In the case of metal ions with d>~d®, not only the crystal field splitting but also

electric repulsion between electrons is considered. The electric repulsion between

16



electrons is described by the Racah parameter (A, B, and C). These parameters also
describe the spectral term. Tanabe and Sugano elucidated the electron configuration
interaction for the d” to d® configuration in an octahedral crystal field, which is called the
Tanabe-Sugano diagram. The vertical and horizontal axis of the diagram is the energy
level and crystal field splitting standardized by the Racah parameter B. Fig. 1.10 shows
the Tanabe-Sugano diagram for the d* configuration in an octahedral crystal field. In the
case of Cr** and Mn*" with the d* configuration, the transitions from the ground level *A>
(t2>) to *“T> (%) and *T; (t.%¢) are observed in the excitation spectra. After the non-
radiation transition from the excited states to the energy level *Eg, the transition from *E,
(t2*) to *A; (t2%) is observed in the emission spectra. The emission wavelength from Mn*"
is not affected by the crystal field (Dg/B) so much, because the ground state of *A, and
excited state of °E are nearly parallel for Dg/B in the diagram [25].

The Tanabe-Sugano diagram is used to analyze the crystal field splitting with
three parameters: Dq, B, and C. However, it is not possible to determine the splitting with
this diagram when an activator is at the lower symmetry than cubic. The crystal field
parameters (CFPs) are useful to describe the crystal field Hamiltonian around an activator.

The Hamiltonian of the crystal field is represented as [27]:

H = ZBg cx
k.q

where Bé‘ are the CFPs that have all the structural and geometrical information about the
host matrix, and C('f are components of tensor operators. The number & must be even; it
takes values of 0, 2, 4, and 6 for 4f electrons. The point group restricts the values for q.

In the case of lanthanoid ions with f-orbital, the crystal field also affects the energy levels

17



of f-orbital, depending on the symmetry around the metal-ion site.

d,2 dxz_yz
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[} [ ] ° Y
&
s . ° . °

Fig.1.8 The d-orbitals surrounded by ligands (negative charges)

at the six-coordinated site.

—
5d orbital 60 —
(degeneracy) 32Dq/8 —
—_— 3
16Da/9 v v v 20q
—_——— —f— i —e—e—. S — e — = - ————— J— =
24Dq/9 4Dq 3Dq
S — 48Dq/9 v
— y =

Four-coordinated  Six-coordinated Eight-coordinated Twelve-coordinated
tetrahedron octahedron cube tetra-decahedron

Fig.1.9 Crystal-field splitting of d-orbital in various polyhedral potentials. The dashed line
represents the 5-fold unsplit energy levels [26].
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Fig.1.10 Tanabe-Sugano diagram for the d3 electron configuration in the octahedral

crystal field.
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1.6 Induced electric dipole transition: Judd-Ofelt theory

There are three types of electronic transition of lanthanoid ions: 4f-4f transition,
4f-5d transitions, and charge-transfer transitions (metal-to-ligand). Laporte’s parity
selection rule describes the allowed and forbidden transitions, which implies the
transitions between the ground and excited state with the same parity are forbidden, such
as d-d or f-f transitions. When the lanthanoid ions are affected by the crystal field (doped
into the crystal lattice), non-centrosymmetric interactions allow the mixture of electronic
state with opposite parity into the 4f-orbitals, resulting in the partial relaxation of the
selection rule, which is called an induced (or forced) electric dipole transition. For Eu*-
activated phosphors, >Do—"F2 (~610 nm), >Do—"F4 (~710 nm), and Do—"F¢ (~810 nm)
are the induced electric dipole transitions, while *Do—’F; (~570 nm) is the magnetic
dipole transition.

Judd-Ofelt theory is based on the crystal-field concept and produces a simple
model for intensities of f-f transitions in solids and solutions [28]. The transition strength

Peq is represented with the Judd-Ofelt parameters:

Poq = C{0, U@ + ]y + agl|u@]*)

n(n? + 2)?
9

64m*e’v}

- 3n(2] +1)

where e is the charge of an electron, 7 is the refractive index, v is the emission peak
wavenumber, / is the Planck constant, and J is the total angular momentum quantum
number of the initial energy level *Do. [U®||* denote the reduced matrix elements from

the initial to the excited state, which have an intrinsic value. €,, Q,, and Q4 are Judd-
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Ofelt intensity parameters. The Judd-Ofelt parameters depend on the coordination
environment (chemical bonding or site symmetry) around lanthanide ions, especially the
excitation and emission spectra of Eu*" are often utilized for the probe of the

crystallographic sites [29].
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1.7 Purpose of this study

White light LEDs are widely used in social life. However, due to the lack of the
red component, the white light LED has a poor color rendering index. To solve this
program, some red phosphors, which have the absorption band in the near-UV to blue
light, have been synthesized.

Some nitride phosphors have been commercialized because of their good
photoluminescence (PL) properties and high stability. The search for new nitride
phosphors is still active for further improvement. However, higher temperature (1800-
2000 °C) and the reductive atmosphere are needed to synthesize nitrides and sometimes
special equipment for high nitrogen pressure is necessary. In the case of oxide phosphors,
new oxide phosphors have been developed, taking advantage of low fabrication costs.
The achievement of this study is the development of new red phosphors with lower
fabrication costs compared with the fabrication of nitride phosphors. In addition, the
relationship between PL properties and the coordination environment is revealed. The PL
properties depend on the coordination environment around the activator, which is derived
from the crystal structure of the host material. Therefore, the oxide host materials were
carefully selected in this study. Eu®" and Mn*" were used as activators because they absorb
UV and blue light and emit red light, having the possibility of applying to the high-color-
rendering white LEDs.

In Chapter 2, the relationship between PL properties and the coordination
environment around Eu®" in the garnet-type CaxEuZr,.Sn,GasO12 (x =0, 0.5, 1, 1.5, and
2) phosphors are discussed. There were few reports to investigate the influence of
structural distortion on the PL property of Eu*". The distortion of the eight-coordinated

dodecahedron affects the intensity derived from *Do—’F2 (~610 nm) and *Do—F4 (~710
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nm) transitions of Eu®". The degree of this distortion was revealed by Rietveld analysis.
The Rietveld analysis is an effective way to elucidate the distortion of the eight-
coordinated dodecahedron of these phosphors, where Eu®" constitutes the host material
of the garnet, because of a diffraction method that describes the average structure of the
materials. The coordination environment around Eu®* was described by calculating the
edge lengths of the eight-coordinated dodecahedron. A method to describe the rotation
angles of the top and bottom faces of the eight-coordinated dodecahedron in a garnet-type
structure is proposed by simple geometric calculations utilizing the ratios of the edges of
the dodecahedron. This method reveals the relationship between the emission intensity of
Eu®" at 610 nm and 710 nm and the coordination environment in the garnet-type structure.
Controlling the emission wavelengths is useful for further applications. Phosphors
emitting red light near 600 nm have good visibility and are suitable for application in
high-color-rendering white LEDs. The infrared wavelength near 700 nm is suitable for
plant growth.

In Chapter 3, Mn-activated perovskite-type LassMgTaOs red phosphor and
pyrochlore-type MgzL.aTaOg green phosphor are discussed. The Mn-activated perovskite-
type Las3MgTaO¢ red phosphors are cost-effective compared with Eu®*-activated
phosphors in chapter 2 because Mn is cheaper than Eu. X-ray absorption fine structure
(XAFS) spectroscopy methods were utilized to reveal the distortion of the Mn**-occupied
octahedron. It appears that the Rietveld analysis, which was utilized in the previous
chapter, reveals the distortion of the polyhedron. However, it is difficult to investigate the
coordination environment around only Mn by the Rietveld analysis due to the two points:
the analytical methods for describing long-range-order structure (average structure) and

low concentration of Mn*" in the host material. It should be noted that the XAFS method
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provides important information of the local structure around a specific element [30].
Therefore, it is probable that the XAFS method is suitable for accurately describing the
coordination environment around Mn*". A-site deficiency in the perovskite-type structure
plays a crucial role in the red emission of Mn*" in the host material of Las3MgTaOs
because of the displacement of Mn*". And also, Mn-activated pyrochlore-type
Mg:LaTaOg phosphor exhibited green emission under UV excitation at 254 nm owing to
the oxide ion deficiency of Mg>LaTaOg, indicating that the defects affect the coordination
environment around Mn?" as an activator. In general, the green emission is derived from
Mn?*. However, Mn?" is achieved by the calcination in the reductive atmosphere due to
lower valence state than Mn*". The green emission from Mn?" was realized in the crystal
structure of the pyrochlore-type MgzLaTaOg even by the calcination in air atmosphere,

resulting in the cost-effective fabrication.
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Chapter 2
Emission modulation of Eu** via symmetry around

dodecahedron in garnet-type Ca;EuZr,..Sn.Gaz;O1,
(x=0,0.5,1, 1.5, and 2) phosphors
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2.1 Introduction

White LEDs have applications in numerous fields owing to their high energy
efficiency and long lifetime [1-3]. White LEDs are developed via a combination of blue
LEDs [4] and yellow phosphor (Y3Als012:Ce*"), wherein white light is created based on
the three primary colors of light [5]. However, realizing the full spectrum of sunlight in
white LEDs is difficult due to the lack of red components [6]. To address this problem,
red phosphors, which are excited by blue or ultraviolet (UV) light, have been developed
[7]. Some Eu-activated red phosphors, such as CaAlSiN3:Eu** and M>SisNs:Eu** (M =
Ca, Sr, or Ba), have also been synthesized for practical use [8,9]. These phosphors not
only have strong absorption and emission in the visible-light range but also high chemical
stability. Their photoluminescence (PL) intensity at 150 °C is over 80%, indicating that
they are suitable for use in high-color-rendering white LEDs. The PL properties and full
width at half-maximum of nitride phosphors are modulated in the visible-light range by
the crystal field [10,11]. The crystal field around the luminescence center depends on the
host material. Therefore, the search of new nitride host materials is a burgeoning research
field [12].

Eu**-doped phosphors have absorption bands in the UV and blue-light region
and exhibit red luminescence [13,14]. However, their luminescence efficiency is low
because the absorption and emission are derived from a forbidden transition [15]. The
quantum efficiency of Y203 in practical applications is relatively low at ~10% under
UV (394 nm) or blue-light (466 nm) irradiation [16] compared to that of Y3Als012:Ce**
phosphor [17]. Increasing the activator content in phosphors could address the low
luminescence efficiency. However, a high activator content leads to the concentration

quenching effect, resulting in low luminescence efficiency [18]. In Eu®*, the exchange
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interaction between Eu’* ions is effective when the distance between activators is <5 A
[19]. Therefore, it is preferable to select a crystal structure that can maintain the distance
between the Eu’" activators at >5 A.

A few garnet-type phosphors with heavy Eu doping, such as
CaYSc2GaSi>O12:Eu’* [20], LisY3Te2012:Eu®* [21], LisCaLazSboO12:Eut [22], and
Ca;LaHfAl3012:Eu** [23], have been used in high-color-rendering white LEDs. Eu
constitutes the host material of the garnet and occupies the eight-coordinated
dodecahedral sites in the garnet-type structure. As shown in Fig. 2.1, each dodecahedron
shares edges with four dodecahedra (e.g., the No. 3 dodecahedron shares edges with the
No. 1, 2, 4, and 5 dodecahedra). To prevent electrostatic repulsion between the cations
sharing edges, Eu** tends to occupy only every other dodecahedral sites (e.g., the No. 2
and 5 sites or the No. 1 and 4 sites). These distances, which are approximately 7 A [24],
may suppress concentration quenching.

Controlling the emission wavelengths of LEDs is useful for further applications.
Phosphors emitting red light near 600 nm have good visibility and are suitable for
application in high-color-rendering white LEDs [25,26]. The infrared wavelength near
700 nm is suitable for plant growth [27]. The emission intensities of the *Do—F» (~610
nm) and °Do—'F4 (~710 nm) transitions in Eu** depend on the coordination environment
[28]. When Eu*" occupies the site close to the D4 symmetry, the intensity of the >Do—"F4
transition is high [28,29]. A rotation of the top square face of the cube relative to its base
plane from 0° to 45° results in a square antiprism with D4q symmetry, as shown in Fig.
2.2 [30].

Judd and Ofelt theoretically elucidated the electric dipole transition of rare earth

ions [31,32]. The spontaneous emission probability is described by three parameters, (),
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where 4 =2, 4, and 6. In garnet-type structures, a rotation of the top and bottom faces of
the eight-coordinated dodecahedron leads to a decrease in the Q,/Q4 ratio, resulting in an
intense *Do—'F4 transition [33]. However, there have been no experimental reports that
elucidate the relationship between the distortion of the dodecahedron around Eu in garnet-
type structures and the Q,/Q4 ratio. To explain changes in emission due to the
coordination environment around Eu, it is necessary to describe the changes in the
rotation angles of the top and bottom faces of the dodecahedron when the sizes of the
cations surrounding the site vary.

In this study, CazEuZr;.,.Sn,GazO12 (x = 0, 0.5, 1, 1.5, and 2) phosphors were
synthesized through a solid-state reaction. Zr and Sn can modify the environment around
Eu’" because of differences in electronegativity (Zr: 1.22 and Sn: 1.72 [34]) and ionic
radius (Zr*": 0.72 A and Sn*": 0.69 A [35]). We propose a method to describe the rotation
angles of the top and bottom faces of the eight-coordinated dodecahedron in a garnet-type
structure based on simple geometric calculations utilizing the ratios of the edges of the
dodecahedron. We investigate the change in emission wavelength of Eu** due to a

variation in the Sn and Zr content in garnet-type CazEuZr;..Sn.GazO12 phosphors.
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2.2 Sample synthesis

CazEuZr.,Sn,GazO12 (x =0, 0.5, 1, 1.5, and 2) phosphors were synthesized via
a solid-state reaction. Stoichiometric quantities of CaCOs3 (99.99%, Kojundo Chemical,
Japan), Eux03 (99.95%, Kanto Chemical, Japan), ZrO> (99.0%, Kanto Chemical, Japan),
SnO> (98.0%, Kanto Chemical, Japan), and Ga;03 (99.995%, Yamanaka Hutech
Corporation, Japan) were ground and mixed in an agate mortar for 40 min. After
calcination at 1200 °C for 4 h, the mixture was cooled to room temperature (RT).

Finally, the mixture was calcined at 1500 °C for 4 h to obtain the desired products.
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2.3 Characterization

The crystalline structures of the phosphors were investigated at RT via powder
X-ray diffraction (XRD, SmartLab X-ray Diffractometer, Rigaku, Japan) with Cu-Ka
radiation at 45 kV and 200 mA in the 26 range of 10°-90°. Rietveld analysis was
conducted using RIETAN-FP software [36]; a step scanning technique was adopted
within the 26 range of 10°-120° with an increment of 0.01°. The particle shape and size
were determined using scanning electron microscopy (SEM, JSM-6390, JEOL, Japan).
The particle size distribution was calculated by counting and measuring 300 particles
using the ImageJ software. The luminescence properties of all the phosphors were
measured using fluorescence spectrometry (FP-8300 Spectrofluorometer, JASCO,
Japan), wherein the excitation and monitored wavelengths were 395 and 610 nm,

respectively.
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2.4 Results and Discussion
XRD patterns and Rietveld analysis

The XRD patterns of the CaxEuZr..SnGazO12 (x = 0, 0.5, 1, 1.5, and 2)
phosphors calcined at 1500 °C for 4 h are shown in Fig. 2.3. The XRD patterns of the
samples are consistent with the Joint Committee on Powder Diffraction Standards
(JCPDS) card of CasZrx(Fei1.5Alo5S1)O12 [37], confirming the formation of the garnet-
type structure. Fig. 2.3(b) shows the XRD patterns of the samples at high angles. In
samples with x = 0 and 2, the diffraction peaks shifted to higher angles due to lattice
shrinking originating from the difference in the ionic radii. By contrast, the diffraction
peaks of the samples with x = 0.5, 1, and 1.5 were broad, indicating that the formation of

solid solution was difficult.
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Fig. 2.3 XRD patterns of CaxEuZr;..Sn,GazO12 (x =0, 0.5, 1, 1.5, and 2) with 26 in
the range of (a) 10°-90° and (b) 80°-90°.
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Rietveld analysis was conducted for the samples with x = 0 and 2 using
RIETAN-FP software. The crystal system of the garnet-type structure was assumed to
be cubic with a space group of /a-3d (No. 230). The garnet-type structure (AzB2C3012)
consists of three polyhedra: eight-coordinated dodecahedral (Wyckoff position: 24c,
fractional coordinate (1/8, 0, 1/4)); six-coordinated octahedral (Wyckoff position: 16a,
fractional coordinate (0, 0, 0)); and four-coordinated tetrahedral sites (Wyckoff position:
24d, fractional coordinate (3/8, 0, 1/4)). The Wyckoff position and fractional coordinate
of oxygen are 96h and (X, y, z), respectively. The lattice constant, thermal parameters of
each site, and fractional coordinate of oxygen were refined after optimizing the scale,
background, profile, and half-width.

The Rietveld refinement of the garnet-type Ca;EuZr.Gas;O12 was conducted
assuming that 2/3 Ca and 1/3 Eu occupied the dodecahedral site, Zr occupied the
octahedral site, and Ga occupied the tetrahedral site. The thermal parameters of Ca and
Eu at the dodecahedral site were constrained to possess the same value. The results of
Rietveld refinement of the garnet-type Ca;EuZr,GazO12 are summarized in Table 2.1
and Fig. 2.4. The calculation results were in good agreement with the experimental
XRD pattern.

The Rietveld refinement of garnet-type Ca;EuSn,GazO12 was conducted under
the assumptions that 2/3 Ca and 1/3 Eu occupied the dodecahedral site, Sn occupied the
octahedral site, and Ga occupied the tetrahedral site. The thermal parameters of Ca and
Eu at the dodecahedral site were constrained to have the same value. However, the
refinement diverged during the analysis. The calculation results (shown in Table 2.2 and
Fig. 2.5) did not agree with the experimental XRD pattern, and the thermal parameters

were negative. The similarity between the ionic radius and electronegativity of Sn*" and
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Ga’" is higher than that between Zr*" and Ga*>*. Therefore, cation mixing of Sn*" and
Ga** may have occurred in garnet-type Ca;EuSn.GazO1.2.

The refinement of garnet-type CaxEuSn>GazO12 was conducted again with the
assumptions that 2/3 Ca and 1/3 Eu occupied the dodecahedral site and both Sn and Ga
occupied the octahedral and tetrahedral sites. The thermal parameters of Ca and Eu
occupying the dodecahedral site were constrained to be equal, those of Ga and Sn
occupying the octahedral site were constrained to be equal, and those of Ga and Sn
occupying the tetrahedral site were constrained to be equal.

The refinement reached completion and indicated the structure
CazEu[Sni1.9Gao.1Joct (Gaz2.9Sno.1)ietO12, as shown in Table 2.3 and Fig. 2.6. This implies
that Sn and Ga occupied both the octahedral and tetrahedral sites in the garnet-type
structure. The occupancy of Sn at each site was evaluated by trial and error. We refined
four models of the garnet-type structure: Ca;Eu[Sn1.95Ga0.05]oct(Ga2.955n0.05)tetO12
(CESGO0.05), CazEu[Sn1.9Gao.1]oct(Gaz.9Sno.1)etO12 (CESGO.1),
CaxEu[Sn1.8Gao2]oct(Ga2.8Sno2)etO12 (CESGO.2), and
Ca2Eu[Sn1.7Gao3]oct(Ga2.7Sn0.3)ietO12 (CESGO.3). The refinement of CESGO0.05 diverged
during the analysis, suggesting that its initial occupancy values were incorrect.
Moreover, the value of the thermal parameter at the dodecahedral site was significantly
higher than that at other sites in the models CESGO0.2 and CESGO0.3. Therefore, we
concluded that the CESGO0.1 model was the best. However, the relative intensities of the
three main peaks still differed in the measured and calculated profiles. To achieve
further refinement of the atomic positions and occupancies, collecting X-ray diffraction
data using synchrotron radiation and chemical composition analysis will be necessary.

For the x =0, 1.0, and 1.5 samples, the 420 peak has the highest intensity,
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whereas the 422 peak has the highest intensity for the x = 2 sample. This variation in the
diffraction peak intensity can be ascribed to differences in the structure factors. It is
evident from Fig. 2.7 that the (420) plane has cations occupying only the octahedral
sites, while the (422) crystallographic plane contains cations occupying both the
octahedral and tetrahedral sites. From the Rietveld analysis results, Zr occupied only the
octahedral sites in the CaxEuZr,Ga3O12 phosphor, whereas Sn occupied both the
octahedral and tetrahedral sites in the Ca2EuSn2GazO12 phosphor. The relatively higher
atomic scattering factor of Sn [38], which occupies both the octahedral and tetrahedral
sites, likely enhances the intensity of the 422 peak relative to that of the 420 peak.

The Rietveld analysis revealed that the distribution of cations at the octahedral
and tetrahedral sites in the garnet-type structure is different in the x = 0 and 2 samples.
Zr occupies only the octahedral sites and Ga occupies only the tetrahedral sites in the x
= 0 sample, whereas in the x = 2 sample, Sn and Ga occupy both octahedral and
tetrahedral sites. The broad peaks in the XRD patterns of the x = 0.5, 1, and 1.5 samples
might be due to the differences in compositional uniformity at the octahedral and
tetrahedral sites in the garnet-type structure, which prevent the formation of a solid

solution.
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Table 2.1 Details of data collection, refinement, and fractional atomic coordinates of
CaEuZr,GaszOq; at RT.

Fig. 2.4 Rietveld refinement of Ca;EuZr.GazO1o.

Atom Site Site occupancy X y z B(A?)
Ca 24¢c 2/3 1/8 0 1/4
2.162(46)
Eu 24c 1/3 1/8 0 1/4
7r 16a 1 0 0 0 2.004(23)
Ga 24d 1 3/8 0 1/4 1.860(46)
¢ 96h 1 0.34631(16)  0.46859(20)  0.05366(16)  1.594(72)
Formula Ca,EuZr,Ga;04;
Structure type Garnet-type structure
Space group(Number) [a-3d(#230)
Date range(/ * 20) 10-120
Step size(/ © 26) 0.01
Number of date points 11001
alA 12.68607(7)
Z 8
Ryp 4.763
R. 5.178
S 0.9199
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+ Measured plot
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Table 2.2 Details of data collection, refinement, and fractional atomic coordinates of

CaEuSn2Gasz01; at room temperature.

Atom Site Site occupancy X y Z B(AY)
Ca 24c 2/3 1/8 0 1/4
-2.98322
Eu 24c 1/3 1/8 0 1/4
Sn 16a 1 0 0 0 -0.365
Ga 24d 1 3/8 0 1/4 1.0
0 96h 1 0.34 0.45 0.05 1.0
Formula Ca,EuSn,Ga;0,
Structure type Garnet-type structure
Space group(Number) [a-3d(#230)
Date range(/ * 20) 10-120
Step size(/ © 26) 0.01
Number of date points 11001
alA 12.5996
Z 8
Ryp 65.155
R. 5.800
S 11.2335
15000+
+ Measured plot
= Calculated
—
= 10000 —— Peak position
o ' - Residual
b 5000+
'@
= i
5 . i iy
= . pha o b adA L 1id ' I Y WO
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Fig. 2.5 Rietveld refinement plot of CazEuSn2GazO».
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Table 2.3 Details of data collection, refinement, and fractional atomic coordinates
of (CazEu)(Sni1.9Gao.1)(Ga2.9Sno.1)O12 at RT.

Atom Site Site occupancy X y z B(A?)
Ca 24c 2/3 1/8 0 1/4
1.843(44)
Eu 24c 13 1/8 0 1/4
Snl 16a 19/20 0 0 0
1.868(17)
Gal 16a 1,20 0 0 0
Sn2 24d 1/30 3/8 0 1/4
2.366(50)
Ga2 24d 29/30 3/8 0 1/4
0 96h 1 0.34798(16)  0.47057(24)  0.05247(19)  1.597(77)
Formula (Ca;Eu)(Sny sGay 1)(Gay oSny )0y,
Structure type Garnet-type structure
Space group(Number) [a-3d(#230)
Date range(/ ° 26) 10-120
Step size(/ © 20) 0.01
Number of date points 11001
alA 12.59719(5)
z 8
Ryyp 5.887
R. 5.793
S 1.0161
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Fig. 2.6 Rietveld refinement of (CazEu)(Sni.9Gao.1)(Gaz.9Sno.1)O12.

(420) plane (422) plane

o Six-coordinated site

° Four-coordinated site

Fig. 2.7 (420) and (422) planes of the garnet-type structure. The (420) plane only
has cations occupying six-coordinated sites, while the (422) crystallographic plane

contains cations occupying both six- and four-coordinated sites.
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SEM image

The SEM images and particle distributions of the Ca;EuZr2.Sn:GazO12 (x =0
and 2) phosphors are shown in Fig. 2.8. The particle size of the Zr-containing garnet
was larger (9.31 = 4.06 um) than those of the Sn-containing garnet (2.78 + 0.98 pm).
Rietveld analysis revealed that cation mixing between Ga and Sn occurs at the
octahedral and tetrahedral sites of the garnet-type structure in the Ca;EuSnGazO12
phosphor, which might affect the particle growth. Correlations between cation mixing
(or antisite defects) in the crystal structure and particle size distribution have been

reported in cathode materials for lithium-ion batteries and magnetic materials [39—42].
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Fig. 2.8 SEM images and particle size distributions of (a) Ca;EuZr.GazO12
and (b) Ca2EuSn>GazO1a.
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PL measurement

Excitation and emission spectra of the CaxEuZr..SnGazO12 (x =0, 0.5, 1, 1.5,
and 2) phosphors are shown in Fig. 2.9. The excitation bands monitored at 610 nm were
observed from 200 to 500 nm in all samples. The broad excitation peak at
approximately 280 nm is derived from a charge transfer band. The shape of the
excitation peaks in the range from 300 to 500 nm are attributed to the f-f transition of
Eu®*". The excitation peak was located at ~395 nm, while the fluorescence spectra
showed red emission at ~590, ~610, ~650, and ~710 nm under 395 nm UV irradiation;
these emission bands are due to the f-f transitions *Do—'F1, *°Do—’F2, >Do—'F3, and
SDo—Fa, respectively [28]. The internal quantum efficiency of all samples was greater
than 45%, which indicates that these phosphors have potential applications in high-

color-rendering white LEDs via near-UV excitation.
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Fig. 2.9 (a) Excitation and (b) emission spectra of CaxEuZr.Sn,Ga3;O12 (x =0, 0.5,
1, 1.5, and 2).
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Emission modulation of Eu?" via symmetry around dodecahedron in garnet-type
structure

The radiative transition probabilities Ar of the *Do—'F; (J =2 and 4)
transitions and the corresponding emission peak area S are related by the following

equation [43]:

Ar(5Dy = 7F,) _ S(5Dy - 7F,)

Ar(5Dy = 7F,)  S(5D, = 7F,) M
The radiative transition probabilities Ar of the >Do—"F,; (J = 2 and 4) transitions can
also be written as [43]:
64mte?v [n(n? + 2)? 2
= 2
Ar(SDy = 7F) = gy [ 5 ]OZIIU [ @
64m*e?v [n(n? + 2)? 2
_ )
Ar(5Dy — 7F,) D [ 5 ]Q4||U | (3)

where e 1s the charge of an electron, # is the refractive index, v is the emission peak
wavenumber, / is the Planck constant, and J is the total angular momentum quantum
number of the initial energy level *Do. [U®||* denote the reduced matrix elements from
the initial to the excited state, which have an intrinsic value (||U@||*= 0.0032 and

lu@® ||2= 0.0023 [44]). The ratio of the intensity parameters Q, and Q4 is given by the

equation:

0, S(BDy—7F2) |UD|* v
— = X X <—> (4)
2, 56D, = 7F) U@\,

Fig. 2.10 shows the correlation between 2/Q4 and x for Ca;EuZr;.,Sn,GazO12 (x =0,
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0.5, 1, 1.5, and 2). The Q2/Q4 ratio decreased with an increase in the value of x.

The coordination environment around Eu" has a significant influence on the
intensity of the >Do—"F4 transition [28,29]. The intensity of the Do—’F4 transition is
high when Eu®" occupies the crystallographic site with D44 point symmetry. Li et al.
[45] reported that the intense Do—'F4 transition observed in Eu**-doped CaxGaxGeO
phosphor is due to Eu** occupying the dodecahedral site wherein the geometry was
distorted from cubic to square antiprism. Bettinelli et al. [33] reported that rotation of
the top and bottom faces of the dodecahedron in the garnet-type structure leads to a
decrease in the ratio of the intensity parameter of the Judd—Ofelt theory (Q,/Q4),
resulting in a high-intensity *Do—'F4 transition.

As the bottom of the cube is rotated from 0° to 45° relative to its top, the
geometry approaches a square antiprism with D4g symmetry. The lengths of the edges
connecting the vertices of the top and bottom surfaces in the cube and square antiprism
also change continuously with the rotation of the surfaces. As shown in Fig. 2.11, the
di/ds ratio is related to the rotation angle of the bottom surface relative to the top

surface by the following equation:

2 —sin@
2 —cosf

dL/dS — (5)

The derivation of the equation is as follows:
Consider a cube with side length V2R, a distance / between the top and bottom surfaces,
Eu®" at the center, and oxide ions coordinated at the vertices; the fractional coordinates of
oxide ions O1, 02, and O3 are expressed as in Fig. 2.11 when the position of Eu®* is the
origin, and the rotation angle between the top and bottom surfaces is 8. The lengths of dL

and ds are expressed using the vectors @, b, and & as follows (d, b, and ¢ are defined
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as the vector from the origin to O1, O2, and O3, respectively):

dy, = |b—¢&| = \2R2(1 — sin6) + h? (1)

ds = |d - b| = \/2R2(1 — cos 6) + h? (2)

The ratio of di. and d5s is represented as

(3)

dL/ _ |2R*(1 —sin0) + h?
ds ~ |2R%(1 — cos 0) + h?

When the distance / between the top and bottom faces is equal to side length V2R of the

cube, di/ds is expressed as follows:

d 2R?(1 —sin @) + 2R? 2 — sinf
L/ds — \/ = 4)

2R?(1 — cos0) + 2R? 2 — cos0

Here, ds is defined as the distance between O1 and O2 in Fig. 2.11, while dL is
defined as the distance between O2 and O3 in the same figure. The di/ds ratio ranges
from V2 to 1 as the rotation angle changes from 0° to 45°, corresponding to a cube and a
square antiprism, respectively. Fig. 2.12 shows correlation between the rotation angle 6
and di/ds. This equation is valid for the dodecahedron in garnet-type structures, where
the faces enclosed by the shared edges of the two dodecahedra and the two octahedra
are the top and bottom surfaces, respectively, and the shared edges of the tetrahedra
correspond to length ds (Fig. 2.13).

Rietveld analysis revealed that Zr occupied only the octahedral site in the
CaxEuZr.GazO12 phosphor, whereas Sn occupied both the tetrahedral and octahedral sites
in the Ca;EuSn>Gas012 phosphor. The ionic radius of Sn** (0.69 A) is larger than that of
Ga** (0.47 A) [35]. Hence, Sn*" at the tetrahedral site increases the ds length, resulting in

a smaller di/ds ratio. The di/ds ratios for the CazEuZr,Gaz;O12 and CaEuSnyGazOq;
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phosphors are 1.31 and 1.30, respectively and correspond to rotation angles of 14° and
15°. These results indicate that the symmetry around Eu®" at the dodecahedral site
approached a square antiprism geometry, resulting in a decreasing €/Q4 ratio with
increasing Sn content in the garnet-type CaEuZr>.xSnGazO12 phosphors. The decrease
in the »/Q4 ratio with increasing x is attributed to the increase in the ratio of the Sn-
containing garnet phase that emits at ~710 nm, which is due to the *Do—’F4 transition.
This relationship between the rotation angle and the di/ds ratio may be applied in the
analysis of other garnet-type structures. Skaudzius et al. [46] investigated the intensity of
the *Do—'F4 transition in garnets it is lower in Eu**-doped Y3AlsO12 than that in Eu®*'-
doped Y3GasOiz. The di/ds ratios of Y3AlsO12 and Y3GasOiz were calculated from the
values reported by Nakatsuka et al. [47,48]. The di/ds ratios of Y3Als012 and Y3GasO12
are 1.29 and 1.27, respectively, and correspond to rotation angles of 16° and 18°.
Therefore, the di/ds ratios in the garnet-type structure are related to the symmetry of the

dodecahedron and can help estimate the intensity of the Do—F4 transition.
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Fig. 2.13 Illustration of di and ds in the garnet-type structure. In the case of
Sn-containing garnet, Sn*' increased ds (because the ionic radius of Sn*' is
larger than that of Ga’*), resulting in the coordination environment around Eu**

approaching a square antiprism geometry.
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Chapter 3
Effect of A-site deficiency on perovskite-type
Mn* -activated Las;MgTaOg red phosphor and
green luminescence of the Mn** occupied

six-coordinate site in Mg:L.aTaQOg
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3.1 Introduction

White LEDs are used worldwide owing to their energy efficiency, high
luminous intensity, and long operational life [1-3]. These comprise blue LEDs [4] with
yellow phosphors (Y3Al5012:Ce*") [5]. These colors are complementary and thus
produce white light; however, white LEDs also exhibit low color rendering owing to the
lack of a red component, which limits their applications [6]. Red phosphors excited by
ultraviolet (UV) and blue light have been developed to solve this problem [7], and the
resulting high-color-rendering white LEDs enable control of the color tone of lighting
and are expected to have a wide range of applications.

Certain Eu-activated red phosphors, including CaAlISiN3:Eu?* and
M,SisNs:Eu?* (M = Ca, Sr, Ba), have been synthesized for practical use [8,9]; however,
Eu is expensive, and such devices are not widely available because their production is
unevenly distributed around the world.

Herein, we develop Mn-activated phosphors as an alternative to Eu-activated
red phosphors. Mn**-activated phosphors are known to absorb near-UV light and emit
red light. Moreover, Mn is considerably cheaper than Eu [10—13]. Mn-activated
phosphors have recently attracted considerable attention as promising red phosphor
candidates for use in high-color-rendering white LEDs, such as NaLaMgWOg:Mn**
[10], Sr2Cai-sLnsWOe:Mn** [11], Sr3LiSbOs:Mn*" [12], Sr2ScOsF:Mn** [13].

Despite their potential as red phosphors, the absorption and emission of Mn**
are typically assigned to forbidden transitions. Mn*' preferentially occupies six-
coordinate octahedral sites with a center of inversion [14]; however, a high luminescence
efficiency is not achieved from the octahedral Mn** owing to its selectivity as per the

Laporte rule [15]. To solve this problem, we selected LassMgTaOg as a host material for
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the Mn*" activators. The crystal structure of Las3MgTaOg is characterized by a double
perovskite-type structure with a regular deficiency of La>" along the c-axis [16] (Fig. 3.1).
Las;sMgTaOg contains [TaOg] octahedra, which facilitates the entry of Mn** ions into the
six-coordinate octahedral sites. The Mn*" in the B-site of the perovskite-type structure is
thus displaced, thereby removing the center of inversion from Las3sMgTaOs. For example,
in the defect-perovskite structures of lithium-containing lanthanum metaniobates and
metatantalates, the cation at the B-site is displaced toward the deficient A-site as the
amount of lithium is decreased [17]. Based on these observations, we predict that the
Mn**-activated Las3sMgTaOe phosphor will exhibit high-intensity red emission owing to
the loss of the inversion symmetry center. A Mn*'-activated SrLa;Mg,W,012 red
phosphor with A-site deficiency in the structure and high luminescence was recently
reported by Shi et al [18]; however, the relationship between A-site deficiency and
luminescence in the perovskite-type structure has not yet been reported. Zhou et al.
synthesized the perovskite-type BaLaMgTaOs:Mn** red phosphor via a high-temperature
solid-state procedure [19], the final calcination temperature (1500 °C) and reaction time
(6 h) of which are identical to those used in the synthesis of Las3sMgTaOg [16]. In addition,
the ionic radius of Ba** (1.42 A (eight-coordination)) is similar to that of La*" (1.160 A
(eight-coordination)), making Ba®" a suitable dopant for the La** sites [20]. In this study,
we synthesized the Mn*"-activated phosphors, Las/3-2/3BaxMgTa0.9906:0.01Mn** (x = 0,
0.2, 0.4, 0.6, 0.8, and 1) at 1500 °C for 6 h. By substituting Ba?>" into the A site of
LassMgTaOs, we investigated the relationship between the A-site deficiency and the
luminescence properties of the material.
We also synthesized the Mn-activated phosphors, Las/3-

@3yMgi+Tap.9906:0.01Mn (y =0, 0.2, 0.4, 0.6, 0.8, and 1), and investigated the effect of
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increasing y on their crystal structure evolution and luminescence properties. With a y
value of 1, the chemical composition of this phosphor is represented as Mg>l.aTaOs,
which has an oxide ion-deficient pyrochlore-type structure [21]. Mn*'-activated
pyrochlore-type RE2Sn>07 (RE*" = Y3*, Lu** or Gd*") phosphors were previously
shown to exhibit red luminescence [22]. To the best of our knowledge, all Mn-activated
pyrochlore-type phosphors emit red light. Inspired by this, we synthesized the first Mn-

activated pyrochlore-type Mg>L.aTaOs phosphor.
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Fig. 3.1 Crystal structure of Las;sMgTaOs. La®" in the center is missing. Mg?* and

Ta>" ions may be shifted along the respective arrows.
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3.2 Sample synthesis

Las/3-3BaxMgTao990Mno.010s (x =0, 0.2, 0.4, 0.6, 0.8, and 1) and Las3-
3yMgi+Tap99Mno 0106 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors were synthesized by
a solid-state reaction. The Mn doping level was fixed at 1% of Ta. Stoichiometric
amounts of La;03 (99.9%, Kojundo Chemical, Japan), 4MgCO;-Mg(OH),:5H>0
(485.65 g/mol, Kishida Chemical, Japan), Ta,05(99.95%, Kanto Chemical, Japan),
MnCOs3 (99.9%, Kojundo Chemical, Japan), and BaCOs3 (99.9%, Kanto Chemical,
Japan) were ground and mixed in an agate mortar for 40 min. After calcination at
1200 °C for 4 h, the mixture was cooled to room temperature and thereafter mixed for a
further 20 min. Finally, the mixture was calcined at 1500 °C for 6 h to obtain the desired

products.
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3.3 Characterization

The crystalline structures of the phosphors were investigated at room
temperature using powder X-ray diffraction (XRD, SmartLab X-ray Diffractometer,
Rigaku, Japan) with Cu-Ka radiation at 45 kV, 200 mA, and 20 in the range of 10-60°.
The particle shape and size were determined using scanning electron microscopy (SEM,
JSM-6510A, JEOL, Japan). The luminescence properties of all the phosphors were
measured using fluorescence spectrometry (FP-8300 Spectrofluorometer, JASCO,
Japan). Phosphors of the same amount (weighted 0.150 g) were used for comparison
with the same holder. The X-ray absorption near edge structure (XANES) spectrum of
the Mn-K edge in fluorescent mode was measured using the BI16B2 beamline at
SPring-8, Japan. X-ray energy selection was achieved using a silicon (111) double
crystal monochromator. A 25-element solid-state detector (25-element SSD) was used
owing to the low concentration of Mn. A Cr metal foil was set in front of the SSD for
band-pass filter. The XANES spectra were measured at a rate of 45 (x, y = 1 samples)
and 54 (x = 0 sample) seconds per point, respectively. After the XANES measurement,

the background process was conducted using the REX2000 software.
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3.4 Results and Discussion

3.4.1 Las;-@i3xBaxMgTa0.99Mno.0106 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors

XRD patterns

The XRD patterns of Las/;-23BaMgTao.99Mno.010s (x =0, 0.2, 0.4, 0.6, 0.8,
and 1) phosphors calcined at 1500 °C for 6 h are shown in Fig. 3.2. The diffraction
patterns of the samples with x = 0 and 1 are consistent with the Joint Committee on
Powder Diffraction Standards (JCPDS) card peak patterns of Las3MgTaOg [16] and
BalLaMgTaOs [23], respectively, confirming the formation of single-phase phosphors.
The patterns of samples with x = 0.2—0.8 did not exhibit any peaks corresponding to
other phases. The peak at ~32° continuously shifted to a lower angle with increasing x,
indicating that Ba was successfully doped into the perovskite-type structure (Fig. 3.2,

right side).
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SEM image
SEM images of Mn*"-activated Las;sMgTaOs (x = 0) and BaLaMgTaOg (x = 1)
phosphors are shown in Fig. 3.3(a) and (b), respectively. We observed coarse particles

measuring ~10-20 micrometers and fine particles measuring several micrometers.

Fig. 3.3 SEM images of Mn*"-activated (a) LassMgTaOs (x = 0) and (b) BaLaMgTaOg
(x =1) phosphors.
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PL measurement

The excitation and emission spectra of Las/;3-2/3BaxMgTao.99Mno 0106 (x = 0,
0.2,0.4, 0.6, 0.8, and 1) phosphors are shown in Fig. 3.4(a) and Fig. 3.4(b), respectively.
The excitation spectra showed an absorption maximum at ~365 nm, while the
fluorescence spectra showed red emission with a maximum at ~706 nm. The sample
with x = 0 exhibited the strongest absorption of UV light and emission of red light at
~365 and 706 nm, respectively, demonstrating its potential as a phosphor for high-color-
rendering white LEDs by applying near-UV light excitation. As the amount of Ba**
substitution increased, both the absorption and emission intensities tended to decrease.

Images of Lass;-i3pBadMgTao99Mno 0106 (x =0, 0.2, 0.4, 0.6, 0.8, and 1)
phosphors under UV excitation of 365 nm (Fig. 3.5) show that the red luminescence
tends to be quenched with increasing x. The sample with x = 0 exhibited the strongest
red emission. We hypothesize that the center of inversion in LassMgTaOg, was lost
owing to the displacement of Mn*" occupying the B-site toward the deficient A-site to
avoid electrostatic repulsion. Accordingly, the forbidden transition was relaxed in the x
= 0 sample. In addition, the luminescence tended to be increasingly quenched with
increasing x, indicating that reducing the A-site deficiency by the substitution of Ba**

revives the center of inversion (Fig. 3.6).
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Fig. 3.4 (a) Excitation and (b) emission spectra of Las/-2/3)xBaxMgTa09906:0.01Mn**
(x=0,0.2,04,0.6,0.8, and 1).
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XANES measurement of

XANES is an effective technique to probe the local coordination environment at
a particular location in the structure. Yamamoto introduced the importance of the intensity
of the pre-edge peak in terms of the d-p hybridization, which is dominated by the orbital
symmetry and can be explained by group theory. The formation of the d-p hybridized
orbital results in an intense pre-edge peak owing to the mixing of s-p electric dipole
transitions [24]. Farges reported that the intensity of the pre-edge peak at ~6540 eV in the
Mn K-edge XANES spectrum increased as the symmetry around the Mn** center was
reduced [25].

The Mn K-edge XANES spectra of LassMgTao9oMnooiOs (x = 0) and
BalLaMgTap.99Mno.010¢ (x = 1) phosphors are shown in Fig. 3.7. A low-intensity pre-edge
peak was observed at approximately 6540-6545 eV in A-site deficient perovskite-type
structure. Therefore, this result provides evidence that Mn*" occupies the non-inversion
center and explains the strong red emission of the A-site deficient perovskite-type

structure.
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Fig. 3.7 Mn- K edge normalized XANES spectra of LassMgTao.99Mno010s and

BalLaMgTao.99Mno.010s phosphors.
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3.4.2 Las/3-23yMg1+,T20.9906:0.01Mn (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors

XRD patterns

The XRD patterns of the Las/;-2/3),Mgi+,Tao.99Mno.0106 (y = 0, 0.2, 0.4, 0.6, 0.8,
and 1) phosphors calcined at 1500 °C for 6 h are shown in Fig. 3.8. The pattern of the
sample with y = 0 matched the peak pattern of Las3MgTaOs, confirming the single-
phase phosphor. In contrast, a new diffraction peak appeared at ~29° as y increased.
These star-shaped peaks are derived from the oxide ion-deficient pyrochlore-type
structure of MgxLaTaOs [21]. A small amount of MgO was also detected as a byproduct
in samples with y = 0.2—1. Magnification of the strongest diffraction peaks at ~27°-33°
shows that the peak shift was not significant. With an increase in y, the intensity of the
peaks derived from Las3MgTaOs decreased and that derived from Mg>LaTaOg
increased. This result demonstrates that the addition of Mg to La does not form a solid
solution in the perovskite-type Las3MgTaOs structure.

The perovskite-type structure was retained in Las/s-2/3BaxMgTao.99Mno.0106 (x
=0,0.2,0.4, 0.6, 0.8, and 1) regardless of the x value; however, Las;-
3)yMgi+yTag.99Mno.010s (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) formed a pyrochlore-type
structure as y increased. This result was attributed to the difference in the ionic radii of
Mg?* and Ba®" used as the dopants. Because the ionic radius of Ba** (1.42 A (eight-
coordination)) is larger than that of Mg?* (0.89 A (eight-coordination)) [20], the
perovskite-type structure, wherein the A-site cation prefers a greater coordination
number, is stabilized in the Las;-oi3xBaxMgTao99Mno.010s (x =0, 0.2, 0.4, 0.6, 0.8, and

1) system.
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SEM image
A SEM image of the Mn-activated MgxLaTaOg (v = 1) phosphor is shown in
Fig. 3.9. The particle size of this phosphor was several micrometers, and the particles

were smoother and more uniform than those of the Mn*"-activated perovskite-type

phosphors.

Fig. 3.9 SEM image of Mn-activated Mg,LaTaOs (y = 1) phosphor.
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PL measurement

The emission spectra of Las/;-2/3),Mgi+,Tao.99Mno.0106 (v = 0, 0.2, 0.4, 0.6, and
0.8) phosphors excited at 365 nm are shown in Fig. 3.10. As y increased, the emission
intensity tended to decrease.

Images of Las;-23,Mgi+Ta0990Mno.010s (y = 0, 0.2, 0.4, 0.6, 0.8, and 1)
phosphors under UV excitation at 365 nm are shown in Fig. 3.11. The quenching of red
luminescence tends to increase with increasing y. The XRD patterns revealed that the
extent of the Las3sMgTaOg phase decreased with increasing y value (Fig. 3.8); therefore,
the decreasing trend in the emission intensity is caused by a reduction in the amount of
the Las;3sMgTaOs phase that emits red light.

The excitation spectra of Las/3-2/3)Mgi+Tao.99Mno.0106 (v = 0.2, 0.4, 0.6, 0.8,
and 1) phosphors at 540 nm showed absorption maxima at ~254 nm (Fig. 3.12(a)),
while the fluorescence emission spectrum showed green emission with a maximum at
~540 nm (Fig. 3.12(b)). The intensity of this green emission increased as y increased,
suggesting that the amount of the pyrochlore-type MgzLaTaOg phase, which emits green
light, increases with increasing y, whereas the amount of the perovskite-type
LassMgTaOg phase, which emits red light, decreases.

Images of Las;3-23yMg1+Ta0.99Mno.010s (v =0, 0.2, 0.4, 0.6, 0.8, and 1)
phosphors under UV 254 nm are shown in Fig. 3.13. The sample with y = 0 consisted of
a single phase of Las3MgTaOg: thus, the red luminescence must be derived from the
perovskite-type LassMgTaOs. In contrast, the sample with y = 1 primarily contained the
Mg,LaTaOg phase, demonstrating that the green luminescence was derived from the
pyrochlore-type MgaLaTaOg. Orange/yellow emissions were observed from samples

with y = 0.4 and 0.6 owing to the mixture of the perovskite-type red phosphor and
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pyrochlore-type green phosphor in the samples with y = 0.2 to 0.8.

Intensity (a.u.)

! | ! | ! | ! | ! | ! | ! |
600 620 640 660 680 700 720 740
Wavelength (nm)

Fig. 3.10 Emission spectra of Las;3-2/3),Mgi+,Ta0.9906:0.01Mn (y =0, 0.2, 0.4,
0.6, and 0.8).
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(a) Ex 540 nm

—y:O
—_—y=0.2
—_—y=0.4
—_—y=0.6
—y=0.8
_y=1
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(b) Ex 254 nm
_y=0
— = 0.2
—y=04
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Fig. 3.12 (a) Excitation and (b) emission spectra of Las/-2/3xMg1+yT20.9906:0.01Mn>*
(y=0,0.2, 0.4, 0.6, 0.8, and 1).

80



WU 67 18 UOIBIOXD A I9pUn (1 pue ‘§°() ‘9’0 “+"0 ‘70 ‘0 = 1) UINT0°0:9006 0B ISNAE/D-¢/se] Jo syder3ojoyd €1°¢ “S14

A <
90 v'0 0

| 80

3
-85

¢ 0

Wwu $G¢ X4




Local coordination environment around Mn in pyrochlore-type Mg:L.aTaOs¢

The local coordination environment of pyrochlore-type Mg>LaTaOg was
explored, and a schematic of its structure was produced (Fig. 3.14). The composition of
the ideal pyrochlore-type structure is expressed as A2B2X7, in which the A-cation
occupies the 16d site (eight-coordinate site), and the B-cation occupies the 16c¢ site (six-
coordinate site) [26]. The X anions occupy the 48f and 8b sites, while the 8a site is
unoccupied. Kumar et al. [21] found that Mg and La were randomly distributed across
the 16d sites (A-site) in oxide-ion deficient pyrochlore-type MgzLaTaOg, while Mg and
Ta were randomly distributed across the 16c¢ sites (B-site). The sum of the bond
strengths of the 48f sites and 8b sites in MgzLaTaOg is calculated by Pauling’s second
law [27], as shown in Fig. 3.15. The sum of the bond strengths of the 48f position is
closer to -2 than that of the 8b position, suggesting that oxide ions are preferentially lost
from the 8b. Accordingly, this deficient pyrochlore-type Mg2LaTaOg structure consists
of AO¢ and BOs octahedra owing to the empty 8b sites. Both AOs and BOg octahedra
have a center of inversion identical to that of the nominal pyrochlore-type structure.
Ramesha et al. reported an oxygen ion-deficient pyrochlore-type PboMnReOg [28].
Their refinement demonstrated that Mn>* and Re®" are disordered at 16c¢ sites, while the
O?% anions occupied the 48f sites and the 8b site was unoccupied. The crystal structure
of PboMnReOs is shown in Fig. 3.16. The BOs polyhedra in PboMnReOs were highly
distorted in a similar way to the highly distorted BOs octahedron found in Mg>LaTaOg
[21].

The coordination environment in the vicinity of Mn was evaluated using
XANES. The Mn K-edge XANES spectrum of MgzLaTao.99Mno.010s (v = 1) phosphor is

shown in Fig. 3.17. The pre-edge peak was not identified in the spectrum of the
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pyrochlore-type Mg>LaTaOs phosphor, leading us to conclude that Mn occupied the site
with a center of inversion.

Mn*" phosphors emit red light regardless of the parent material [10—13];
however, the emission wavelength of Mn?"-activated phosphors is dependent on the
crystal field. As the crystal field becomes stronger, the emission wavelength shifts
toward longer wavelengths. For example, in the case of the oxide phosphor, Mn*" in a
four-coordinate site without a center of inversion exhibits green emission owing to the
relatively weak crystal field, while that in a six-coordinate site emits orange/red light as
a result of the stronger crystal field [30-33].

Table 3.1 shows the emission wavelengths and coordination numbers of the
Mn?* oxide phosphors [30—40]. The Mn-activated MgzLaTaOg phosphors, in which the
six-coordinate sites are occupied, exhibited an emission peak at an intermediate
wavelength (540 nm), suggesting that the highly distorted BOs octahedron may weaken

the crystal field, thus resulting in green emission from Mn*".
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Fig. 3.14 Schematic of the pyrochlore-type structure. A and B cations occupy the 16d
site (eight-coordinate site) and 16¢ site (six-coordinate site), respectively. X anions

occupy the 48f and 8b sites, while the 8a site is unoccupied.
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La/Mg
Bond strength sum

)5/8 -1.8 (48f)
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V; : Valence of cation
n; : Coordination number of cation
Fig. 3.15 Sum of the bond strengths of 48f and 8b site in Mg>LaTaOg. It is defined by

. . Vi . .
the following equation: — );; n—‘_, where V; and n; are the valence and coordination number
L

of cation, respectively.
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Fig. 3.16 Crystal structure of PboMnReO¢ drawn using VESTA [29]. The BOs
octahedron is highly distorted. The purple, black, and red spheres represent Mn/Re, Pb,
and O, respectively. Mn?" and Re®" are disordered at 16¢ sites (purple polyhedral site).
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Fig. 3.17 Mn-K edge normalized XANES spectra of MgzLaTao.99Mno.010s phosphors.
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Table 3.1 Emission wavelength and coordination number of Mn?*-activated oxide

phosphors.

Host Cozflclllillll)itl'ion wavfl?rilsgstil:“(ln m) Ref.
CdALO, 4 495 [34]
KAISi,0, 4 513 [36]
Na,ZnSiO, 4 515 [31]
SrALSi,O4 4 517 [40]

Na,MgGeO, 4 521 [35]
Zn,Sn0O, 4 523 [33]
Zn,Si0, 4 530 [30]

Mg,LaTaO, 6 540 This study
CdSio, 6 575 [37]

Na,Mg,Si05 6 630 [39]

KMgBO; 6 636 [32]

MgGeO; 6 680 [38]
Tetrahedron This study Octahedron
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Chapter 4

Conclusion
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4.1 Garnet-type CazEuZr2.Sn,Ga3012 (x =0, 0.5, 1, 1.5, and 2) red phosphors
Novel garnet-type CaxEuZr..SnGazO12 (x =0, 0.5, 1, 1.5, and 2) red phosphors
were synthesized via a solid-state reaction to supplement the red component of white
LEDs. XRD analysis revealed that the garnet-type structure was formed in all samples.
In samples with x = 0 and 2, the diffraction peaks were shifted to higher angles owing to
the lattice shrinking due to differences in ionic radius. The diffraction peaks of the
samples with x = 0.5, 1, and 1.5 were broad, indicating that the formation of solid
solutions was difficult. The results of Rietveld analysis showed that Zr*" occupied only
the octahedral site and Ga®" occupied only the tetrahedral site in the garnet-type
CayEuZr,GasO12 phosphor, whereas both Sn*" and Ga** occupied the octahedral site and
the tetrahedral sites in the garnet-type Ca;EuSn»Gas;Oi> phosphor. The results of
photoluminescence measurements indicated that the 2,/ ratio decreased gradually with
an increase in x. This is because the substitution of Sn*" increased the length of the shared
edge of the tetrahedron and dodecahedron and resulted in a change in the symmetry of
the dodecahedron occupied by Eu®*, which approached a square antiprism-like

polyhedron.
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4.2 Perovskite-type Mn*"-activated Las3MgTaOs red phosphor and pyrochlore-
type Mn2*-activated Mg2L.aTaOs green phosphor

Cost-effective red-emitting phosphors with structures of Las3-
eBaMgTao09Mno 0106 (x =0, 0.2, 0.4, 0.6, 0.8, and 1) and Las;s.
3yMgi+Tao99Mno 0106 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) were synthesized by a solid-
state reaction for use in high-color-rendering white LEDs. An investigation of the
luminescence properties of Mn-activated Las/;-23:BaxMgTao90Mno.0106 (x =0, 0.2, 0.4,
0.6, 0.8, and 1) phosphors suggests that the absorption and emission of Mn*" in
perovskite-type LassMgTaOg is related to the A-site deficiency of the structure. The
deficiency of La** in Las3MgTaOs causes Mn*" to occupy distorted six-coordinate
octahedral sites, thereby relaxing the forbidden transition. The XANES spectra showed
evidence that Mn** was located at the non-inversion center in the A-site deficient
perovskite-type structure. The Mn*-activated Las;sMgTaOs phosphor exhibits red
emission under UV excitation at 365 nm, and thus has potential applications as a red
phosphor in high-color-rendering white LEDs.

Similarly, the pyrochlore-type Mg:LaTaOs phosphor exhibited green emission
at ~540 nm under UV excitation at 254 nm. In conjunction with the crystallographic
data of MgaLaTaOe, this result suggests that Mn?" is present in the six-coordinated
octahedral sites with a center of inversion in Mg>LaTaOg. Our results suggest that the
highly distorted BOs octahedron may weaken the crystal field, thereby resulting in
green emission, and explaining the fact that Mn-activated Mg>LaTaOs phosphor

exhibited green emission despite the occupation of the six-coordinate sites.

93



EAL3

AR E AT HITHIY , BHEEZRoTe H 24 ~DEHOKFHLEZR L T ET,
HE BRI BRI BrOMEEZWEE MEEZED T ETHSOMARSE X Hx
ROLEONTEHZTHESE L, IS, BBLA AT TV TORFORRZWIZIZE,
JEMOEEZREL L THOAERICW I T Z R HkE Lc, (b% CLEEETHR LN
REROHETEDIED F 1, A OFFEE NI W TH GO RE BRI /25 L BV ET,

B BE—RS R, PO LRIV THREZHE L L THREL THEE
F L, ADDITSTFRICH LTI SADBEREZ 52 TS WiREWi=E Aokt
LTEZEL, FEBREBVIETLVWIHAEZ LS TET, A THREZED D HEEH =
ERHPRE LT,

[FAFFEE DI LR WIRRER 1 4R 1 s Bk, A1l B BRZ T U oo, WMEED KT #%
IR EEm TR — P L TWeE&EE LT,

e Th HENL AR KD Shao-Ju Shih %2, Henni Setia Ningsih £kIZ1X % 7 V7
4 7V —BSOT- O RS L CIHE E Lz, 7% AN #d%, a4 h— - R hy-
~ RUH— WER, EH R RITEBRETFPOIEE LCHEE L, 77 42 - A A
7 )V TR KD Yehonadav Bekenstein JG4=, Shai Levy #RICIZAFSE & A& CTH A — FE
TE Lz, @ F AIFR, G317 £ £ L CRERP LERASH RIZT 7 =
Fo o ART TNV TRRFREDO ST AZ L THE E LI,

Bth o, [ERRFTO OEMOAETE 2 XX TWIEWEFRIE#HTH L L bz, L
TWIETEWTZ BRSO BEHOKED L BILEH L RiF7-<, HiffL S TWiziEsE
R



	表紙.pdf
	バインダー1.pdf
	目次
	Chapter 1 Introduction
	Chapter 2 Eu garnet
	Chapter 3 Mn activated phosphor
	Chapter 4 conclusion
	謝辞


