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Preface

These elements perplex us in our reaches [sic], baffle us in our speculations,
and haunt us in our very dreams. They stretch like an unknown sea before
us—mocking, mystifying, and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

Volume 49 of the Handbook on the Physics and Chemistry of Rare Earths
adds four chapters to the series, covering subjects as diverse as phosphors
for white light-emitting diodes, rare-earth mineralogy and resources, quantum
critical matter and phase transitions in rare earths and actinides, and lantha-
nide luminescent thermometers.

The first chapter (Chapter 278) is devoted to luminescent materials for
white light-emitting diodes. The subject is of importance with respect to
energy-saving devices. Indeed, despite a sharp increase in the number of
lighting devices worldwide, the share of electricity devoted to it is rather
decreasing (about 12% presently). This is because of the prominent role
played by rare earth phosphors in improving the efficiency of lighting devices,
first in compact fluorescent lamps and presently in light-emitting diodes
(LEDs). The electricity-to-light conversion efficiency has increased by a factor
of 8-9 with respect to the traditional incandescent devices. In this chapter, the
authors focus on LEDs based on blue indium gallium nitride chips coated with
one or several lanthanide-containing phosphors. Both yellow-emitting trivalent
cerium materials and polychromatic phosphors are discussed with respect to the
choice of the matrix, of the active components, and of the synthetic methods
yielding highly effective and both thermally and photo-stable materials.

Rare earth resources are the subject of Chapter 279. A growing number
of critical technologies are vitally dependent on rare earth elements, making
use of their unique chemical, magnetic, and spectroscopic properties. This
has resulted in some of the rare earths, such as Nd, Eu, Tb, and Dy, deemed
critical and prompted extensive efforts to find substitutes, which is hard and
may not always be possible. Although not that rare in the earth crust, these
elements are difficult to produce in the needed quantities because they
always occur as intricate mixtures and because the compositions of these
mixtures do not match the specific need for given elements. Geopolitical
interferences add to the problem. The review provides insight into rare earth



X Preface

resources according to their various sources and focuses particularly on the
more critical heavy lanthanides (Gd—Lu).

With Chapter 280, the reader is transported into the select world of the-
oretical physics. While we are familiar with first-order phase transitions
such as liquid to gas (e.g., water evaporation) or liquid to solid (e.g., water
freezing) that are characterized by a discontinuous change in the material’s
properties and by the release or absorption of heat, second-order transitions
such as ferromagnetic transitions are subtler because they are continuous,
but they still feature discontinuity in the second derivative of the free
energy. These transitions can be rationalized within the frame of well-
established theories. When a second-order transition is thought to occur at
zero temperature under the effect of pressure, magnetic field, or particle
density, many unconventional properties develop around what is called a
quantum critical point. The corresponding theories are challenging, and
the authors discuss in detail the concept of quantum criticality in
f-electron-based materials as well as successes and failures of existing the-
ories such as the Hertz—Millis theory.

The final chapter (Chapter 281) deals with temperature measurements.
Temperature is an important thermodynamic parameter which is central
to many chemical and biochemical processes. In particular, the delicate
equilibrium prevailing in living cell critically depends on temperature.
Measuring temperature is also vital in totally different fields, such as
microelectronics or materials testing, for instance. While macroscopic
determination of this parameter seems to be rather simple, for instance with
thermistors or thermocouples, moving to microscopic or nanoscopic scale is
much more intricate. The size of the corresponding sensors must be reduced
to molecular dimensions, and remote detection can no more rely on wire
connections. Luminescence intensity is very often temperature dependent
so that it offers a welcome possibility of designing noninvasive temperature
micro- and nanosensors. The review concentrates on lanthanide sensors
and describes how to optimize the thermal response of lanthanide-based
luminescent thermometers, in particular the ratiometric single- and dual-
center devices.

CHAPTER 278: RARE EARTH-DOPED PHOSPHORS FOR WHITE
LIGHT-EMITTING DIODES

M. Sato*, S.W. Kim', Y. Shimomura®, T. Hasegawa', K. Toda’, and
G. Adachi®

*Faculty of Engineering, Niigata University, Niigata, Japan. E-mail:
msato@eng.niigata-u.ac.jp

"Graduate School of Science and Technology, Niigata University,
Niigata, Japan

*Mitsubishi Chemical Corporation, Odawara, Kanagawa, Japan

§Faculty of Engineering, Osaka University, Suita, Osaka, Japan
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In 1996, a new lighting device was proposed by Nichia Chemical Co.,
based on a blue InGaN LED chip coated with a yellow-emitting phosphor,
cerium-doped yttrium aluminum garnet (Y, oCeq 1AlsO1,, YAG:Ce3+). The
lighting device proved to have numerous advantages over traditional incan-
descent and fluorescent lamps, such as small size, long lifetime, robustness,
fast switching, and high efficiency. Phosphor materials such YAG:Ce** play
an unquestionable role for achieving high color-quality white emission in
LED technology. However, conventional phosphors used in fluorescent
lighting or displays are not good candidates for LED lighting because they
are optimized for excitation at the wavelength of a mercury discharge tube
at 254 nm, while InGaN chips emit in the blue. The aim of this review is to
provide clues for the design of efficient lanthanide-based LED phosphors.

After a description of the principles of LED lighting and phosphor require-
ments, the structures and luminescence properties of LED phosphors are pre-
sented. The classification of phosphors is primarily based on the chemical
composition such as oxide, nitride, and sulfide; on the emission color such as
yellow, green, and red; and, finally, on the actual chemical formula. This is
because it is convenient to understand the phosphor characteristics on the basis
of the nature of chemical bonding, which controls the energy of electronic tran-
sitions, in the solid state. In practical applications for white light LED devices,
powder technology is important so that the chapter describes synthesis methods
of phosphor particles including morphology control. Implementation of phos-
phors in LED lighting devices is dealt with in the last section, as well as recent
progresses in remote phosphors and wafer-level packaging.

CHAPTER 279: REE MINERALOGY AND RESOURCES

M. Hoshino*, K. Sanematsu*, and Y. Watanabe®

*Mineral Resource Research Group, National Institute of Advanced Industrial
Science and Technology, Tsukuba, Japan. E-mail: hoshino-m @aist.go.jp

TAkita University, Mining Museum of Akita University, Akita, Japan
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Preface xiii

Recent increase of the demand for rare earth elements (REEs), especially
dysprosium and terbium used in the permanent magnet industry, is modifying
the industrial approach to REE mineralogy and resources. This is amplified by
the REE supply restrictions outside of China and by the fact that rare earths
are never mined individually but always as mixtures with various composi-
tions. These compositions however do not necessarily correspond to the
demand for individual rare earths. Some elements are in surplus (La, Ce),
while other ones are in tight supply (or more utilized) and are classified as
“critical” (yttrium, neodymium, europium, terbium, dysprosium). Exploration
has now been extended worldwide to secure the supply of REEs, especially
the heavier ones (HREEs, Gd—Lu) that are globally three times less abundant
than the lighter rare earths. In recent years, various attempts have been made
to produce HREEs from unconventional sources, such as peralkaline igneous
rocks, which have traditionally not been regarded as a REE source, or deep-
sea muds (see Vol. 46, Chapter 268).

The chapter reviews the potential sources of REEs, with a focus on HREEs,
which are regarded as the most critical group of elements for the future green
technologies. It starts with a description of the geochemistry and mineralogy
of rare earth elements before focusing on rare earth deposits. In this section,
their classification into carbonatite, peralkaline rocks, iron oxide apatite, hydro-
thermal vein, ion-adsorption clays, and placer deposits is presented. More
detailed properties of ion adsorption and apatite deposits are depicted in view
of the importance of heavier rare earth elements. The authors conclude that in
the future the most promising source of rare earths will be apatite ores.

CHAPTER 280: QUANTUM CRITICAL MATTER AND PHASE
TRANSITIONS IN RARE EARTHS AND ACTINIDES

L. Rademaker* and J.A. Mydosh®
*Kavli Institute for Theoretical Physics, University of California Santa
Barbara, CA, United States. E-mail: louk.rademaker @ gmail.com
"Kamerlingh Onnes Laboratory and Institute-Lorentz, Leiden University,
Leiden, The Netherlands. E-mail: mydosh@physics.leidenuniv.nl
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Many intermetallic compounds based on rare earth and actinide ele-
ments display unusual electronic and magnetic properties in that standard
Fermi liquid theory is not applicable. However, theoretical developments
have shown that these properties can be rationalized within the frame of
the “quantum-phase transition” (QPT) concept. In this chapter the authors
discuss quantum criticality, the notion that properties of a material are
governed by the existence of a phase transition at zero temperature. The
point where a second-order (continuous) phase transition takes place is
known as a quantum critical point (QCP). Materials that exhibit quantum
critical points can be tuned through their QPT by, for example, pressure,
chemical doping or disorder, frustration, and magnetic field. The study
of QPTs was initially theoretically driven, showing that high-temperature
properties of a material with a QPT are directly influenced by the proper-
ties of the QCP itself.

The chapter starts by discussing the predictions of quantum critical
and Hertz—Millis (H-M) theories. Experimentally, the authors mainly limit
themselves to f-electron-based materials: the rare earths Li(Ho,Y)F,,
Ce(Cu,Au)g, and YbRh,Si,, the cerium series Ce(Co,Rh,Ir)Ins, and one
actinide-based material, URu,Si,. These heavy fermion 4f or 5f metals rep-
resent prototype materials of quantum critical matter, and their experimen-
tal signatures are critically reviewed as well as their evolving theoretical
descriptions. The authors then elaborate on the shortcomings of H-M the-
ory and list attempts toward better theories. Difficulties arising in hidden
QCPs evidence the challenges and opportunities associated with the concept
of QPT. The review concludes with the description of other manifestations
of QPTs beyond the rare earths and actinides.

CHAPTER 281: LANTHANIDES IN LUMINESCENT
THERMOMETRY

C.D.S. Brites*, A. Millan', and L.D. Carlos*

*CICECO—Auveiro Institute of Materials, University of Aveiro, Aveiro,
Portugal. E-mail: Icarlos@ua.pt

TICMA—Instituto de Ciencia de Materiales de Aragén, University of
Zaragoza, Zaragoza, Spain
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Luminescent ratiometric thermometers combining high spatial and tem-
poral resolution at the micro- and nanoscale, where the conventional meth-
ods are ineffective, have emerged over the last decade as an effervescent
field of research, essentially motivated by potential applications in nanotech-
nology, photonics, and biosciences. Applications of nanothermometry are
developing in microelectronics, microoptics, photonics, micro- and nanoflui-
dics, nanomedicine, and in many other conceivable fields, such as thermally
induced drug release, phonon-, plasmonic-, magnetic-induced hyperthermia,
and wherever exothermal chemical or enzymatic reactions occur at submi-
cron scale. Among suitable luminescent thermal probes, trivalent
lanthanide-based materials play a central role due to their unique thermo-
metric response and intriguing emission features such as high quantum
yield, narrow bandwidth, long-lived emission, large ligand-induced Stokes
shifts, and ligand-dependent luminescence sensitization.

The chapter offers a general overview of recent examples of single- and
dual-center lanthanide-based thermometers, emphasizing those working at
nanometric scale. Important focus is given to how to quantify their perfor-
mance according to the relevant parameters: relative sensitivity, experimental
uncertainty on temperature, spatial and temporal resolution, repeatability
(or test-retest reliability), and reproducibility. The emission mechanisms
supporting single- and dual-center emissions are reviewed, together with
the advantages and limitations of each approach. Illustrative examples of
the rich variety of systems designed and developed to sense temperature are
provided and explored: crystals of ionic complexes, molecular thermometers,
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metal-organic frameworks, upconverting and NIR-emitting nanoparticles,
among others. The review ends with a discussion of the challenges and
opportunities in the development of highly sensitive luminescent ratiometric
thermometers that scientists are currently facing in this exciting research field.

Jean-Claude G. Bunzli
Vitalij K. Pecharsky
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2 Handbook on the Physics and Chemistry of Rare Earths

1 INTRODUCTION

Two decisive advances in semiconductor electroluminescence have led to the
production of visible light for illumination by light-emitting diodes (LEDs).
First, red light emission was developed in 1962 (Holonyak and Bevacqua,
1962). In the decades that followed, LEDs were used only in numerical dis-
plays and signaling applications, but not in major lighting devices. The second
advance was the demonstration of a bright blue LED by Nakamura in 1993
(Nakamura et al., 1994), along with earlier materials advances by Akasaki
and Amano group (Amano et al., 1986, 1989), to whom the Nobel Prizes in
Physics 2014 were awarded, for honoring their significant invention of the
blue LEDs. Importantly, since blue is at the short wavelength side of the visi-
ble spectrum, this LED has significant potential to “down-convert” its blue
light into green, yellow, and even red light using passive phosphorescent
and fluorescent materials (Shimizu et al., 2003).

Traditional incandescent and fluorescent lamps rely on either heat or dis-
charge of gases, associated with large energy consumption that occurs due
to high temperatures and large Stokes shifts (Xie et al., 2007). On the other
hand, LEDs have numerous advantages over these lamps, such as small size,
long lifetime, robustness, fast switching, and high efficiency. Indeed, as illu-
strated in Fig. 1, the rapid increase in the luminous efficacy of LEDs is quite
remarkable. There is now virtually no question that solid-state lighting (SSL)
will eventually displace all conventional technologies in general illumination
applications, leading to a considerable reduction of worldwide electricity
consumption.

Phosphor materials in LED technology play a definite role for achieving
high color quality white light. They are photon conversion materials which
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FIG. 1 Luminous efficacy improvements of various light sources. Redrawn from Nakamura, S.,
Mukai. T., Senoh, M., 1994. Candela-class high-brightness InGaN/AlIGaN double-heterostructure
blue-light-emitting diodes. Appl. Phys. Lett. 64, 1687.
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themselves have a long history. Some of them have been used for fluorescent
lighting or displays. However, these phosphors are not good candidates for
searching phosphors suitable for SSL because they are optimized for excita-
tion at the wavelength of a mercury discharge tube at 254 nm. Similarly, the
phosphors used for television screens and other emissive displays are not
helpful because they are optimized for electron beam excitation and, in addi-
tion, have sharp emission lines rather than the broad emission that, at least in
the green and red, are desirable for high color rendering quality.

The main requirements that should be satisfied for phosphors for SSL are
the following:

(1) High quantum efficiencies of emission.

(2) Excitation spectrum well matched to emission wavelengths and line-
widths of LED.

(3) Short photoluminescence lifetimes in order to avoid saturation at high
excitation intensities.

(4) Chemical compositions allowing easy tunability of excitation and emis-
sion wavelengths.

(5) Thermal and photochemical stability consistent with long-term SSL goals,
including operation for up to 100,000 h under 100 W/cm? ultraviolet (UV)
irradiation and at temperatures up to 200°C.

(6) Stable color (CIE chromaticity) at operating temperatures.

(7) Absence of thermal quenching at operating temperatures.

(8) Ease of manufacture and low cost.

(9) Nontoxicity of the components used to manufacture the phosphors.

Simultaneous fulfilling of these stringent requirements is likely to be difficult
when using host materials that have been used in conventional phosphor
matrices. As a consequence, the discovery of entirely new classes of photon
conversion materials is required.

From these viewpoints, it is important and useful to provide a comprehen-
sive review on LED-based SSL for scientists and material developers. We
wish that this review can help many scientists and researchers providing
answers for questions regarding the kinds of host materials that should be
selected, the kinds of robust structures that should be targeted, which rare
earth elements should be selected for the desired color emissions, and how
the materials should be synthesized. In this review, our interest will be
focused on phosphors, which are not only activated by rare earth ions but also
excited by LED radiation. Therefore, the classification of phosphor materials
in Section 4 is primarily based on chemical composition such as oxide,
nitride, sulfide, and so on, and then on emission color such as yellow, green,
red, and so on, and, finally, on the actual chemical formula. This is because
it is convenient for materials scientists and chemists to understand the phos-
phor characteristics on the basis of the nature of chemical bonding, which
controls the energy of the transitions, absorption, and emission, in solid state.
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The literature reviewed here is meant to be as comprehensive as possible
although it is restricted to entries which are academically and/or technologi-
cally important and valuable. Each phosphor quoted in the review is accom-
panied with excitation and emission spectra as well as its crystal structure
and, if possible, some crystallographic data to understand how/where the
emission centers are located in the crystal. Among numerous physical data
that have already been reported in the literatures, reliable data are tabulated
in Section 7 as a useful source of information on phosphors.

2 WHAT IS LED LIGHTING?
2.1 Principle of White Light Generation in LEDs

In 1996, a new lighting device was proposed by Nichia Chemical Co., using a
blue InGaN LED chip coated with a yellow-emitting phosphor of yttrium
aluminum garnet (Y,0Ceg1Al5012, YAG:Ce*") (Nakamura and Fasol, 1997).
A schematic structure of this device is shown in Fig. 2A. Blue light with wave-
length around 450 nm (varying from 420 to 480 nm depending on the composi-
tion of In;_,Ga,N), is emitted by the driving chip through electron-hole
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FIG.2 LED-base lighting device. (A) A schematic structure of the device, (B) represents images
for excitation and emission spectra of YAG:Ce** phosphor, and (C) represents an image of the
emission spectra of the device.
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recombination in the p—n junctions. Some of the blue light from the LED excite
the YAG:Ce** phosphor to emit yellow light, and then the rest of the blue light
is mixed with the yellow light to generate a white light. Typical excitation and
emission spectra of YAG:Ce* phosphors are shown in Fig. 2B, and the overall
emission spectrum for the device is also given in Fig. 2C. In the excitation
spectrum of the phosphor, there are three excitation bands with relatively wide
peak widths, where the bands at 220, 340, and 450 nm correspond to the transi-
tions O — Ce (charge transfer, CT), 4f — 5d (higher level), and 4f — 5d (lower
level), respectively, as discussed in detail later. Among the excitation bands, the
band at around 450 nm is in excellent match with the emission wavelength of
the InGaN LED.

Advantages of SSL are high luminous efficiency, energy savings, environ-
ment friendliness, small volume, and long persistence (Krames et al., 2007).
For the conventional incandescent lamps and fluorescent lamps, a large
amount of energy is radiated as heat from the high-temperature tungsten fila-
ment or from the mercury vapor discharge. The luminescence efficiency of
white LEDs can be greatly improved by reducing the nonradiative recombina-
tion of electron—hole pairs in p—n junctions and by designing a new structure
to enhance external quantum efficiency. The luminous efficacy of white LEDs
will most probably reach 200 Im/W by 2020, which will be far greater than
that of incandescent lamps and fluorescent lamps.

2.2 Types of LED Lighting Devices

Generally, four different approaches can be considered in order to generate
white light from LEDs, as schematically illustrated in Fig. 3. In type (a), white
light is obtained using a blue LED to excite a yellow phosphor. In other types,

A = 4

Blue LEDs + yellow UV-LEDs + RGB phosphors
C D
Blue LEDs + RG phosphors RGB LEDs

FIG. 3 Four methods of generating white light from LEDs: (A) blue-LEDs (gray in the print
version) + yellow (light gray in the print version) phosphor, (B) UV-LEDs + red—green—blue
(RGB) (gray-light gray—dark gray in the print version) phosphors, (C) blue-LEDs (gray in the
print version) + red—green (RG) (dark gray-light gray in the print version) phosphors, and
(D) red—green—blue (RGB) (dark gray—light gray—gray in the print version) LEDs.
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white light is obtained using an UV LED to excite red—green—blue (RGB) phos-
phors (b), using a blue LED to excite red—green (RG) phosphors (c), and by
mixing reds, greens, and blues, ie, RGB, LEDs (d). Type (a) is now most com-
monly used with InGaN LED chips and yellow YAG:Ce** phosphors because
of easy fabrication and low cost. However, the white light obtained by this
device has some problems such as poor color rendering index (CRI) and low
stability of color temperature (Sheu et al., 2003; Steigerwald et al., 2002). Type
(d) has the advantage to be able to create not only white colors but also various
colors, although electronic tuning is complicated to require different driving
currents for different color LEDs (Shur and Zukauskas, 2005). Type (b) has
similar advantages of easy color rendering as type (d), using only one LED,
while it has the drawbacks of complex blending of different phosphors and lack
of efficient red phosphor.

2.3 Color Evaluation Indices

What are the colors suitable for human sight? First, we have to define various
colors of light on the basis of physical quantities (Phillips, 2006).

The color of a light source can be described by the Commission Internatio-
nale de I’Eclairage (CIE) chromaticity coordinates, calculated as follows.
Fig. 4A displays the three color-matching functions, ¥(4), y(4), and z(4),
which define the “1931 CIE Standard Observer.” The function, y(1) is defined
to be identical to the photopic luminous efficiency function, V,, which
describes the brightness perceived by the human eye of a light of a particular
wavelength under day-brightness conditions. The other two color-matching
functions, ¥(4) and z(1), do not have such simple physical interpretations
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(Brill, 1998; Fairman et al., 1977) but, together with the first, are necessary to
determine the color of light. The tristimulus values X, Y, and Z of a light
source are defined as,

X= kJ P()x(2)dA, ¥ = kJ P()F(A)di, Z= kJ P(2)2(2)d).

where k is a proportionality constant and P(4), named as spectral power distri-
bution (SPD), is the radiant power emitted by a source at each wavelength or
band of wavelengths over the entire spectrum (eg, in units of W/nm). The
SPD provides a complete description of the spectral properties of a light
source. The Y value is equal to one of the photometric quantities (such as
luminous flux) of the light source if k=683 Im/W is used (see later, luminous
efficacy of radiation, LER). Tristimulus values were derived such that
X =Y=/Zis equal-energy white. The chromaticity coordinates (x,y) are calcu-
lated as x=X/(X+Y+Z) and y=Y/(X+Y+Z). Any color of light can be repre-
sented on the CIE 1931 (x,y) chromaticity diagram, which is shown in
Fig. 4B. The chromaticity diagram is a guitar pick shaped 2D plot of all pos-
sible hue and saturation values of a light source, independent of luminance.
The perimeter of the guitar pick is the locus of chromaticity coordinates for
the spectral colors (ie, monochromatic light, wavelengths in nm).

2.3.1 Correlated Color Temperature

The black arc plotted in the interior of the chromaticity diagram gives the chro-
maticity coordinates of emission from a blackbody at temperatures between
1000 K and infinity. It is called the Planckian locus and is a convenient way
of representing a white light source. Positions along the Planckian locus can
be specified by the temperature of the blackbody, called the color temperature,
thereby reducing the hundreds of numbers in an SPD, or the two numbers of
chromaticity coordinate, to a single number. A nonblackbody source is often
described by the correlated color temperature (CCT), which is the temperature
of a blackbody radiator that most closely resembles the color from a source of
equal brightness. Lines of a specified (constant) CCT would cross the Planckian
locus at coordinates of that blackbody temperature, as indicated in Fig. 4B.
A powerful feature of the chromaticity diagram is that light produced by mixing
output from two sources having different chromaticity coordinates will fall on
the line connecting the coordinates of the sources alone; the position along
the line is determined by the weighted average of the brightness of each source.
Similarly, the chromaticity coordinate of light produced by mixing three light
sources will fall within the triangle formed by the chromaticity coordinates of
the three sources as the vertices. It is important to note that any color falling
outside this triangle cannot be produced by mixing the three sources.

How can we determine whether the spectrum of a light source is suitable
for general lighting? The two major issues of the efficiency of the radiation
and the color quality of the light are important.
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2.3.2 Luminous Efficacy of Radiation

Luminous efficacy (Im/W), where the term “efficacy” is usually used instead
of “efficiency” for radiation sources, is a parameter describing how bright the
radiation is perceived by the average human eye. It scales with the eye sensi-
tivity curve. The highest human eye sensitivity is located around at 555 nm,
green, with the highest possible LER (=683 Im/W on photopic vision). There-
fore, 683 Im/W is the highest possible efficiency that can ever be obtained
from a light source: When 100% of the electrical power is converted to light
at a wavelength of 555 nm, the efficacy of the light source is 683 Im/W. Any
other spectrum will yield a lower LER, as the human eye is less sensitive for
other wavelengths. In order to obtain white light, emission in the red and blue
is necessary, so the LER of white light is significantly lower than 683 Im/W,
being on the order of 350 Im/W. In general, one has to find a compromise
between high LER and good color quality of the light source.

2.3.3 Color Rendering Index

CRI is a measure for color quality. The CRI gages how colors of certain stan-
dard reference objects appear when illuminated by a test light source, com-
pared to the colors observed under illumination by a reference light source
of the same CCT. If there is no difference between the colors rendered by
the reference and test light sources, the test source would have a CRI of
100. Obviously, the choice of this reference is very important, since it defines
what the “true” colors of objects are. In the definition of the CRI, a several
reference sources are used depending on the type of test source. First, the
spectrum of the test source is compared to that of a blackbody radiator. When
the CCT of the test source is below 5000 K, the reference source used for
the calculation of the CRI is a black body radiator of the same CCT. Above
5000 K, a standard daylight spectrum of the same CCT, derived from the
D65 standard illuminant and defined by the CIE, is used. Light from a standard
incandescent light bulb has a CRI near 100. CRI is calculated from the SPD of
the test light source. To evaluate the CRI of real light sources, the SPD must be
measured, although mathematical models exist to simulate the SPDs of various
white LEDs (Ohno, 2004).

The value often quoted as “CRI” on commercially available lighting pro-
ducts is properly called the R, (formally CIE R,) value, ie, CRI is a term for
general use, while R, is an international standard term which is called
“general color rendering index.” Fourteen different color standard samples
are used to evaluate R,, of which the first eight are used for calculating R,.
Here, the special CRI, R, is calculated for each of the eight samples using
the following equation:

R; = 100 — 4.6AE;

where AE; is the color coordinate difference between the test color and the
eight standard samples, on the CIE 1964 W*U*V* uniform color space



Rare Earth-Doped Phosphors for White LEDs Chapter | 278 9

(Schanda, 2007). Thus, R; gives the CRI with respect to each sample. Then, R,
is obtained by calculating the arithmetic mean of R;. However, it was realized
that the definition of CRI or R, is far from perfect, and several improve-
ments were proposed, details of which are not described here (Davis and
Ohno, 2005).

3 PHOSPHOR REQUIREMENTS FOR LED LIGHTING

The phenomena which involve absorption of energy and subsequent emission
of light are classified generically under the term luminescence. Phosphors are
luminescent materials that emit light when excited by radiation. In lumines-
cent materials, absorption of energy takes place either by the host lattice or
by intentionally doped impurities (localized emission center) such as rare
earth and transition metal ions. The 4f electronic energy levels of rare earth
ions are the mostly responsible for luminescence phenomena via both transi-
tions of f—f and f—d/d—f. The energy levels are not affected much by the envi-
ronment because the 4f electrons are shielded from external electric fields by
the outer 5s* and 5p° electrons. This feature is in contrast with transition metal
ions, whose 3d electrons, located in an outer orbit, are considerably affected
by the environment or crystal electric field.

Among the requirements for the development of LED lighting, as pointed
out before, issues regarding phosphor materials are the following:

(a) high quantum efficiencies of emission;

(b) excitation spectrum matched to LED emission wavelengths;
(c) short photoluminescence lifetimes; and

(d) absence of thermal quenching at operating temperatures.

Here, restricting our attention to rare earth ions, the items that are important
for understanding the luminescence phenomena are introduced.

3.1 Features of Rare Earth lons with Respect to Luminescence

3.1.1 Configurational Coordinate Diagram

First, let us explain the configurational coordinate diagram because it is very
useful for describing the luminescence mechanism of rare earth ions. In
solids, the emission of rare earth ions is observed at different spectral position
from the absorption. The difference between the absorption and emission
wavelength is described as the Stokes shift. The configurational coordinate
diagram can well explain not only Stokes shift but also optical properties of
a localized center on the basis of potential curves (Yamamoto, 2006), as
shown in Fig. 5. The total energy U of the activator is plotted as a function
of configurational coordinates. Here, the total energy U means the sum of
the electron energy and ion energy for an isolated molecule, which is regarded
as the environment around an emission center ion. The configurational coor-
dinate can describe one aspect of the geometrical configuration of the active
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FIG. 5 Schematic illustration of configurational coordinate model.

ion with its nearest neighbors, usually regarded as the average distances
between the active ion and the nearest neighbors. The horizontal dashed lines
in ground state and excited state curves denote the vibrational states. For the
total energy U, it is presumed that the bonding force between the active ion
and the nearest neighbors can be expressed by Hooke’s law, so that the ener-
gies of the ground state, U,, and that of the excited state, U, are given by the
following equations.

Q2
:K B
Ug g 2
2
Ve =k, Q=20 2Q°) +Uj

where K, and K, are the force constants of the chemical bond, Q represents
the equilibrium distances of the ground state and the excited state, and U, is
the total energy at Q = Qy. When the activator absorbs some radiation light,
an expansion of the lattice occurs in the vicinity of the activator ion and
the activator is promoted to the excited state. The excitation and emission
processes are illustrated by vertical arrows, showing that the nucleus of the
activator stays at approximately the same position during these processes
(so-called Franck—Condon principle). The energy difference between excita-
tion and emission is the Stokes shift, equal to U; — (Uy— U,). When the tem-
perature of the phosphor exceeds some value, the vibrational energy makes
the excited activator reach the E point of the excited state curve and then
the activator relaxes to the ground state without radiation, which is called
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temperature quenching. One can assume that this nonradiative relaxation pro-
cess with activation energy, AU, and transition probability, N, is given by
N oc exp (—AU/kT). The spatial distribution of an electronic orbital is differ-
ent between the ground and excited states, giving rise to differences in the
electron wave function overlaps with neighboring ions. This difference further
includes a change in the equilibrium position and the force constant of the
ground and excited states, and is the origin of the Stokes shift.

Since the phosphor may be heated up to about 100°C by a LED chip, this
phenomenon is crucially important for selecting the host material. How can
the thermal quenching at the operating temperature be reduced? One of the
answers may be to increase AU. As U is a parabolic function of Q, the increase
in AU can be achieved by increasing the curvature of the excited state U, this
corresponding to an increase in K., ie, a decrease in lattice vibrations. In addi-
tion, the magnitude of the Stokes shift has a large influence on the efficiency of
the emission because its value is related to the waste of the absorption energy.
As shown in Fig. 5, the reduction of Stokes shift corresponds to the decrease
in Qy, requiring the suppression of electron cloud expansion in the excite state.

3.1.2 Electronic Transitions in Rare Earth lons

The characteristic properties of the rare earth ions are attributable to the pres-
ence of a deep-lying 4f shell. The electrons of this shell are screened by those
in the outer shells, and, as a result, they give rise to number of discrete energy
levels. Since environment around a rare earth ion in a crystal lattice scarcely
affects the position of these levels, there is a resemblance with the energy
level diagrams of the free ions. In spite of this, there is an important difference
in the emission properties. Rare earth ions are usually trivalent. For under-
standing the luminescent properties of rare earth ions, it is necessary to know
their key energy levels. The energy level may be divided into three categories:
those corresponding to 4f" configuration, 4" '5d configuration, and those
corresponding to CT involving the neighboring ions.

3.1.2.1 4f-4f Transitions

This is concerned with the 4f" configurations. Except for Ce** and Yb>*, the
number of discrete 4f energy levels is large. These levels further increase in
number due to crystal-field splitting. Electric dipole transitions within the 4f
shell are strictly forbidden because the parity does not change. However, the
forbidden transitions are actually observed due to the fact that the interaction
of rare earth ion with crystal field or with the lattice vibrations can mix states
of different parities into 4f states. Coupling of 4f electrons with transient
dipoles induced in the ligands by the radiation field leads to an amplifica-
tion of the even-parity multipolar transition amplitudes for transitions within
the 4f shell. These transitions are called “induced (or forced) electric dipole
transitions.” The transitions that are not allowed as electric dipole may take
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place as magnetic dipole since in this case the parity exclusion rule does not
apply. Spin-orbit coupling weakens selection rules on AL and AS. As a conse-
quence of these facts, many trivalent rare earth ions exhibit luminescence with
intensities high enough for practical uses. The decay times of the luminescence
due to 4f—4f transitions are mostly in the range ps—ms, while, in the case of
luminescence due to a spin-allowed transition between levels having equal spin
multiplicity, they are much shorter, ~107>s. The spectra of the 4f—4f transi-
tions are line shaped and the energies of the levels involved in the transitions
are well defined and mostly independent of the nature of the host. The energy
level diagram for trivalent rare earth is commonly referred to as Dieke diagram
(Peijzel et al., 2005). This diagram is useful because the energies of the J multi-
plets vary by only a small amount in different host crystals. The diagram allows
rapid identification of the energy levels in new hosts and has been a crucial tool
in the design of materials suitable for phosphors or lasers.

3.1.2.2 4f-5d Transitions

This is concerned with the 4f"~'5d' configurations. 4f"~'5d' levels may be
understood as formed by the electron in the 5d orbital interacting with the
4f"~! core. The 5d orbitals interact strongly with the surroundings (crystal field)
so that 4f"~'5d configurations of rare earth ions in solids are very different from
those of the free ions. The 4f" — 4f"~'5d" absorption consists of parity-allowed
intense and broad, bands corresponding to the components of 5d electronic
levels split by the crystal field. For most of the trivalent rare earth ions, inter-
configurational transitions 4f” — 4f"~'5d" correspond to wavenumbers exceed-
ing 50,000 cm™ !, and are thus not accessible to UV excitation. In the case of
Ce® and Eu”*, however, they have smaller energies and are usually accessible
from near-UV to visible radiations. The spectra of the 4f-5d transitions are
broad band shaped and can be tuned by modifying the coordination environ-
ment. The decay times of the luminescence arising from 4f to 5d transitions
are short, usually in the range of 40-70 ns for Ce** and ~1 ps for Eu**.

3.1.3 Energy Transfer

The process by which the excitation energy of an ion migrates to another ion
is called energy transfer. It is very important to understand this effect in order
to develop efficient luminescent materials. There are several types of energy
transfer processes (Goldberg, 1966). Here, it is convenient to introduce terms
which are frequently used, such as donor/acceptor. A donor (D), sometimes
called sensitizer, is a species giving out energy, while an acceptor (A), some-
times called activator, is a species accepting the energy of the donor.

(1) Resonant energy transfer
The energy of an excited ion migrates to another one of the same
species that is in its ground state. This mechanism of this type of transfer
is divided into three categories.
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(i) Multipolar interaction. The energy transfer occurs in the case where
both transitions in D and A are of electric multipole character. There
are three types of interactions, that is, dipole—dipole (dd), dipole—
quadrupole (dq), and quadrupole—quadrupole (qq). The probability
of the energy transfer through multipolar interaction is expressed as:

_ %dd | Gdq | CGqq

D + RI0 +...
where R is the distance between D and A and o s are the magnitudes
of the interactions (Yamamoto, 2006). Among the three interactions,
the dd interaction yields the highest transfer probability. However,
if the dipole transition is not completely allowed for D and/or A,
as in the case of 4f—4f transitions, it is probable that the higher order
interactions, dq or qq, may have a larger probability for small dis-
tance (R) ion pairs (Nakazawa and Shionoya, 1967).

(ii) Exchange interaction. This energy transfer occurs when the donor
and the acceptor are located closely enough for their electronic wave
functions to overlap and the transfer is due to a quantum mechanical
interaction.

(iii) Phonon-assisted energy transfer. This energy transfer occurs when
there is a difference AE between the transition energies of D and
A, that is compensated by either a phonon emission or an absorption.
The transfer probability is given by the equation (Miyakawa and
Dexter, 1970):

Py(R)

Po(AE) = P (0)e PAE

where P,(0) is equal to the resonant transfer probability and f§ is a
parameter that depends on the energy and occupation number of par-
ticipating phonons. The energy difference AE is equal to the largest
phonon energy. The energy transfer rates for various systems of rare
earth ions in Y,0O5 host showed excellent agreement with the above
equation (Yamada et al., 1972).
Sensitization of luminescence
This energy transfer process is often used in practical phosphors in
order to enhance the emission efficiency. A donor (sensitizer) that absorbs
strongly transfers its excitation energy very efficiently to an acceptor
(activator). The resulting emission is greatly enhanced. For instance, the
emission of Tb** is sensitized by Ce** ions in many green-emitting phos-
phors, as will be discussed later. Sensitization is the most important process
for developing various color-emitting phosphors excited by LEDs and
based on trivalent rare earth ions such as Sm>*, Eu**, Tb>", etc.
Concentration quenching of luminescence
An unwanted, and very common, feature of energy transfer is reduction
in emission intensities when the emitting ions lie too close to each other.
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The origin of concentration quenching is thought to be one of the following
(Nakazawa, 2006):

(i) Excitation energy is lost from the emitting state due to cross-
relaxation between the acceptor ions.

(ii) Excitation migration due to the resonance between the acceptor ions
increases with their concentration, so that the energy reaches remote
killers or the crystal surface acting as quenching centers.

(iii) The acceptor ions are paired or coagulated, forming a quenching
center.

When concentration quenching due to cross-relaxation (relaxation due to the
resonant energy transfer between the same element ions; Liu and Jacquier,
2005) occurs on a particular level among several emitting levels, the emission
color of the phosphor changes with the acceptor concentration. A typical
example of this was observed in Tb**-doped LaPsO,, phosphors (Nakazawa
and Shionoya, 1970).

3.2 Crystal-Field Effects on Luminescence

The 5d wave functions of ions such as Ce®* and Eu”* interact strongly with
the orbitals of surrounding ligands and ions. The resulting splitting is usually
much larger than the splitting induced by spin-orbit coupling. Therefore, the
crystal field at an emission center ion in Ce**- and Eu®*-doped phosphors
has much more drastic influence on luminescence properties of the phosphors,
compared with the cases of other trivalent rare earth-doped phosphors relying
on 4f—4f transitions. Crystal-field splitting depends on several factors, some of
which are as follows:

(1) Number of electrons in the d orbitals.

(2) Oxidation state of the ion (a high oxidation state will lead to a larger
splitting).

(3) Arrangement of the ligands around the crystal (symmetry).

(4) Nature of the ligands.

A schematic diagram of 5d levels and emissions of rare earth ions such as Eu**
or Ce** lying on a center with cubic Oy, symmetry is illustrated in Fig. 6. First,
the nephelauxetic effect caused by the expansion of the electron cloud of
ligands toward the central metal ion lowers the energy of 5d orbitals, which
is also called “centroid shift.” Second, the O, crystal field divides the five
degenerated d orbitals into e, orbitals with higher energy and t,, with lower
energy. Additional effects such as symmetry distortions or anion order may fur-
ther modify the splitting. In luminescence phenomena in Eu**- or Ce**-doped
phosphors, excitation/emission processes correspond 4f < 5d transitions.

The introduction of nitrogen in an oxide compound has expanded the pos-
sibilities of tuning the properties of phosphors, as will be shown in Section 4.
Nitrogen is less electronegative and more polarizable than oxygen, which
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FIG. 6 Schematic diagram of energies of 5d levels and emissions of rare earth ions such as Eu** or
Ce** affected by bonding (nephelauxetic effect) and crystal-field splitting in various environments.

increases the covalency of bonding. Interelectronic repulsion decreases and
the nephelauxetic effect increases. The crystal-field splitting becomes larger
as a consequence of the higher charge of nitride. The latter allows the forma-
tion of new compounds where cations show higher oxidation states than in
oxides. These effects induce important changes in properties.

4 PHOSPHOR MATERIALS FOR WHITE LEDs
4.1 Okxides

Oxide phosphors are presently the most frequently available phosphors. Since
they can be synthesized at a lower temperature compared with nitride phos-
phors, control of the morphology of the powders is easy when using conven-
tional ceramic synthetic methods. Red shifting emission and excitation spectra
are difficult for these phosphors due to reduced nephelauxetic effect. How-
ever, if an appropriate crystal matrix is carefully chosen, the red shift can
be obtained with an oxide matrix. In general, the production costs of oxide
phosphors are less than those of conventional nitride phosphors because of
inexpensive starting materials and low synthesis temperatures.

4.1.1  Yellow-Emitting Phosphors
4.1.1.1 Y3Al;04,:Ce** Phosphors

Ce**-activated yttrium aluminum garnet YAG:Ce®* has been often used as a
commercial yellow phosphor in phosphor-converted white LEDs (Chen
et al., 2010a; Tamaki and Murazaki, 2007; Xie et al., 2011). The YAG:Ce**
phosphor has a strong optical absorption band in the blue which well matches
with the emission band of InGaN-based blue-LED chips, and it exhibits a
strong and broad yellow emission. As shown in Fig. 7, the excitation spectrum
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FIG. 7 Excitation and emission spectra of YAG:Ce®" phosphor. Data were collected from
a commercial phosphor by the authors.

consists of two broad bands with peaks at about 340 and 450 nm due to the
4f' — 4£°5d" transition of Ce™, and these excitation bands correspond to tran-
sitions to the two lowest energy levels of the 5d orbital (Xie et al., 2011):
when an electron is excited from 4f to 5d, the 5d electron of the excited
4f°5d" configuration forms a “D term, which is split by spin-orbit coupling
into two lower energy levels, 2D3/2 and 2D5/2 (Dong et al., 2006; Jacobs
et al., 1978). The emission spectrum of YAG:Ce™ shows a broad yellow
emission band with a full width at half maximum (FWHM) of 120 nm
(Fig. 7) assigned to the 4f°5d" — 4f' transition of Ce**. The large FWHM of
YAG:Ce®* is caused by the vibronic broadening of the emitting 2D3/2 level
and by the presence of two overlapping components due to transitions to the
2F5/2 and 2F7/2 spin-orbit levels, usually separated by about 2000 cm ™'
(Dorenbos, 2006; Feldmann et al., 2003). The strong optical absorption in
the blue and the broad yellow emission of YAG:Ce®" are the main reasons
for its use in blue-LED-based white LEDs. In addition, the phosphor has a
high optical absorption of ~95% and an external quantum efficiency of
~83% under blue light excitation (440-470 nm) (Xie et al., 2011).
However, the resulting white LEDs have a low CRI and a high CCT
(~5000 K), so that it is considerably difficult to generate a warm white light
with YAG:Ce®* phosphors. This is because YAG:Ce™ has a weak emission
intensity in the red. Therefore, effort has been devoted to improve the perfor-
mances YAG:Ce®". The most frequently employed approach for tuning the
emission color of YAG:Ce® is the substitution of yttrium with other rare
earth elements in the host YAG lattice. When Y>" sites are partially substi-
tuted by larger La**, Gd**, or Tb>* (TAG), the emission band tends to shift
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FIG. 8 Emission spectra of R codoped YAG:Ce®" phosphors (R=La, Gd, and Tb). Redrawn
from Shao, Q., Li, H., Dong, Y., Jiang, J., Liang, C., He, J., 2010. Temperature-dependent
photoluminescence studies on Y, 93_yLnAlsO;5:Cey o7 (Ln=Gd, La) phosphors for white LEDs
application. J. Alloy Compd. 498, 199-202; Jang, H.SS., Im, W.B., Lee, D.C., Jeon, D.Y.,
Kim, S.S., 2007. Enhancement of red spectral emission intensity of Y3Als0;5:Ce®* phosphor via
Pr co-doping and Tb substitution for the application to white LEDs. J. Lumin. 126, 371-377.

to a longer wavelength (Fig. 8), and nowadays, Gd**-doped YAG:Ce®" is
commonly used in white LEDs. On the other hand, the partial substitution
of AI’* sites with larger Ga* ions results in a shift of the emission band to
a shorter wavelength (blue shift; Kanke and Navrotsky, 1998; Pavese et al.,
1995). In addition, the emission band also shifts to a shorter wavelength when
smaller Lu" ions substitute the Y>* site (Bachmann et al., 2009a; Chenavas
et al., 1978; Meagher, 1975; Wu et al., 2007a).

As mentioned earlier, the emission wavelength of Ce**-activated YAG is
strongly dependent on the crystal field. From the viewpoint of crystal-field
theory, the emission band corresponding to 5d — 4f transition generally shifts
to a longer wavelength by doping smaller cations into the host lattice because
the crystal-field strength around the activator is increased by lattice shrin-
kage. The enhancement of the crystal-field strength contributes to increase
the crystal-field splitting of the 5d excited level, and the energy gap between
the lowest 5d excited level and 4f ground level becomes smaller; conse-
quently, the emission bands shift to a longer wavelength. However, the emis-
sion band of YAG:Ce®* is blue shifted by doping smaller Lu®* into the Y>*
site, and Lu3A15012:Ce3+ (LuAG:Ce3+) shows a broad green emission with
a peak at 530 nm. LuAG is now a commercially available green emission
phosphor for white LEDs.

Wu et al. (2007a,b) reported a surprising emission band shift in a series
of MgzY, ,Gd,Ges_.Si.05:Ce (0<y<2, z=0, 1) garnets with respect to
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FIG. 9 The crystal structure of YAG (A), coordination environment of YOg polyhedron in YAG
lattice (B), and schematic of oxygen coordination and interatomic distances for a portion of
YAG structure (C). The unit of bond distance is nm. Pictures were drawn based on the structure
data obtained from the database (ICSD #16825).

YAG:Ce** and explained it based on the crystal structure of YAG. YAG has a
cubic lattice with a space group of /a3d, and the lattice constants, a=1.20136(9)
nm (Chenavas et al., 1978; Meagher, 1975; Pavese et al., 1995; Xie et al., 2011)
(Fig. 9A). Y** ions adopt eightfold oxygen coordination, and the YOy dodeca-
hedron can be represented as a distorted cube in between a regular cube and
an antiprism (Fig. 9B) (Kanke and Navrotsky, 1998). AlP* occupies two inde-
pendent sites within an AlO, tetrahedron and an AlOg octahedron, which share
edges with the YOg dodecahedron, whereas they do not share any edge with
themselves (Fig. 9C). When an ion substitutes the Y?* site, the distance of
Y-O in the lattice is strongly influenced by the ionic radius of the ion, while
the Al-O distance does not change so much (Kanke and Navrotsky, 1998;
Wu et al., 2007a,b). In other words, the change in the O-O distance in edges
shared with another YOg dodecahedron is larger than when the edge is shared
with the AlQ, tetrahedron. Therefore, the distortion of the YOg dodecahedron
is relaxed by substituting smaller ions in the Y>* site, which reduces the
crystal-field splitting of 5d excited level of Ce™*.

In white LED applications, the effect of thermal stability of phosphors on
temperature quenching is significantly important because it has great influence
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FIG. 10 Temperature dependence of the emission intensity of YAG:Ce®. Redrawn from
Chen, L., Lin, C.C., Yeh, C.W., Liu, R.S., 2010. Light converting inorganic phosphors for white
light-emitting diodes. Materials 3, 2172-2195.

on light output and CRI of white LEDs. According to a configuration-
coordinate model, a nonradiative transition from an excited level to a ground
level increases with increasing temperature; consequently, the emission inten-
sity of phosphors generally decreases with increasing temperature. Fig. 10
shows the temperature dependence of the emission intensity, normalized with
respect to the value at 25°C, of a YAG:Ce*" phosphor. Between 25 and
150°C, the emission intensity decreases by about 13% and the emission band
red shifts from 550 to 560 nm. On the other hand, the emission intensities at
each temperature obtained upon cooling or heating are the same, indicating
that there is little thermal degradation in YAG:Ce**. Furthermore, the emis-
sion intensity of a commercial YAG:Ce** phosphor measured at 150°C
remains >95% of that measured at room temperature.

4.1.1.2  Sr-Rich (Ba,Sr),SiO,4 Phosphors

Sr-rich (Ba,Sr)QSiO4:Eu2+ (BOS or BOSE), in which the Ba:Sr ratio is about 2:8,
is one of the promising yellow emission phosphors used in blue-LED-based
white LEDs. The crystal structure of alkaline-earth orthosilicate, AE,;SiOy
(AE=Ba, Sr, and Ca), was determined more than 30 years ago by Fields
et al. (1972), Catti et al. (1983), and Barbier and Hyde (1985). AE,SiO4
(AE=Ba and Sr) have two morphologies: monoclinic (B-type) phase, which
crystallizes at temperatures below 85°C; and orthorhombic (o-type) phase,
which crystallizes at temperatures above 85°C. Both B-type and o-type
phases have two kinds of cation sites which have fairly different crystallo-
graphic environments; M(I) and M(II) sites have 10-fold and ninefold oxygen
coordination, respectively. AE,SiO4:Eu** (AE=Ba and Sr) phosphors have
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FIG. 11 Crystal structure of AE,SiO4 (AE=Ba, Sr, and Ca). The unit of bond distance is nm.
Pictures were drawn based on the structure data obtained from the database (ICSD #6246).

an orthorhombic o-type structure. The crystal structure of (Ba,Sr),SiOj is
illustrated in Fig. 11. There are isolated SiO, tetrahedra. For Sr,SiO,, the
average bond length of Sr—O is 0.2855 nm for Sr(I) and 0.2702 nm for Sr(II).

The photoluminescence properties of Eu**-activated (Ba,Sr),Si04 phos-
phors were first reported by Barry (1968) and have recently begun to receive
attention again as conversion phosphors excitable by blue LEDs. The excita-
tion and emission bands of (Ba,Sr),SiO4:Eu>* can be tuned by controlling the
Ba/Sr ratio (Barry, 1968). The Ba-rich (Ba,Sr)2SiO4:Eu2+ phosphors with
Ba:(Str/Eu) ratio of about 1:1 exhibit a green emission, also available as a
conversion phosphor for white LEDs, while the Sr-rich (Ba,Sr)ZSiO4:Eu2+
phosphors exhibit a yellow emission. Here, we mainly discuss the lumines-
cence properties of the yellow-emitting Sr-rich (Ba,Sr),SiO4:Eu®* phosphors.
The excitation spectrum shows a broad absorption band ranging from 220
to 500 nm caused by both the CT from oxide ions to Eu®" ions and the
4f7 — 4£°5d" allowed transition of Eu?* (Fig. 12). The absorption band well
matches with a blue light emitted from an InGaN LED chip. The emission
spectrum exhibits a broad yellow emission predominating at 575 nm.

In comparison with YAG:Ce’", Sr-rich (Ba,Sr),SiO,:Eu** show a higher
emission intensity in the red spectral region and also have a higher CRI.
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FIG. 12 Excitation and emission spectra of Sr-rich (Ba,S1),Si04:Eu?*. Redrawn from Chen, L.,

Lin, C.C., Yeh, CW., Liu, R.S., 2010. Light converting inorganic phosphors for white light-

emitting diodes. Materials 3, 2172-2195.
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FIG. 13 Temperature dependence of emission intensity of Sr-rich (Ba,Sr),Si0,4:Eu®*. Redrawn
from Chen, L., Lin, C.C., Yeh, C.W., Liu, R.S., 2010. Light converting inorganic phosphors for
white light-emitting diodes. Materials 3, 2172-2195.

However, Sr-rich (Ba,Sr),SiO,:Eu** have low thermal stability due to tempera-
ture quenching, this being a shortcoming of orthosilicate phosphors, ie, isolated
SiOy tetrahedra, as a phosphor for white LEDs. The temperature dependence of
the emission intensity of Sr-rich (Ba,Sr),SiO4:Eu®* is given in Fig. 13. The
emission intensity measured at 150°C is only 49% of that measured at room
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temperature. In addition, it is necessary to improve the chemical stability of
alkaline-earth orthosilicate phosphors since they are not so stable toward water.
Further improvements are therefore necessary for these phosphors to be consid-
ered for practical applications.

4.1.1.3  Sr3SiOs:Eu** Phosphors

In addition to alkaline-earth orthosilicate phosphors, AEZSiO4:Eu2+ (AE=Ca,
Sr, and Ba), alkaline-earth silicate phosphors have been widely investigated
and used in white LEDs owing to their excellent chemical and thermal stabil-
ity, high luminescence efficiency, and low cost. Among them, Sr3SiOs:Eu”*
is attracting attention as a promising candidate to replace the commercial
yellow-emitting YAG:Ce** and Sr-rich (Ba,Sr)zsiO4:Eu2+ phosphors (Chen
et al., 2013; Jang et al., 2009a,b; Jee et al., 2006; Kang et al., 2011; Park
et al., 2004, 2006; Shao et al., 2015; Sun et al., 2008; Wang et al.,
2012a; Yang et al., 2014a). AE3SiOs has a similar composition to that of
alkaline-earth orthosilicates; however, the crystal structure of AE3SiOs, which
was first reported by Glasser and Glasser (1965), has unique features different
from those of AE,SiO4. Except for Ba;SiOs (space group [4/mcm), CS3S105
(CS=Ca and Sr) with space group P4/ncc are built of CSOg octahedra and
isolated SiO, tetrahedra, as shown in Fig. 14. One should pay attention to
the existence of O®~ ions that do not bond to Si but are the ligands for CS.
This fact may contribute to the high performance of the phosphors although
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FIG. 14 Crystal structure of Sr3SiOs. The unit of bond distance is nm. Pictures were drawn
based on the structure data obtained from the database (ICSD #18151).
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they contain isolated SiO4. On the other hand, Ba3SiOs has extremely low
chemical stability against water, lower than that of Ba,SiO,.

The luminescence properties of Eu®*-activated AE;SiOs was investigated
almost 40 years ago by Blasse et al. (1968a,b). The emission band of the
phosphors shifts to a longer wavelength by increasing the atomic number of
the alkaline-earth element. Actually, the maximum emission wavelengths
of Eu**-activated AE;SiOs are 510, 545, and 590 nm for Ca, Sr, and Ba,
respectively. Furthermore, Park et al. (2004, 2006) reported that the partial
substitution of Sr** in the larger Ba®* sites in Sr3SiOs:Eu”* can red shift its
emission. In addition, a white light LED based on a blue LED and the
(Sr,Ba);Si0s:Eu®* phosphor have a higher CRI and a lower color temperature
than those of conventional white LEDs combining YAG:Ce®* with a blue
LED. As shown in Fig. 15, the excitation spectra of (Srl,xBax)3Si05:Eu2+
(x=0 and 0.25) consist of a broad band extending from 250 to 550 nm; the
phosphors are consequently very suitable as color converters using any wave-
length of excitation from a primary light source. As described earlier, the
emission band of Sr3SiOs:Eu®* shifts to a longer wavelength by substituting
Ba for Sr sites, and then (SrogBag )3SiOs:Eu”* exhibits a broad yellow emis-
sion with a peak at 580 nm, the tail of which covers the red region with high
emission intensities. As to the red shift by Ba substitution, Park et al. (2004)
pointed out the reason of it to be due to the lattice expansion along the c-axis
and the lowered octahedral symmetry around Eu®* sites. In addition, they also
observed that the emission band was obviously red shifted by increasing the
SiO, content in the composition, being ascribed to a larger centroid shift aris-
ing from an increase in covalency. However, on further increasing the Ba
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FIG. 15 Excitation and emission spectra of (Sr;_,Ba));Si0s:Eu®" (x=0 and 0.25). Redrawn from
Shao, Q., Lin, H., Dong, Y., Fu, Y., Liang, C., He, J., Jiang, J., 2015. Thermostability and photo-
stability of Sr3Si0s:Ei* phosphors for white LED applications. J. Solid State Chem. 225, 72-77.
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FIG. 16 Temperature-dependent emission intensity of the (Sr;_,Ba,);Si0s:Eu*" (x=0 and 0.25).
Redrawn from Shao, Q., Lin, H., Dong, Y., Fu, Y., Liang, C., He, J., Jiang, J., 2015. Thermostability
and photostability of Sr3SiOs:Eu** phosphors for white LED applications. J. Solid State Chem. 225,
72-77.

content, the emission intensity of Sr3SiOs:Eu”* decreases and its quantum
yield is down to about 68% under excitation at 450 nm.

The effect of thermal stability on temperature quenching is significantly
important for practical applications in white LEDs. The emission intensity
of the (Sr;_,Ba,);SiOs:Eu** (x=0 and 0.2) phosphors decreases when they
are heated from room temperature up to 200°C, but one can note that the ther-
mal quenching is effectively minimized by Ba substitution (Fig. 16). The
emission intensity of Sr3SiOs:Eu”* and (Sro75Bag»s5);SiOs:Eu®* at 150°C
remains at 92% and 100%, respectively, relative to that at room temperature
(Shao et al., 2015), showing that the phosphors are promising as a yellow-
emitting materials for white LEDs.

In addition, Ce**-activated Sr3SiOs phosphors have been widely investi-
gated as phosphors for white LEDs, because of their efficient yellow emission
under blue light irradiation (Jang and Jeon, 2007a,b; Jang et al., 2008,
2009a,b). Li*-doped Sr3SiOs:Ce®* phosphors show a broad emission band
covering the spectral region 465-700 nm (Jang and Jeon, 2007a). The LER
of blue-LED-pumped white LEDs using this phosphor is 31.7 Im/W, which
is higher than that of commercial white LEDs (15-30 Im/W); the CCT and
the CRI (R,) are 6857 K and 81, respectively (Jang and Jeon, 2007b).

4.1.1.4  Li,SrSiO4:Eu** Phosphors

Besides alkaline-earth orthosilicate phosphors AE,SiO, (AE =alkaline earth),
other orthosilicate materials have been widely investigated as host materials
for phosphor for withe LEDs because of their excellent chemical and thermal
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FIG. 17 Crystal structure and coordination environment of SrOg dodecahedron in Li,SrSiOy.
The unit of bond distance is nm. Pictures were drawn based on the structure data obtained from
the database (ICSD #167334).

stability. Li,SrSiO4:Eu®* is also one of the recently reported orthosilicate phos-
phors used in white LEDs (He et al., 2010; Kulshreshtha et al., 2009; Levshov
et al., 2011; Pardha Saradhi and Varadaraju, 2006; Toda et al., 2006). Li,SrSiO,
has a trigonal (usually expressed by hexagonal setting) structure with space
group P3,21, a=0.5030 nm, ¢=1.2470 nm, and V=0.3155 nm’ (Fig. 17),
being isostructural with Li,EuSiO, (Haferkorn and Meyer, 1998). The LiO4
and SiO, tetrahedra are connected by sharing corners, forming a three-
dimensional (3D) network able to accommodate Sr** with a distorted eightfold
coordination (Fig. 17). The activator Eu’" ions can substitute the Sr sites. The
average Sr—O bond distance is 0.2633 nm. The SrOg dodecahedron can be
represented as a distorted cube in between a regular cube and an antiprism, like
in YAG:Ce®* phosphors. Furthermore, the shape of the SrOg dodecahedron is
a little closer to a regular antiprism than YOg in YAG:Ce®*. It is expected
then that inducing a lower symmetry of the Sr site in SrOg would result in
Li,SrSiO,:Eu”* displaying longer wavelength emission compared to YAG:Ce?".

Li,SrSiO4:Eu* is efficiently excited by near-UV and blue light and shows
a reddish—yellow emission with a peak at around 570 nm (Fig. 18). The emis-
sion band is located at a longer wavelength than that of YAG:Ce>* (550 nm),
rather similar to that of Sr-rich (Ba,Sr),Si0,4 (575 nm). The emission intensity
under excitation at 450 nm is almost the same as that of YAG:Ce**. Further-
more, the phosphor has better thermal stability with respect to temperature
quenching compared with Sr-rich (Ba,Sr),SiO4. As shown in Fig. 19, the
decrease in the emission intensity of the phosphor is only a 10% and 20%
at 100 and 150°C, respectively, indicating less thermal quenching.
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FIG. 18 Excitation and emission spectra of LiZSrSiO4:Eu2+. Redrawn from Toda, K., Kawakami, Y .,
Kousaka, S., Ito, Y., Komeno, A., Uematsu, K., Sato, M., 2006. New silicate phosphors for a
white LED. IEICE Trans. Electron. E89-C, 1406-1412.
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FIG. 19 Temperature dependence of the emission intensity of Li,SrSiO,:Eu”* phosphor. Redrawn
from Toda, K., Kawakami, Y., Kousaka, S., Ito, Y., Komeno, A., Uematsu, K., Sato, M., 2006.
New silicate phosphors for a white LED. IEICE Trans. Electron. ES9-C, 1406—1412.

4.1.1.5 Ba3Sc,09:Ce** Phosphors

Hasegawa et al. (2014) recently reported novel yellow-emitting Ce’*-
activated phosphors based on Ba;Sc4O9 which crystallizes in a trigonal struc-
ture with space group R3 (Spitsyn et al., 1968) (Fig. 20). The structure is
built up of BaO, (=9 and 12) polyhedra and ScOg octahedra forming



Rare Earth-Doped Phosphors for White LEDs Chapter | 278 27

FIG. 20 Crystal structure of BazSc4Oy. Picture was drawn based on the structure data obtained
from the database (ICSD #33239).
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FIG. 21 Excitation and emission spectra of BasSc4Oo:Ce**. Redrawn from Hasegawa, T.,
Kim, SW., Ishigaki, T., Uematsu, K., Takaba, H., Toda, K., Sato, M., 2014. Novel reddish
yellow-emitting Ce®*-doped BasSc,Oq phosphors for blue-light-based white LEDs. Chem. Lett.
43, 828-830.

a 3D network, in which activator Ce®* ions preferably occupy the Sc** sites.
Rietveld refinement analysis, based on the structural data of Ba3Sc,09 (ICSD
#20621) and BazLu Oy (ICSD #38383) (ICSD, Inorganic Crystal Structure
Database, 2015), confirms that the ScOg octahedron is slightly distorted from
a regular octahedron with the distance Sc—O of 0.1739 nm.
Bas(Sc;_Ce,)409 with x=0.001 shows the highest emission intensity
(Fig. 21). The excitation spectrum consists of a relatively narrow band
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covering the region from near-UV to visible (400500 nm). The emission
spectrum exhibits a broad reddish—yellow band ranging from 480 to 750 nm
with a peak at 583 nm under excitation at 437 nm. The emission peak wave-
length of the phosphor is at longer wavelength compared to the commercial
yellow-emitting YAG:Ce** phosphor (555 nm).

4.1.2 Green-Emitting Phosphors
4.1.2.1 Ca3Sc,Si304,:Ce** Phosphors

Ca3SCZSi3012:Ce3+ (CSS:C63+) phosphors, reported in 2007 by Shimomura,
are of the garnet-type phosphors (Shimomura et al., 2007a). Ca**, Sc**, and
Si** ions occupy dodecahedral, octahedral, and tetrahedral sites, respectively.
The lattice parameter a = 1.225 nm is larger than that of YAG (1.2013 nm). In
addition, Ce** ions preferably occupy the Ca”* sites because the ionic radius
of Ce** (0.128 nm for eightfold coordination and 0.115 nm for sixfold coordi-
nation; Shannon, 1976) is similar to that of Ca%t (0.126 nm for eightfold coor-
dination; Shannon, 1976), and much larger than that of Sct (0.089 nm for
sixfold coordination; Shannon, 1976). It is reasonable to consider that charge
compensation is achieved by the formation of Ca vacancies because the
formal valences of Ce and Ca ions are 3+ and 2+, respectively.

The excitation spectrum of CSS:Ce** consists of a strong broad absorption
band covering the range of 380—500 nm with a peak at 455 nm (Fig. 22), which
is very suitable for the color converter of a blue-LED chip as primary light
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FIG. 22 Excitation and emission spectra of CSS:Ce**. Redrawn from Shimomura, Y., Honma, T.,
Shigeiwa, M., Akai, T., Okamoto, K., Kijima, N., 2007. Photoluminescence and crystal structure of
green-emitting CasSc;8is0,5:Ce®* phosphor for white light emitting diodes. J. Electrochem. Soc.
154, J35-J38.
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FIG. 23 Temperature dependence of emission intensity of CSS:Ce®* and YAG:Ce**. Redrawn
from Shimomura, Y., Honma, T., Shigeiwa, M., Akai, T., Okamoto, K., Kijima, N., 2007a. Photo-
luminescence and crystal structure of green-emitting CasSc,Si;0,5:Ce>™ phosphor for white
light emitting diodes. J. Electrochem. Soc. 154, J35-J38; Chen, L., Lin, C.C., Yeh, C.W., Liu,
R.S., 2010a. Light converting inorganic phosphors for white light-emitting diodes. Materials 3,
2172-2195.

source. The emission spectrum under excitation at 450 nm shows a broad green
emission centered at 505 nm with a shoulder around 540 nm. The ground state
of Ce** is well known, as stated before, to split into ’Fs » and 2F7/2 due to spin-
orbit coupling with the energy difference ~2000 cm ™' (Podhorodecki et al.,
2011), surely responsible for the presence of the shoulder.

Fig. 23 shows the temperature dependence of the emission intensity of
CSS:Ce™. For comparison, the data of YAG:Ce® are also plotted in
Fig. 23. Phosphors used for white LEDs are required to exhibit enough lumi-
nescence up to 150°C. The emission intensity at 150°C of CSS:Ce**
decreases to 92% of that at 25°C, which is higher compared to YAG:Ce**
(87%). Thus, the phosphor has an excellent thermal stability with respect
to temperature quenching and is a promising candidate as green-emitting
phosphor for white LEDs.

4.1.2.2 CaSc,04:Ce** Phosphors

Ce**-activated CaSc,0,4 phosphors have been recently studied by Shimomura
et al. (2007b). CaSc,04 has a calcium ferrite (CaFe,0,4) type orthorhombic
structure with space group Pnam (no. 62), a=0.9453 nm, b=1.1123 nm,
¢=0.3141 nm, and V=0.3303 nm>. The crystal structure of CaSc,Oy is
composed of CaOg dodecahedra and ScOg octahedra, as shown in Fig. 24,
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FIG. 24 Crystal structure of CaSc,0y4, and coordination environment of CaOg in (A) CaSc,04
and (B) Ca;3Sc,Si304,. The unit of bond distance is nm. Pictures were drawn based on the
structure data obtained from the database (ICSD #26074 (CaSc,0,), #27389 (Cas3Sc,Siz0;5)).

in which part of the Ca®" sites are substituted by Ce>" ions. In addition, the
coordination environment of CaOg is similar to that in CasSc,Siz0;,:Ce’™.
The average Ca—O bond distance in CaOg is 0.2513 nm, which is longer than
that in CaOg of Ca3Sc,Si;0, (0.2461 nm).

CaSc,04:Ce™ also shows a strong broad absorption band in the blue region
and exhibits a broad green emission band with a peak at 515 nm (Fig. 25),
which is a little red shifted compared to Ca35¢,8i301,:Ce** (505 nm). Although
the emission efficiency of CaSc204:Ce3+ is lower than that of Ca3Sc,Si305:
Ce’, it is greater than that of a commercial yellow-emitting YAG:Ce®* phos-
phor (P46). Furthermore, the emission intensity at 100°C is 80% of that at
25°C. According to Shimomura et al. report, a white LED consisting of a blue
InGaN LED, a red-emitting phosphor (CaAlISiN5:Eu**) and a green-emitting
CaSc,0,:Ce** phosphor shows a high-color-rendering white light with CIE
color coordinates of x=0.335 and y=0.357. Average R, is 95, which is higher
compared with a white LED consisting of a Ca;S¢,Si30,,:Ce™* phosphor
instead of CaSc,04:Ce™ (R,=92; Shimomura et al., 2007b). Thus, CaSc,0,:
Ce** is a more suitable phosphor than Ca;Sc,Si30;,:Ce®* for application as a
color-conversion material generating green light in white LEDs.

The emission band of the Ce**-activated phosphors is generally shifted to a
longer wavelength by increasing the Ce(Y)-O bond distance because a longer
bond distance usually generates a smaller crystal-field splitting of the 5d
excited states, resulting in a shorter wavelength emission. The average Ca—O
bond distance in CaSc,0, is longer than that in Ca3Sc,SizO,,, as mentioned
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FIG. 25 Excitation and emission spectra of CaS0204:Ce3+ and Ca3SCZSi3012:Ce3+. Redrawn from
Shimomura, Y., Honma, T., Shigeiwa, M., Akai, T., Okamoto, K., Kijima, N., 2007. Photolumines-
cence and crystal structure of green-emitting CazSc,Si;O 12:Ce% phosphor for white light emitting
diodes. J. Electrochem. Soc. 154, J35-J38; Shimomura, Y., Kurushima, T., Kijima, N., 2007. Photo-

luminescence and crystal structure of green-emitting phosphor CaSc,04:Ce®*. J. Electrochem. Soc.
154, J234-J238.

before, and however, the emission band of CaSc,0,:Ce’" is located at a slightly
longer wavelength (Henderson and Imbush, 1989; Tamaki and Murazaki,
2007). Such a contradiction is probably explained by considering that CaOg
in CaSc,0Q, is somewhat more distorted than that of Ca3Sc,Si;O;,. Namely,
CaOg in CaSc,0; is close to regular antiprism, which usually results in a strong
interaction between the 5d and 2p electrons of O®~. The strong interaction con-
tributes to enhance the crystal-field strength around Ce**; consequently, causing
the emission band shifting to longer wavelength.

4.1.2.3 Ba,MgSi,O,:Eu** Phosphors

Recently, Eu’*-activated AE,;MgSi,0; (AE=Ca, Sr, and Ba) phosphors have
been widely investigated as a phosphor for white LEDs and as long-lasting
phosphors (Aitasalo et al., 2007; Gong et al., 2009; Kim et al., 2012; Tam
et al., 2014; Wu et al., 2011). Here, we mainly discuss the luminescence
behavior of BaZMgSi207:Eu2+ that is also expected to be a suitable candidate
as a green-emitting phosphor for white LEDs.

The crystal structure of Ba,MgSi,O; was first reported by Shimizu et al.
on the basis of a single crystal X-ray investigation (Lin et al., 2003;
Shimizu et al., 1995). The structure is a tetragonal akermanite-type structure
with space group P42;m. However, the powder X-ray diffraction (XRD) pat-
tern of the Eu**-activated Ba,MgSi,O, phosphor was not identical to the
reported tetragonal structure (Toda et al., 2006). Fig. 26 shows a comparison
of the powder pattern with the pattern simulated from single crystal data. The
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FIG. 26 XRD patterns of powder and single crystal Ba,MgSi,O;:Eu”*. Redrawn from Toda, K.,
Kawakami, Y., Kousaka, S., Ito, Y., Komeno, A., Uematsu, K., Sato, M., 2006. New silicate
phosphors for a white LED. IEICE Trans. Electron. E89-C, 1406-1412; Komeno, A., Uematsu, K.,
Toda, K., Sato, M., 2006. VUV properties of Eu-doped alkaline earth magnesium silicate. J. Alloy
Compd. 408412, 871-874.
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FIG. 27 Pattern fitting of the powder neutron diffraction of Ba,MgSi,O7:Eu**. Redrawn from
Toda, K., Kawakami, Y., Kousaka, S., Ito, Y., Komeno, A., Uematsu, K., Sato, M., 2006. New silicate
phosphors for a white LED. IEICE Trans. Electron. ES9-C, 1406—1412; Komeno, A., Uematsu, K.,
Toda, K., Sato, M., 2006. VUV properties of Eu-doped alkaline earth magnesium silicate. J. Alloy
Compd. 408412, 871-874.

pattern fitting figure calculated from the Rietveld refinement of powder neu-
tron diffraction data of Ba,MgSi,O; is shown in Fig. 27, and the refined
crystallographic data are summarized in Table 1. Indexing of the XRD
patterns of Ba,MgSi,O;:Eu®* certainly indicates a monoclinic symmetry
with space group C2/c, a=0.8426 nm, b=1.0726 nm, ¢=0.8449 nm, and
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TABLE 1 Crystallographic Data of Ba,MgSi,O; (Komeno et al., 2006)

Space Group C2/c Rup 5.65%
a (nm) 0.8425 (8) Rp 4.34%
b (nm) 1.0732 (8) Rg 9.84%
¢ (nm) 0.8454 (8) Re 4.57%
B 110.723 (5) S 1.23
Atoms Site g x y z B (nm?)

Atomic parameters

Bal 8f 1 0.272(5) 0.044(1) 0.476(1) 0.0084(4)
Mgl 4e 1 0.0 0.744(1) 0.25 0.009(2)
Si1 8f 1 0.111(1) 0.282(5) 0.133(1) 0.007(1)
O1 8f 1 0.100(1) 0.142(1) 0.120(2) 0.015(3)
02 8f 1 0.303(1) 0.342(1) 0.235(1) 0.003(1)
03 8f 1 0.479(1) 0.149(1) 0.042(1) 0.001(4)
04 4e 1 0.0 0.334(1) 0.25 0.009(4)

MgO,; 0.2759

FIG. 28 Crystal structure and coordination environment of Ba/EuOg in Ba,MgSi,O;. The unit
of bond distance is nm. Pictures were drawn based on the structure data obtained from the
database (ICSD #154589).

p=110.763° (Toda et al., 2006). The crystal structure of BazMgSi207:Eu2+
reported by Toda et al. is shown in Fig. 28. The structure has a layered struc-
ture, in which the Ba**/Eu®* ions are separated by SiO, and MgO, tetrahe-
dra layers perpendicular to b-axis. In the tetragonal Ba,MgSi,O5 structure,
Ba®* ions have eightfold oxygen coordination in a centrosymmetric site.
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FIG. 29 Excitation and emission spectra of Ba,MgSi,O7:Eu**. Redrawn from Toda, K.,
Kawakami, Y., Kousaka, S., Ito, Y., Komeno, A., Uematsu, K., Sato, M., 2006. New silicate phos-
phors for a white LED. IEICE Trans. Electron. E89-C, 1406-1412; Komeno, A., Uematsu, K.,
Toda, K., Sato, M., 2006. VUV properties of Eu-doped alkaline earth magnesium silicate. J. Alloy
Compd. 408412, 871-874.

On the other hand, the Ba**/Eu”* ions in the monoclinic structure have also
eightfold oxygen coordination, but a Ba/EuOg dodecahedron is much dis-
torted with a noncentrosymmetric site as shown in Fig. 28. The average
Ba/Eu—O bond distance in the monoclinic structure is 0.2854 nm, a rela-
tively large value.

Ba,MgSi,0,:Eu** has a broad absorption band ranging from UV (about
300 nm) to blue (about 430 nm) (Fig. 29). The phosphor is, therefore, able
to efficiently absorb a wide range of wavelengths from UV to near-UV, violet,
and blue, and it may be used as an excitation source for other phosphors. In
addition, Ba,MgSi,O;:Eu”* has broad emission spectrum in the green from
450 nm to 600 nm. Application of Ba,MgSi,O;:Eu** as a green phosphor
for white LEDs can be expected, leading to a white light with a high CRL
The emission intensities at 100 and 150°C are 85% and 75% of that at
25°C, respectively.

4.1.2.4 BaoSc,Sig0,4:Eu** Phosphor

The crystal structure of BagSc,SigO,4 was first determined by Wang et al.
(1994) from single crystal XRD. BagSc,SigO,4 has a thombohedral structure
with space group of R3, a=0.9872 nm, and ¢=2.1937 nm (Fig. 30). The
structure is built of ScOg octahedra and SiO, tetrahedra corner sharing each
other. Ba?* ions are in three independent sites, BaOy (M1), BaO,y (M2),
and BaO,, (M3) polyhedra. The average Ba—O bond distances are 0.2899,
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FIG. 30 Crystal structure of BagSc,(SiO4)s. The unit of bond distance is nm. Pictures were
drawn based on the structure data obtained from the database (ICSD #75175).

0.2903, and 0.3047 nm for M1, M2, and M3, respectively. The M1 and M3 sites
are located between SiO4—ScO¢—Si0y bilayers, and the M2 site is surrounded by
ScOg and SiOy,.

The luminescence properties of BagchSi6024:Eu2+ (Fig. 31) were first
reported by Toda et al. (2006) and then in more details by Nakano et al.
(2009). The excitation spectrum consists of three broad bands ranging from
280 to 480 nm with maxima at around 340, 380, and 440 nm. A weak absorp-
tion band at 340 nm corresponds to the CT transition from the oxygen 2p
orbital (usually forming the valence band) to the 5d orbital of Eu?*, and the
two strong and broad bands at 380 and 440 nm belong to allowed 4f—5d tran-
sitions of Eu?*. Under 440 nm excitation, BagSc28i6024:Eu2+ exhibits a broad
green emission peaking at around 510 nm. The emission intensity of the phos-
phor is comparable to that of a commercial YAG:Ce** phosphor. At 100°C,
the emission intensity is 75% of that at 25°C (Toda et al., 2006). The internal
quantum efficiency under excitation at 350 nm is 47% (Bian et al. 2012).

4.1.3 Red-Emitting Phosphors
4.1.3.1 Ca,SiO4:Eu** Phosphors

In the series of the alkaline-earth orthosilicate phosphors AE,SiO, (AE = alka-
line earth), Ca,SiO4:Eu®" has been recently reported as a red-emitting phosphor
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FIG. 31 Photoluminescence excitation and emission spectra of the BaySc,Sig024:Eu’". Redrawn

from Nakano, T., Kawakami, Y., Uematsu, K., Ishigaki, T., Toda, K., Sato, M., 2009. Novel
Ba-Sc—Si-oxide and oxynitride phosphors for white LED. J. Lumin. 129, 1654—1657.

for white LEDs by Kakihana’s group (Sato et al., 2014; Tezuka et al., 2013).
Ca,SiO4:Eu®* is well known as a green-emitting phosphor excitable with
near-UV light (Choi and Hong, 2009; Kim et al., 2005a,b; Luo et al., 2012).
Ca,Si0O, has five different morphologies, y-phase, B-phase, o; -phase, o'y-
phase, and o-phase (Smith et al., 1965; Yamnova et al., 2011), as summarized
in Table 2. Among them, the y-Ca,SiO,4 phase with space group Pcmn is gen-
erally stable at room temperature, and the metastable B-phase can be stabi-
lized at room temperature with addition of various dopants (Kim and Hong,
2004; Lai et al., 1992). Therefore, almost all of the reported Eu?*-activated
Ca,Si0,4 phosphors have a stabilized monoclinic B-phase structure with space
group P2,/n. The phosphors show a broad green emission band with a peak at
around 502 nm (Choi and Hong, 2009; Luo et al., 2012). In the meantime,
Kakihana’s group recently reported that the emission band of Eu**-activated
Ca,Si0, shifts to a longer wavelength upon increasing the Eu®* content
(Sato et al., 2014). Ca,_,Eu,SiO, undergoes a phase transformation from
B-phase to oy -phase when the Eu®* content is in the range between x=0.1
and 0.2. Fig. 32 shows the excitation and emission spectra of the oy -phase
phosphor with x=0.2 and 0.8. The phosphor with x=0.2 exhibits two broad
green—yellow emission bands with maxima at 560 and 620 nm under excita-
tion at 450 nm. Furthermore, the emission bands shift to longer wavelengths
with increasing Eu®* content. The phosphor with x=0.8 has a broad red emis-
sion band with a peak at 650 nm, which is similar to that of CaAlSiN3:Eu2+.
The emission band shift from green—yellow to deep-red is dependent on which
sites the emission ion prefers among several acceptable sites. It is well known
that alkaline-earth orthosilicate phosphors AE,SiO4 have two independent



Rare Earth-Doped Phosphors for White LEDs Chapter | 278 37

TABLE 2 Structure Data of Polymorphs of Ca,SiO,

y-CaZSiO4

B-Cazsi04

o -Ca,SiO,

o' y-Ca,SiO,

a-Ca,SiO,

Normalized intensity (a. u.)

Space Multiplicity
Crystal System Group of Ca Sites References
Orthorhombic Pbnm 2 della Giusta
et al. (1990)
Monoclinic P2+/n 2 Toraya and
Yamazaki
(2002)
Orthorhombic Pna2, 6 Mumme
et al. (1996)
Orthorhombic Pnma 2 Mumme
et al. (1995)
Hexagonal P3m 3 Eysel and
Hahn (1970)
—x=0.2
1 ex. em -==x=028
0.5
0 - | \.l 1
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FIG. 32 Excitation and emission spectra of o'y-(Ca;_,Eu,),SiO4 (x=0.2 and 0.8). Redrawn
from Sato, Y., Kato, H., Kobayashi, M., Masaki, T., Yoon, D. H., Kakihana, M., 2014. Tailoring
of deep-red luminescence in CasSi0Eil*. Angew. Chem. Int. Ed. 53, 7756-7759.

AE sites with different coordination numbers. For instance for AE = Ca, there
is a Cal site with AEO;( and a Ca2 site with AEQ,. In this case, the Eu’* jons
preferentially occupy initially the Cal sites, and begin to occupy the Ca?2 sites
when the Eu®* concentration exceeds a critical value, consequently, resulting
in shifting the emission band to longer wavelength. The method of customiz-
ing the luminescence color by controlling the site selection of the emitting ion
is known as crystal-site engineering approach (Noguchi et al., 1996).
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4.1.3.2 Olivine-Type NaMgPO,:Eu** Phosphors

Phosphate compounds have also been considered as excellent host materials
of phosphors for white LEDs due to their low material cost, excellent thermal
and hydrolytic stabilities, and charge stabilization (Tang et al., 2007; Wu and
Wang, 2007; Wu et al., 2006, 2007a,b). Recently, a red-emitting phosphate
phosphor excitable by a blue light, olivine-type NaMgPO4:Eu*, was reported
by Kim et al. (2013a). NaMgPO, has an orthorhombic structure with space
group Pnma, a=1.03701(8) nm, b=0.61729(5) nm, ¢=0.49347(4) nm, and
V=0.31284(4) nm>. The structure is built up of PO, tetrahedra and MgOg
octahedra that connect each other by corner sharing and edge sharing, forming
a 3D framework defining channels along the b-axis where Na™ ions can be
located, as illustrated in Fig. 33. From the viewpoint of ionic radius, it is
reasonable to take into account that Eu®* ions substitute the Na* sites in
NaMgPO,:Eu®*. The average Na—O bond distance in NaOg is 0.2360 nm.

Fig. 34 shows the excitation and emission spectra of (Nagg75Euqgss)
MgPO, (Kim et al., 2013a). The phosphor exhibits a strong broad red emis-
sion band centered at 628 nm under excitation at 450 nm. In addition, the
excitation spectrum consists of a broad band covering the region from UV
to visible, indicating that the phosphor is suitable as wavelength converter
excited by any wavelength in this range. The internal quantum efficiency of
NaMgPO,:Eu®* at an excitation wavelength of 450 nm is 81%. The phosphor
also has excellent thermal stability with respect to temperature quenching as
shown in Fig. 35 where the emission intensities are normalized with respect
to the value at 25°C. With increasing temperature up to 150°C, the emission
intensity of NaMgPO4:Eu®" decreases to 86%.

0.2397(5)

0.2335(5) 0.2335(5)

0.2397(5) 0.2347(5)

FIG. 33 Crystal structure of olivine-type NaMgPO,. The unit of bond distance is nm. Pictures
were drawn based on the structural data obtained from Kim, SW., Hasegawa, T., Ishigaki, T.,
Uematsu, K., Toda, K., Sato, M., 2013. Efficient red emission of blue-light excitable new structure
type NaMgPO‘,:Eu2 * phosphor. ECS Solid State Lett. 2, R49-R51.
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FIG. 34 Excitation and emission spectra of olivine-type NaMgPO,:Eu>*. Redrawn from Kim, S.W.,
Hasegawa, T., Ishigaki, T., Uematsu, K., Toda, K., Sato, M., 2013a. Efficient red emission of
blue-light excitable new structure type NaMgPO,:Eu’* phosphor. ECS Solid State Lett. 2,

R49-R51.
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FIG. 35 Temperature dependence of emission intensity of olivine-type NaMgPO,4:Eu**. Redrawn
from Kim, SW., Hasegawa, T., Ishigaki, T., Uematsu, K., Toda, K., Sato, M., 2013a. Efficient red
emission of blue-light excitable new structure type NaMgPO:Eu’* phosphor. ECS Solid State

Lett. 2, R49-R51.
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4.2 (Oxy)nitrides

There are little practical phosphors among nitride and oxynitride materials
except those for LED phosphors. Red-emitting ability of excitation and emis-
sion wavelengths is sometimes desired in order to change their color chromatic-
ity. This can be achieved by partially or fully substituting nitride ions for oxide
ions, bringing about an increase in covalent bond character. (Oxy)nitride phos-
phors can be classified into two groups, nitridosilicates and nitridoaluminosili-
cates, the frameworks of which are composed of Si(N,0); and AI(N,O),4
tetrahedral units, respectively. Many nitrides are easily hydrolyzed by air mois-
ture and, therefore, chemically stable nitrides and oxynitrides are rare.

4.2.1 Yellow-Emitting Phosphors
4.2.1.1 Ca-a-SiAION:Eu** Phosphors

The name SiAION is given to ceramics composed of the elements Si, Al, O,
and N. They have two morphologies, o- and B-SiAIONs, which are solid
solutions based upon structure modifications of o- and B-Si3Ny, respectively
(Xie and Hirosaki, 2007; Xie et al., 2010). The general formula of a-SiAION
can be given as M,Siio_(n+nyAlpsnOnNie—,, (x=m/v, where v is the electric
valence of metal M) and B-SiAION can be described by Sig_,AlLO.Ng_..
Both materials have turned out as excellent host materials for Eu**- or
Ce**-activated phosphors for white LEDs with high luminescence efficiency
under blue light excitation (Gan et al., 2013; Xie and Hirosaki, 2007; Xie
et al, 2010). Among them, Eu?*-activated Ca-a-SiAION is one of the
yellow-emitting phosphors used in white LEDs (Xie et al., 2004a). The crystal
structure of Ca-o-SiAlON with space group P3;c is shown in Fig. 36.
Although it is similar to that of o-Si3Ny, the unit cell volume is much larger
owing to the incorporation of Al, O, and Ca (Jack and Wilson, 1972;
Petzow and Herrmann, 2002). Namely, the structure of Ca-a-SiAION is built
up of (Si,Al)Ny tetrahedra to form a 3D framework with corner sharing of
tetrahedra. Ca”* ions occupy interstitial sites and have sevenfold anion (N/O)
coordination (Izumi et al., 1982) and the average Ca/Eu-N bond distance
is 0.2612 nm.

0.26945(14)

" 0.2695(2)

0.2602(7)
0.2602(7)

FIG. 36 Crystal structure of Ca-o-SiAION. The unit of bond distance is nm. Pictures were
drawn based on the structure data obtained from the database (ICSD #163203).
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FIG. 37 Excitation and emission spectra of Eu**-activated Ca-0-SiAION phosphor. Redrawn
from Xie, RJ., Hirosaki, N., Sakuma, K., Yamamoto, Y., Mitomo, M., 2004. Eu2+—d0ped
Ca-alpha-SiAION: a yellow phosphor for white light-emitting diodes. Appl. Phys. Lett. 84, 5404.

The excitation spectrum of Eu**-activated Ca-0-SiAION consists of two
broad bands covering the region from UV to visible (Fig. 37), indicating that
the phosphor is suitable as color converter excitable by any wavelength in this
range emitted from a primary light source. The phosphor has a broad yellow
emission band ranging from 500 to 700 nm with a maximum at 581 nm,
which is longer than that of YAG:Ce*, meaning that high CRI can be pro-
duced by combining Eu®*-activated Ca-0-SiAION phosphor with a blue-
LED chip. In addition, much efforts have recently been devoted to improve
the emission color of this phosphor by substituting Ca** for other metal ions
such as Li*, Mg**, and Y**. The position of the emission band can be adjusted
by tailoring the composition of the host or by changing the values of m and n
in the chemical formula (Sakuma et al., 2007a,b; Xie et al., 2006a,b). Further-
more, Eu”*-activated Ca-o-SiAION has an excellent thermal stability against
temperature quenching, and the emission intensity of the phosphor at 150°C
(~90% of the initial value at 25°C) is much higher than that of YAG:Ce**
phosphor (~87% of the initial value at 25°C) as shown in Fig. 38. This is
the typical and the most important feature of (oxy)nitride phosphors.

4.2.1.2 CaAlSiN;:Ce** Phosphors

CaAlSiNj is a famous host material used in white LEDs. In particular, Eu®*
-activated CaAlISiNj is one of the best commercial red-emitting phosphors.
Detailed discussion of its photoluminescence properties will be given in
Section 4.2.1.3. Here, we mainly discuss the Ce**-activated CaAlSiN; phos-
phors emitting yellow light. CaAlSiN; has an orthorhombic structure with
space group Cmc2, (Fig. 39), isostructural with ASi;N3 (A=Li and Na)
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FIG. 38 Temperature dependence of emission intensity of the Eu**-activated Ca-a-SiAION.
Redrawn from Xie, R.J., Hirosaki, N., Sakuma, K., Yamamoto, Y., Mitomo, M., 2004.
Eu**-doped Ca-alpha-SiAION: a yellow phosphor for white light-emitting diodes. Appl. Phys.
Lett. 84, 5404.
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FIG. 39 Crystal structure of CaAlSiN;. The unit of bond distance is nm. Pictures were drawn
based on the structure data obtained from the database (ICSD #161796).
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(Uheda et al., 2006a). Si*" and AI’* ions are distributed randomly at the
8b site have fourfold nitrogen coordination, forming MN, (M = Si** and AI**)
tetrahedra corner sharing each other so that they build a 3D framework. The
Ca”" ions occupy sites located in the channels along the c-axis and have
fivefold nitrogen coordination to form square pyramids. The average Ca—N
bond distance is 0.2493 nm.

The luminescence properties of CaAlSiN5:Ce®* phosphors were first
reported by Li et al. (2008a). The excitation spectrum of CaAlSiN5:Ce** cov-
ers the wide spectral range from 250 to 550 nm and has a strong optical
absorption maximum in the blue region (Fig. 40). The phosphor exhibits a
broad, asymmetrical yellow emission band peaking at 570 nm. The emission
band is composed of two components with maxima at around 556 and
618 nm, whose profile can be fitted by two typical Gaussian functions. The
two bands are ascribed to transitions from the 5d excited state to the doublet
ground state (2F7/2 and 2F5/2) of Ce**, and the energy difference between the
two emission bands corresponds to about 1800 cm ™!, similar to that of the
theoretical energy difference between 2F7/2 and 2F5/2 (2000 cm™!; Blasse
and Grabmaier, 1994). Optimization of the Ce®" content yields the highest
emission intensity for the composition (CagoCeg ;)AISiN3, which has an
external quantum efficiency of 54% at an excitation wavelength of 450 nm.
In addition, CaAlSiN;:Ce®* shows an excellent thermal stability against tem-
perature quenching. At 150°C, the emission intensity of the phosphor is
quenched by only 10% with respect to that at 25°C.
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FIG. 40 Excitation and emission spectra of CaAlSiN5:Ce**. Redrawn from Li, J., Watanabe, T.,

Sakamoto, N., Wada, H., Setoyama, T., Yoshimura, M. 2008a. Synthesis of a multinary nitride,
Eu-doped CaAlSiN; from alloy at low temperatures. Chem. Mater. 20, 2095-2105.




